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Abstract: Stabilization of slopes subject to landslide by measures with low impact, such as those of
bioengineering, is a topic of interest. The use of scarcely studied alpine pioneer plants could contribute
to innovation in soil bioengineering and restoration ecology but to use them, knowledge of the ex
situ germinability of their seeds is fundamental. This research analysed the germinability of seeds of
nine alpine pioneer species (Papaver aurantiacum, Rumex scutatus, Tofieldia calyculata, Pulsatilla alpina,
Silene glareosa, Adenostyles alpina, Dryas octopetala, Laserpitium peucedanoides and Laserpitium krapfii)
treated with water, gibberellic acid (GA3) and/or calcium carbonate at room temperature. The seeds
had different responses to the treatments: Laserpitium peucedanoides, L. krapfii and Silene glareosa showed
difficulty in germinating (germination < 2.5%), while Dryas octopetala had good germination (39–61%)
regardless of treatment. GA3 significantly increased the seed germination rate of Papaver aurantiacum,
Pulsatilla alpina, Rumex scutatus and Tofieldia calyculata, while the addition of calcium carbonate made
the seeds of Rumex scutatus and Tofieldia calyculata germinate more quickly. Results are discussed
focusing on the perspectives of using alpine pioneer species in future soil bioengineering work
for slopes stabilization and restoration, and on the actions that stakeholders should take to make
this happen.

Keywords: alpine species; ecological restoration; limestone screes; native seeds; plant diversity;
sustainability

1. Introduction

The stabilization of mountain slopes is a topic of great interest both for land managers and
technicians (engineers) as well as researchers working in this sector, as many mountain areas are
increasingly affected by landslides or other phenomena of hydrogeological instability [1,2]. For the
Alps, this is due both to climate change, whose effects are apparent in increasingly frequent extreme
weather phenomena [3,4], and to the abandonment of good land management practices due to the
continuous depopulation of mountain areas, a phenomenon that has intensified in recent decades [5–8]
and that is still in progress today. As is well known, the Italian territory is moreover particularly subject
to landslides, and consequently, soil conservation takes on a fundamental role in the design of suitable
works for the protection of inhabited areas and natural attractions in order to avoid, as much as possible,
natural disasters [9]. Although screes slopes and debris are not the primary kind of hydrogeological
risk [10], recent imbalances due to climate changes, with intensified precipitation, caused considerable
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disruption. Very often the areas subject to this kind of risk are of touristic and naturalistic interest,
in particular in the dolomitic massifs. For example, in 2016, a storm of rain and hail moved the screes
of Mount Pelmo, belonging to the Zoldo Dolomites (Belluno), making impassable part of the forest
road that climbs from Tiera towards Rifugio Venezia and several points of path No. 480, which leads to
the Val d’Arcia; these are areas of important touristic flow and were very frequented at the moment of
the disaster (August 2016).

Engineering interventions are often difficult in these sites, and the landscape impact they can
provoke can have foreseeable consequences on touristic flow. In order to fight land degradation and,
more generally, to comply with the objectives of the Europe 2020 strategy [11], the European Union
has drawn up a “Roadmap to a resource efficient Europe” [12], which emphasizes the importance
of investment in natural capital, for example, through the creation of Green Infrastructures [13,14].
Green infrastructures also include soil bioengineering work understood as low-impact measures for
soil stabilization using living plants (or parts thereof) as stabilising materials in combination with
other materials such as stones, soil, timber, steel, etc. [15–19]. Soil bioengineering techniques for slope
stabilization, compared to traditional ones (hydraulics), have the objective not only of stabilizing the
soil but also of minimizing impact on the environment and landscape of the area where they are
used [18,20,21] compatibly with project priorities.

Living plants are then an important tool in bioengineering and slope stabilization. Studies of
slope geomorphology and vegetation initially developed along separate routes [22–24]. Most research
was conducted by biologists, who frequently ascribed vegetation distribution on slopes to ground
instability caused by unspecified geomorphic processes. Meanwhile, geomorphologists studying
slope dynamics seldom correlated them with plant patterns. Some earth scientists “explained” slope
stability with hypothetical vegetation influences, and plants were alleged to decrease or even stop
debris descent [25–28]. This close connection between landforms and plants coined new terms
such as phytogeomorphology [29] and ecogeomorphology [30], which stresses further the ecological
connections between biology and geomorphology and focuses on the tight coupling among geological,
pedological, biological and ecological processes [31].

Individual plants and plant communities play a crucial role since the plant species used in
soil bioengineering works must be able to combine the technical result, soil reinforcement, with an
ecological one that minimizes the impact on ecosystems. This perspective, [32], recently recommended
a series of good practices for technicians who design and implement soil bioengineering works, as well
as highlighting some critical issues that should be addressed by researchers in order to improve the
success of such works. Among these, there is the biotechnical and ecological study of “new” pioneer
plant species to be used in soil bioengineering which, in addition to stabilizing the soil, could accelerate
the spontaneous vegetation successions [33,34] hence respecting the mechanisms and processes that
regulate ecosystems.

Instead, in soil bioengineering works for slope stabilization (and in restoration projects), herbaceous
species are often introduced through hydroseeding of seed mixtures without paying much attention to
their floristic composition and/or seed origin [20,32,35]. Sometimes, in fact, in those countries where the
law allows it, commercial mixtures are used. On the one hand, they are extremely cheap and available
in large quantities, but on the other, they have a limited number of species (a dozen at the most)
whose seeds, apart from anything else, can be of low quality and come from populations thousands
of kilometres away from the intervention areas. Therefore, these mixtures, in addition to producing
genetic pollution [36], may be poorly suited for the environmental conditions of the areas in which
they are sown. Furthermore, the most common species of commercial mixtures are those of fertile
meadow communities (Molinio-Arrhenatheretea), such as Dactylis glomerata L., Lolium perenne L., Phleum
pratense L., Poa pratensis L., Festuca rubra L., Festuca pratensis Huds., Trifolium pratense L. and Trifolium
repens L, which are easy to grow and whose seeds are easy to harvest. Because of their ecological
requirements, these species are unlikely to grow in the mountainous areas of the Alps (over 1200 m
a.s.l.), especially on soils poor in nutrients, with little organic substance and rich in skeleton. Recently,
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in [32], it was shown that the use of a commercial seed mixture in a landslide area of the Alps which
had undergone soil stabilization work proved to be inefficient as only three species (two of which with
a reduced number of individuals) out of twelve were present two years after sowing. Furthermore,
according to [37], some species (such as Festuca rubra) present in commercial mixtures, if introduced in
alpine areas affected by restoration interventions, can compete with the native species, and may delay
successful natural alpine vegetation recovery.

In order to avoid these criticalities, these mixtures should then consist of native seeds of alpine
pioneer species [38] able to germinate on debris. Unfortunately, the greatest problem is that today,
on the market, it is difficult, if not impossible, to find such mixtures, especially in quantities that can be
used over large areas [39]. The study of the ecological characteristics of the alpine pioneer species,
as well as that of their biotechnical characteristics, could contribute to solving this problem. These
studies require the collaboration of researchers from various scientific sectors as well as a step by step
approach. One of the first “steps” to focus on is to understand if the seeds of alpine pioneer species,
collected in their natural environment, are vital ex situ, i.e., able to germinate spontaneously or with
the help of phytostimulants.

Taking these factors into consideration, this research aims to analyse the germinability of the seeds
of nine alpine pioneer species (perennial herbs and dwarf shrubs) typical of communities established
on limestone screes or on thin soils (present on more or less consolidated screes) in order to understand
whether, and how, it is possible to germinate their seeds ex situ in a sterile condition and with an easy
protocol. The germination is in fact the first step in a production procedure. Various germination tests
were conducted in the laboratory using calcium carbonate based treatments (in order to simulate the
chemical characteristics of calcareous screes) and gibberellic acid (phytostimulant) in order to assess
the effects that these substances have on the seeds of the plants studied and to identify the method
which allows maximum seed germination in the shortest time.

In particular, the aim was to inquire if seeds of little-known alpine plants growing on calcareous
screes answer differently to standardised treatments based on the use of calcium carbonate (a substance
characterizing their habitat) or if the well-known plant hormone gibberellic acid can increase their
germinability. The results of the tests are discussed focusing on the prospects for the use of these
species in future soil bioengineering work and on innovative actions that should be taken in this sector,
at least in Europe. A preliminary study is useful to start to hypothesize the use of these plants in soil
bioengineering, which has not often been contemplated until today.

2. Materials and Methods

2.1. Plant Material and Sampling Areas

Nine perennial alpine species were considered in this research: Papaver aurantiacum Loisel.,
Rumex scutatus L., Tofieldia calyculata (L.) Wahlenb., Pulsatilla alpina subsp. austroalpina D.M. Moser,
Silene glareosa Jord. subsp. glareosa, Adenostyles alpina (L.) Bluff et Fingerh., Dryas octopetala L.,
Laserpitium peucedanoides L. and Laserpitium krapfii subsp. gaudinii (Moretti) Thell. These plants are
herbs and dwarf shrubs that are part of plant communities that grow on calcareous screes (Thlaspion
rotundifolii and Petasition paradoxii phytosociological alliances) and/or on thin and skeleton-rich alkaline
soils (Caricion firmae, Seslerion caeruleae, Caricion austroalpinae alliances) [40–43]. There is no information
regarding seeds germination of these plants in natural environment. Their seeds were collected in
August and September 2018 in two sampling areas of the Southern Alps (Italy): Mount Cavallo/Mount
Pegherolo group (Orobie Bergamasche Regional Park, Latitude: 46◦02′ N, Longitude: 9◦41′ E) [44] and
Brenta Dolomites (Adamello-Brenta Natural Park, Latitude: 46◦09′ N, Longitude: 10◦50′ E). In both
areas, the mature seeds were collected from plants growing on limestone screes at 1.600–2.200 m
a.s.l. altitudinal range. Plant identification was carried out using Pignatti’s dichotomous keys [43].
The seeds of the same species collected in the two sampling areas were uniformly mixed, air dried,
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cleaned and stored in darkness at 4 ◦C for six months, after which germination tests were performed.
The scientific names of species are according to “Flora d’Italia” [43].

2.2. Germination Tests

Seeds were sterilised in 15% sodium hypochlorite solution for 5 min [45], then rinsed with distilled
water and finally transferred to sterile Petri dishes to avoid the attack of pathogens able to compromise
the germination. Three Whatman No. 3 filter paper discs were placed in each Petri dish with 25 seeds
placed on top to permit an easy visual control of the germination of each seed. Each Petri dish contained
the seeds of a single species and underwent one of the following treatments:

A. Addition of 5 mL of distilled water (control);
B. Addition of 1 g of CaCO3 and 5 mL of distilled water;
C. Addition of 5 mL of a solution containing 100 mg L−1 of gibberellic acid (GA3);
D. Addition of 1 g of CaCO3 and 5 mL of a solution containing 100 mg L−1 of GA3.

Petri dishes were hermetically sealed with parafilm to prevent evaporation. Four replicas were
performed for each treatment; therefore 400 seeds of each species were used for the germination tests.

The concentration of GA3 solution used in these tests is the same as that used in research by [46]
and which allowed the greatest seed germination (more than 90%) of two basophilous species endemics
in the Italian Alps. The CaCO3 concentration used is the amount that guarantees that water is saturated
with carbonates at room temperature (18 ◦C) and forms a carbonate layer in the Petri dish, a simulation
of the chemical conditions of water and substrate of limestone screes.

Seeds were incubated for 50 days in a germination chamber (FDM-Series C) in the following
environmental conditions: 12/12 h light/dark cycle at 23/18 ◦C respectively. Every two days the Petri
dishes were re-randomised [47] and seeds showing radicle emergence were recorded as “germinated”
and removed from the plates.

2.3. Data Analysis

At the end of the germination tests, the germination percentage (GRP) and germination speed
coefficient (GSP) were calculated according to [48]. In detail, GRP was calculated as follows:

GRP =

∑k
i=1 ni

N

× 100

where ni is the number of germinated seeds in the i time, k is the last day of germination evaluation
and N is the total number of seeds in each experimental unit. GSP was calculated using this formula:

GSP =

 ∑k
i=1 Gi∑k

i=1 GiXi

× 100

where Gi is the number of seeds germinated in the i time, k is the last day of germination evaluation
and Xi is the number of days from sowing. Both GRP and GPS are expressed in percentage.

For each species a one-way ANOVA test was used to evaluate the effect of the treatments on
GRP and GSP. The assumptions of normality of group data and homogeneity of variances had been
verified using the Shapiro–Wilk test and Levene’s test respectively. When significant (p < 0.05) effects
existed, differences were tested by Tukey’s post-hoc test at 95% confidence level. Finally, the GRP
and GSP data of the treatments of each species were analysed using Principal Component Analysis
(PCA) in order to highlight the main variables that differentiate them. GRP, GSP and ANOVA were
calculated/performed using the “GerminaR” package [48] of R 3.5.2 software [49]. PCA was performed
using the “vegan” package [50] of R.
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3. Results

At the end of the germination tests, a fair number of the seeds of each species had germinated except
for Silene glareosa, Laserpitium peucedanoides and Laserpitium krapfii. Since only few seeds germinated
(less than 2.5% considering all the treatments) for these three species, they were excluded from the
statistical analyses. Figure 1 shows the cumulative germination lines of the seeds of the other six
species undergoing different treatments. The graphs show that the germination lines are different from
one species to another and between various treatments. In particular, some species (Adenostyles alpina,
Rumex scutatus and Tofieldia calyculata) present, at least for some treatments, germination lines that tend
to increase gradually, while other species (Dryas octopetala, Papaver aurantiacum and Pulsatilla alpina)
present lines similar to sigmoid curves. The graphs in Figure 1 show that the various species, at the
end of the tests, have different germination percentages: only Papaver aurantiacum, Dryas octopetala
and Tofieldia calyculata have germination curves of more than 50%. Moreover, for some species
(Papaver aurantiacum, Pulsatilla alpina, Rumex scutatus and Tofieldia calyculata) there would seem to be a
considerable effect on germination due to GA3.
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Adenostyles alpina 
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Figure 1. Germination lines for tested species (excluding Laserpitium krapfii, L. peucedanoides and
Silene glareosa) given various treatments: A, water (control); B, water and CaCO3; C, GA3 solution;
D, CaCO3 and GA3 solution. The A and B lines of treatments of Pulsatilla alpina are overlapped.

In Table 1, the one-way ANOVA results show that for most species treatment has a significant
effect on GRP and GSP. Only for Dryas octopetala does the type of treatment have no significantly
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different effect on GRP, nor does it have a significantly different effect on GSP for Adenostyles alpina and
Papaver aurantiacum.

Table 1. One-way ANOVA results of main effects (germination percentage (GRP) and germination
speed coefficient (GSP)) of treatments. Key: *, significant (p < 0.05).

Species Response to Treatment Sum of Squares Mean of Squares F3,9 p

Adenostyles alpina GRP 1619.0 539.7 5.044 0.017 *
GSP 2.680 0.893 2.509 0.108

Dryas octopetala GRP 1011.0 337.0 1.220 0.345
GSP 2.933 0.978 4.302 0.028 *

Papaver aurantiacum GRP 20,499.0 6833.0 135.8 <0.001 *
GSP 5.910 1.970 0.380 0.770

Pulsatilla alpina GRP 433.0 147.7 4.567 0.024 *
GSP 9.565 3.188 41.55 <0.001 *

Rumex scutatus
GRP 4891.0 1630.3 43.28 <0.001 *
GSP 687.5 229.2 37.50 <0.001 *

Tofieldia calyculata GRP 13,043.0 4348.0 169.40 <0.001 *
GSP 4.269 1.423 10.28 0.009 *

Figure 2 shows the GRP values of each treatment of each species and the results of Tukey’s
post-hoc test. From the graphs, it can be observed that there is a significant difference between the
treatments with GA3 (treatment C and D) and without GA3 (A and B) for Papaver aurantiacum, Pulsatilla
alpina, Rumex scutatus and Tofieldia calyculata.
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In all these cases, the treatments with GA3 significantly increase GRP, except for the case of
Dryas octopetala. Only for Tofieldia calyculata is there a difference between treatments C and D with a
greater GRP in C, while for Adenostyles alpina the treatments without GA3 (A and B) are significantly
different only compared to D, which is the treatment with the highest GRP value. For no species is GRP
significantly different between the control (A) and the treatment with the addition of only CaCO3 (B).

Figure 3 shows the GSP values of each treatment of each species and the results of Tukey’s post-hoc
test. Dryas octopetala is the only species that has significantly higher GSP values with treatment A.
Rumex scutatus has, instead, significantly higher GSP with treatment B. The same can also be seen for
Tofieldya caliculata, although in this case, treatment B led to the germination of very few seeds (Figure 1).
Only for Pulsatilla alpina is there a significant difference between the C and D treatments with GSP,
which is higher in D.
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Finally, Figure 4 shows the PCA biplot in which the species have been grouped according to
treatment. Group D is the one with the lowest dispersion of points, which suggests that for this
treatment the seeds of the various species responded in a similar manner. The PCA biplot suggests a
direct correlation between GRP and GA3 and between GSP and CaCO3, since along the x axis (PC1),
GRP increases with GA3 treatment, while along the y axis (PC2), GSP increases with CaCO3 treatment.
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4. Discussion

The analysis of the germination test results shows that the nine species considered, despite having
the same ecological requirements and living in the same environments, responded to the tests very
differently. While the seeds of some did not germinate (or very few germinated) with no treatment,
others had different responses (as regards GRP and GSP) to the various treatments. This is in agreement
with [51] who, after analysing 23 key herbaceous species for use in European habitat restoration, found
that differences exist among species in their responsiveness to various germination cues.

The difficulty in germinating the seeds of Silene glareosa, Laserpitium krapfii and L. peucedanoides
suggests greater difficulty in producing seedlings of these species, which could affect their potential
use in soil bioengineering and/or restoration ecology. On the contrary, Dryas octopela was the only
species among those studied whose seeds showed good and rapid germination regardless of the type
of treatment. Even the seeds of Adenostyles alpina are able to germinate with the addition of water only
but had a much lower germination rate (13%), less than a third compared to that of Dryas octopetala
(51%) for the same treatment. As regards the other four species (Papaver aurantiacum, Pulsatilla alpina,
Rumex scutatus and Tofieldia calyculata), the percentage of germination in water, as well as that in
water and CaCO3, was extremely low. However, these species showed a good response, in terms of
GRP, to treatments with GA3, demonstrating that this plant hormone is necessary for their seeds to
germinate ex situ. GA3 is one of the main phytohormones to stimulate seed germination of different
plants such as Arabidopsis thaliana (L.) Heynh. [52], Primula glaucescens Moretti and Physoplexis comosa
(L.) Schur. [46].

Although the species considered are all basiphilous [40], and the seeds were collected from plants
present in limestone screes, the addition of only CaCO3 did not produce, for any species, important
effects as regards GRP; on the other hand, for some species, it increased GSP values. Notwithstanding
this, this effect would not have particular relevance for the production of young plants as the addition
of CaCO3 could reduce the germination time by only a few days.
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Other actions to increase the germination ability of native seeds would certainly be interesting
to investigate with the goal of using them in soil bioengineering and/or restoration works [38,39,53].
In this regard, some treatments with laccase to increase the rate of seed coat degradation [54] and
treatment with sulfuric acid followed by manual cleaning [53] apparently increased the germination of
orchid and Australian native grasses seeds, respectively, and could also be tested on alpine pioneer
species. Low temperatures could also favour the germination of alpine pioneer plant seeds as found
in [55].

In this preliminary study, the same concentrations of GA3 and CaCO3 were used for all the
considered species to analyse the answer of various alpine species to the same standardized treatments.
It should be considered, however, that each species could need different concentrations of GA3 and
CaCO3 to maximise the germination of seeds. In fact, in [46] it was demonstrated that the optimum GA3
concentration is different for Primula glaucescens and Physoplexis comosa, which are species belonging to
two different families (Primulaceae and Campanulaceae respectively) growing in the same habitat
(limestone rocks). The different requirements of each species could be the reason why the seeds of
Laserpitium krapfii and L. peucedanoides (the only two species of the Umbelliferae family among those
considered in this study) and those of Silene glareosa (Caryophyllaceae) had difficulties germinating.
Ad hoc studies could be useful for identifying the optimum concentrations of GA3 and/or CaCO3 to
increase or induce the germination of every single species or species belonging to the same genus/family.
Likewise, it would be useful and interesting to perform germination tests in laboratory using both
sterile substrates and natural soils to evaluate possible differences between the number of germinated
seeds in sterile conditions and the number of plants that emerge from the soil. Natural substrates
could in fact contain substances able to promote or disadvantage the germination or pathogens (as
fungi or bacteria) able to compromise the survival of young plants even before their emergence from
the soil. Performing germination tests in laboratory (under controlled conditions) and in the field
(environmental conditions) would also be interesting for understanding if, for each species, there
are differences in germination performances due to environmental conditions such as climate (for
example different temperature and humidity ranges) and/or soil (for example the presence of specific
microorganisms as bacteria and/or fungi). These studies, although very complex due to the number
of variables to consider, would certainly help to have a better comprehension of propagation and,
in general, of the entire lifespan of the alpine species, which still present many aspects that are worth
investigating [56] and that could be useful for practical purposes such as bioengineering.

From the results of this research, it is clear that, for most of the species considered, it would not be
difficult to germinate the seeds ex situ (in a laboratory/greenhouse) at room temperature (18–23 ◦C).
Although representing a step of fundamental importance, this is not the only aspect to be analysed
in order to produce seeds for donor plants to be cultivated ex situ and/or plants to be transplanted
in soil bioengineering works. In fact, immediately after seed germination, the question arises of
the growth and development of young plants that may not tolerate the environmental conditions in
which the seeds germinated. In the case of the production of young plants to be transplanted into the
wild, this problem could consist in the length of time needed for the plants to produce a good root
system and an equally developed epigeal apparatus. In this period of time, the young plants could be
cultivated in climatic chambers able to simulate the climatic conditions of mountain environments
and in vases containing limestone gravel to replicate the characteristics of the substrates in which they
grow in nature. When producing plants from which to collect the seeds (to be used for the production
of additional plants for transplants and/or to produce mixtures of seeds) the issue would be even more
complicated as they should be cultivated in environments (climatic chambers, greenhouses and/or
fields) that allow these plants to bloom, bear fruit and produce seeds that are healthy (vital) and easy
to harvest. However, the effort would be justified by the results.

In fact, many pioneer herbaceous plants of the Alps that colonize screes and/or poorly developed
soils are little known or unknown (and used) in soil bioengineering, although they are well known by
botanists dealing with flora and/or the study of plant communities (phytosociologists). These species,
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as well as being fascinating for their beauty and their ability to live in extreme environments [56,57],
make up the communities of the early stages of primary vegetation successions [58], the study of
which can be extremely useful for restoration of severely damaged habitats [59]. The species of
the early stages of primary successions are able to modify the environment (the soil in particular)
in which they live, creating the conditions for the growth of other species (herbs, shrubs and
trees) which are more demanding and which substitute them, leading to more mature, stratified
and stress-tolerant plant communities [20,32,35,41,60–64], that is, those in intermediate/late stages
of successions. In particular, some species of the communities that colonize the screes (those of
Thlaspietea rotundifolii phytosociological class) are able to stabilize debris (“scree stabilizer”, [65]) and/or
accumulate/provide fine sediments and organic substances to the soil (“scree accumulator”, [65]) [66],
for example Dryas octopetala L. [64,67]. These species, due to their ability to consolidate debris and
improve soil fertility, could be particularly useful in soil bioengineering works for the stabilization of
landslide areas, just as they could be equally useful in ecological restoration interventions in areas
where anthropogenic disturbance has produced environments with poor soils and rich in debris (such
as those that occur following the construction of ski slopes or quarrying). The ability of Dryas octopetala
seeds to germinate with the mere addition of distilled water added to the ability of this species to
improve soil fertility [68] and to act as an “ecosystem engineer species” [64,67], hence changing its
physical environment through its adapted traits and thereby creating habitats for other species [69,70].
This makes it interesting for use in soil bioengineering.

In order to innovate soil bioengineering, alongside purely botanical studies, biomechanical studies
should be conducted concerning the ability of the roots (or other hypogeal organs) to stabilize the
soil [8,71–73]. Such studies, in addition to improving root traction techniques [74], should be carried
out to gather more information on plants on which there is very little data, such as those considered in
this work. In fact, of the species considered in this research, only for Rumex scutatus is there data on root
biomechanical properties. This species, according to [8], has high tensile force (>120 N measured on
larger roots) and pronounced elasticity, which make it similar to the larch (Larix decidua) and therefore
particularly interesting in soil bioengineering. The same author highlighted an excellent balance
between ecological advantages and contribution to soil engineering properties through its roots by
Deschampsia cespitosa. This is an herbaceous species of alpine pastures for which, however, there are no
data regarding seed germinability ex situ nor regarding cultivation for the production of seeds and/or
plants to be used in soil bioengineering or restoration projects. The same is true for Dryas octopetala,
whose properties as an “ecosystem engineer species” [64,67] are known, as we exposed above, but for
which data are lacking on the mechanical properties of its roots/stems for soil stabilization; moreover,
before this research, even the germination potential of its seeds was not known.

Therefore, in coming years, it will be extremely important to obtain biotechnical test data to
integrate biological and ecological data (and vice versa) so as to obtain lists of species of which we
know the main characteristics useful for the purposes of soil bioengineering. Although such researches
would require great effort and collaboration between researchers of various disciplines (biologists and
engineers in particular), it should be encouraged by the fact that the market demand for seeds of native
plants to be used in restoration projects, also including those of soil bioengineering, is high, at least in
Europe [75]. Moreover, among the objectives of the European Union 2020 Biodiversity Strategy, there is
the target to restore at least 15% of degraded ecosystems by 2020 and, according to the study performed
by [76], the availability of native seeds to use for these objectives still appears to be a critical factor.

To encourage the study of new species to be used in soil bioengineering, in addition to implementing
research, regulations are needed that clearly establish which type of seeds/plants should be used in
the various types of interventions, thus making the use of autochthonous seeds/plants by those who
carry out soil bioengineering operations mandatory. This would certainly create a stimulus for the
creation of chains for the production of autochthonous seeds and would eliminate competition with the
current low-priced commercial seeds, since the prices of autochthonous seeds are far higher because
of high production costs due mainly to current technological tools and lack of knowledge [75–77].
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Some countries in Europe such as Germany, Austria and Switzerland have adopted a series of
regulations governing the production and use of autochthonous seeds, so that in these countries seed
zones have been identified (geographical areas within which seeds are to be collected, propagated
and sown) [78,79] and in which various seed producers (mostly private bodies) operate. In particular,
there are 12 native seed producers in Germany [80], 10 in Austria [81] and 12 in Switzerland [82].
In Italy, where there are still no regulatory instruments governing the use of autochthonous seeds in
soil bioengineering and/or restoration projects, there are only 4 companies that produce these plant
materials [76] of which three (“Seme Nostrum”, “Centro Flora Autoctona” and “Flora Conservation”)
are in the North of Italy. These companies now produce small quantities of native seeds to be
used in restoration projects both in the Po Valley, where there are many areas degraded by human
activity [83–85], and in the hilly and mountainous areas of the Alps. Regarding the production of
pioneer plants (and not only) to be used in the Alps, it would be very important to create supranational
seed/plant production centres [86] in order to encourage cooperation between European states. This last
action could fall within the EU-Strategy of the Alpine Region (EUSALP) [87] and within the aims of
the “Native Seed Science, Technology and Conservation” (NASSTEC) training network [39,75].

The study of this kind of pioneer plant use in bioengineering is still to implement as relatively little
biogeomorphic research has been carried out at high elevations in the emerging fields of restoration
ecology [88], and that which has been done has focused largely [89,90] on the use of vegetation
to improve slope stability. The interactions between soil and the organisms that are conducive to
decreasing sediment runoff [91] is a great concern on high elevation ski trails [92] and of great importance
for the natural, economic and social wellness of high-mountain communities. Avoiding erosion and
preserving landscape quality are fundamental both for winter and summer tourism. Further, a
multidisciplinary approach considering the role of vegetation and changes due to climatic events
for the study of composite debris cones would strongly enhance the capability to investigate natural
hazards and assess environmental impacts in mountain regions [93] and to take the right actions.

5. Conclusions

This research assessed the ex situ germination capacity of nine alpine pioneer species in order
to start to evaluate the feasibility of reproducing seeds and/or plants in an environment different
from the one in which they grow in nature for use in soil bioengineering for slope stabilization and
restoration. The relevance and novelty of this research is due to the fact the little-known/used species
in soil bioengineering and restoration ecology were considered and that the seeds of each of them,
although collected from plants with the same ecological requirements and from the same environment
(limestone screes of the Southern Alps), had different responses to standardised germination tests.
These differences show how it is important to have a deep knowledge of the biology and ecology of
plant species with a view to using them for slope stabilization, starting from the baseline of germination.
Additional researches should be addressed to investigating this biodiversity asset and will allow better
understanding of the life of alpine plants as well as defining their performances in soil bioengineering
and possible applications to improve environmental restoration work.
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