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ABSTRACT

Restoration can help to counteract biodiversity loss and to secure ecosystem functioning. In grassland ecosys-
tems, a variety of restoration methods have been applied. Studies assessing their effectiveness often include
categorical comparisons that ignore variation in restoration intensity, especially within one method. To account
for the complexity of grassland restoration, a continuous metric that assesses restoration intensity would facil-
itate deeper analyses which may identify leverage points for successful restoration. Therefore, we propose a
continuous multi-dimensional Restoration Intensity Index (RII) to quantify the degree of intervention and the
follow-up management. The suggested RII includes the components (i) site preparation intensity, (ii) species
introduction quality, and (iii) management appropriateness. We evaluated the RII using vegetation data from 77
restored grasslands covering a gradient in soil moistures and restoration methods across three regions in Ger-
many. The restoration methods included adapted management, cultivar or regional seed mixtures, and transfer of
directly harvested seed material. The RII was positively correlated with the overall and target plant species
richness and Hill-Shannon diversity. Furthermore, species introduction quality and thus seed origin and seed
composition were key components to promote total and target plant species richness, and to increase the pro-
portion of forb cover. The time since restoration intervention did not influence grassland recovery, except in
interaction with site preparation intensity. Thus, the RII is a promising tool enabling comparison of complex
measures. It indicates that increased efforts in restoration intervention and follow-up management are decisive
for restoring and maintaining species-rich grasslands in the long-term.

1. Introduction

(Dengler and Tischew, 2018; Schils et al., 2022; Pazir et al., 2024). For
Germany, comparisons with historical data showed that species richness

Worldwide, up to 40% of the terrestrial surface is covered by
grasslands (Petermann and Buzhdygan, 2021). These ecosystems
harbour a high biological diversity (Habel et al., 2013; Dengler et al.,
2014) and provide many ecosystem services (Bengtsson et al., 2019;
Petermann and Buzhdygan, 2021; Lange et al., 2023; Klaus et al., 2024).
Despite their conservation value, species-rich grasslands in Europe are
threatened due to land-use intensification, abandonment, or conversion

of grasslands declined over the past 50-75 years (Wesche et al., 2012;
Diekmann et al., 2019; Jandt et al., 2022). Consequently, not only
conservation of the remaining species-rich grasslands but also restora-
tion of degraded sites are urgently needed to bend the curve of biodi-
versity loss, especially for threatened species (Staude et al., 2023). To
restore grasslands, actors from agriculture or conservation apply a range
of methods, depending on former land use, legal requirements, and site
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conditions (Slodowicz et al., 2023). Sowing of seed mixtures, transfer of
directly harvested seed material, or adaptation of management are the
most common approaches (Nolan et al., 2021; Dellicour et al., 2023;
Kohler et al., 2023; Slodowicz et al., 2023). Despite much practical
experience and scientific research in grassland restoration, restoration
projects do not consistently reach the goal of recovery of the desired
communities (Conrad and Tischew, 2011; Brudvig et al., 2017; Jones
et al., 2018). Thus, in-depth and integrated post-hoc analyses of already
implemented restoration projects are required to increase the under-
standing of underlying processes, accuracy in predicting the outcomes of
restoration projects and to derive implications for practice (Wortley
etal., 2013; Brudvig et al., 2017; Resch et al., 2021; Brudvig and Catano,
2024).

All restoration methods manipulate ecological filters to foster the
reassembly of target plant communities (Funk et al., 2008). These
ecological filters drive the occurrence of species in a community through
the species pool (‘dispersal filter’), abiotic conditions (‘abiotic filter’),
and interspecific interactions (‘biotic filter’) (Funk et al., 2008; Funk,
2021). Differences in restoration success may be explained by different
methods manipulating these filters in different ways and with varying
intensity. For example, an impoverished local or regional plant species
pool, e.g., due to degraded soil seed banks, poor seed dispersal, and
habitat isolation (Poschlod et al., 2009; Krickl, 2022), can be overcome
by seeding or transferring seed-rich material (Shaw et al., 2020; Freitag
et al., 2021; Nolan et al., 2021; Slodowicz et al., 2023). However, there
is considerable variation in which species are introduced by these
methods. Seed mixtures, for example, can differ in origin, the species
number, and forb-to-grass ratio. Thus, the composition and quality of
introduced plant material rather than the method itself, may play a more
important role for restoration success.

Unsuitable abiotic site conditions can also impede restoration out-
comes. In this case, additional modification of environmental condi-
tions, for example, by reducing the soil nutrient loads, can increase
establishment of the desired community (Freitag et al., 2021). Inter-
specific competition can be controlled in two ways. Competition from
existing vegetation is reduced by sward disturbance, e.g., harrowing,
thus providing a suitable seed bed for germination and establishment
(Kiehl, 2010; Schmiede et al., 2012; Durbecq et al., 2023). Therefore,
plant diversity increases when sowing and soil disturbance are com-
bined, while seeding in an intact grass sward is only marginally suc-
cessful (Freitag et al., 2021). After species introduction, or if no species
were introduced, interspecific competition can be regulated by resuming
or adapting site management. It is well known that different types of
management, e.g., mowing or grazing, along with their intensity and
appropriateness, control vegetation development (Poschlod et al., 2009;
Elias and Tischew, 2016; Nolan et al., 2021) and are specific to each
vegetation type. During restoration, overcoming these ecological filters
can therefore be classified into the intervention components of species
introduction quality (‘dispersal filter’), site preparation intensity
(‘abiotic and biotic filter’) and management appropriateness (‘biotic
filter’). In addition, it can be assumed that re-establishing a species-rich
vegetation is a challenge that can take decades (Oster et al., 2009a;
Prach et al., 2014; Buisson et al., 2022). During this time, effects of
initial restoration can be overridden by follow-up management
(Tolgyesi et al., 2021; Sommer et al., 2023), and the importance of the
restoration components may change with time (Funk, 2021).

There are many studies that compare restoration intervention
methods to assess the establishment of target plant species and com-
munities (e.g., Slodowicz et al., 2023), but most are based on binary
comparisons among categorical methods and often ignore the variation
in restoration intensity within methods. Analyzing the effects of the
intensity of restoration, rather than comparing distinct methods, would
allow a detailed investigation of general patterns and facilitate the
identification of leverage points for successful restoration (Abson et al.,
2017). Recommendations derived from an assessment of restoration
intensity could overcome legal or regional restrictions on methods (i.e.,
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availability of donor sites or suitable seed mixtures) and ensure long-
term restoration success at both local and landscape level. So far, only
few publications have focused on ‘restoration intensity’ (e.g., Jones
et al., 2018; Chazdon et al., 2024), and most studies have severe limi-
tations, since they refer to a certain region or vegetation type
(McFarlane et al., 2023), restoration method (Kardol et al., 2008), or
used only few intensity categories (Schnoor et al., 2015; Resch et al.,
2021; McFarlane et al., 2023; Klaus et al., 2016). Since categories may
blur the transitions in the restoration gradient and thus make it difficult
to identify parameters that control restoration outcomes, a continuous
metric would help to address this problem. Similar concepts already
exist and have been proven to be beneficial, e.g. the Land Use Intensity
Index (LUL sensu Bliithgen et al., 2012), which integrates the intensity of
different land use practices in grasslands, namely grazing, mowing, and
fertilization. Therefore, an index for quantifying ‘restoration intensity’
that enables comparisons across multiple methods, regions, and time
would facilitate the understanding and improve the prediction of long-
term restoration success.

This study proposes a multi-dimensional continuous ‘Restoration
Intensity Index’ (RII), and applies it to a large data set of restored
grasslands. The suggested RII consists of three components, i.e., site
preparation intensity, species introduction quality, and management
appropriateness, and thus accounts for the methods applied in grassland
restoration and follow-up management. Depending on the objective, the
RII can be used as a single index or its components can be analysed
separately to assess their individual contributions. In addition, based on
the assumption that the primary objective of restoration, particularly at
higher levels of restoration intensity, is to achieve a high degree of re-
covery, we evaluated the performance of both the RII and its three in-
dependent components in relation to restoration outcomes across a wide
range of restored grasslands covering different soil moisture levels
across three regions in Germany (Temperton et al., 2025). We analyze
whether these relationships change with time since restoration. We
hypothesize a positive relation between restoration intensity and
grassland recovery. Furthermore, we expect that the importance of the
individual components changes over time, with the effects of manage-
ment increasing while those of soil preparation and species introduction
decrease. Finally, we suggest and discuss applications and adaptations of
the RIL

2. Material and methods
2.1. The test data set

Within the collaborative project GRASSWORKS (www.grassworks
projekt.de/en/), researchers in ecology, social sciences, economics,
and governance cooperated with the German Association for Landcare
Management (DVL) to understand how and under what conditions
grassland restoration is successful (Temperton et al., 2025). To achieve
this goal, restored sites were compared with positive (‘non-degraded’)
and negative (‘degraded’) reference sites across three regions in the
North, Centre, and South of Germany. In each region, at least 40 restored
sites were selected (121 in total) that covered a wide range of soil
moisture levels (dry: Festuco-Brometea, Koelerio-Corynephoretea; fresh:
Arrhenatheretalia elatioris; moist: Molinietalia caeruleae; community
names follow Leuschner and Ellenberg, 2017), four restoration methods
(i.e., sowing cultivars or regional seed mixtures, management adapta-
tion, or transfer of direct harvested material), previous land-use history
(arable land or degraded grassland), management types (mowing,
grazing, or both), time since restoration (2-30 years), and land-use in-
tensities. Furthermore, 33 positive reference sites were chosen that
cover a similar range of soil moisture.

Vegetation was sampled along a single 5 m x 200 m transect at each
site, in the years 2022 or 2023. This transect was divided in four 50-m
sections (‘sub-transects’) and for each section, one vegetation survey
was made on 4 m? (2 m x 2 m) quadrats (positioned at points derived at
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Table 1
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Weighting of site preparation intensity, i.e., component Site of the suggested Restoration Intensity Index. Site was grouped according to the environmental filter

addressed by the intervention (Funk et al., 2008).

Establishment filter Site preparation intensity Restoration technique Weighting
None No intervention No activity 0.00
Abiotic Creation of favorable environmental conditions for restoration Raising groundwater level 0.50
Nutrient reduction 0.50
Biotic No sward modification Mowing 0.25
Mulching 0.25
Low sward modification Shrub removal 0.50
Rolling 0.50
Moderate sward modification Grubbing 0.75
Rotary tilling/heifers 0.75
Harrowing 0.75
Major sward modification Topsoil removal 1.00
Deep ploughing (>0.7 m) 1.00
Table 2
Weighting of species introduction methods in grassland restoration (component Spec). Forbs include all forb and legume species.
Level Origin, seed propagation Number of forb species in seed mixture Proportion of forb seed in total seed weight Weighting
No seeds added 0.00
Cultivar seed mix, forb-poor Non-regional <50% 0.20
Cultivar seed mix, forb-rich Non-regional >50% 0.40
Regional seed mix, forb-poor Regional <30 species AND < 50% 0.60
Regional seed mix, forb-rich Regional >20 species AND > 50% 0.80
Directly harvested seeds Regional Unknown, but expected to be highest Unknown, but expected to be highest 1.00

random along the 50-m stretch), resulting in four quadrats per site and a
total vegetation sampling area of 16 m2 Within each quadrat we
assessed species presence as well as their cover using a modified Braun-
Blanquet scale (Table S1); nomenclature followed Buttler and Thieme
(2018). The data on restoration intervention and management was ob-
tained through surveys and interviews with farmers. Due to some
incomplete data for the three components of RII, the final data set
included 77 sites (26 northern, 26 central and 25 southern region).

2.2. Calculation of the Restoration Intensity Index

The RII assessed the overall intensity of restoration interventions
based on the contribution of three key components, i.e., site preparation
intensity (Site), species introduction quality (Spec) and management
appropriateness (Mgmt). The components were selected based on
numerous studies, referred to as the ‘dispersal filter’ (species introduc-
tion), ‘abiotic filter’ (site preparation) and ‘biotic filter’ (site preparation
and management) according to Funk et al. (2008), Temperton et al.
(2013), and Funk (2021).

2.2.1. Site preparation intensity

Site preparation intensity (Site) included various methods and their
frequency to prepare suitable abiotic and biotic conditions prior or
shortly after species introduction. This component measures to what
extent vegetation and/or soil were altered or disturbed with technical
measures to facilitate restoration success. The applied methods depen-
ded on land-use history and the target vegetation. Mulching, mowing,
and shrub removal were conducted to clear overgrown grasslands prior
to soil preparation or the establishment of a pasture. Soil disturbance
and seed-bed preparation were performed by grubbing, tilling, har-
rowing, ploughing, or topsoil removal. After seeding, rolling was often
applied to improve soil contact of seeds, thus promoting germination
and increasing establishment (Shaw et al., 2020).

Weighted by the intensity of the soil disturbance, we assigned a value
between 0.00 and 1.00 to each method (Table 1), i.e., no site preparation
(0.00), no sward modification but regulation of vegetation cover (0.25,
e.g., mowing), creation of favorable environmental conditions for
restoration (0.50, soil nutrient reduction by cultivation of crops without
fertilization or raising groundwater level for restoring wet grassland

types), moderate modification of the vegetation cover (0.75, e.g.,
grubbing), and major disturbance of the sward (1.00, e.g., deep
ploughing).

The Site component was calculated by adding the weighted values for
all methods that had been applied at the site. For example, if site i was
mown once, grubbed twice and rolled after sowing, this resulted in Site;
=0.25 + (2 x 0.75) + 0.50 = 2.25.

2.2.2. Species introduction quality

The species introduction component (Spec) reflects different qualities
of plant introduction based on the origin and propagation of the intro-
duced species and the share of forbs included (Table 2). These factors
have a significant impact on the establishment of characteristic grass-
land communities (Kiehl, 2010; Freitag et al., 2021). We therefore
defined levels for weighting their quality, depending on whether the
introduced seeds were cultivars, non-regional plants, or native wild
species of regional origin; further, the number of forb species and the
proportion of forbs in the total seed weight were included (Table 2).

Moreover, we considered the most commonly applied methods of
seed introduction, i.e., seed mixtures, green hay, or dry hay. Regional
seed mixtures were given higher values than cultivar mixtures, because
many studies confirm that the regional ecotypes from regional propa-
gation are better adapted to the prevailing environmental conditions
than commercial cultivars (Conrad and Tischew, 2011; Sengl et al.,
2017; Bucharova et al., 2019; McFarlane et al., 2023). Therefore, site-
specific wild seed mixtures have a higher chance of establishment suc-
cess than cultivar mixtures (Schmidt et al., 2020; Freitag et al., 2021).
Grass species were not considered in the calculation of introduced plant
diversity because most grasses tend to dominate (especially on nutrient-
rich sites) and compromise restoration success (Nerlekar et al., 2024). In
cases where the transfer of directly harvested material was performed, it
is difficult to determine the precise number of species transferred. As
these methods are capable of transferring entire plant communities
(Rosenthal and Holzel, 2009; Kiehl, 2010; Garrouj et al., 2024), they
have been assigned the highest value. Furthermore, the transfer of green
hay or threshed material from a nearby donor site is an effective method
for establishing species from the local gene pool that are already adapted
to the site, including rare, vegetatively reproducing, or difficult to
propagate plants that are not available in commercial seed mixtures
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(Kirmer and Tischew, 2006; Kiehl, 2010; Torok et al., 2011). Manage-
ment adaptation was the only method where no species were
introduced.

Each species introduction method was given a value between 0.00
and 1.00, where 0.00 means that no species have been introduced, and
1.00 means a very high quality of species introduction. The Spec
component was calculated by summing up the weighted values for all
the methods that had been applied on a site. For example, if species had
been introduced to site i by transferring harvested material and sowing
ten additional native forbs of regional origin, the resulting component
was Spec; = 1.00 + 0.80 = 1.80.

2.2.3. Management appropriateness

The grazing and/or mowing regime can promote the establishment
of characteristic plant species, and thus accelerate recovery success
(Torok et al.,, 2011; Dengler et al., 2014). Thus, the management
component (Mgmt) focussed on the appropriateness of follow-up man-
agement rather than its intensity. It was assessed differently depending
on the soil moisture level. Calculation of the management component
was based on an adapted Land Use Intensity Index (LUI sensu Bliithgen
et al., 2012), which incorporates mowing and grazing intensities.

It was calculated in three steps:

(1) Calculation of the intensity of management, considering the soil
moisture level:

Intensity; = (fhydm X Mi> + G,
with fd'}’ =0.25, fﬁ'esh =05, fmoi.st =075

(2) Calculation of the deviation between the management intensity
of the site and that of positive references, considering the soil
moisture level:

Intensity; — Intensitypfhydm)
Deviation; =

Intensity,, 4,

(3) Standardization and calculation of management appropriateness
component:
(Deviation; — Deviationyy, )
(Deviation,,, — Deviation,)

Mgmti =1-

M,; refers to the frequency of mowing interventions per year, and G;j is
the grazing intensity, corresponding to the stocking rate (livestock units
ha~!; standardized over a grazing period of 365 days), on site i for a
given year (2022 in this study). It comprised grazing by cattle, horses,
sheep, or goats, all of which were converted to ‘livestock units’ as out-
lined by Fischer et al. (2010). Combining mowing and grazing to the
overall management intensity of site i (Intensity;) requires both to be set
to the same scale. For this purpose, we converted mowing events into
livestock units, taking into account the soil moisture level by weighting
each mowing event with a factor according to the expected amount of
biomass provided for livestock (fpydro). To analyze if the applied man-
agement was appropriate from a restoration perspective, the difference
between the given management on site i (Intensity;) and the optimal
management derived from the positive reference sites P (Intensityy. nydro)
was calculated and then standardized relative to the mean of the positive
reference sites of the respective soil moisture level (Deviation;). We
decided to use actual sites as the reference framework since several
studies postulated that historical phytosociological data may no longer
be pertinent in our present-day ecological and socio-economic context
(Jones et al., 2018; Dellicour et al., 2023). Mean values for mowing,
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grazing, and the overall management intensity of the positive references
per soil moisture level (Intensityy.pydro) for the year 2022 can be found in
Table S2. If Deviation; = 0, this indicates that the management was in an
optimal state, according to the management performed in the study
area. Negative values refer to management that was too extensive, while
positive values refer to management that was too intensive compared to
the reference sites. Finally, Mgmt; was calculated according to Eq. (3) as
1.00 minus the absolute value of min-max-scaled deviation of site i
(Deviation;). Taking the absolute values and standardization by min-max
scaling results in values ranging between 0.00 and 1.00, where 0.00
corresponds to the most appropriate management and 1.00 to the least
appropriate, while the linear relationships between the data points are
preserved. To ensure that increasing values of Mgmt reflect greater
management appropriateness, and thus remains consistency with the
other two RII components (Site and Spec), the normalized values were
inverted (i.e., transformed as 1.00 - x), such that 1.00 represents the
most appropriate management.

Therefore, if a fresh grassland site i was mown once and then grazed
with 0.5 livestock units ha™! (Intensity; = (1 x 0.5) + 0.5 = 1), the de-
viation of management appropriateness before min-max-scaling was
Deviation; = (1-0.75) / 0.75 = 0.33, indicating too intensive manage-
ment comparable to 0.33 livestock units ha™!. After standardization and

(0.33-0.00

)| —
(1.43-0.00) =077.

inversion, Mgmt; =1 —

2.2.4. Calculation of the Restoration Intensity Index

For each site i we defined the RII by summing up the values of the
three components. Before addition, the Site and Spec components were
standardized to values between 0.00 and 1.00 by using min-max stan-
dardization so that the values of all components were on the same scale,
and each component had the same share of RIL. Therefore, the RII could
range between 0.00 and 3.00 in this study.

RII; = Site; + Spec; + Mgmt;

The RII can be applied either as a composite index or by analyzing its
components separately, the latter enabling the consideration of syner-
gistic or antagonistic interactions among them.

2.3. Vegetation parameters to assess restoration success

We chose vegetation parameters as indicators of restoration success.
From vegetation survey data (Laschke et al., 2026), we derived four
response variables, i.e., (i) overall plant species richness, (ii) target plant
species richness, (iii) proportion of forb cover, and (iv) the Hill-Shannon
diversity.

Target species were defined as those plants that are listed as char-
acteristic for grasslands according to the EUNIS habitat classification
(Chytry et al., 2020) and the German reference list of the Habitats
Directive (BfN and BLAK, 2017). As the latter does not cover all wet and
moist grassland habitats, we included characteristic Calthion species
listed in the biotope mapping guidelines of the federal states of Bavaria,
Hamburg, Lower Saxony, Saxony-Anhalt, and Schleswig-Holstein
(NLWKN, 2011; MULE, 2020; LfU Bayern, 2022; Brandt et al., 2023;
LfU SH, 2023); woody species were excluded. The proportion of forb
cover meant the percentage of legumes and other forbs in the total cu-
mulative vegetation cover. Hill-Shannon diversity constituted the
effective number of common or typical species in the plant community
and integrated the no. of species as well as the evenness of species
relative cover values (Chao et al., 2014).

The chosen vegetation parameters were selected because they are
well-suited to characterise and assess the condition of grassland habi-
tats, and represent important aspects for the wildlife they host. The aim
of restoration is to facilitate and to maintain a high species diversity,
with a focus on characteristic species (‘target species’). A high species
richness increases resilience to environmental impacts (e.g., droughts;
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Haughey et al., 2018). Forb-rich vegetation, especially in combination
with a high effective species number (Hill-Shannon diversity), better
promote higher trophic levels (e.g., source for pollen, nectar, seeds, and
larvae host plants) (Schmidt et al.,, 2022a; Schmidt et al., 2022b;
Schubert et al., 2022; Nerlekar et al., 2024). We used the relative pro-
portion rather than the absolute cover of forbs for a more accurate
comparison across different vegetation types, which vary considerably
in sward densities (ca. 30-100%). Forbs are furthermore more sensitive
to intensive or insufficient management and overfertilization, in which
cases grasses may dominate (You et al., 2017; Dullau et al., 2023; Kohler
et al., 2023). The dominance of few species, indicated by low Hill-
Shannon diversity, can lead to species impoverishment over time, thus
threatening restoration success in the long term.

2.4. Statistical analysis

A two-step modelling approach was used to analyze the relationship
between the RII and restoration success. The first step evaluated whether
the compounded RII is associated with four different indicators of
restoration success, which are detailed below. In a second step, we
assessed the associations of the three RII components, i.e., site prepa-
ration intensity (Site), species introduction quality (Spec), and manage-
ment appropriateness (Mgmt), with the restoration success indicators, to
better understand their relative importance for the overall RII effects as
well as their potential synergistic or antagonistic interactions. The
following four vegetation parameters were used as indicators of resto-
ration success and response variables in both steps, i.e., (i) species
richness, (ii) target species richness, (iii) Hill-Shannon diversity, and (iv)
proportion forb cover. Multicollinearity was tested for all components
and restoration age prior to the analyses (Fig. S1). Most correlations
were low (|r| < 0.15), with the exception of Site and Spec, which showed
a correlation of r = 0.49. However, this value remained below the
commonly accepted threshold for moderate to strong correlation (|r| >
0.7; Dormann et al., 2013).

For the first step (quantifying the effect of the RII on the vegetation
parameters), we considered the RII, region (north, central, south), soil
moisture level (dry, fresh, moist), and restoration age (Table 3) as pre-
dictors. Restoration age (Age) refers to the period of years following the
implementation of the main restoration intervention, or, in the case of
management adaptation, to the time since the management adaptation
started (2-30 years).

In a second step (disentangling contribution of the three RII com-
ponents), we included the three RII components (region, soil moisture
level, and restoration age (Age)) as predictors. To consider interactions
between RII components as well as between RII components and
restoration age, we fitted three models for each of the four response
variables, i.e., (i) with main effects of the RII components, restoration
age, region, and soil moisture; (ii) with all main effects as in (i), but with

Table 3
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additional pairwise interactions of the three RII components; and (iii)
with all main effects as in (i), but with additional pairwise interactions of
each of the three RII components with restoration age (Table 4).

For response variables representing counts (overall and target spe-
cies richness) we fitted generalized linear models (GLMs) with log-link
function and negative binomial error distribution to account for over-
dispersion. For continuous response variables (proportion of forb cover,
Hill-Shannon), we used linear models (LMs). We produced diagnostic
plots to confirm that model assumptions were not violated. We applied
Likelihood-Ratio-Tests to assess the associations of the predictor vari-
ables and their interactions, if applicable, with the response four vari-
ables. We provided R? values for all fitted models. For linear models, we
reported the standard multiple R?, while for GLMs we derived the
Pseudo-R? as suggested by Nakagawa and Schielzeth (2013). We used
the R software (version 4.4.1) (R Core Team, 2024) and the package
MuMIn (Barton, 2024) for all statistical analyses.

3. Results

3.1. General patterns of the RII, components, and vegetation
characteristics

On the 77 grassland sites, 485 plant species including 297 target
species were recorded (Table S3). On average, 42.2 + 15.0 species and
35.0 + 13.3 target species were found on 16 m? per site (Table $4).

Vegetation parameters, the RII, and its components varied across
regions and soil moisture levels (Tables 3-4, Tables S4-5, Fig. S2-4).
Total and target plant species richness and Hill-Shannon diversity, the
RII and all its components increased from North to South. Dry sites
showed the highest overall and target plant species richness and Hill-
Shannon diversity, followed by moist sites, and were lowest at fresh
sites. The proportion of forb cover decreased from dry to moist sites.
Across the 77 grassland sites, species introduction quality was high on
64.9% of the sites (Spec > 0.5), while no species were introduced to 18
sites (Fig. S4 E — F). The seed mixtures used comprised 4-68 vascular
plant species and 2.0-81.8% proportion of forb cover. Before the
restoration intervention, site preparation, most commonly harrowing,
was applied at 85.7% of the sites. Management appropriateness was
rather high (Mgmt > 0.8) on most sites; in total, 17 sites were grazed, 47
were mown, and ten were both grazed and mown.

The distributions of RII components were strongly right- (Site) or left-
skewed (Mgmt). Only when all three components were combined as RII,
the distribution was more symmetric and similar to a normal distribu-
tion (Fig. S5).

Influence of the Restoration Intensity Index (RII), region (North, Centre, South), soil moisture level (dry, fresh, moist) and restoration age on grassland restoration
success. The table summarizes four models with different response variables. For each model, an R? value and likelihood-ratio-tests for all explanatory variables are
reported. For overall and target species richness generalized linear models (GLMs) were used, while linear models (LMs) were fitted to Hill-Shannon and proportion of
forb cover. Pseudo-R? values for GLMs were estimated using the trigamma estimator provided in R package MuMIn (Bartor, 2024).

Response variable Explanatory variable (Pseudo) R? LRT/F-value Pr(>Chi) Sig. code
RII 0.59 12.59 <0.001 el

Species richness Region 39.28 <0.001 ok

(GLM) Soil moisture 24.92 <0.001
RII 0.61 12.11 <0.001

Target species richness Region 41.55 <0.001

(GLM) Soil moisture 28.57 <0.001 s
RII 0.64 5.15 0.095 .

Hill-Shannon Region 33.94 <0.001 el

(LM) Soil moisture 6.14 0.005 wx
RII 0.29 1.96 0.166

Proportion forb cover [%] Region 2.44 0.094 .

(LM) Soil moisture 9.85 <0.001 ek
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Table 4
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Model results (GLMs and LMs) showing the effects of the components of the Restoration Intensity Index, i.e., site preparation (Site), species introduction (Spec),
management (Mgmt), restoration age (Age), the regions (North, Centre, South), and soil moisture level (dry, fresh, moist) on the vegetation parameters overall and
target plant species richness, Hill-Shannon diversity, and the proportion of forb cover. For each response, three models were tested including either the single
components, interactions of the components or interactions of the component and restoration age. Region and soil hydrology were included in all models. Only the
predictors that affect the vegetation parameters significantly were listed. The LRT, F- and p-values from the drop1 tables were selected. R? values were extracted from

summary (LMs) and r.squared GLMM (GLMs) tables.

Response Model (GLMs) (Pseudo) R? Explanatory variable LRT Pr(>Chi) Sig. code
Species richness Mgmt + Spec + Site + Age 0.61 Species introduction 8.38 0.004 o
Region 37.90 <0.001 ok
Soil moisture 24.31 <0.001
(Mgmt + Spec + Site)® + Age 0.63 Region 31.03 <0.001
Soil moisture 25.12 <0.001
(Mgmt + Age)? + (Spec + Age)? + (Site + Age)? 0.63 Region 31.64 <0.001
Soil moisture 22.63 <0.001
Target species richness Mgmt + Spec + Site + Age 0.63 Species introduction 10.02 0.002
Region 38.42 <0.001
Soil moisture 30.52 <0.001
(Mgmt + Spec + Site)* + Age 0.62 Region 30.40 <0.001
Soil moisture 26.73 <0.001
(Mgmt + Age)? + (Spec + Age)? + (Site + Age)? 0.64 Region 33.10 <0.001
Soil moisture 28.13 <0.001
Response Model (LMs) Multiple R? Explanatory variable F-value Pr(>F) Sig. code
Hill-Shannon Mgmt + Spec + Site + Age 0.66 Region 32.37 <0.001
Soil moisture 5.21 0.008
(Mgmt + Spec + Site) + Age 0.67 Region 27.49 <0.001 ok
Soil moisture 4.66 0.013 *
(Mgmt + Age)? + (Spec + Age)® + (Site + Age)® 0.67 Region 26.51 <0.001 *
Soil moisture 4.06 0.022
Proportion forb cover [%] Mgmt + Spec + Site + Age 0.31 Species introduction 3.92 0.052 .
Region 3.33 0.042 *
Soil moisture 8.08 <0.001 e
(Mgmt + Spec + Site)” + Age 0.32 Region 3.03 0.055
Soil moisture 7.87 <0.001 ok
(Mgmt + Age)® + (Spec + Age)® + (Site + Age)? 0.42 Site preparation x restoration age 11.70 0.001 b
Soil moisture 8.65 <0.001 el

3.2. Relation between Restoration Intensity Index (RII) and vegetation
characteristics

An increasing RII was associated with increasing overall and target
plant species richness and also the Hill-Shannon diversity tended to
increase with RII (Table 3, Fig. 1). The proportion of forbs was not
significantly associated with variation in the RII. The models including
RIL, region, and soil moisture explained a successful restoration, with an
explanatory power of ca. 60% for all vegetation characteristics except
for the proportion of forb cover (ca. 30%) (Table 3).

3.3. Contributions of the RII components to restoration

Looking at the individual components, species introduction quality
was positively associated with overall and target species richness and
also the proportion of forb cover tended to increase with increasing RII
(Table 4, Fig. 2). By contrast, the response variables were not signifi-
cantly associated with Site and Mgmt (Table 4, Fig. S6-7), which implies
that the correlation between RII and the tested vegetation parameters
were primarily driven by a high species introduction quality.

Across all models, we found no significant interaction effect of the RII
components on the response variables, and only a significant interaction
between Age and Site on forb cover (Fig. S8). When the RII components
were analysed as separate variables, their joint explanatory power was
comparable to that of the aggregated index.

4. Discussion
4.1. Application and adaptation of the Restoration Intensity Index

The aim of this paper was to develop and test a multi-dimensional
Restoration Intensity Index (RII), which integrates the key components
of grassland restoration, i.e., ‘site preparation intensity’, ‘species intro-
duction quality’, and ‘management appropriateness’ (Tolgyesi et al.,
2021; Slodowicz et al., 2023), into a continuous measure. The func-
tioning of the RII was evaluated using restoration success, represented
by vegetation characteristics, based on the assumption a high recovery is
achieved by high levels of restoration intensity. The RII delivered
consistent results, showing clear positive relationships between resto-
ration intensity and various vegetation characteristics. Thus, the RIl is a
useful tool for estimating the effects of overall restoration intensity, as
well as the contribution and effect of its key components for indicators of
restoration success.

By quantifying complex restoration processes, the RII enables a
systematic comparison across methods, studies, and regions, particu-
larly in the context of research. It can be applied either as a single index
or through analysis of its individual components, depending on the
research objective. While a single index may enhance interpretability (e.
g., for deriving evidence-based recommendations in policy contexts or
cross-regional comparisons), aggregating components may mask the
relative importance of individual components or potential interactions
among them. Therefore, we recommend analyzing components sepa-
rately, when the RII should be used as a diagnostic tool. Furthermore,
the RII may have the potential to predict outcomes of planned restora-
tion actions, thereby guiding site-specific interventions and manage-
ment decisions. However, as this application has not been tested in this



A. Schmidt et al.

Ecological Indicators 187 (2026) 114912

>

North

Centre

Species richness

North

Centre

(o)
oo |

N
o

N
L

Target species richness

o

(@)

North

Centre

30

N
o

Hill-Shannon
S

North

Centre

South

o)
o
L]

[o)

=)
]
L]

L -

N
[ o
[ 2
1
\
[ ]

2 -

N
(=}
\
\
[}

Proportion forb cover [%] ©
°
Q
‘.o
\

oo

[ ]
[ ) - | _ - "
® _o ” o ""

g o
g - o

e - e
-

- -

° e 8-

0 1 2 3 0 1

2 3 0 1 2 3

Restoration Intensity Index

Soil moisture levels

® dry @ fresh ® moist
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distributed evenly. The lines represent the predicted significant or marginally significant model results (p < 0.10). Dashed lines indicate predicted non-significant

results (p > 0.10).

study, it should be addressed in future research.

The RII was developed based on the framework of grassland resto-
ration in Germany. However, the index can easily be adapted and
applied to other grassland habitats and other types of restoration around
the world by adding and adjusting the components with regard to
relevant restoration methods (e.g., burning for the restoration of
heathland habitats), commonly applied management practices (e.g.,
fertilization, sensu Bliithgen et al., 2012) or even extending the index by

including further components (e.g., previous land-use). In order to
achieve an equal weighting, it is only necessary to standardize the in-
dividual components between 0.00 and 1.00 before the aggregation or
statistical evaluation. However, when restoring habitats where it is
known that the components are of varying importance for ecosystem
recovery, the individual components can also be weighted as required.
When restoring a degraded peatland, for example, the creation of suit-
able hydrological conditions is crucial and the Site component can be
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predicted non-significant results (p > 0.10).

given higher weight in the RII calculation.

The study used vegetation characteristics as output variables, which
is appropriate, because plant diversity is a key component for biodi-
versity of other taxa and broader ecosystem recovery. Successful resto-
ration of vegetation initiates a higher structural diversity, a broader
range of food supplies and nesting habitats, which in turn principally
lead to the re-establishment of characteristic animal species and

stabilization of food webs (Segre et al., 2023). However, in future
studies, the RII could also be modified for multi-taxa assessments by
adapting or adding components. Depending on the taxa involved, the
Mgmt component should, for example, take into account the timing of
management, as well as whether the site is managed all at once or in
stages, or whether parts of it are left unused, which is beneficial for
many animals (Révész et al., 2025). Given that animals are not usually
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introduced, proximity to donor populations/sites (habitat connectivity)
and area size (minimum areal) should be considered as further
components.

When comparisons across multiple regions or studies are intended,
all data must be scaled jointly. To facilitate such purposes and to ease
interpretation of results, future studies employing the RII should
consistently report the absolute values, or at least absolute minimum
and maximum values, for all components. In the present study, the RII is
composed of three components, each assuming values from 0 to 1.
Consequently, the RII ranges from O to 3. If additional components are
incorporated, the overall range of the RII varies accordingly. To ensure
comparability between studies with differing numbers of components,
the RII of each study can also be scaled to the interval 0-1 by division
with the potential RII maximum, which is equal to the number of
components.

Irrespective of the habitat and investigated taxa, the calculation of
the RII is based on conceptual considerations and knowledge of resto-
ration practices that rank the individual measures to achieve a repre-
sentation of intensity or quality for each component. Although the
ranking and also the calculation of the index is conceptually advanta-
geous, ecological knowledge and site-specific information on all com-
ponents are necessary to maximize the potential of the index. Data
collection can be challenging for sites that were restored a long time ago,
especially when the involved people are no longer available. Thus, a
database on restored grasslands with structured entries on measures, site
locations and chronology of restoration interventions would be impor-
tant for long-term evaluations of restoration measures and the optimi-
sation of future restoration planning.

4.2. Evaluation of RII components

To increase the plant diversity and to overcome dispersal limitations
(‘dispersal filter’), the introduction of species is a commonly used
method in grassland restoration (Kiehl et al., 2010; Shaw et al., 2020).
For the species introduction component (Spec), we defined levels for
ranking and weighting their quality based on the origin and propagation
of the species included, the number of forb species and their proportion
in the seed mixture. To better analyse the effect of species introduction
quality, it would be desirable to use the absolute number of introduced
species and the percentage of forbs in the applied seed containing ma-
terial instead of ranked levels. Unfortunately, this was not possible
because no data on the species richness or forb cover of donor sites were
available for the direct harvesting methods. As the limited knowledge of
transferred plant species for direct harvesting methods is often reported,
we consider the ranking to be appropriate, taking into account scientific
knowledge and practical constraints.

An appropriate and adapted management in grasslands is mandatory
to stop further succession, to regulate interspecific competition (‘biotic
filter’), and to control vegetation development (Poschlod et al., 2009;
Elias and Tischew, 2016; Nolan et al., 2021). In general, grasslands are
mown, grazed, or both with variable intensity and different livestock,
depending on several factors, such as productivity, terrain, accessibility,
and availability of infrastructure. As the management intensity between
meadows and pastures is difficult to compare, the LUI by Bliithgen et al.
(2012) allows a comparison between the management types. The Mgmt
component of the RII introduced here is similar to the LUI, but assesses
the management appropriateness rather than its intensity. To determine
management appropriateness, we compared the land-use intensity of the
site in question to the land-use of well-managed species-rich permanent
grasslands (positive references) for vegetation types of the same hy-
drology level. Bliithgen et al. (2012) suggested calculating the intensity
in relation to regional grassland use. However, this does not take into
account the productivity of the site or the amount of biomass that can be
removed to achieve or maintain the desired vegetation. We further
decided against using static management recommendations from liter-
ature, since site-specific management is a key factor for the persistence
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of target plant species in restored grasslands (Lyons et al., 2023). In the
study sites, we found that some fresh grasslands were only mown once a
year instead of twice as commonly recommended for this grassland type
(e.g., Dullau and Tischew, 2019), since the below-average precipitation
levels in 2022 resulted in low biomass yields. Therefore, the year chosen
as reference for the index can have a significant impact on the results
(Bliithgen et al., 2012). In addition, the effect of management on vege-
tation is rather slow, and thus, changes can only be seen after several
years (Tolgyesi et al., 2021). Due to data limitations, we included the
management of only one year in the Mgmt component. If data are
available, the variability of vegetation parameters and management
should be illustrated by providing multi-year average data when
calculating the Mgmt component (Bliithgen et al., 2012).

The site preparation component describes the extent to which the
former vegetation and soil were altered, e.g., to reduce competition from
the existing vegetation (‘abiotic’ and ‘biotic’ filters). The removal of the
previous vegetation and thus intense soil and seed bed preparation were
also identified in former studies as an important prerequisite for the
establishment of the target plant community (e.g., Schmiede et al.,
2012). Nutrient removal (arable farming without fertilization) and
raising the groundwater level were treated as abiotic measures with a
medium (0.5) rank. These measures can be carried out in addition to soil
preparation measures, but were scarce in the GRASSWORKS dataset. For
example, raising the groundwater level might be more common as a
measure in datasets containing also wet grasslands on peat soils. In fact,
the intensity of site preparation needed depends on land-use history, and
the site condition just before species introduction. As an extreme
example, a 10-year fallow might require shrub removal, mulching, and
ploughing to establish a suitable seed bed, while similar conditions can
be achieved on an arable land by grubbing only. Even within arable
land, the extent of weed infestation on the site can be decisive. In the
GRASSWORKS dataset, the site preparation measures were specified by
the respondents in the questionnaires, thus the specification between
previous land use and site preparation was made implicitly. We
recommend that further studies define the differentiation between
former land use and site preparation more explicitly and integrate the
initial state of the site into the RIIL

4.3. Influence of RII, its components and restoration age on grassland
quality

Evaluation of RII using the GRASSWORKS dataset showed a high
explanatory power for the studied indicators of restoration success.
These findings validate the index and indicate that intensified restora-
tion efforts effectively mitigate environmental filters, facilitating
grassland recovery. This aligns with McFarlane et al. (2023), who
demonstrated positive effects of restoration intensity on prairie vege-
tation indicators, assessed via a four-level categorical scale. Conversely,
Jones et al. (2018) reported in a global meta-analysis that active resto-
ration (i.e., seed addition to overcome dispersal limitation) does not
consistently outperform passive restoration across diverse ecosystems.
Notably, neither study quantified restoration intensity per se.

Within the test data set, we identified the quality of species intro-
duction (Spec), as the component with the strongest influence on our
indicators of grassland restoration success. Spec was correlated with the
overall and target plant species richness and the proportion of forb
cover. This suggests that the active introduction of species- and forb-rich
regional seed mixtures or directly harvested material are a key driver for
successful restoration and is of utmost importance for future restoration.
Furthermore, all sites restored at a low species introduction quality,
using cultivar seed mixes, had low vegetation quality and diversity. This
is consistent with other studies that found that restoration success de-
pends on species richness of the seed mixture (Kirmer et al., 2012;
Freitag et al., 2021), while direct harvesting is also successful (Valko
et al., 2022). In contrast to overall and target species richness, high-
quality species introduction did not increase Hill-Shannon diversity, in
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contrast to a high restoration intensity (based on the RII). This indicates
that the Spec component strongly drives the presence but less the cover
of rare species, whereas a high overall restoration intensity promotes
both. However, sites without species introduction sometimes had higher
values for the vegetation parameters tested. Most of these sites were
grasslands whose management was adapted with the aim of optimizing
them for nature conservation within a protected area. According to
Jones et al. (2018) and Dellicour et al. (2023), active restoration does
not consistently result in faster or more complete ecosystem recovery
compared to passive restoration, as those responsible for restoration
may correctly choose which sites can or cannot recover on their own (e.
g. Prach et al., 2021). Thus, sites where species have been introduced
may have lower species richness before restoration than sites where no
species have been introduced, but this may lead to a similar outcome,
especially in more species-rich grazed landscapes (Tolgyesi et al., 2021).

Compared to the Spec component, management appropriateness
(Mgmt) was of minor importance with regard to restoration success and
showed no significant effects on variables when all RII components were
included. This contradicts studies that have emphasized the importance
of an appropriate management for maintaining long-term species rich-
ness in grassland (Ockinger et al., 2006; Tolgyesi et al., 2021). This
discrepancy may be due to the fact that other studies tested management
as a binary factor (with or without the management) at the same site
with otherwise identical treatments, whereas our approach is more
complex and shows that optimal management alone does not lead to
restoration success. Another explanation for the low effect of Mgmt could
be that most of our study sites were well-managed, resulting in a weak
gradient of management intensity. Most sites were restored as impact
mitigation, agri-environmental schemes, contract-based, or project-
based nature conservation. Their follow-up management after restora-
tion intervention is subject to restrictions from agri-environmental
schemes, maintenance contracts or contract-based conservation. This
is also reflected by the fact that only two positive reference sites were
fertilized at a very low level, while fertilization is a standard practice in
non-conservation grassland management (Dullau et al., 2023). A further
issue could be the component's potential insensitivity, given that we
used data from one year only. Furthermore, we were not able to account
for the timing of management, which is crucial for e.g., regulating the
proportion of forbs, as a late first management promotes grass cover
(Kirmer et al., 2018).

The RII component site preparation intensity (Site) alone led to no
considerable increase of any vegetation characteristics. This is in
contrast to the findings of other studies (e.g., Kiehl et al., 2010; Freitag
et al., 2021) which recommended the creation of open soil by removing
or weakening existing swards before species introduction to facilitate
the establishment of the target community. The lack of significance in
this study may be due to the fact that 85% of our sites had previously
been harrowed at least once. This may have resulted in a relatively
narrow Site gradient in contrast to large variation in Spec. However, the
differences in restoration outcome of the eleven sites with species
introduction but without any site preparation is likely due to land-use
history (sensu Donath et al., 2007), as some sites were former arable
land and some were grasslands. If a site has been intensively farmed
with, e.g., herbicide application for a long time prior to restoration,
resulting in an impoverished seed bank and bare soil, intensive site
preparation is not necessary.

According to Buisson et al. (2022) secondary grasslands may typi-
cally require at least a century to fully recover. As restoration age
typically increases species richness (Prach et al., 2013; Dellicour et al.,
2023), we hypothesized increasing importance of Mgmt and decreasing
effects of Site and Spec over time. This was only partially confirmed:
intensive site preparation increased forb cover at young (<15 yr) sites
but reversed at older sites, especially in fresh grasslands. However, our
results may be biased by the uneven distribution of applied intervention
methods over time (Fig. S9), as a high percentage of the oldest study
sites were restored by using species-poor cultivar seed mixtures
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containing up to 98% grass seeds in total seed weight. These commer-
cially available seed mixtures were best practice in the past, but are no
longer applied for nature conservation due to knowledge gain and re-
strictions by the German legislation. In general, our results are in line
with other studies, which found a decline in vegetation quality with
increasing restoration age (Torok et al., 2011; McFarlane et al., 2023). In
addition, over time some species may outcompete others (McFarlane
et al., 2023). In the case of introduced species, this could be due to
inappropriate management or the fact that the abiotic site conditions
were not optimal. In sites restored by management adaptation, species
that are not typical for the habitat (ecotone species, ruderal species) may
disappear over time. Therefore, we conclude that the lack of change in
importance of the components with age again indicates that appropriate
management alone is insufficient if the species are no longer present on
the site or in its immediate vicinity.

Finally, species richness-related vegetation characteristics varied
significantly across soil moisture levels and regions. This was to be ex-
pected, as the grasslands included are known to exhibit a gradient,
ranging from semi-dry to moist sites (Leuschner and Ellenberg, 2017).
The same applies for the region along a south-north gradient with the
flora of southern Germany being more species-rich. However, the inte-
gration of these gradients in the validation process enhanced the pre-
dictive capability of the RIIL In our analyses of the proportion of forb
cover, the coefficients of determination (R?) showed weaker results,
indicating other unknown factors that were not considered. For
example, the surrounding landscape could affect vegetation develop-
ment on the restored sites, as it is known that in homogenized, isolated,
or fragmented landscapes a lack of diaspores of characteristic target
species and/or suitable dispersal vectors are a limiting factor for grass-
land restoration success (Funk et al., 2008; Oster et al., 2009b; Kiehl
et al., 2010).

5. Conclusions

The proposed RII is effective in integrating and assessing the main
components of grassland restoration. The index is flexible and might be
adapted to restoration of different grassland types as well as other
ecosystems, taxa and other regions. Future research should evaluate the
extent to which the RII predicts biodiversity for plants, animal taxa (e.g.,
insects), ecosystem functions, socio-economic indicators, as well as
multifunctionality. Further studies should test the applicability of the RII
to other datasets. The RII showed a clear positive relationship between
overall restoration intensity and desired vegetation restoration out-
comes, as one of the key components of restoration success. This points
out that increased efforts in restoration intervention lead to greater
ecological restoration success and therefore grassland recovery. How-
ever, increasing species introduction quality and thus applying regional
seeds with a high forb richness and a high proportion of forb seeds were
identified as key drivers for successful grassland restoration.
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