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Semi-natural mountain grasslands are species-rich and provide a wide range of

ecosystem services, such as biomass production for livestock grazing and carbon

sequestration. Land abandonment but also habitat destruction are threatening

these ecosystems highlighting the need for restoration when degraded. The

transfer of plant material containing seed collected at non-degraded reference

sites is increasingly used for restoration but the appropriate methods to prepare

the transfer and to manage the grassland afterwards are still under debates. This

study aims at testing the effects of seed bed preparation by harrowing and

livestock grazing on the establishment of transferred targets and community

trajectories towards the reference system. In a previous study, first year seedling

counts showed a positive effect of seed bed preparation and a marginally

significant negative effect of grazing on the seedling recruitment of the

transferred species. We asked whether the results on first year seedling

densities translate into significant effects on plant cover and whether these

effects on plant cover change in the following three years. Both grazing and

harrowing effects on species establishment were tested using a full factorial split-

plot experimental design on five replicate sites. Data on species richness and

vegetation cover for both the whole plant community and the transferred

species were analysed during four years after seed transfer. The cover of

transferred species increased whereas their species richness remained

unchanged. We found a weak positive effect of harrowing on total cover

whereas grazing had no effect. Seed bed preparation by harrowing had a clear

positive effect on transferred target species cover. The negative effect of grazing

on first-year seedling recruitment of transferred target species turned into a

positive effect in the fourth year. However, this effect was only apparent in the

harrowed plots resulting in a significant grazing-by-harrowing interaction. The

similarity of the plant communities to the reference increased from the first to

the fourth year and this increase was stronger in grazed and harrowed plots. In

conclusion, the results confirmed the positive effect of seed bed preparation on

restoration by seed transfer and demonstrated that initial grazing exclusion is not

needed in mountain grasslands of our study area.

KEYWORDS

community ecology, exclosures, livestock grazing, near-natural restoration methods,
semi-natural grassland, soil disturbance
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Introduction

While grasslands occupy an important place in the maintenance

and functioning of terrestrial ecosystems, their degradation is still

ongoing (Bardgett et al., 2021). Since 2021-2030 was announced the

decade of ecosystem restoration by the United Nations, it is

becoming crucial to consider grasslands as essential ecosystems to

conserve and restore terrestrial biodiversity and ecosystem services,

as well as to mitigate climate change (Temperton et al., 2019; Zhao

et al., 2020; Programme UNE and Nations, 2022). In their recent

review, Bengtsson et al. (2019) addressed readers directly in

“Grasslands are more important for ecosystem services than you

might think” and detailed numerous grassland ecosystem services.

Furthermore, many authors have highlighted the importance of

conserving grasslands, integrating them into long-term restoration

(and monitoring) projects as well as implementing initiatives to

enhance their conservation (Bengtsson et al., 2019; Temperton

et al., 2019; Veldman et al., 2019; Buisson et al., 2022).

To restore species-rich grasslands or, at least, to accelerate their

recovery, it is widely accepted that the lack of seed dispersal must be

overcome (Török et al., 2011; Halassy et al., 2016; Török et al.,

2018). The seed bank often contains annual plant species or

disturbance-tolerant perennials (Erfanzadeh et al., 2016; Buisson

et al., 2018), but it often lacks grassland specialists (Kiss et al., 2016),

in particular if the seed bank was diminished by topsoil disturbance

(compaction, removal). This may be achieved by active supply of

seeds, preferably locally harvested using “near-natural restoration

methods” or “nature-based solutions” (Tischew and Kirmer, 2007;

Auestad et al., 2016; Valkó et al., 2022). These methods include

transferring mown hay (Auestad et al., 2016; Kövendi-Jakó et al.,

2019) or seed containing material collected by a brush harvester

(Albert et al., 2019; Durbecq et al., 2022) from nearby non-degraded

grasslands (Kiehl et al., 2010; Török et al., 2011; Scotton et al., 2012;

Scotton, 2019). Furthermore, seed addition experiments showed

that enhancing restoration by sowing solely is not always successful.

Plant recruitment and establishment are further limiting steps of

grassland restoration (Turnbull et al., 2000; Pywell et al., 2002;

Bissels et al., 2006; Clark et al., 2007; Buisson et al., 2021). Seed bed

preparation by topsoil disturbance before hay or seed transfer is

therefore recommended by several authors (Kiehl et al., 2010;

Muller et al., 2014; Klaus et al., 2017; Bischoff et al., 2018). Soil

disturbance by ploughing, tilling or harrowing at shallow depth

(<20 cm) is suggested to enhance the recruitment of the sown

species (Hölzel et al., 2003; Schmiede et al., 2012; Long et al., 2014;

Czerwiński et al., 2018) by (i) opening space and limiting

competition with pre-existing vegetation (Poschlod and Biewer,

2005; Pywell et al., 2006; Klaus et al., 2017; Bischoff et al., 2018), and

(ii) improving environmental conditions for germination and

seedling recruitment, such as the creation of micro-reliefs

increasing seed-soil adhesion (Chambers, 2000; Isselin-Nondedeu

et al., 2006; Kiehl et al., 2010). However, soil disturbance may

reduce the protecting effect of existing vegetation limiting high solar

radiation and desiccation of young seedlings (Gibson, 2009).

The creation of recruitment gaps can also be achieved via

livestock trampling (Kladivová and Münzbergová, 2016).

European semi-natural grasslands are shaped by extensive grazing
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or mowing management (Gibson, 2009; Kunes ̌ et al., 2015).

Traditional grazing by livestock is needed to prevent natural

succession towards woody vegetation and favours the recruitment

of typical grassland species (Hejcman et al., 2013). Moreover, as

long-term post-restoration management measure, extensive grazing

may increase the establishment of semi-natural grassland target

species by creating regeneration gaps (Török et al., 2011; Freitag

et al., 2021; Tölgyesi et al., 2022). However, at the beginning of

ecological restoration including seed addition, the restoration site

may need fencing to protect the seedlings of sown species from

livestock trampling and feeding during the first years after sowing

(Bakker, 2003; Rother et al., 2013; Buisson et al., 2015; Vidaller

et al., 2019).

Our objective was to assess the effects of seed bed preparation by

harrowing and the effect of initial grazing. The grazing exclusion

treatments were fenced only the first two years after sowing while

traditional grazing management was applied thereafter. First year

seedling counts showed a positive effect of seed bed preparation on

seedling recruitment and that grazing had a marginally significant

negative effect on seedling recruitment of transferred species

(Durbecq et al., 2021). In this study, we asked whether the results

on first year seedling densities translate in significant effects on

plant cover and whether these effects on plant cover change in the

following years. More specifically, we addressed the following

questions: (i) does the weak negative effect on seedling

recruitment change to a positive effect in the following three

years? (ii) does the positive effect of harrowing observed in the

beginning persists over the following years and may thus affect the

final outcome of restoration? (iii) does the mid-term grazing effect

depend on seed bed preparation resulting in a significant interaction

of both treatments?

We first hypothesize that an initial negative effect of grazing on

transferred species changes into a positive effect after establishment

since typical grassland species are favoured by grazing in the long

run (Saatkamp et al., 2018; Martin et al., 2022), and that both

annual weeds and ruderal plants dominating in early succession

later disappear (Labadessa et al., 2020). We further hypothesize that

seed preparation has a long-term positive effect on mountain

grassland restoration in limiting competition by undesired

perennial species and facilitating seedling recruitment of

transferred species. (Freitag et al., 2021; Martin et al., 2022).
Methods

Study sites location and description

The study was conducted at five degraded mountain grassland

sites in the Southern Alps, in the French Hautes-Alpes department

(Figure 1). The degradation was caused by the renovation and

extension of an electricity line including the construction of

transitory access tracks and platforms, leading to the removal of

vegetation and soil compaction-decompaction in spring 2018. The

rapid return of species-rich semi-natural grasslands was identified

as major objective to compensate for grassland degradation. We

selected sites representative of the study zone impacted by
frontiersin.org
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construction work. Selection criteria were elevation (between 1100

and 1300 meters above sea level (m asl)), traditional management

by grazing not including undergazed sites with shrub encroachment

and time since the end of the construction work (< 6 months). We

avoided driest and most humid sites, extreme slopes, strong soil

modification (gravel addition) and particularly stony sites. Three

sites were located in the municipality of L’Argentière-la-Bessée

(between 44°78’77’’N, 6°56’32’’E and 44°78’31’’N, 6°56’45’’E;
Frontiers in Ecology and Evolution 03
1,058 to 1,132 m asl). The fourth site was in Embrun (44°

58’47’’N; 6°48’31’’E; 1,312 m asl) and the fifth site was in La-

Bâtie-Neuve (44°58’54’’N, 6°20’75’’E; 1,264 m asl).

The sites were all located in the upper Durance valley at the

upper montane altitudinal belt where the climate is temperate to

sub-Mediterranean. The Durance valley is characterized by 740 mm

of annual precipitation and average July and January temperatures

of 20°C and 2°C, respectively, with an annual mean of 10.7°C
FIGURE 1

Location of the study area with the three restoration sites (in green) along the construction of a new electricity line (in orange).
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(Embrun meteorological station, 863 m asl). Due to the higher

elevation compared with the meteorological station, temperatures

of the study sites are 1.5 to 3°C lower. At the study sites, snow and

frost occur from October to April with a usually continuous snow

cover in January and February.

The grasslands of the upper Durance valley are traditionally

managed and maintained open by cattle or sheep grazing, and to a

lesser degree by mowing. The mountain grasslands of the area are

part of a transhumance system with winter/spring grazing in the

valleys and summer grazing in the alpine belt. Thus, our sites were

grazed twice a year in late spring and autumn with low grazing

intensity (<0.5 animal units/ha). The prevailing grazing

management is transhumance with winter grazing in the bottom

of the valley and summer grazing in the alpine part. The montane

altitudinal belt of our study site is thus grazed twice a year for a

short period in late spring and autumn. At this montane level,

grasslands are characterised by Mesobromion plant communities.

Accordingly, they belong to the Natura 2000 priority habitat type

‘Semi-natural dry grasslands of Festuco-Brometalia and scrubland

facies on calcareous substrates’ (N6210, EU directive habitat 92/43/

EEC; Calaciura and Spinelli, 2008). Grasslands of this habitat type

are often nutrient-poor and part icularly species-rich

(WallisDeVries et al., 2002). The main environmental drivers of

plant communities are elevation, slope, aspect and bedrock

(Durbecq et al., 2020).
Seed material and field experiment

Local seeds were harvested in a traditionally managed and non-

degraded semi-natural grassland of the Durance valley, in

Freissinières (44°73′61″ N; 6°56′72″ E; 1,100 m asl), where the

climatic and soil parameters are similar to the five study sites. Plant

material was collected in July 2018 (seed production period for

more than 80% of species in this region) with an integrated system

combining beater brush harvester and vacuum system, all mounted

on a quad to allow access to narrow and steep mountain sites

(Appendix 1). We obtained 2.6 kg of dry plant material harvested in

4,000 m² source grassland. Seeds represented 60% of the harvested

material and vegetative parts 40%. The average density of collected

seeds was 887 seeds/g of plant material (counted in ten samples of

0.5 g of harvested plant material).

We established a full-factorial split-plot experiment at the five

replicate study sites with seed bed preparation and seeding as split-

plot factors, and grazing as whole-plot factor (see Durbecq et al.,

2021). This resulted in eight plots of 4 m × 4 m treatments arranged

in rectangles with 1 m distance between treatments (except for one

site where they were separated by 50 cm distance due to lack of

space; total = 40 plots). After mowing the already existing

vegetation with a brush cutter, seed bed preparation and seeding

were randomly assigned to eight plots within half-blocks: four plots

exposed to livestock grazing comprising i) no seeding, no seed bed

preparation (including removing existing vegetation), ii) seeding

only, iii) seeding and seed bed preparation, iv) seed bed preparation

only. The remaining four other plots, comprising the same

treatments were fenced to exclude grazing. The non-sown control
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plots were only used to distinguish transferred and spontaneously

emerging species but not included in the statistical analysis.

In October 2018, we implemented the seed bed preparation

treatment by harrowing the soil (8 cm depth) using a rotary

cultivator (Appendix 1). For the seeding treatment, we adjusted

sown seed density by weight using 3.75 g/m² of seeds which

corresponds to 104 g of harvested plant material per plot and

approximately 5,700 seeds/m². This density is at the upper range of

seed densities recommended for alpine grassland restoration

projects in the Southern French Alps (2-4 g/m², Koch et al.,

2015). The first half-blocks were fenced before the grazing

periods and the other half-blocks were exposed to the local

extensive grazing twice a year, in October and June. The

exclosures were removed after the second-year vegetation survey,

in September 2020. The three sites located in l’Argentière-la-Bessée

were grazed by sheep and the two other sites by cattle

corresponding to the sheep and cattle grazing ratio of the study

region. The sites were neither irrigated nor fertilised.
Measurements and data analysis

Vegetation surveys were conducted at the restoration sites and

at the source site of plant material transfer. The cover of all vascular

plant species was visually estimated as the vertical projection of all

above-ground plant organs.

For each plant species of the source site, percentage cover was

estimated in five quadrats of 3 m × 3 m in early June 2018. The total

plant cover for each quadrat may exceed 100% due to overlapping

vegetation (Londo, 1976). Additionally, the proportion of

individuals with mature seeds was estimated for all species

occurring at the source site just before the harvest in July 2018.

We found altogether 58 species with seeds (Appendix 2).

At restored sites, the 3 m × 3 m quadrats were located in the

centre of the 4 m × 4 m quadrats to avoid edge effects, in June 2019,

2020, 2021 and 2022. For each site, species occurring in each sown

treatment were compared to control plots, and those occurring in

the control were identified as spontaneously emerging species.

Species with ripe seeds occurring at the source site of plant

material transfer were considered as “harvested species” (58

species, Appendix 2). Those harvested species that did not occur

in the four control plots of the same restoration site (with largely

higher cover in the seed transfer plots, ratio > 5:1) were identified as

“transferred species” (27 species, Table 1). We can, however, not

exclude that some species with seeds were finally not harvested

because seeds or fruits were too low in the canopy or still strongly

attached to the plants. Furthermore, the method may underestimate

the density of transferred species since the occurrence of a species in

unsown control plots does not necessarily mean that the species was

not transferred.
Analysis

We used cover and species richness of the whole plant

community (including both transferred species and species
frontiersin.org
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emerging from the soil seed bank or seed rain) and of transferred

species only for each of the four years after sowing (2019, 2020, 2021

and 2022) to analyse the effect of early grazing and of seed bed

preparation on grassland restoration. To focus our analyses on the

effects of seed bed preparation and early grazing on both whole

community and transferred species, analyses were performed with

the two treatments “Grazing” and “Harrowing” and their

interactions. Plant cover complied with the assumption of linear

models (normality, homoscedasticity). Thus, linear mixed-effects

models (LMM) were fitted using lmer function (R package lme4,

Bates et al., 2015). Species richness was analysed using generalised

linear mixed-effects models (GLMM) with Poisson error

distribution and log-link function. No overdispersion occurred in

Poisson models. In LMM and GLMM, the significance of

treatments and interactions was tested using the Anova function

(R package car, Fox & Weisberg 2019). The two treatments

“Grazing” and “Harrowing” were fitted as fixed effects, while

“site” was fitted as random effect. To consider the split plot

experimental design (“Harrowing” and “Seeding” as split plot

factors and “Grazing” as whole plot factor), grazing was tested

against the site x grazing interaction whereas harrowing and the

harrowing × grazing interactions were tested against the model

error. As we were interested in the specific effect of treatments on

vegetation at different years, data analyses were performed

separately for each year. Post-hoc Tukey tests were calculated in

the case of significant treatment effects or interactions to analyse

which differences between treatment combinations were significant

(emmeans package, Lenth, 2020).

To compare the composition of the plant communities in the

different treatments in 2019 and in 2022, we applied a Non-Metric

Multidimensional Scaling (NMDS) based on Bray-Curtis distance

(Borcard et al., 2011), and we used a permutation multivariate

analysis of variance (PERMANOVA, Anderson, 2001) with 9,999

permutations to analyse whether the plant composition was

significantly different between treatments (R package vegan,

Oksanen et al., 2022). Similarity to reference communities was

calculated as 1 - the minimum Bray-Curtis distance (Bray and

Curtis, 1957) between restoration sites and the reference site. We

used the minimum Bray-Curtis distance instead of the average value

in order to reduce the effect of the heterogeneity of references
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(Durbecq et al., 2020). We analysed grazing, harrowing effects and

their interaction using the same model design as in the univariate

analysis. We performed all analyses using R 4.2.0 (R Core

Team, 2022).
Results

Whole community

The plant cover of the whole community (considering all

species) in the four sown treatments increased over years with an

average total cover of 28% (all treatments combined) in 2019, 54%

in 2020, 61% in 2021, and 67% in 2022 (Figure 2). The grazing

treatment had no effect on total cover. In the first year after sowing

(2019, Figure 2A), the harrowing × grazing interaction was

significant, with a greater cover in the non-grazed and non-

harrowed treatment (Table 2A). One year later (2020, Figure 2B),

this interaction was marginally significant but for different reasons

than in 2019: the total plant cover was lower in the grazed and non-

harrowed plots leading also to a significant harrowing main effect

with plant cover being lower in non-harrowed plots (Table 2A,

Figure 2B). In 2021 (Table 2A, Figure 2C), the third year after

sowing, there was no effect of the treatments, whereas in 2022 the

total plant cover was again lower in the non-harrowed plots

(marginally significant, Table 2A, Figure 2D).

The average species richness of the plant communities was 27

species in 2019 compared to an average of 32 species for the

following three years (Figure 3). No difference in total species

richness was observed between the treatments and the interaction

was never significant (Table 2B).

The NMDS ordination revealed a clear separation of plant

community composition between restoration treatments in 2019

and in 2022 (Figure 4). 2022 polygons were smaller than 2019

polygons and approached the source site in terms of species

composition, indicating higher species similarity with the source

site after three years. However, the source site was still clearly

separated from the restoration sites in 2022. The PERMANOVA

showed differences in plant species composition of the plant

communities between treatments, both in 2019 and 2022. In

2019, a marginally significant effect of the grazing treatment was

found (F1,19 = 1.50(*)), with typical species of the grazed plots

occurring more on the bottom of NMDS axis 2, such as Alyssum

alyssoides (L.) L., Reseda phyteuma L., Eryngium campestre L.,

Centaurea paniculata L., Stachys recta L., Saponaria ocymoides L.

and Ononis pusilla L. Neither the harrowing effect nor harrowing ×

grazing interactions were significant. In 2022, the effect of grazing

and the harrowing × grazing interaction on species composition

were marginally significant (respectively F1,19 = 1.61(*) and F1,19 =

1.71(*)), distinguishing the two non-grazed plots from the two

grazed plots. The similarity to references was not significantly

affected by grazing or by harrowing treatments in 2019 (c²G =

0.30 and c²H = 1.95). However, in 2022, grazing, harrowing and

their interactions had a significant effect on similarity to the

reference site (c²G = 16.3***, c²H = 6.40* and c²G×H = 7.41**).
TABLE 1 List of transferred species.

Alyssum alyssoides Festuca rubra Onobrychis viciifolia

Arrhenatherum elatius Festuca valesiaca Pimpinella saxifraga

Astragalus danicus Galium glaucum Plantago media

Bromopsis erecta Galium verum Picris hieracioides

Bunium bulbocastanum Heracleum sphondylium Ranunculus bulbosus

Camelina microcarpa Hypericum perforatum Rhinanthus alectorolophus

Campanula glomerata Knautia arvensis Salvia pratensis

Centaurea jacea Lathyrus pratensis Scorzonera hispanica

Dactylis glomerata Leucanthenum vulgare Silene nutans
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The grazed and harrowed plots had the highest (0.45+-0.04 SE)

while the non-grazed plots had the lowest similarity to the reference

site (0.31+-0.02 SE and 0.36+-0.03 SE for harrowed and not

harrowed respectively, Appendix 3).
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Transferred species

Altogether 27 species of the source grassland were found in the

sown restoration treatments (Table 1). After correction for species
A B

DC

FIGURE 2

Total plant cover of the four sown treatments in (A) 2019, (B) 2020, (C) 2021 and (D) 2022. The direction of significant effects is specified using “>”: p
< 0.05 and “(>)”: p < 0.1 (marginally significant). Significant harrowing × grazing interactions are indicated using “*” (p < 0.05). Error bars represent
±SE and different letters indicate significant differences between treatments (p < 0.05).
TABLE 2 Effect of grazing, harrowing and their interactions on a) cover and b) richness of the whole plant community in 2019, 2020, 2021 and 2022.

a)
Transferred sp. cover 2019 Transferred sp. cover 2020 Transferred sp. cover 2021 Transferred sp. cover 2022

df c² p df c² p df c² p df c² p

Grazing (G) 1 0.843 0.359 1 0.318 0.573 1 2.20 0.138 1 8.68 0.003 **

Harrowing (H) 1 0.843 0.359 1 5.21 0.022 * 1 2.57 1.109 1 10.44 0.001 **

G × H 1 0.388 0.533 1 1.93 0.16 1 1.06 0.303 1 9.67 0.002 **

b)

Transferred sp. richness
2019

Transferred sp. richness
2020

Transferred sp. richness
2021

Transferred sp. richness
2022

df c² p df c² p df c² p df c² p

Grazing (G) 1 1.15 0.284 1 0.013 0.908 1 0.937 0.333 1 1.67 0.196

Harrowing (H) 1 0.202 0.653 1 0.530 0.467 1 1.50 0.220 1 0.245 0.620

G × H 1 0.119 0.730 1 0.073 0.787 1 1.49 0.223 1 1.23 0.267
fr
Results of LM with c2 and significance levels: °: p < 0.1; *: p < 0.05.
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also occurring in control treatments, the number of considered

transferred species was between four and eight per plot depending

on year and treatment. The cover sum of these transferred species

(pooled for treatments) clearly increased over the years with, on

average, 1% in 2019, 9% in 2020, 18% in 2021, and 22% in 2022

(Figure 5). In the first and third years after sowing (2019 and 2021),

the treatments had no effect on the transferred species cover

(Table 3A, Figures 5A, C). However, both in 2020 and 2022,

transferred species cover was significantly higher in the harrowed
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plots, particularly when the latter where grazed (Table 3A,

Figures 5B, D). The year 2022 was characterised by significant

effects of both treatments and their interaction (Table 3A).

Transferred species cover was the highest in the grazed and

harrowed plots, averaging at 34% (Figure 5D) and representing

almost half of the whole community cover (76%, Figure 2D). In

grazed and non-harrowed plots, however, the cover was only 14%,

and it was 24% in the non-grazed and non-harrowed plots

(Figure 5D). The significant harrowing × grazing interaction
A B

DC

FIGURE 3

Species richness of the whole plant community in the four sown treatments in (A) 2019, (B) 2020, (C) 2021 and (D) 2022. Error bars represent ±SE.
FIGURE 4

NMDS of plant species composition of the whole community in the four sown treatments in 2019 (dotted lines) and 2022 (full lines) compared to the
plant species composition at the donor site. The two intermediate years 2020 and 2021 are not shown for clarity. Polygons indicate the position of the
outmost plots in each treatment (stress = 0. 24). Transferred species are shown in bold.
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showed that the grazing effect depended on the seed bed

preparation by harrowing and vice versa.

The transferred species richness was similar between treatments

in the first three years after sowing (Table 3B, Figures 6A–C). We

found a marginally significant effect of the grazing treatment in

2022 with slightly more transferred species in the grazed than in

non-grazed plots (Table 3B, Figure 6D).

Discussion

Four years after the transfer of seed-containing plant material to

degraded mountain grassland sites in the southern French Alps,
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transferred species reached cover values of 15 to 35% depending on

the restoration treatments (Figure 5D). Seed bed preparation

favoured the establishment of these species (35% in the grazed

treatment). This positive effect of such soil disturbance had already

been found in the first-year seedling counts (Durbecq et al., 2021)

but not in first and second-year plant covers. Similarly, initial

grazing increased the establishment of the transferred species by

the fourth year. The small negative effect of initial grazing on first-

year seedling recruitment (Durbecq et al., 2021) was not significant

in the longer term and turned into a small positive effect at the end

of the study period after the removal of fences. The effects of grazing

on total cover and total species richness were not or marginally
A B

DC

FIGURE 5

Sum of cover of transferred species in the four sown treatments in (A) 2019, (B) 2020, (C) 2021 and (D) 2022. The direction of significant effects is
specified using “>”: p < 0.05. Significant harrowing × (p < 0.05).
TABLE 3 Effect of grazing, harrowing and their interaction on transferred species a) cover, and b) richness, in 2019, 2020, 2021 and 2022.

a)
Total cover 2019 Total cover 2020 Total cover 2021 Total cover 2022

df c² p df c² p df c² p df c² p

Grazing (G) 1 0.024 0.877 1 0.000 1.00 1 0.004 0.950 1 0.223 0.636

Harrowing (H) 1 0.076 0.782 1 5.27 0.021 * 1 1.20 0.273 1 3.636 0.056 °

G × H 1 4.12 0.042 * 1 3.56 0.059 ° 1 0.720 0.396 1 1.82 0.177

b)
Total richness 2019 Total richness 2020 Total richness 2021 Total richness 2022

df c² p df c² p df c² p df c² p

Grazing (G) 1 2.36 0.124 1 0.012 0.914 1 0.000 1.00 1 0.906 0.341

Harrowing (H) 1 1.45 0.229 1 1.65 0.200 1 0.616 0.432 1 0.460 0.498

G × H 1 3.07 0.08 1 0.145 0.703 1 0.273 0.601 1 0.091 0.763
front
Results of LM with c2 and significance levels: °, p < 0.1; *, p < 0.05.
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significant in the end showing that effects of treatments on

transferred species were not strong enough to change these whole

community parameters. Plant community composition, however,

showed a clear development towards the reference community used

as a source for seed material. This development was favoured by

initial grazing whereas the effect of seed bed preparation was

not significant.

The positive effects of harrowing that were observed on

transferred species establishment in our restored sites indicated

that the potential negative effects of seed bed preparation, such as

the elimination of the protective effect of pre-existing vegetation on

seedlings (e.g. against UV and drought, Gibson, 2009) were

compensated by positive effects. Such positive effects include the

destruction of the dense and deep root systems of competitive

perennial species not targeted for restoration, reducing interspecific

competition (Pywell et al., 2006; Klaus et al., 2017; Bischoff et al.,

2018). Recruitment success may also be improved by a better seed

adhesion to the soil after seed bed preparation (Chambers, 2000;

Isselin-Nondedeu et al., 2006). Moreover, harrowing allows soil

aeration increasing nitrogen mineralization (Davies et al., 2001;

Steinmann, 2002). Thus, preparing the soil before seed transfer

releases nutrients that increase biomass production as a short-term

effect of soil tillage that disappears later on (Kristensen et al., 2003;

Seabloom et al., 2003). Kiss et al. (2021) also found a beneficial effect

of soil disturbance on the cover of transferred species during dry

grasslands restoration after five years of revegetation monitoring.

Similarly, Schmiede et al. (2012) showed improved establishment of

plant species by harrowing. In a previous study on first-year

seedling recruitment in our restoration sites, the number of

seedlings of spontaneously emerging species was lower in the

harrowed plots and the number of seedlings of transferred species

and their richness were higher (Durbecq et al., 2021). Although not
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apparent in first-year cover, the current study confirms the positive

effect of harrowing on seedling recruitment on transferred species

cover in the long run. Four years after sowing the cover values of

transferred species were also higher in harrowed than in non-

harrowed plots. Several studies already suggested to prepare the soil

before sowing but there are few studies analysing mid- to long-term

effects on restoration success. In a recent meta-analysis, Slodowicz

et al. (2023) found 187 publications that studied active grassland

restoration, but only 13 lasted more than three years. Seed bed

preparation has often positive effects on the recruitment of sown

species (Edwards et al., 2007; Schmiede et al., 2012; Bischoff et al.,

2018) but contrary to our mid-term results, long-term restoration

studies found that such initial soil disturbance effects are less visible

in the long run (Harvolk-Schöning et al., 2020; Sommer et al., 2023).

In our study, seed bed preparation had no significant effect on

species richness. Similarly, Edwards et al. (2007) observed no effect

of soil tillage on the restoration of calcareous grasslands monitored

over four years. After grassland degradation, a rise of species

richness is typically observed in the first years of restoration due

to the germination of short-lived species abundant in the seed bank

(Freitag et al., 2021, Valkó et al., 2022). However, Freitag et al.

(2021) found a decrease in ruderal species richness over years in

favour of transferred species. This effect was not observed in our

study, since the transferred species richness did not change during

the four years monitoring. We thus conclude that most transferred

species were already recruited in the first year and just increased

in cover.

Total plant cover was not affected by grazing, but our results

showed a strong interaction between grazing and seed bed

preparation in the beginning. The initially higher total cover in

the non-grazed, non-harrowed treatment suggested that both

grazing and seed bed preparation contributed to a reduction in
A B

DC

FIGURE 6

Richness of transferred species in the four sown treatments in (A) 2019, (B) 2020, (C) 2021 and (D) 2022. Error bars represent ±SE.
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competition the first year. This significant interaction disappeared

afterwards. In several studies, grazing exclusion failed to increase

grassland plant cover in early successional stages but long-term

grazing maintained relatively higher diversity or stability (Milotić

et al., 2010; Song et al., 2020). In our study, the plant species

composition of the whole community developed towards the

reference community demonstrating the success of seed transfer

four years after sowing. Interestingly, initial grazing had a

marginally significant positive effect on this development towards

the reference community, whereas the effect of grazing on seedling

recruitment of transferred species was slightly negative in a previous

study on seedling recruitment (Durbecq et al., 2021).

Although the magnitude of the effect on seedling recruitment

was small, our results indicated that mountain grassland

communities are finally favoured by grazing even in the

beginning and that an initial damage of young seedlings does not

translate into a worse establishment of transferred species. Grazing

is an important driver in grassland ecosystems. It influences the

composition of grassland communities by creating spatial

heterogeneity and constantly producing new micro-patterns by

plant removal and trampling favourable for the establishment of

grassland species (Kladivová and Münzbergová, 2016, Sommer

et al., 2023, Martin et al., 2022). Similarly, grazing promotes

environmental heterogeneity and biodiversity by redistributing

and selectively concentrating nutrients (Austrheim and Eriksson,

2001). Grazing is therefore crucial to maintain the high species

richness of grasslands (Dupré and Diekmann, 2001; Pykälä, 2003;

Saatkamp et al., 2018). However, it remains unclear whether its

intensity, frequency and/or timing drive this effect (Adler

et al., 2001).

In our study, the grazing effect was still apparent after four years

although grazing was only excluded for four years. Transferred

species establishment was higher in the initially grazed treatments,

thus explaining the development of the plant community towards

the reference. Initial negative effects of grazing due to seedling

damage later turned into a positive effect because grazing damages

other ruderal species more than typical mountain grassland species

of the reference community, thus leading to a selective effect of

grazing on species establishment over the years. However, the

positive grazing effect was particularly strong in the harrowed

plots resulting in a significant grazing-by-harrowing interaction

effect on transferred species cover in the fourth year. Freitag et al.

(2021) noted that it is still not well known whether grazing interacts

with soil disturbance to shape grassland species establishment, but

grazing exclusion in the first years may favour transferred species

that need protection against solar radiation provided by ruderal

species particularly occurring in non-grazed and/or non-harrowed

plots. Conversely, the non-harrowed plots may be more attractive

for grazing animals than the harrowed plots due to both a higher

plant biomass and palatability. In agreement with Freitag et al.

(2021), our results suggest that a better understanding of

interactions between grazing and seed bed preparation in driving

the long-term establishment of transferred species is needed to

improve management recommendations in grassland restoration

involving seed-addition.
Frontiers in Ecology and Evolution 10
Conclusion

Sowing seeds harvested in a species-rich reference community

allowed the restoration of the plant species composition of

mountain grasslands towards this targeted reference state. In

agreement with Labadessa et al. (2020), we found that even early

extensive grazing had a small positive effect on transferred species

suggesting that initial grazing exclusion is not necessary in this

grassland type of our study region. Seed bed preparation had a

positive effect not only on seedling recruitment but also in later

stages of plant succession and can thus be strongly recommended

for restoration in montane grasslands although negative effects on

soil organisms and functioning need to be considered. The strong

grazing-by-harrowing interaction showed that a combination of

both is the best strategy to restore this grassland type. However,

research is still needed to better understand how soil disturbance

interacts with grazing management in the long run.
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(2022). Post-restoration grassland management overrides the effects of restoration
methods in propagule-rich landscapes. Ecol. Appl. 32 (1), e02463. doi: 10.1002/eap.2463

Török, P., Helm, A., Kiehl, K., Buisson, E., and Valkó, O. (2018). Beyond the species
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