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ABSTRACT

The biodiversity of semi-natural grasslands has dramatically declined over the past century. We experimentally
tested, at field scale, the efficacy of different assisted (active) restoration methods to enhance plant biodiversity
in species-poor, extensively managed lowland meadows. Four restoration treatments, plus one control were
randomly allocated to five meadows at 12 spatially-replicated study sites in the Swiss lowlands in 2019: 1) hay
transfer from a species-rich donor meadow on a harrowed meadow; 2) the same as 1 but on a ploughed meadow;
3) sowing a directly harvested native seed mixture originating from a species-rich donor meadow on a ploughed
meadow; 4) sowing a multiplied native seed mixture on a ploughed meadow; 5) control, i.e. with no soil
disturbance and no reseeding. Vegetation surveys were performed before (2018) and after the restoration actions
(2021 and 2023). After a pronounced biodiversity rise in 2021, plant species richness had stabilized by 2023
across most treatments with, on average, 29% more species compared to 2018 and 16% more species in restored
compared to control meadows in 2023. Moreover, 90% of the restored meadows qualified for the result-based
payment scheme in 2023. Harrowing before seeding was as effective as ploughing. While the multiplied seed
mixture initially showed a stronger increase, this effect had decreased by 2023, reaching levels comparable to the
other treatments. Beta diversity was higher in hay transfer treatments than in the control and other restoration
treatments, indicating greater heterogeneity in community composition. Findings provide evidence-based
guidance for cost-effective and practically feasible grassland restoration.

1. Introduction

homogenisation of the landscape (Diacon-Bolli et al., 2012) with a
consequential dramatic loss of biodiversity in most taxonomic groups,

Farmland biodiversity is a key component for the provision of
ecosystem services on which human food production depends, such as
crop pollination, pest control, nutrient cycling and soil fertility
(Carvalheiro et al., 2011; Soliveres et al., 2016). Semi-natural exten-
sively managed grasslands host a large fraction of this biodiversity, and
therefore play an important eco-functional role in agricultural land-
scapes (Hopkins and Holz, 2005).

Unfortunately, these semi-natural grasslands have mostly dis-
appeared (Wesche et al., 2012; Widmer et al., 2025). In Switzerland, for
instance, 98% of the historical Arrhenatherion meadows, typical of the
lowlands, have been lost (Lachat et al., 2010). This has led to a
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notably among birds, arthropods and plants (Gossner et al., 2016).

To counteract this loss of biodiversity, agri-environment schemes
(AES) were established in Europe in the 1990s to promote more exten-
sive forms of management and to compensate farmers for the loss of
income due to the application of these measures (Kleijn and Sutherland,
2003). In Switzerland, the surface registered as biodiversity promotion
areas (BPA, by far the main Swiss AES) has steadily increased since
2002, covering nowadays 18 —19% of the utilised agricultural area
(UAA). About half of these BPAs consists of extensively managed
meadows (Agrarbericht, 2024). To support this BPA type, two distinct
payment schemes are offered to farmers. The first one, called “Quality I”
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(QD), is an input-based (or action-based) financial incentive, allocated to
a meadow when extensive management practices are implemented,
specifically no fertiliser application and a first mowing not before the 15
June. The second payment scheme, called “Quality II” (QII) is an
output-based (or results-based) financial incentive for farmers, allocated
to a meadow when positive effects on biodiversity are demonstrably
achieved, defined as the presence of at least six indicator plant species
reflecting ecological quality within a 3 m-radius circle in a representa-
tive part of the meadow (Swiss Federal Council, 2013). So far, the effects
of these BPAs on biodiversity have been positive (although not always
consistent across taxa), particularly compared to conventionally
managed meadows (Aviron et al., 2009; Meier et al., 2024). Neverthe-
less, only 33% of the BPA surface reaching QI criteria also qualifies for
the QII contributions (Agrarbericht, 2024). The implementation of AES
measures incurs costs for farmers who are encouraged to design them
carefully so as to obtain the highest biodiversity benefits that entail
higher financial contributions (Batary et al., 2015).

Natural (also known as passive) restoration, i.e. the relaxation of
management intensity and the reduction of fertilizer inputs (Atkinson
and Bonser, 2020), yields generally limited benefits for biodiversity in
semi-natural lowland grasslands. For example, van Klink et al. (2017)
showed that neither the standard Swiss AES practice nor alternative
mowing regimes led to any changes in plant species richness and com-
munity composition over five years. Klaus et al. (2018) found that even
if the soil seed bank is activated by mechanical sward disturbance, its
contribution to the restoration of plant biodiversity is limited. This is
likely because the seed bank has been impoverished by a fairly long
history of intensive management of these grasslands (Habenczyus et al.,
2024). Furthermore, the fragmentation of the landscape hampers the
arrival of dispersal-limited species from other sources (Bakker and
Berendse, 1999; Baur, 2014; Hooftman et al., 2021). Therefore, there is a
need for assisted (also known as active) restoration, i.e. reseeding, to
overcome this propagule limitation (Atkinson and Bonser, 2020; Walker
et al., 2004). A systematic review by Slodowicz et al. (2023) has shown
that assisted restoration can effectively restore plant species richness,
with its success depending mostly on the type of seed source. The most
promising results were obtained by a mixture of commercially available,
multiplied seeds, as well as seeds collected from a species-rich donor
meadow; however, if only one seed source is used, the latter are slightly
more effective. The systematic review also highlighted several short-
comings in the existing research: many of the considered studies were
common garden experiments, did not have a proper control and/or were
conducted over a too short period of time (often less than three years).

The aim of this study was to test the efficacy of four different assisted
restoration methods to increase plant biodiversity in already extant, but
species-poor, extensively managed meadows, as typically encountered
in the European lowlands. The experiment was conducted at field scale
using a randomised block design and spatially replicated, this to ensure
generalizable results, i.e. sound management recommendations. Two
different types of seed bed preparation (harrowing vs ploughing) and
two different native seed sources (directly harvested in form of green
hay or seeds vs farm-multiplied seeds) were tested. These restoration
methods were compared to a control, where neither soil disturbance nor
seed addition were performed. Regarding harrowing vs ploughing, there
is a consensus that the seed bed must be prepared prior to hay transfer or
sowing in order to allow seed germination, because sowing onto an
existing plant community would lead to competition for resources,
thereby reducing the establishment success of new species (Durbecq
etal., 2021; Freitag et al., 2021). Slodowicz et al. (2023) suggest that the
intensity of the seed bed preparation does not influence plant species
richness in the mid-term, although this result might have been
confounded by the previous land-use type (cropland vs grassland).
Given the remarkable scarcity of studies comparing the impact of the
intensity of seed bed preparation on restoration outcomes among mesic
grasslands (but see Bischoff et al., 2018 in wet meadows), we decided to
test this variable in our study. We must stress here though, that farmers
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are reluctant to plough permanent grasslands, while they express no
reticence for harrowing (pers. comm.). There are multiple arguments
against ploughing. For example, in our experiment, the soil of the har-
rowed sites was worked on at the beginning of June, just a week before
seeding, while the soil of ploughed sites was turned in early spring,
leaving the latter with open bare soil exposed to erosion hazards for up
to two months. Additionally, in the restoration year, harrowed meadows
still provided one grass harvest in early June before harrowing, while no
harvest was possible in ploughed meadows. Concerns also arose that
ploughing might be detrimental to the local invertebrate fauna. If soil
preparation has been established to cause direct mortality of
ground-dwelling arthropods (Thorbek and Bilde, 2004), the data
collected in the year following our restoration operations (2020) showed
that ground beetle and ground-dwelling spider communities had mostly
recovered to a pre-disturbance state by then (Slodowicz et al., 2022).
Harrowing or ploughing seem thus not to dramatically affect these two
major ground-dwelling invertebrate taxa and we assume that the same
applies to other epigeal arthropods.

Regarding the second factor (i.e. directly harvested green hay or
seeds vs farm-multiplied seeds), there is a general concern regarding the
efficacy of mixtures produced using multiplied seeds (i.e. seeds pro-
duced by propagation via culture), because even if they are defined as
“local”, they might be less adapted to the specific soil conditions of the
meadow to be restored; especially compared to seeds directly harvested
from a species-rich donor meadow located in close proximity to the
recipient meadow (Espeland et al., 2017; Torok et al., 2024). On the
other hand, Conrady et al. (2022) found that multiplied seeds are even
more genetically diverse than natural seeds.

Our predictions were as follow. First, we predicted a higher plant
species richness in the restored compared to the control meadows four
years after the restoration and, consequently, a higher proportion of
meadows qualifying for the QII payment scheme among restored
meadows. Since grasses tend to dominate over forbs and legumes in
species-poor meadows (Nerlekar et al., 2024), we assumed that the
higher species richnessof restored meadows would be linked to a higher
proportion of forbs and legumes compared to control meadows (Pokorny
et al., 2004).

In relation to the seed bed preparation, we predicted no difference in
plant species richness between harrowed and ploughed meadows, as
suggested by Slodowicz et al. (2023), or a slightly higher species rich-
ness in the latter meadows, because seedling conditions (i.e. reduced
competition) are likely to be more favourable when the soil is ploughed
(Bischoff et al., 2018; Freitag et al., 2021). We also expected seed bed
preparation to have an effect on the soil availability of nutrients and
moisture conditions, since ploughing is known not only to favour ni-
trogen mineralisation, a process that makes nitrogen available for plants
(Sainju et al., 2012), but also to promote water evaporation (Mielke
et al., 1986). Therefore, we expected ploughing to promote plant species
associated with drier and nutrient-rich soils.

Concerning the seed addition method, we hypothesised that in the
meadows seeded through hay transfer there would be fewer late-
flowering species, since these seeds may not all have been ripe at the
time of the hay harvest (Willems et al., 2026). Moreover, we predicted
plant species producing many seeds, which are often the species pro-
ducing small seeds, to be abundant in the meadows restored with hay or
seeds from the donor meadows, because of a higher probability for these
seeds to be transferred and to germinate in the recipient meadow
(Wagner et al., 2021).

Additionally, we predicted that, at the landscape scale, the plant
community of meadows sown with the multiplied seed mixture would be
less diverse (i.e. would have a lower beta diversity) compared to the
other treatments because the same seed mixture was sown in all sites.
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2. Materials and methods
2.1. Study sites

The study was conducted on the Swiss Plateau, a lowland region
situated between the Alps and the Jura mountain ranges. It is charac-
terized by an Atlantic climate with mean annual temperatures ranging
from 8 to 12°C and average precipitation from 900 to 1300 mm
(MeteoSwiss, 2025). Farmland typically accounts for 60-70% of the
study region, which is dominated by intensive agriculture, while
semi-natural habitats such as forest stands and hedgerows cover about
20% of the landscape, with the remaining proportion consisting mostly
of settlements (Zingg et al., 2019). In 2018, 60 extensively managed
meadows regularly distributed in 12 study sites (with 5 meadows each)
were selected across the region (Fig. 1, Appendix A). The five meadows
of a given study site were located within a 5 x 5 km square, with a
minimal distance of 340 m between two nearby meadows, while the 12
study sites themselves were at least 10 km apart to ensure data inde-
pendence. The average size of the meadows was 0.5 ha (range: 0.2-1 ha)
and their elevation varied between 420 and 760 m. While all meadows
were registered as biodiversity promotion areas (BPA) since at least
2013, we purposely selected BPA meadows that did not qualify for the
Quality II (QII) payments, i.e. had fewer than 6 plant species indicators
of botanical quality (range: 0-5). In Switzerland, extensively managed
meadows registered as BPA must follow several management guidelines,
including at least one annual cut (not before 15 June), fertilisers are not
allowed and pasture is possible only in autumn. In addition, 12 ancient,
extensively managed grasslands (one per site) were chosen as donor
meadows. At the onset of the study, these donor meadows harboured a
richer plant species community (mean + SD = 34.5 + 6 species per
16 m?) than the 60 selected meadows to be restored (24.8 =+ 4.5), re-
flected by > 10 QII-indicator plant species at meadow scale and > 7 at a
3 m-radius scale. Depending on the site, donor meadows consisted of
mesic hay meadows predominantly belonging to the Arrhenatherion
community, with varying degrees of influence from the Mesobromion
community.
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2.2. Experimental design

A randomized block design was adopted, where four different
assisted restoration treatments and a control were randomly allocated to
the five meadows in each of the sites, the latter representing the blocks
(Fig. 2). The restoration treatments (and control) consisted of:

e Seed addition via hay transfer: spreading the hay harvested from a
donor meadow on the surface of the recipient meadow where the soil
has previously been harrowed (Hay Transfer on a Harrowed
meadow, HT-H).

e Seed addition via hay transfer: similar to HT-H, but the recipient

meadow has been previously ploughed instead of harrowed (Hay

Transfer on a Ploughed meadow, HT-P).

Seed addition via direct sowing: directly harvested native seeds from

a donor meadow were sown onto the surface of a ploughed recipient

meadow at a seeding density of 1.2 g/m? (Directly harvested native

Seeds on a Ploughed meadow, DS-P).

e Seed addition via direct sowing: a multiplied native seed mixture

adapted to the local context (UFA Salvia CH-G, a commercial mix)

was sown onto the surface of a ploughed recipient meadow at a

seeding density of 1.2 g/m? (Multiplied native Seeds on a Ploughed

meadow, MS-P).

No soil disturbance nor seed addition were performed (Control, C).

The restoration operations were performed in May and June 2019 at
the field scale, i.e. a given, randomly pre-selected restoration treatment
was assigned to the entire area of a meadow. The HT-H treatment was
harrowed a few days before seeding and again on the same day of
seeding. HT-P, DS-P and MS-P were ploughed 2-3 months before seed-
ing and subsequently harrowed every 4-6 weeks until seeding
(Fig. B.1.). This approach follows standard agricultural practice for crop
fields (Carter and McKyes, 2005). Ploughing brings seeds to the soil
surface, where they germinate during the 2-3 months before seed
addition and are then removed by harrowing. The seeds for the DS-P
treatment were harvested on the donor meadows with a seed

Deitingen Pfaffnau

Switzerland

Italy

0 ':O 20 30km

Fig. 1. Map of the Swiss Plateau (in green) with the 12 study regions. Each region consists of five meadows (4 different treatments and a control; see Materials and

methods for more details). See Appendix A for a list of the study meadows.
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Fig. 2. Overview of the grassland restoration treatments. The treatments differed in both the soil preparation and type of seed addition deployed: Control (C), no soil
disturbance or seed addition; Hay Transfer on a Harrowed meadow (HT-H), the receiver meadow was harrowed and hay transferred from a donor meadow was

spread over it; Hay Transfer on a Ploughed meadow (HT-P), the receiver meadow

was ploughed and hay transferred from a donor meadow was spread over it;

Directly harvested native Seeds on a Ploughed meadow (DS-P), the receiver meadow was ploughed and seeds directly harvested from a donor meadow were sown;
Multiplied native Seeds on a Ploughed meadow (MS-P), the receiver meadow was ploughed and a mixture of multiplied seeds was sown.

harvester (eBeetle, HoloSem) in June 2018 with additional hand col-
lections before and after the cut, while the green hay for the HT-H and
HT-P treatments was collected in 2019 and transferred the same day
onto the recipient meadows (Fig. B.2.). For a detailed description of the
restoration process see Appendix B. One of the DS-P meadows was dis-
carded from the experiment because the restoration failed due to an
extreme rainfall that occurred after seeding, washing the seeds away.

2.3. Vegetation surveys

Vegetation surveys were conducted before the restoration (in 2018),
two years and four years afterwards (in 2021 and 2023), between May
and June, in two rectangular plots of 8 m? each. The plots were
permanently marked with two nails placed deep in the ground, so that
the surveys could always be conducted at the same location over the
years. The first point was randomly set in the meadow, with the second
one placed at 14 m of distance in a random direction (North, South, East
or West). The plots were orthogonal, so that they could capture the
vegetation heterogeneity of the meadow as much as possible. We listed
all the plant species present in the two plots and estimated their absolute

cover percentage. Because cover was estimated independently for each
species, overlapping vegetation layers could result in total plot cover
exceeding 100%. Between the two rectangular plots, a circular plot of 3
m-radius was placed in order to evaluate the botanical quality according
to the official QII assessment key for BPA meadows (Fig. 3; Swiss Federal
Council, 2013). In 2023, vegetation assessment in one DS-P meadow
could not be carried out because the meadow was mowed prior the
scheduled survey. This meadow was therefore excluded from the
analysis.

2.4. Statistical analyses

All the statistical analyses were performed in R 4.5.0 (R Core Team,
2025). The vegetation data from the two rectangular plots were merged
to obtain a single measure per meadow. The effect of the restoration
treatment was then analysed with linear mixed-effect models using the
package Ime4 (Bates et al., 2015) and assuming a Gaussian distribution.
Response variables were plant species richness (either total or per
functional group, i.e. grasses, forbs and legumes), percentage cover of
each functional group, number of quality II indicator species, beta

2m Plot 1

14 m

Quality Il

——k

Plot 2

Fig. 3. Design applied in the vegetation surveys. The black stars depict the permanent nails enabling plot location over time. An exhaustive vegetation survey (i.e.
listing all the plant species and estimating their cover) was conducted in the two rectangular plots (8 m? each) while a vegetation quality II survey (number of

indicator plant species present) was conducted in the 3 m-radius circular plot.
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diversity (additive partitioning of diversity) and community weighted
means (CWM) of different functional traits (i.e. month of first flowering;
seed mass, in mg; number of seeds) and of the Landolt values for nu-
trients and moisture. The information about seed mass and number were
retrieved from the LEDA trait database (Kleyer et al., 2008), while the
information regarding the month of the first flowering and the Landolt
values for nutrients and moisture were extracted from the Flora Helve-
tica (Lauber et al., 2018).

The effect of the year, entered as a categorical factor, was also ana-
lysed with linear mixed effect models assuming a Gaussian distribution,
with plant species richness and number of QII indicator species by
treatment as response variables. The site was included in all the models
as a random effect to account for site-specific variability.

Beta diversity between treatments, or their difference in terms of
species composition, was also investigated. Firstly, considering the ad-
ditive partitioning of diversity (Lande, 1996) and taking into account
only the species richness (i.e. presence or absence of a species), but not
species abundance: f = y — a. Where a represents the species richness
of a single meadow, y represents the species richness of all the meadows
within the respective treatment and p represents the difference between
meadows belonging to that treatment.

Secondly, still considering only species richness (i.e. whether the
species were present or absent) but not abundance, the Sgrensen index
for pairwise dissimilarities was calculated (Koleff et al., 2003; Baselga,
2010):

b+c

Peor = 2a+b+c

Where a represents the number of species common to meadows 1 and 2,
b represents the number of species that are present only in meadow 1
and c represents the number of species present only in meadow 2. To
calculate this index, we used the betapart package (Baselga and Orme,
2012). Note that conventional linear models (without random effect)
were fitted to test the effect of the treatment on this beta diversity index.

Lastly, beta diversity was calculated considering both species rich-
ness and abundance, using the Bray-Curtis dissimilarity index (Bray and
Curtis, 1957). We checked with a permutational multivariate analysis of
variance (PERMANOVA) with 999 permutations if the difference be-
tween treatments was significant. If that was the case, we tested if the
difference was due to location (i.e. the mean values) or dispersion (i.e.
the variation around the mean values) with a permutational test for
homogeneity of multivariate dispersion (BETADISPER) and an ANOVA
test. For the multivariate analyses we used the vegan package (Oksanen
et al., 2020).

The CWMs were used to weigh community trait values by species
abundance. For this purpose, the mean cover of each species in the two
vegetation survey plots was considered with the following formula:

n

cwmM= Y S F

=T Ctot

Where c; represents the cover for the plant species i, ¢, the cover of all
species in a particular meadow and F; the median functional trait value.

To check if there was a statistically significant difference among
treatments, we changed the intercept running the relevel function,
which reorders the levels of a factor. Model assumptions were visually
checked by inspecting the respective residual plot (residuals against
fitted values) and quantile-quantile plot.

3. Results
3.1. Total species richness and number of QII indicator species
In 2023, the total number of plant species was higher in all the

experimental treatments compared to the controls, but the difference
was significant only for HT-P and MS-P (Appendix C). The restored
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meadows had on average (+ SD) 32 + 4.9 species, while the control
meadows harboured 27 + 5.4 species (HT-H: 30 + 5.3; HT-P: 32 + 4.7;
DS-P: 31 + 4.9; MS-P: 33 + 4.9). Regarding the number of QII indicator
plant species in 2023, all the restored treatments had significantly more
(106% more on average) QII indicators than the controls (C: 4 + 1.6;
HT-H: 8 &+ 2.7; HT-P: 8 & 2.5; DS-P: 9 & 2.4; MS-P: 9 & 2.7). As a result,
90% of the restored meadows reached QII (> 6 indicator species), while
only 25% of the control meadows qualified for it.

For each treatment, when comparing the total species richness and
the number of QII indicator species in each survey year with those in
other years, the control was not significantly different across years,
while almost all the treatments increased significantly from 2018 to
2021 and remained stable between 2021 and 2023. MS-P was an
exception, with an increase in 2021 followed by a decline in 2023 of
—5.3 + 1.5 plant species (mean + SD, P = 0.002) and —2.33 + 0.71 QII
indicator species (P = 0.003) (Figs. 4 and 5, Appendix D).

3.2. Functional groups

The species richness and cover were evaluated also according to the
functional groups, i.e. grasses, forbs and legumes (Fig. E.1. and E.2,
Appendix C for statistical analyses). Regarding species richness, the only
significant difference between a treatment and the control that emerged
was HT-P for the grasses (HT-P vs C: 1.67 + 0.81, P = 0.047) and MS-P
for the forbs (MS-P vs C: 3.17 + 1.41, P = 0.028). Concerning the le-
gumes, none of the treatments were significantly different from the
control, but HT-P and MS-P always performed slightly better than the
other treatments. The most remarkable difference regarding cover was
observed for the legumes, where HT-P had a significantly higher cover
than all other treatments and the control (HT-P vs C: 15.8 &+ 4.0,
P < 0.001). This still holds true after removing an extreme outlier (HT-P
vs C: 12.4 + 3.5, P < 0.001).

3.3. Beta diversity

The additive partitioning of diversity was found to be higher than the
control only for HT-H (HT-Hvs C: 5.1 + 2.1, P = 0.018) and HT-P (HT-P
vs C: 6.17 + 2.06, P = 0.005) (Fig. 6A, Appendix C for statistical ana-
lyses). The Sgrensen index for pairwise dissimilarities was slightly
higher in HT-P (HT-P vs C: 0.02 + 0.01, P = 0.019) and lower in MS-P
(MS-P vs C: —0.04 + 0.01, P < 0.001) than in the controls, respec-
tively (Fig. 6B, Appendix C). Regarding the beta diversity calculated
with the Bray-Curtis dissimilarity index (Fig. E.3.), the PERMANOVA
was significant (F = 1.83, P = 0.004), but not the ANOVA calculated on
the BETADISPER distances (F = 0.91, P = 0.467), indicating a difference
among the treatments given by location but not by dispersion. Pairwise
PERMANOVA tests were conducted to see among which treatments
there was a statistically significant difference: MS-P was the only one
found to be different compared to both the control (MS-P vs C: F = 2.97,
P =0.006) and all the other treatments (MS-P vs HT-H: F = 1.97,
P =0.035; MS-P vs HT-P: F = 2.03, P = 0.015; MS-P vs DS-P: F = 2.33,
P = 0.009). The treatment explained 12% of the variation of the plant
community composition (R2 =0.12).

3.4. Functional traits and Landolt values

The analysis of the traits comparing the treatments with the control,
gave a significant result for the month of first flowering and the moisture
(Appendix C). HT-H (HT-H vs C: 0.16 &+ 0.07, P = 0.028) and, espe-
cially, DS-P (DS-P vs C: 0.2 4+ 0.07, P = 0.009), had a later flowering
compared to the control. Furthermore, DS-P had more plant species
adapted to drier soils compared to the control and the other treatments
(DS-P vs C: —0.20 + 0.05, P < 0.001; DS-P vs HT-H: —0.18 £ 0.05,
P =0.001; DS-P vs HT-P: —0.13 + 0.05, P = 0.022; DS-P vs MS-P:
—0.11 £ 0.05, P = 0.041).
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Fig. 4. Plant species richness by restoration treatment in 2018, 2021, and 2023. Plant species richness with respect to restoration treatment in 2018 (before
restoration), in 2021 and 2023, i.e. two and four years after restoration, respectively. Horizontal bars indicate the median, diamond shapes the mean and dots the
outliers. Different letters indicate whether there is a statistically significant difference at P < 0.05 within treatment with respect to year. See Appendix D for sta-
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Fig. 5. Number of QII indicator plant species by restoration treatment in 2018, 2021, and 2023. The black dashed line represents the threshold of 6 indicator plant
species, i.e. the minimum required to be eligible for the QII payment scheme. Boxplot features and statistical symbols as in Fig. 4. See Appendix D for statisti-

cal analyses.
4. Discussion

This study evaluated the efficacy of assisted restoration techniques
combining soil preparation intensity (harrowing or ploughing) with
different seed addition strategies to overcome propagule limitation in
species-poor lowland grasslands. Seed addition involved either hay
transfer, seeds directly harvested from a donor meadow, or multiplied
seed mixtures. Findings indicate that all restoration methods success-
fully enhanced plant biodiversity, with 16% more species in restored
meadows compared to control meadows. This outcome is promising not
only for biodiversity conservation but also for farmers, as 90% of the
restored meadows reached the BPA quality level II and thus qualified for
the additional output-based payment schemes. The study also

demonstrates that plant biodiversity restoration in intensively managed
landscapes, such as the Swiss lowland Plateau, can be achieved in a
much shorter timeframe than those observed in natural restoration
processes, i.e. under passive relaxation of farming intensity (Marriott
et al., 2004). To better understand the mechanisms underlying these
patterns, we further investigated how functional group composition,
community-weighted means of selected ecological traits, and beta di-
versity responded to restoration treatments.

A key strength of the study certainly lies in its experimental
approach, which used a fully spatially replicated randomized block
design, including a control, the latter being meadows undergoing nat-
ural (passive) regeneration without any soil disturbance or seed addi-
tion. Additionally, the fact that the study was carried out at real field
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Fig. 6. Two measures of beta diversity in 2023. A) additive partitioning of diversity; and B) Sgrensen index for pairwise dissimilarities. Abbreviations for the
restoration treatments are: C = Control; HT-H = Hay Transfer on a Harrowed meadow; HT-P = Hay Transfer on a Ploughed meadow; DS-P = Directly harvested
native Seeds on a Ploughed meadow; MS-P = Multiplied native Seeds on a Ploughed meadow. Boxplot features and statistical symbols as in Fig. 4. See Appendix C for

statistical analyses.

scale renders its outcome much more convincing in the eyes of the
stakeholders; this will boost the uptake of these various grassland
restoration methods by farmers (Jones et al., 2018; Slodowicz et al.,
2023). Finally, restoring plant diversity is likely to promote invertebrate
recovery, triggering cascading effects throughout the whole ecosystem
(Arnold et al., 2025; Borer et al., 2012; Britschgi et al., 2006).

4.1. Species richness and QII indicator species

The species richness and the number of QII indicator species expe-
rienced a striking increase in all the treatments in 2021 (by 37% and
242%, respectively) with a slight decline and stabilization in 2023 (in-
crease of 29% and 226%, respectively, comparing to 2018). As a result,
90% of the restored meadows achieved QII and qualified for the output-
based (or results-based) payments, whereas no meadows qualified for it
before restoration in 2018. While species richness and number of QII
species did not significantly increase in control meadows, three (25%) of
them also reached QII by 2023. These meadows harboured 6 or 7 in-
dicators plant species (just reaching the threshold for QII payment,
which is set at > 6). This shows that the ecological quality of the
meadows can also naturally improve a little bit with time (Iberl et al.,
2023).

In 2023, restored meadows had 16% more plant species compared to
the controls. This result is in line with what was found by Slodowicz
et al. (2023), that reported a mean increase in plant species of 17.4% for
the studies analysed. In the same year, the treatments Hay Transfer on a
Ploughed meadow (HT-P) and, in particular Multiplied native Seeds on a
Ploughed meadow (MS-P), were found to be the ones with the highest
species richness, with 32+ 4.7 and 33 + 4.9 species per 16 m?
respectively. Moreover, Hay Transfer on a Ploughed meadow was found
to have a significantly higher legume cover compared to all the other
treatments. The hay transfer method has apparently succeeded in
effectively transferring legumes when their seeds were ripe (Bischoff
et al., 2018). Since this difference was found only in the Hay Transfer on
a Ploughed meadow but not in the Hay Transfer on a Harrowed meadow
(HT-H) treatment, the ploughing of the soil may have further helped the
establishment of legumes. It is known that N (nitrogen) is released
following ploughing, decreasing N concentration in the soil, which may
have favoured legume species in the mid-term (Davies et al., 2001;
Lambers et al., 2004). Furthermore, by turning the soil, ploughing can
bury the topsoil rich in P and K as well as the seeds of weedy grasses,
reducing the concentration of those nutrients and the competition from
grasses (Pywell et al., 2002).

In relation to the seed source, the Multiplied Seeds treatment was the
only one declining in 2023, compared to 2021. One possible explanation
is that, even if the employed multiplied seed mixture contains Swiss
ecotypes, some of the plants in the mix may have been maladapted to
site conditions, resulting in their progressive disappearance (Bucharova
et al., 2017), as expected with commercially available seed mixtures
designed for broad environmental conditions. Interestingly, this phe-
nomenon was not evidenced in the treatments involving hay transfer
and natural seeds collected from species-rich donor meadows. This may
be due to donor meadows being located within 10 km of each of our 12
study sites, i.e. presenting a higher likelihood of converging environ-
mental conditions with the recipient site than general commercial seed
mixes. This notwithstanding, the Multiplied Seeds treatment remains
one of the most successful restoration tactics due to the high diversity of
the initial commercial seed mixture, which contained 38 plant species.
While the donor meadows harboured a similarly rich plant community
based on our vegetation surveys, with 34.5 + 6 species per 16 m? (and
48 + 5 species at the field scale, unpublished data), a fraction of the
plant species could probably not be transferred into the recipient
meadows due to natural variation in plant phenology and maturation
(Wagner et al., 2021).

The community weighted mean of the month of first flowering, a key
functional trait, as expected, was not higher in the hay transfer treat-
ments, but it was in the meadows having received the directly harvested
seeds, indicating that plant species with a later phenology were more
abundant in that treatment. This may be explained by the seed collection
method as, in addition to the main seed harvest in June, seeds were also
hand-collected later in the season from uncut grass strips. Moreover, the
treatment Directly harvested native Seeds on a ploughed meadow (DS-P)
had a higher proportion of plant species adapted to drier soils compared
to the control meadows and, but to a lesser extent, the other treatments.
Ploughed soils are known to lose water easily and this may have fav-
oured the establishment of more dry-tolerant species the year of seeding
(Mielke et al., 1986).

4.2. Beta diversity

Additive partitioning of beta diversity was found to be higher in Hay
Transfer on a Harrowed meadow and Hay Transfer on a Ploughed
meadow compared to Control, Directly harvested Seeds and Multiplied
Seeds, meaning that at the landscape scale Hay Transfer on a Harrowed
meadow and Hay Transfer on a Ploughed meadow were more distinct
compared to the meadows within the other treatments. The Sgrensen
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index for pairwise dissimilarities gave a similar result, but according to
this index the differences between Hay Transfer on a Harrowed meadow
and Hay Transfer on a Ploughed meadow, on the one hand, and the other
treatments, on the other hand, were less evident. The two indices focus
on presence/absence of a species but, while the additive partitioning of
beta diversity focuses more on the quantitative aspect, the Sgrensen
index is more qualitative. The former measures the difference in species
richness between a meadow and all the others grouped together, within
a given treatment category, i.e. across study sites (Lande, 1996), while
the latter compares a given meadow with each of the other 11 meadows
belonging to a given treatment, providing a measure of the community
composition dissimilarity (Koleff et al., 2003; Baselga, 2010). Therefore,
Hay Transfer on a Harrowed meadow and Hay Transfer on a Ploughed
meadow are more different among them in terms of species richness but
less so in terms of community composition compared to the other
treatments (Scotton and Sevéikova, 2017). Based on the Sgrensen index,
Multiplied Seeds exhibited lower beta diversity than the other treat-
ments and the Control. The additive partitioning index, however,
showed a slightly different result, with Multiplied Seeds being lower
than the hay transfer treatments, but similar to Directly harvested Seeds
and Control. Combined with the results on alpha diversity, this suggests
that while Multiplied Seeds meadows are as species-rich, as the other
restored meadows, they are more homogeneous in terms of community
composition. This is in line with our predictions given that Hay Transfer
on a Harrowed meadow and Hay Transfer on a Ploughed meadow
received hay from different donor meadows in each study site, whereas
all Multiplied Seeds meadows were sown with the same seed mixture. As
for Control meadows, regional differences in management histories
likely contribute to their somewhat greater diversity in community
composition compared to Multiplied Seeds meadows. Directly harvested
Seeds meadows exhibited an intermediate pattern. However, it was
unexpected that its additive partitioning index was lower than that of
Hay Transfer on a Harrowed meadow and Hay Transfer on a Ploughed
meadow, since Directly harvested Seeds meadows received seeds from
the same donor meadows as the hay transfer treatments. This could be
due to the different seed collection methods: the hay transfer method is
less selective and more efficient in terms of seed number, as it gathers
and transfers the entire aboveground plant material to the recipient
meadow, whereas the directly harvesting seed method loses some seeds
during collection and processing, a loss that might be unequal among
species and could probably not be fully compensated by our targeted,
hand-picked seeds later in the season for that treatment (Scotton and
Sevéikova, 2017).

Consistent with the Sgrensen index, the Bray-Curtis dissimilarity
index (which incorporates both species presence/absence and abun-
dance) showed that the Multiplied Seeds treatment differed in commu-
nity composition from the control and the other treatments (Anderson
et al., 2011).

4.3. Conclusion and management implications

All the experimental treatments successfully increased the ecological
quality of the meadows with, four years after restoration, 90% of the
restored meadows qualifying for the output-based QII payments. Our
results indicate that any farmer implementing the restoration methods
tested in this study will likely succeed and be financially rewarded for
their commitment to biodiversity promotion. As for the efficacy of
harrowing vs ploughing, the latter performed slightly better. However,
since both soil preparation methods are effective, we recommend leav-
ing the choice to the farmer. As mentioned in the introduction, farmers
are often reluctant to plough their semi-natural meadows. Nonetheless,
Hay Transfer on a Ploughed meadow was one of the most effective
treatments, probably because the deep soil disturbance it involves an-
nihilates the previous plant community, providing better growing op-
portunities for the new seedlings (Pywell et al., 2002; Vymyslicky et al.,
2024).

Agriculture, Ecosystems and Environment 405 (2026) 110369

Multiplied seeds was one of the best performing treatments in terms
of local species richness (alpha diversity), even if some of the species
were lost over time, but the least diverse in terms of community
composition (beta diversity). Indeed, the decline in alpha diversity may
continue beyond five years, which was the duration of our experiment,
calling for further monitoring of the plant community development into
the future. Meadows restored with the seeds from donor meadows
(either in form of hay or directly harvested) demonstrated a higher
stability over time, probably because they benefit from local ecotypes
that are better adapted to the site-specific environmental conditions
(Bucharova et al., 2019). Future research should investigate whether
mixing seeds from different donor meadows in the same site may further
boost biodiversity, as proposed by Bucharova et al. (2019). Finally, it
would be interesting to document how the micro-fauna responds to
these different restoration methods. Altogether our results pave the way
towards more efficient strategies for restoring farmland biodiversity.
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