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Abstract

:

The increasing anthropisation of mountain regions is a cause of soil degradation, which needs to be addressed. Conventional methods of ski slope revegetation often fail to stabilise the soil and recover natural vegetation. To test alternative methods to create a persistent, biodiversity-friendly plant cover, different sowing (site-adapted native propagation materials vs. forage cultivars vs. no sowing) and fertilisation treatments were compared over nine years at a graded ski slope. Because of the gravelly soil, the ninth-year plant cover was only 65%, which was sufficient to prevent erosion. All native propagation materials were equally efficient at recreating a semi-natural grassland. Except for Festuca rubra, the forage cultivars did not persist. However, native volunteer species from close natural ecosystems efficiently colonised plots sown with forage cultivars and plots that were not sown. This resulted in a lower plant cover but a high similarity to the surrounding vegetation. Fertilisation had a positive but transient effect on plant cover and a little negative effect on species richness. High-altitude sites with gravelly soils should be revegetated with native propagation materials. Using forage cultivars can attain a persistent plant cover only if the sown non-persistent cultivars are replaced by the species arriving from nearby surrounding vegetation.
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1. Introduction


The development of the mountain tourist industry in recent decades has led to the construction of many impacting infrastructures [1]. Ski slopes are among those with the highest environmental incidence, as they involve extensive surfaces with high-quality habitats [2], often included in natural protection areas.



The standard method of ski slope construction is regrading and revegetating with seed mixtures of forage cultivars [3]. After removal of the woody species layer, the soil, often including underlying rocks, is worked with heavy machinery to eliminate bumps and hollows and obtain a smoother surface [4]. With regrading, the vegetation present at the site is destroyed. Vascular plants and soil micro-organisms are mostly buried under a deep soil layer, where they cannot survive [2]. The soil resulting from regrading is shallow, gravelly, and poor in organic matter, nutrient content, and water holding capacity [4,5]. At sites with a very cold climate, the spontaneous ecosystem recovery through volunteer species colonisation occurs very slowly on such raw soils, especially when the natural vegetation acting as a possible seed source is faraway [6,7].



In addition to being inexpensive, forage cultivars have high seed germinability and rapid seedling growth and therefore create a rapid and dense plant cover [8]. However, they also cause significant environmental problems. At high altitudes, the plant cover obtained is poorly persistent [2], as the forage cultivars that are typical of mild and fertile environments [9] suffer from the cold climate and infertile soils [10,11]. The poor plant cover persistence makes repeated sowing necessary to maintain its capacity to protect the soil against erosion [12]. In more favourable climates and soils, the main environmental problem is that the plant cover from sowing of cultivars represents an artificial vegetation that is likely to delay [13] or prevent [4,14] the recovery of natural ecosystems. This last unfavourable development was observed especially when the seed mixture included Festuca rubra, a species with a particularly high adaptability and competitivity [15]. Along with negative impacts, a positive effect was also sometimes observed, due to the cultivar “nurse” effect in favour of volunteer species [10].



Along with cultivar seed sowing, NPK fertilisers are normally applied to favour soil nutrient accumulation [16] in the infertile raw soils of graded ski slopes. The desired effect is to accelerate the achievement of an effective anti-erosion plant cover. Fertilisation is often repeated to support the persistence of the sown nutrient-demanding cultivars [11]. However, NPK fertilisation was found to induce a strong grass dominance, thereby decreasing the number of native species colonising the site and delaying the recovery of natural vegetation [5].



Ski slope grading is currently a matter of great concern because of its impact on wide areas in mountain landscapes, which safeguard most of the natural habitats remaining in highly urbanised areas. Therefore, many studies have been undertaken in the last few decades to improve the techniques of ski slope construction and management.



Topsoil storage and re-use was found to be an effective method to facilitate the ecosystem recovery after grading [17]. Before grading, the fertile topsoil is removed with an excavator and piled close to the ski run. The infertile subsoil is then worked upon to obtain a smooth ground, over which the stored topsoil is lastly spread [9,18]. An alternative way to reduce impacts is clearing instead of grading [4], whereby only above-ground obstacles (shrubs and trees, rocks, among others) are removed, and the topsoil, including the herbaceous vegetation, is left untouched.



Instead of using forage cultivars, seed sowing of site-adapted native species has been proposed as a method to create a persistent plant cover and protect mountain biodiversity [2]. Seeds of native species are collected from natural habitats, propagated in agricultural cultivation, and used in the same biogeographic region of collection [19]. The restricted geographical range of permitted seed utilisation makes the seed costs much higher than in the case of forage cultivars. Therefore, most species suitable for high-altitude environments are unavailable in seed markets. An alternative is to collect seeds directly from (semi-)natural grasslands (wild harvesting) in the forms of seed-rich fresh or dry hay and seed-stripped or threshed hay flowers [20]. Many experiments have demonstrated the effectiveness of sowing native seeds from agricultural propagation (e.g., [12,21]). Wild-harvested seeds were found to perform well at low altitudes (e.g., [22]); however, to our knowledge, their effectiveness and the differences among the wild harvesting methods in terms of restoration results have not yet been investigated at high-altitude sites.



Despite the recommendations mentioned in technical handbooks and public regulations (e.g., [18,23]), most ski slope constructions have not adopted and continue to not adopt the suggested low-impact methods. The critical issue of ecosystem conservation in the infrastructural works in mountain environments is therefore still open.



Therefore, the research reported here aimed at investigating the potential of using wild-harvested seeds to overcome the two main problems of high-altitude revegetation: the short persistence of the plant cover of forage cultivars and its failing development to natural vegetation. The specific aims were:




	
To test different types of wild-harvested propagation material and compare them to seeds of forage cultivars for plant cover persistence and species composition. The hypothesis was that the cover obtained with different wild-harvested materials would have different species composition and persist longer than those generated by forage cultivars.



	
To test different fertilisation timing and frequency to improve the plant cover. The hypothesis was that more frequent fertilisation would accelerate the establishment of plant cover and the induced higher cover would persist even after the fertilisation cessation.









2. Materials and Methods


2.1. The Experimental Site


The experimental site was located at a ski run in the municipality of Primiero San Martino (north-eastern Italy; 46.247597° N, 11.765282° E), approximately 2095 m a.s.l. (low-alpine belt) in a mountain pasture landscape. At the nearby meteorological station of the Rolle Pass (2004 m a.s.l.), the annual mean temperature and rainfall were 3.4 °C and 1334 mm, respectively, with the Alpine Köppen-Geiger climate [24]. The monthly temperature and rainfall recorded in the experimental years and used in the data analysis are shown in Table S1. The parent rock was quarzitic phyllite. In 2001, the ski run was machine-graded without topsoil storage and re-use.



In 2002, a grassland restoration experiment was established in a ski-run unvegetated sector with an average inclination of 15.4° and a southern aspect. The soil (0–10 cm layer) had 66% gravel content. The fine earth had 0.03% organic matter content, a sandy loam texture, strongly acidic reaction, and poor in total nitrogen, plant-available phosphorous and exchangeable potassium (Table S2).



The experimental site was surrounded by 15–20 unvegetated strips and, beyond this, by extensive semi-natural vegetation referable as Nardion strictae grasslands and Rhododendro-Vaccinion heaths (vegetation units according to Theurillat et al. [25]). In 25 m2 plots, the Nardion grasslands contained an average of 5.5 grasses, 17.5 forbs, and 6 shrubs, with the grass Nardus stricta being the main species. The Rhododendro-Vaccinion heath included 5 grasses, 18 forbs, and 6 shrubs, with the main species being the shrubs Juniperus communis and Rhododendron ferrugineum (Table S3: species identification, names and authorities according to Pignatti [26]). The total number of species surveyed in the surrounding vegetation was 72. The soils had similar sandy loam texture, organic matter content, and strongly acidic reaction (Table S2).




2.2. The Experiment


The restoration experiment was organised as a split plot design with two experimental factors (propagation material and fertilisation). Three 10 m × 30 m blocks (replicates) were divided into six 5 m × 10 m main plots, and the main plots were divided into four 5 m × 2.5 m (12.5 m2) split plots.



The main plot factor was the type of propagation material with six levels (Table 1). Four propagation materials were wild-harvested from a donor semi-natural grassland at the time of optimal grass seed maturation (14 August 2002) and sown on the same day in the experimental plots. The materials were: green hay, high sowing rate (donor/receptor site area ratio 2:1, G) and low rate (area ratio 1:1, g), seed-stripped hay flower (area ratio 2:1, S), and dry hay (area ratio 2:1, D). The donor grassland was located 14 km from the experiment, at 1895 m a.s.l. The vegetation was a Nardo-Agrostion grassland with 45 species recorded from 25 m2 plots, 66 species on the whole meadow surface, and grass and forb percent abundances of 64% and 36%, respectively (species composition in Table S3, samples NAa-NAc). The vegetation had many species in common with the Nardion grassland receptor site. Based on samples collected at harvesting, the propagation materials contained mature seeds of 27 species with sowing rates of 12,414, 6207, 10,511, and 6932 mature seeds per m2 in G, g, S, and D, respectively (other details on harvesting in Scotton et al. [27]). The fifth treatment was sowing a seed mixture of forage cultivars (C) (11 species: 7 grasses, Dactylis glomerata, Festuca ovina, Festuca pratensis, Festuca rubra, Lolium perenne, Phleum pratense, and Poa pratensis; 4 forbs, Medicago lupulina, Medicago sativa, Trifolium hybridum, and Trifolium repens; sowing rate, 40,777 seeds per m2). Its composition (see Table S3, sample Mix) included species very commonly used in the past decades to revegetate bare surfaces in European mountains and was very similar to mixtures analysed or used in other revegetation studies (see, e.g., [10]). The sixth treatment was of no sowing (N). To improve seed germination and have an identical amount of mulching material in all treatments, wheat straw was spread on the sown plots, so that the total dry weight of straw mulching plus propagation material was equal to 500 g m−2 [28].



The split plot factor was the fertilisation timing and frequency after the sowing year (Table 1), with four levels: years 1 to 4 (continuous fertilisation, CF), years 1 and 2 (initial fertilisation, IF), years 3 and 4 (delayed fertilisation, DF), and no fertilisation (NF). In the propagation material treatments C and N, only CF and NF were applied. The yearly fertilisation rate was 60, 26.2, and 49.8 kg per ha of N, P, and K, respectively, with N added in nitric (50%) and ammoniacal (50%) forms. Independent of the fertilisation treatment, plots were fertilised at sowing with the same amount as above.



The total number of treatments in the experimental design was 20 (four propagation materials × four fertilisation levels plus two propagation materials × two fertilisation levels). In the years after sowing, the experimental area was managed in the same way as the surrounding ski run areas, that is, it was grazed at a low stocking rate by the cattle of a nearby summer farm and run through by the vehicles of the ski resort workers.



After sowing, the experiment was surveyed six times (2003, 2005, 2007, and 2009–2011) in August for the following five ground cover traits that were visually estimated as percent values: stones larger than 5 cm, stones smaller than 5 cm or fine earth, litter (straw mulch or dead plant materials), mosses and lichens (biological soil crust: BSC), and vegetation (vascular plants) cover. In addition, a list of all vascular plants, identified according to Pignatti [26], was compiled for each plot, and the corresponding percent cover was estimated.




2.3. Univariate Analyses on Ground Cover Traits, Species Transfer, and Richness


Univariate methods were used to characterise the effects of treatments and time on important ground cover traits, species transfer, and richness.



All field-assessed ground cover traits were considered along with the following seven traits calculated for each plot: total grass and forb cover, total species number, number of species from the donor grassland (species D), from both the donor grassland and the receptor site Nardion grassland (species DRn), from other receptor site vegetation (species Ro), and from the cultivar seed mixture (species C). Species were allocated to the different provenance groups based on the donor and receptor site surveys where they had been recorded from. For each plot and survey, three similarity indices were calculated: the Jaccard indices ([29]: calculated from presence-absence data) relative to the donor site Nardo-Agrostion and the receptor site Nardion strictae grasslands, and the similarity ratio ([30]: calculated from cover data), relative to the donor grassland.



For the above 15 traits, linear mixed models according to a split-plot design and a repeated measure approach were used to assess the effect of three fixed factors (propagation material, fertilisation, and surveyed year) and their interactions. Before the analysis, the data were checked for homoscedasticity and normality and, if needed, log- or arcsine-transformed to meet the parametric analysis assumptions. In the model calculation, a plot identifier was used to define the subject effect in the repeated measure analysis. In case of a significant factor effect, the among-means differences were tested using the Tukey multiple comparison adjustment. According to Quinn and Kenough [31], as the N and C propagation materials had only two fertilisation levels (CF and NF), two models were calculated for each trait with the first including six propagation materials but only two fertilisation levels (CF and NF), and the second including only four propagation materials (G, g, S, and D), but all fertilisation levels.



In a further analysis, species transfer from the donor and receptor sites was analysed. The donor site species transfer rate was calculated as the percentage of species found on any experimental plot relative to all donor site species (absolute transfer rate) or to the species present as mature seeds at harvest (relative transfer rate) [32]. The absolute transfer rate was also calculated for the receptor site species.



Transfer rates were also calculated for the individual experimental treatments. As the number of species present in a specific area depends strongly on the area size (species-area curve, [33]), calculating transfer rates for each split plot was not appropriate, as its size (12.5 m2) was half that of the sampling area of the donor and receptor site vegetation (25 m2). Therefore, the total number of species found in the CF and NF split plots (total area 25 m2) was calculated for the G, S, g, and D sowing treatments, and the mean number of species found in the CF and NF plots of the N and C sowing treatments was calculated. In this way, it was possible to calculate transfer rates based on the same area size for all six propagation materials. The differences in transfer rates were analysed in a two-way ANOVA in two variants: with factors year and propagation material (six levels: G, S, g, D, N, and C) and with factors year and origin of propagation material (three levels: from donor grassland, N, and C). In both analyses, the data were checked for homoscedasticity and normality, and if necessary, square-root transformed, and submitted to linear mixed models under the same repeated measure approach as above.



To check if the abundance of individual species affected the species diversity, linear regressions were calculated between the main grass cover (Festuca rubra and Agrostis tenuis) or the total grass cover in each treatment and the corresponding mean species number. The calculations were performed separately for three homogeneous propagation material types (from donor grassland, C, and N), separately for each year and for all years together. Regression residuals were checked for normality and homoscedasticity using the Shapiro-Wilk and White tests, respectively. The intercept and slope homogeneity of the significant regressions obtained for the individual years were checked by using a general linear model for the species number, in which a dummy variable defining the year, the grass cover, and the interaction grass cover × year were input as independent variables and the species number was input as a dependent variable ([34], Usage Note 24177).



To check the possible influence of the year meteorological variables on the experiment results, linear regressions were calculated between the above-described individual traits and the monthly, seasonal and yearly total rainfall and mean temperature.



Univariate analyses were performed with SAS/STAT software version 9 for Windows [34] with proc MIXED for linear mixed models and proc GLM for ordinary regression and testing homogeneity of the regression intercepts and slopes.




2.4. Multivariate Analyses on Vegetation


The treatment and time effects on the vegetation were analysed with the multivariate methods of redundancy (RDA) and principal component analysis (PCA), performed on both the presence-absence and the cover data. Linear ordinations were chosen instead of unimodal methods, as the maximum gradient length of a detrended correspondence analysis with detrending by segment was less than three [35].



According to a multivariate repeated-measure design [35], RDA was used in five separate analyses to test the effect of treatment, propagation material, fertilisation, year, and the interaction treatment × year. The ordination was performed using a dataset including all six propagation materials but only the CF and NF fertilisation levels. In the analyses, dummy variables describing the factor levels and block and plot identifiers were input as explanatory variables or covariables depending on the effect to be tested. The trace value calculated for each RDA represented the variability proportion explained by the tested effect. To calculate the null hypothesis probability, the F-ratio of all canonical axes (Ftrace) was used as a test statistic, and a Monte Carlo test with 1000 permutations was performed. As with the univariate models, RDA analyses were performed for the two data sets including six propagation material levels but two fertilisation levels and four propagation material levels but all fertilisation levels. As the outcomes were similar, only the first analysis results are reported.



The temporal trend of vegetation was analysed with PCA, in which all 20 treatments were considered together, as unconstrained methods do not require a balanced design. The mean species composition was calculated for three replicates of each treatment. The data set used in the PCA included 120 samples (20 treatments × six surveying years). In addition to the treatment surveys, botanical surveys of the donor grassland, the receptor site vegetation, and the C mixture were input. In this way, the PCA results could also represent the relationship between the experimental treatments and the donor and receptor site vegetation.



In both RDA and PCA, data were centred by species. Cover data were square-root transformed to reduce the weight of the more abundant species [35] and standardised by sample to eliminate the effect of the low vegetation cover in the first years after sowing. To facilitate the interpretation of the ordination results, a cluster analysis of the same data table used in PCA was performed, and the results are shown in Table S3.



Multivariate analyses were performed with Canoco [35] version 4.5 for RDA and PCA, and MULVA-4 [36] for cluster analysis.





3. Results


3.1. Ground Cover


The multi-year average vascular plant cover was 62.2%, and the uncovered ground cover was 37.8% (Table 2). No clear evidence of erosion was found during the survey in any treatment.



Fertilisation was the treatment factor with the highest effect on the ground cover traits. It increased the vascular plant cover by approximately 10.9% and reduced stones, fine earth, and BSC by the same overall amount. In comparison with NF, CF, IF, and DF had the highest, intermediate, and lowest positive effects on the vascular plant growth, respectively (Table S4).



The sowing treatments influenced the ground cover less than fertilisation. No difference was found among the treatments with seed sowing (donor grassland materials and C), and plant cover was significantly lower in the N treatment (Table 2).



Analysis of the cover time pattern showed that vascular plant cover was approximately 50% in the first year after sowing (Figure 1a and Supplementary Figure S1), reached a maximum (71%) in the third year and decreased, even if not significantly, to 64–68% from the fifth year onwards, after fertilisation cessation. Grasses were almost exclusive in the first year and were partially replaced by forbs from the third year onwards. Even in the last survey year, the ground remained partially uncovered (approximately 35%) by vascular plants. However, from the fifth year onwards, stones and bare soil were largely occupied by the BSC (Figure 1a). In the N treatment, the vascular plant cover was relatively low in the first four years but attained the same levels as the other treatments from the fifth year onwards (Supplementary Figure S1). Fertilisation had a significant and positive effect during the years when it was applied. Subsequently, the effect persisted, but was less marked and not significant any more (Figure 2). This pattern was particularly evident in the C treatment (Figure S1).




3.2. Species Number


A total of 101 species were found within the experimental area during the nine-year survey period. The average number of species per plot was 21 (Table 2). Fertilisation significantly decreased the number of species, but the negative effect size (−1.5 species) was relatively low compared to the positive effect on the ground cover.



The type of propagation material did not influence the total species number but significantly affected the same trait within each species category (Table 2). Treatments with donor grassland materials had more D and DRn species but fewer Ro and C species. Treatment C contained the highest number of C species. Despite this trend, which depended on the specific propagation material, a high number of species in each plot arrived from external areas (other plots or vegetation surrounding the experiment).



The species number was initially low, increased rapidly until the fifth year, and less rapidly subsequently (Figure 1b). The species established were mainly D and DRn species in the initial years and Ro species in the last few years. Even if not very marked in the all-years average (see above), the negative effect of fertilisation increased until the fifth year and remained similar after fertilisation cessation (Figure 2). In addition, in the initial years, treatments with donor grassland materials had a higher number of species than N and C treatments but had lower number in the last year (compare Figure 2 with Figure S2). The average species composition of the restored plots was equally similar to the donor grassland and the Nardion receptor site grassland (Table 2). However, the values of the Jaccard index calculated versus the Nardion grassland continued to increase in the last few surveyed years as well, especially in the N and C treatments (ninth year values 0.42 vs. 0.32 in the G, S, g, and D treatments).



The total number of species established in the treatments with donor grassland materials was negatively influenced by the grass cover. The effect was significant for all grasses, especially for Festuca rubra (Figure 3) but not for Agrostis tenuis. The influence was obvious from the fifth year after sowing, but not in the previous years when the grass cover was still low. As the individual year linear regressions did not differ by constant and slope, a unique regression was calculated (Y = −0.21 + 30; R2 = 0.21, p < 0.001, Figure S2). In the N and C treatments, no relationship was found between grass cover and species number.




3.3. Species Transfer


In the nine-year period, the absolute transfer rate was 67.9% (38 out of the 56 donor site species were found at least once in the experimental plots), with a final value of 52% (29 species). The relative transfer rate was 89%, with a final value of 74% (not shown).



In the treatments with donor grassland materials, most D or DRn species were established in the first three years, and only a few of them (exclusively forbs) were established in subsequent years (Figure 3a,b). D species were also found in the N and C treatments (Figure 3a), but they were established later than in the treatments with donor grassland materials.



In the nine-year period, the number of species surveyed in the receptor site vegetation and found at least once in the experimental plots sown with any propagation material was 70 (97% of the total number of receptor site species). The DRn species were established in the same amount in the different propagation material treatments, except for in the first year after sowing, when a higher amount was found in the treatments with donor grassland material (Figure 3b). Until the seventh year, the Ro species colonising the experimental plots were more numerous in the N and C treatments than in the treatments with donor grassland materials (Figure 3c). The difference persisted in subsequent years, even if it was no longer significant. Grasses established especially in the first seven years, whereas forbs were established in subsequent years as well (Figure 3c). As the seed harvesting at the donor site was performed at the stage of optimal grass seed maturation, the percentage of donor site grasses transferred to the receptor site was considerably higher than the percentage of transferred donor site forbs (Figure 3a,b). Contrasting this, grasses and forbs of the surrounding vegetation were found in the restored plots at the same percentage as in the source vegetation (Figure 3c).



No relationship was found between the cover species number, transfer traits, and the yearly meteorological data.




3.4. Species Composition


The species composition was significantly affected by all experimental factors. Year had the highest effect, explaining 16.8% of the total variance (‘Trace’ in Table 3). The type of propagation material had an intermediate effect and fertilisation had the lowest effect (14.2% and 1% of the variance explained, respectively).



The first two components of the PCA obtained from the presence-absence data (Figure 4a) showed two main gradients. The 20 treatments were arranged along the first component (horizontal axis), with first year samples at the right side, last year samples at the left side, and intermediate years samples in intermediate positions. The change in species composition (movement along the axis from the right to the left side) is distinctly marked between the first and the third year and less marked in the following years. The second component (vertical axis) shows the donor grassland at lower values and the receptor site vegetation at higher values. Along the second component, the N and C plots are arranged closer to the receptor site vegetation, and the G, g, D, and S plots are closer to the donor grassland. Fertilisation did not appear to influence the sample position on the first two axes.



The species group shown in the low-left part of the PCA graph included plants (e.g., Alchemilla glabra and Lotus alpinus) surveyed in the donor grassland and efficiently transferred to the experimental plots with donor grassland materials. The group in the left-high graph part included only Ro species (e.g., Vaccinium myrtillus, and Leontodon helveticus) or DRn species (e.g., Nardus stricta, and Luzula multiflora), which were able to colonise especially the N and C plots. Some very frequent DRn species (e.g., Festuca rubra and Agrostis capillaris) or Ro species (e.g., Agrostis rupestris) were not selected, as they were present in all samples (Table S3); therefore, they were unable to significantly characterise the sample placement in the PCA space. Among species in the cultivar mixture, only Festuca rubra and Trifolium repens were frequently found in all survey years and treatments.




3.5. Vegetation Structure


The vegetation structure was significantly affected by all experimental factors with the same ranking as observed for the species composition, namely, year, propagation material, and fertilisation (Table 3). The main and interaction effects of the three factors together explained 64% of the variance, i.e., 12% more than in the case of species composition. The PCA graph based on cover data (Figure 4b) showed a vegetation pattern that was not very dissimilar from the species composition. The first component represented the pattern of the structural change during the nine years (initial years on the right and final years on the left). The second axis represented the contrast between the donor (below) and the receptor (above) site vegetation. Treatments sown with donor grassland materials were closer to donor grassland vegetation; N and C treatments were closer to the receptor site vegetation.



The main species characterising the time pattern of the vegetation structure were the grasses (Table S3). Phleum rhaeticum, Festuca rubra, and Agrostis tenuis, which were the species abundant in both the donor and receptor site vegetation, were present in all experimental treatments and years. However, the abundance of Phleum rhaeticum was high in the first year (average 9%) and decreased subsequently (0–3%). Festuca rubra established rapidly and attained very high abundances in the first three years (40–54%) but decreased subsequently, even while maintaining a high cover (23–33%). Agrostis tenuis was established slowly: its cover was low (1–2%) in the first three years but increased in the following years to 3–8%. Nardus stricta, a species very abundant in the receptor site vegetation, was able to establish, especially in the N and C treatments, where it attained a cover of about 4% from the fifth year onwards.





4. Discussion


4.1. Ground Cover


Regardless of fertilisation and propagation material, at the experimental site, located in the low-alpine belt on a very gravelly soil, the plant cover was not full even nine years after revegetation. This result fits well with previous findings from graded ski slopes in siliceous Alps [37]. According to Felber et al. [2], the lack of success in partial revegetation in the range from 1500 to 200 m over the tree line is usually due to difficult soil conditions (especially more than 70% gravel in the soil), while at higher altitudes, the cold climate would be the main reason. In fact, the high gravel soil content was probably the main factor for the incomplete plant cover achieved, as demonstrated by the full vegetation cover observed at nearby graded slopes where topsoil had been stored and re-used. The percentage of unvegetated ground was partially occupied by BSC (9.4% in the ninth year). Even if BSC is a symptom of unfavourable site conditions, it plays an important role in soil stabilisation, moisture conservation, and nitrogen and organic matter enrichment [38,39].



The lack of evidence of soil erosion during the survey period was due to several factors. In the first year, the plant cover was less than the 70% threshold under which significant erosion can occur [37], but the soil was protected by the hay or straw mulching. In the following years, vascular plants plus BSC plus stones > 5 cm covered more than 80% of the ground and prevented any significant erosion.



Fertilisation affected the plant cover more than the propagation material. The effect was high (about 20%) in the four initial years when fertilisers were supplied but decreased to being no more significant in the years after fertilisation cessation. This early but transient effect was often found in revegetation experiments on raw soils [37,40] and is likely due to the high soil gravel content. Even if phosphorous and potassium initially supplied with fertilisers can persist in the soil, the supplied nitrogen is rapidly lost by leaching in loose soils, and the introduction of N-fixing species is a better strategy to stably improve the N soil fertility [37,41].



As in the case of fertilisation, the propagation material effect on the plant cover was high in the initial years but low later. This result is surprising as the two treatments were sowing with site-unsuited commercial cultivars and no sowing at all. In fact, the behaviours of the propagation materials were very different. All donor grassland materials proved site-adapted and created a persisting plant cover, as often found for well-selected native materials introduced to difficult sites (e.g., [42,43,44]). The variable sowing rate (G vs. g) had no effect on the ground cover, as it was always higher than that needed to obtain a full plant cover [43]. In contrast, in the C treatment, most cultivars did not establish or rapidly disappeared because of the difficult site conditions [10,40], and the final high plant cover was due to the area left free by cultivars being occupied by native species. The same species were equally able to colonise the N plots. This aspect will be discussed later in this paper.




4.2. Species Number


The average species number was 21, but 28 in the last surveyed year, i.e., only one less than the species richness of the surrounding vegetation. This richness is similar to that found 4–40 years after revegetation on graded slopes in the Alps subalpine-alpine zone (34 species in Klug-Pümpel and Krampitz [45]; 29 species in Roux-Fouillet et al. [14]; 25 species in Hudek et al. [17].



Fertilisation had a small negative effect on species richness (−1.5). A similar effect was observed in other high-altitude revegetation and is probably due to fertilisers increasing the grass growth, thereby reducing the number of safe sites available for other species [7]. In the Tognola experiment, this result was probably due to the higher cover of the main grass, Festuca rubra. The effect increased in the fertilising period but was present later as well, along with the persistent higher grass cover.



The propagation material had no effect on the total number of species. This result is not surprising with regard to the comparison among the donor grassland materials and confirms the results by Scotton [22,43]. However, it is surprising with regard to the comparison between the donor grassland materials and the C treatment, which was sown with much fewer species (27 vs. 11) and the N treatment, which was not sown at all. However, even if there was no effect on the total species number, the number of species with different origins was considerably influenced. In C and N, the initial lower species richness was rapidly compensated for by plant colonisation from the surrounding vegetation. In C, this was possible, as most sown cultivars had low persistence. Moreover, in the C and N treatments, the initially higher availability of unvegetated ground resulted in a more efficient colonisation from the surrounding vegetation and a higher species number in the last surveyed year. A lower abundance of grasses (especially Festuca rubra) in C and N contributed strongly to this result. Therefore, unlike what was found at more favourable low-altitude sites (e.g., [46,47]), forage cultivars neither competed with native species nor hindered their colonisation.




4.3. Species Transfer


Except for the commercial mixture, species from all other origins showed efficient establishment and spreading at the experimental site. Many native species introduced as mature seeds from the donor grassland were observed at least once during the survey period (relative transfer rate 89%). This result is comparable with values obtained in grasslands restored on bare soils with fresh hay at lower altitudes (80–96%, [32]; 81–98%, [22,43]. As found in Scotton [22,43], the establishment of species present in the donor grassland materials occurred only in the first three years after restoration. However, most species transferred were able to colonise the N and C plots in the following years, showing a higher ability to reach the close plots than observed in other low-altitude experiments (e.g., [48]).



Seventy out of 72 species surveyed in the surrounding vegetation were able to colonise the experimental plots. The colonisation was more intense in the initial years but was very active subsequently as well. The unvegetated ground available resulted in an earlier and stronger establishment of these species in the N and C plots than in the treatments with donor grassland materials, and the difference persisted throughout the survey period.



The high potential for species mobility and establishment observed was probably a consequence of some concomitant favourable factors. At the restoration site, the surrounding vegetation was very close to the experimental plots (mean distance 15–20 m). In spontaneously revegetating gravel-sand pits, Řehounková and Prach [49] found that nearly 75% of grassland species occurring within a 100 m distance appeared in the pits. In high-altitude graded ski runs, Urbanska [7] found that only species within a maximum distance of 15 m efficiently colonised the ski slope 9–10 years after grading. On the contrary, when the surrounding grasslands were far from the revegetation site, no or very poor plant colonisation was observed, as was found at waste heaps [8,11,15], ski slopes [4], and ex-quarries [43].



A second favourable factor was that in all plots, the plant cover increased slowly and was not fully even in the ninth year, owing to the difficult soil and climate conditions. Similarly, a loose, low-growing grassland was the best condition for an effective colonisation of volunteer species in the graded ski slopes studied by Felber et al. [2]. Competition is likely to have little effect in the initial stages of plant establishment [50]. In addition, at high elevations where abiotic stress is high and plant growth is poor, the interactions among plant species are mostly positive [51].




4.4. Species Composition and Vegetation Structure


Regardless of the fertilisation treatment, the species composition became progressively more similar to both the donor grassland and the receptor site Nardion grassland. This was possible because the donor and receptor sites had many species in common. However, while the trend of increasing similarity towards the donor grassland observed in the treatments with donor grassland material plateaued in the second half of the survey period, increasing similarity towards the receptor site Nardion grassland persisted in the final years, especially in the N and C treatments. This difference was due to the fact that species from the donor grassland were introduced only once at the sowing time, while the receptor site vegetation represented a continuous seed source of potential plant colonisers. Similar trends of restored vegetation progressively approaching the receptor site vegetation were found by Klug-Pümpel and Krampitz [45] and Hudek et al. [17] at graded slopes where the surrounding grasslands were close to the restored area.



Grasses were the main species established in all the experimental plots. In the initial years, they were nearly exclusive components of the plant cover, but their contribution remained very high later. The initial grass predominance is often observed in grassland restoration (e.g., [22,52]) and is usually explained based on efficient vegetative spreading via tillering [53].



Native DRn grasses with the highest establishment were Festuca rubra and Agrostis tenuis, the first species since the beginning and the second one since the fifth year after sowing. Both species are particularly well adapted to acidic soils and high altitudes [54], where they are often successfully used for revegetation (e.g., [8,15]). For Festuca rubra cultivars, a facilitation effect of native plant colonisation was sometimes observed [10], while other studies found an opposite effect (e.g., [55]). A negative relationship between species cover and plant richness was also observed in this study. However, the species abundance did not prevent colonisation by the receptor site species, indicating that its native forms are probably less competitive than commercial cultivars [55].



Except for the Festuca rubra cultivars, only Phleum pratense among the other grass cultivars was initially able to reach a high cover (20–30%). Its abundance was particularly high in fertilised treatments, as expected based on its competitive habit [56]. Phleum pratense was often observed to create high cover at subalpine restored sites, thereby preventing native plant colonisation [57]. However, this effect was not observed in this experiment because the species did not persist beyond the fifth year because of their poor adaptation to the harsh climate [45]. The cold climate was probably the reason why the cultivars of the other grasses failed to establish.



Many grasses from the surrounding vegetation colonised all experimental plots, especially in the N and C treatments. Among them, Nardus stricta was characteristic of the well-developed soil Nardion grassland, but the other species (Festuca helleri, Poa violacea, and Agrostis rupestris) were typical of rocky soils or screes. Similar results were obtained by Delarze [9] and Klug-Pümpel and Krampitz [45] in the low-alpine belt at calcareous and siliceous substrata, respectively. The colonisation ability of these rock–soil or scree species is explained by their preferred natural habitat being very similar to the shallow, gravelly soils of the graded ski runs. This was also demonstrated by their frequency increasing even in the last surveyed years, when the unvegetated portion of the restored plots was mostly occupied by stones.



Forbs and dwarf shrubs were established later than grasses, but their number and abundance became increasingly important in the last surveyed years. These species originated mainly from the surrounding vegetation and were also mostly typical of rocky soils and screes (e.g., Hieracium glanduliferum and Centaurea nervosa).





5. Practical Implications for Ski Slope Revegetation


At high altitudes (vegetative period shorter than 100 days), topsoil storage and re-using is a necessary condition for revegetation to achieve a full cover of native species. For sites where this was not done but the soil conditions are not prohibitive (gravel content less than 70%) and natural grasslands surround the restoration site, the following suggestions can be made:




	
Using propagation material from (semi-)natural grasslands with climate and soil similar to the restoration site: any material type performs well.



	
If native propagation material is unavailable, adopting seed mixtures of short-lived cultivars can create an initial but non-persistent plant cover.



	
Retaining nearby pre-existing vegetation as intact as possible, as it is an efficient seed source for colonising native species.



	
Limiting fertilisation to the first year, as it reduces the number of colonising species and has a transient effect on the plant cover. The anti-erosion effect of the rapid achievement of a full plant cover aimed at with fertilisation can be replaced by organic mulching. If necessary, only phosphorous and potassium can be applied, as they are not leached and favour the establishment of N-fixing species, which can naturally increase the soil nitrogen fertility.









6. Conclusions


At the experimental site, slope grading without topsoil storage and reuse created raw substrata with high gravel content and many stones on the soil surface, which prevented the establishment of a full vegetation cover in the middle term.



However, in the experimental soil (gravel content less than 70%), an efficient anti-erosion native plant cover was achieved due to two main reasons. Firstly, the native propagation materials used were collected from a semi-natural grassland with climate and soil similar to the restored site and with many species in common with the vegetation surrounding the restoration site. Secondly, the species of the donor and receptor sites demonstrated a significant ability to spread and colonise nearby areas. Under these conditions, even C and N plots were easily colonised by volunteer species, thereby achieving high plant cover.



Instead, due to the gravelly soil and poor plant growth caused by the harsh climate, fertilisation had only a transient effect on the plant cover and a null effect on the species composition.
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Figure 1. Time pattern of ground cover (a) and species number (b) at a ski slope grassland restoration experiment. Data are averages of twelve treatments (two fertilisation treatments × six propagation materials). VDM and Jaccard are the van der Maarel and Jaccard similarity indices, respectively. Letters show results of among-year comparisons. 
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Figure 2. Time pattern of plant cover and species number at a ski slope grassland restoration experiment in four fertilisation treatments (values are averages of four propagation materials from a Nardo-Agrostion donor grassland). Letters show results of among-fertilisation comparisons within each year. Means with common letters do not differ at p ≤ 0.05. Missing letters mean that fertilisation effect was not significant. CF, IF, DF, and NF mean continuous, initial, delayed and no fertilisation, respectively. 
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Figure 3. Time pattern of the percent number of species (total, grasses, and forbs) (a) from the donor site grassland (Nardo-Agrostion), (b) from both the donor and receptor site, and (c) only from the receptor site established in 25 m2 plots of a ski slope grassland restoration experiment. The total species numbers were 42 in (a), 24 in (b), and 48 in (c). In each graph, letters above the bars show the result of the among-propagation material comparison separately for each year. Means with common letters do not differ at p ≤ 0.05. 
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Figure 4. PCA sample-species biplots showing (a) the species composition (presence-absence data) and (b) vegetation structure (% cover data) of 128 treatments from a ski slope grassland restoration experiment. Codes of the experimental treatments are as follows: first character, G, g, S, D, N, and C, type of propagation material (see legend of Table 2); second character, C, I, D, and N, continuous, initial, delayed and no fertilisation, respectively; third character, 1, 3, 5, 7, 8, and 9, year after sowing. Further, samples of the donor grassland and receptor site vegetation are shown with codes as follows: NAa-NAc, Nardo-Agrostion donor grassland; Nara and Narb, Nardion strictae receptor site grassland; RVa and RVb, Rhododendro ferruginei—Vaccinion myrtilli vegetation; NNa and NNb, non-sown ski slope vegetation. Species codes are composed of the first three letters of genus name and species epithet (see Table S3). Species variances are explained by principal components 1 and 2: 21% and 10% in (a), and 31% and 20% in (b). Scaling of ordination scores focused on inter-sample distances. Species shown were selected according to the species fit criterion. For simplicity, in graph (b) only samples of years 1, 3, 7, and 9 after sowing are shown (samples from years 5 and 8 are intermediate between the previous and following year). 
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Table 1. Experimental factors and corresponding levels of the ski slope grassland restoration experiment.
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Experimental Factor

	




	
Propagation Material

	

	

	
Fertilisation 4

	






	
Level (code)

	
Area ratio 3

	
Sowing rate (no seed m−2)

	
Level (code)

	
Fertilisation year after sowing year




	
Green hay, high rate (G) 1

	
2:1

	
12,414

	
Continuous fertilisation (CF)

	
1, 2, 3, and 4




	
Green hay, low rate (g) 1

	
1:1

	
6207

	
Initial fertilisation (IF)

	
1, and 2




	
Seed-stripped hay flower (S) 1

	
2:1

	
10,511

	
Delayed fertilisation (DF)

	
3, and 4




	
Dray hay (D) 1

	
2:1

	
6932

	
No fertilisation (NF)

	
-




	
Mixture forage cultivars (C) 2

	
-

	
40,777

	
-

	
-




	
No sowing (N)

	
-

	
0

	
-

	
-








Legend. 1 Propagation materials harvested at a semi-natural grassland (species composition in Table S3). 2 Species composition in Table S3. 3 Area ratio, donor/receptor site area ratio. 4 Fertilisation rate: 60, 26.2, and 49.8 kg per ha of N, P, and K, respectively, with N added in nitric (50%) and ammoniacal (50%) forms.
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Table 2. Effects of six propagation materials and two fertilisation treatments on the main traits of a ski slope grassland restoration experiment.
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Treatment Means

	
Factor Main and Interaction Effect 3




	
Propagation Material 1

	
G

	
S

	
g

	
D

	
N

	
C

	
Mean

	
Mean

	
PM

	
F

	
PMxF

	
Y

	
PMxY

	
F x Y






	
Fertilisation 2

	
Mean

	
Mean

	
Mean

	
Mean

	
Mean

	
Mean

	
CF

	
NF

	

	

	

	

	

	




	
Cover stones diameter > 5 cm (%)

	
13.1

	
15.2

	
10.8

	
11.3

	
15.8

	
13.7

	
11.9b

	
14.8a

	
ns

	
***

	
**

	
*

	
***

	
ns




	
Cover fine earth + stones diam. < 5 cm (%)

	
13.20

	
13.10

	
17.20

	
13.30

	
23.50

	
16.90

	
12.2b

	
19.a

	
ns

	
***

	
***

	
***

	
*

	
***




	
Cover litter (%)

	
2.97

	
2.12

	
0.35

	
1.79

	
0.30

	
0.38

	
1.8

	
2.2

	
ns

	
ns

	
*

	
***

	
***

	
ns




	
Cover biological soil crust (%)

	
5.7

	
5.6

	
5.5

	
6.1

	
9.6

	
9.2

	
6.46b

	
7.40a

	
ns

	
***

	
***

	
***

	
***

	
ns




	
Cover vascular plants (%)

	
65.a

	
64.a

	
66.1a

	
67.4a

	
50.9b

	
59.8ab

	
67.7a

	
56.7b

	
**

	
***

	
***

	
***

	
***

	
***




	
Cover grasses (%)

	
56.1a

	
56.8a

	
56.1a

	
58.3a

	
41.6b

	
50.3a

	
58.6a

	
47.7b

	
***

	
***

	
***

	
***

	
***

	
***




	
Cover forbs (%)

	
8.9

	
7.2

	
10.0

	
9.2

	
9.4

	
9.5

	
9.1

	
9.0

	
ns

	
ns

	
***

	
***

	
**

	
ns




	
No. species total

	
18.7

	
21.0

	
19.3

	
21.9

	
23.0

	
21.2

	
20.1b

	
21.6a

	
ns

	
***

	
***

	
***

	
***

	
ns




	
No. species from donor grassland

	
4.3abc

	
3.7abc

	
4.4ab

	
5.0a

	
3.7abc

	
2.8c

	
3.9

	
4.1

	
*

	
ns

	
*

	
***

	
ns

	
ns




	
No. sp. from donor and Nardion grassl.

	
10.2a

	
10.7a

	
10.5a

	
11.4a

	
9.1a

	
6.8b

	
9.2b

	
10.3a

	
***

	
***

	
***

	
***

	
ns

	
ns




	
No. species from surrounding

	
4.2c

	
6.7abc

	
4.3c

	
5.5abc

	
10.1a

	
8.7ab

	
6.4

	
6.7

	
**

	
ns

	
***

	
***

	
***

	
ns




	
No. species from comm. seed mixture

	
0b

	
0b

	
0b

	
0b

	
0.14b

	
2.89a

	
0.53

	
0.49

	
***

	
ns

	
*

	
**

	
***

	
*




	
Van der Maarel coeff. vs. donor grassl.

	
0.5

	
0.4

	
0.3

	
0.5

	
0.3

	
0.3

	
0.4

	
0.4

	
ns

	
ns

	
0.001

	
***

	
***

	
ns




	
Jaccard coeff. vs. donor grassland

	
0.29b

	
0.29b

	
0.30ab

	
0.34a

	
0.24c

	
0.22c

	
0.28

	
0.28

	
***

	
ns

	
***

	
***

	
ns

	
ns




	
Jaccard coeff. vs. Nardion grassland

	
0.23

	
0.34

	
0.23

	
0.29

	
0.33

	
0.35

	
0.29

	
0.30

	
ns

	
ns

	
**

	
***

	
***

	
ns








1 G and g, green hay, high and low sowing rate, respectively; S, seed stripping; D, dry hay; N, not sown; C, cultivar seed mixture. 2 CF and NF, continuous and no fertilisation, respectively. 3 PM, propagation material; F, Fertilisation; Y, year; ns, not significant; * 0.05 ≥ p > 0.01; ** 0.01 ≥ p > 0.001; *** 0.001 ≥ p. Means with common letters do not differ at p ≤ 0.05.
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Table 3. Effect of six propagation materials, two fertilisation treatments, and years on the species composition (presence–absence data) and vegetation structure (cover data) in a ski slope grassland restoration experiment calculated in RDA analyses. Plot is a dummy variable used to define individual experimental plots.
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	Analysis
	Explanatory Variable
	Covariable
	Trace
	Ftrace
	p





	
	Treatment
	Year, Block
	0.183
	5.3
	0.001



	Species composition
	Propagation material
	Year, Fertilisation, Block
	0.142
	8.8
	0.001



	(presence-absence)
	Fertilisation
	Year, PropMaterial, Block
	0.009
	2.9
	0.026



	
	Year
	Plot, Block
	0.168
	12.7
	0.001



	
	Treatment × Year
	Year, Plot, Block
	0.165
	1.2
	0.001



	
	Treatment
	Year, Block
	0.213
	8.4
	0.001



	Vegetation structure
	Propagation material
	Year, Fertilisation, Block
	0.185
	15.7
	0.001



	(% cover)
	Fertilisation
	Year, PropMaterial, Block
	0.007
	3.0
	0.1708



	
	Year
	Plot, Block
	0.28
	30.9
	0.001



	
	Treatment × Year
	Year, Plot, Block
	0.151
	2.0
	0.001
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