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Grasslands ecological restoration relies on native seeds. The methods of assessment usually used are expert-based
and focused on the similarity between the climatic and topographic factors of the two sites. The aim of the work
was to develop a tool in R environment, named ResNatSeed, able to predict the suitability of a seed mixture for
the receiving site, starting from some easily measurable topographic factors: elevation, slope, and aspect.

The modeling process used a training database containing vegetation and topographic information, allowing

the modeling of each species abundance across the three factor gradients. A Suitability Index is then computed
through the composition of a seed mixture (or that of the donor site) and on the topography of the restoration
site, based on the previous models. An open access Shiny application was also set up to provide an easy-to-use
tool for suitability modeling. This method can practically help practitioners during restoration programs using
native seeds, reducing the subjectivity when choosing potential donor grasslands for valuable seeds.

1. Introduction

Native seeds are known to be the most suitable material for grasslands
ecological restoration (Doherty et al., 2017; De Vitis et al., 2017; Mainz
and Wieden, 2018) since native species have been selected by evolution to
adapt to a specific environment. Moreover, commercial grass cultivars can
cause genetic pollution of native populations and tend to have higher
failures outside their optimal environments i.e., in extreme conditions
(Kiehl et al., 2010). Indeed, Barni et al. (2007) suggests that the main
reason for failures during revegetation above the timberline is the use of
non-adapted commercially available seed mixtures.

Native seeds are mostly harvested from natural and semi-natural
grasslands by hand collection, green hay, dry hay or by mechanical
seed harvesting through vacuum, combined or brushing harvesters
(Scotton et al., 2009). Different collection methods result in a different
composition of harvested mixtures (Scotton and Sevcikova 2017).
Among them, green hay is usually the most efficient method both in
terms of number of collected species and quantity of collected seeds
(Albert et al., 2019; Scotton, 2018a). The efficiency of the other methods
widely varies depending on environment and species (Scotton, 2018a).

* Corresponding author. Largo Paolo Braccini 2, Grugliasco, Turin, 10095, Italy.

Kiehl et al. (2010) found that 21-80% of the seeds produced by a
grassland are harvested and transferred to the sowing sites, depending
mostly on the environmental conditions and the vegetation composition
of the donor grasslands. In the Alps, Barrel et al. (2015) reported values
of 30-50%, while Scotton (2018a) and Scotton and Sevcikova (2017)
reported values from 30 to 80%. These authors also highlighted that a
fraction of the transferred seeds does not germinate readily but during
the second year. This is due to the dormancy of the seeds of some species,
which in temperate Europe is usually easily broken through the expo-
sure to cold temperatures (Wagner et al., 2021). Other features influ-
encing the harvest efficiency are seed weight and shape, which affects
the ability of the different techniques to harvest the seeds (Wagner et al.,
2021). By the way, the harvest of a given species is proportional to its
abundance in the grassland (Scotton et al., 2009; Albert et al., 2019).
The only species that cannot be harvested are the ones which have not
developed seeds yet or have already shed their seeds (Scotton, 2018a;
Scotton and Sevéikova, 2017). Thus, phenology is of great importance to
choose the right timing and maximize the seed load and the number of
species. For this reason, the number of species that can be collected is
generally overestimated by donor grassland composition, although
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useful to identify the possible species and their abundance. Being the
best proxy of the seed mixture, the European directive 2010/60/UE —
“Derogations for marketing of fodder plant seed mixtures intended for
use in the preservation of the natural environment” allows reporting the
grassland composition for the seed mixtures harvested directly on field.

Understanding the suitability of a seed mixture from a given donor
site to a restoration site may be challenging. The methods of assessment
usually used are expert-based and focused on the climatic similarity
between the two sites. Little research has been done to model the seed
mixtures suitability to a specific area, for instance by Doherty et al.
(2017) and Shryock et al. (2022). The latter modeled the species dis-
tributions in the Mojave desert and divided it into homogeneous areas,
which were then used to provide the most suitable seed mixture for a
specific point in the studied area. This tool could potentially be applied
to other sites but does not provide an index of suitability between a
specific seed mixture and a potential restoration site. The identification
of homogeneous genetic areas is commonly used also in forestry.
However, analyses are always limited to single species (e.g. Falk and
Mellert, 2011; Belletti et al., 2012). In the case of mixed grassland seeds
or seed mixtures, instead, the approach should be more complex, using a
multiple-species approach.

Doherty et al. (2017) focused on a climate similarity index to identify
the possible areas where a specific seed mixture could be used according to
macro-climatic conditions. However, the interest in macro-climatic simi-
larity between sites is low, especially in Europe, which has laws and
guidelines constraining the use of native seeds. The already cited EU
Directive 2010/60/UE prescribes that a seed mixture must be used in the
same homogeneous biogeographical area of the donor site where it was
harvested. Thus, seeds can be used in areas already homogeneous at
biogeographical, and thus macro-climatic, level. Consequently, differences
among seed provenances should be found in micro-climate, which is
mainly influenced by topography, in particular elevation, but also slope
and aspect. They don’t have a direct impact on plant physiology, but
directly affect some variables which do. Elevation is a good proxy for
temperature and rainfall, while aspect and slope are mainly proportional
to the solar radiation reaching plants and soil (Korner, 2003; Austin, 2013;
Boehm et al., 2021), which has several direct effects on evapotranspiration
and the drought stress undergone by a plant (Austin, 2013). For these
reasons, the three topographic variables mentioned above correlate well
with the vegetation composition according to Austin (2013). Moreover,
Boehm et al. (2021) also identified aspect, as a main factor affecting the
seasonality of germination, and, consequently, the success of seedlings in
case of extreme weather events or chill. Thus, topography could indirectly
affect the outcome of a restoration process. As Austin (2013) pointed out,
while indirect variables cannot provide explanation in terms of ecological
processes, they could be useful for local predictions.

The lack of available research and modeling regarding species and
habitat distribution along topographic gradients implies that the success of
restoration is nowadays monitored mostly ex-post rather than at the
planning stage (Gonzales et al., 2014), and mainly through expert-based
approaches. Anyway, many authors tried to find innovative solutions to
this lack of available methods. For example, Jiménez-Alfaro et al. (2020)
used Dexi, a Multi-Attribute Decision Making Program allowing the
assessment of the suitability of different species for the restoration of
agricultural habitats, by means of specific ecological and production traits.

A predictive model could help plan restoration according to the
occurrence and abundance of species along ecological gradients. The
distribution of species abundance along environmental gradients is a
highly debated issue. Many authors support the “abundant-center hy-
pothesis”, stating that species abundance is expected to be higher at the
center of their environmental niche and their performance declines
outside optimal environmental conditions (Waldock et al., 2019; Dallas
et al., 2020). However, other authors fully or partially reject this hy-
pothesis (Sagarin et al., 2006; Santini et al., 2019; Dallas et al., 2020),
because it is often not applicable to indirect variables like the topo-
graphic factors (Austin, 2013). While the abundant-center distribution
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can be easily modeled through a gaussian distribution, the modeling of
abundance along indirect variables should make use of complex models
that can fit the reality of the distribution independently from the shape
of the relationship between abundance and the topographic variables
(Austin et al., 2006). For instance, the potential natural vegetation
(PNV) concept uses complex statistical models to predict the potential or
original state of vegetation in a specific area, based on current vegeta-
tion distribution and environmental factors like climate, soil, and
topography (Kowarik, 1987; Somodi et al., 2017).

This paper reports on the development of a tool in R environment (R
Core Team, 2019) aimed to predict the suitability of a seed mixture to
the receiving site, starting from some easily measurable topographic
factors: elevation, slope, and aspect. The tool allows an objective
assessment of such a suitability thanks to an R package, named
ResNatSeed, and an easier to use Shiny web app. Shiny is a R interface
that allows the generation of easy-to-use web applications (Chang et al.,
2019), so that a user’s knowledge of R is not required.

2. Package overview
2.1. Main features

ResNatSeed is a tool built with the R language that computes the
suitability of a certain seed mixture with the conditions of the site where
the seeds would be used for restoration purposes. The computation process
uses the composition of the seed mixture, or the vegetation composition of
the donor grassland where the mixture is harvested, and the topographic
features of the restoration site (i.e. elevation, slope, and aspect). Based on
statistical models, the expected abundance in the restoration site is
calculated for each species, and then an index of suitability of the seed
mixture (Suitability Index, SI) is predicted, as a function of elevation,
slope, and aspect of the restoration site. The abundance of the species
potentially occurring in the mixture is determined from a large database of
vegetation surveys. Such a database can be either the default vegetation
database, which is related to the Piedmont Region (NW Italy), or provided
by the user to allow the usage of ResNatSeed for any geographical area.
ResNatSeed is available both as a package running under R and as a
Shiny app available offline and on the web either. Detailed tutorials for the
use of ResNatSeed R package and its Shiny app are available at the
package and Shiny app websites, respectively (links available at the
‘Software and data availability’ section).

2.2. Input files

Three input files are required to use ResNatSeed: a training data-
base, the species composition of the seed mixture or of the corre-
sponding donor grassland, and the topographic variables of the
restoration site.

Training database. The training database originates from a set of
located vegetation surveys and their corresponding topographic vari-
ables (elevation, slope, and aspect), named ‘vegetation and topograph-
ical variables database’. ResNatSeed has a default training database of
4081 vegetation surveys carried out in natural and semi-natural grass-
lands in good conservation state in the whole alpine area of the Pied-
mont Region (North-Western Italy). Based on species frequency and
abundance, it includes only species found in at least 50 surveys. The
database includes 248 plant species to be used to define the seed mixture
or the donor grassland composition. The surveys were spread along the
main gradients of grasslands distribution, obtaining a highly reliable
modeling for most species. Elevation ranged from 170 to 2912 m a.s.l.,
all the aspect range was covered, and slope ranged from 0 to 56°. In
section “3.2” additional details on the surveying methodology are pro-
vided. The list of the plant species of the default training database is
accessible by executing the command data (“cep.piem”). Species
names follow the Flora Alpina nomenclature (Aeschimann et al., 2004)
and they are associated with the cep.names code, an eight-letter
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abbreviation of species names according to the Cornell Ecology Pro-
grams (CEP). However, to use the package in other biogeographic re-
gions than the alpine one, users have the possibility to upload a
‘vegetation and topographical variables database’ with their own
vegetation surveys and related topographic factors. A customized
training database is generated afterwards using the trainingDB
function by specifying a threshold of minimum frequency and minimum
abundance of each species in the surveys. Species codes in CEP format
are also generated at the same time. In Fig. 1 are shown, as an example,
the structure of the input file ‘vegetation and topographical variables
database’ and the output file ‘training database’ of the trainingDB
function, respectively.

For reliable modeling, the custom database should include a large
number of vegetation surveys distributed over sufficiently large
geographic areas (e.g regional or national levels), to allow the species
distribution modelling along environmental gradients. However, it is
essential to consider that overly extensive areas (across different
biogeographic regions or with large latitudinal and longitudinal gradi-
ents) can lead to excessive variability in ecological gradients. Therefore,
the user must be able to assess the appropriate geographic extent to
consider based on its purposes. Nowadays, a lot of large vegetation
databases already exist for different geographical areas, e.g. VegBank for
North America (http://vegbank.org/vegbank/index.jsp), European
Vegetation Archive for Europe (http://euroveg.org/eva-database) and
sPlot for the whole world (https://www.idiv.de/?id=176&L=0) (Wiser,
2016). These huge databases could potentially be used as input of
ResNatSeed for specific areas of interest. However, considering the
ecological aim of using native seeds for restoration, only data from
natural and seminatural grasslands in a good conservation status and
with a low presence of alien species should be used. If topographic
variables are not available from databases, Digital Elevation Models
(DEMs) are often made accessible for free by local administrations at a
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fine spatial grain of a few meters and, if not, 30-m grid DEMs covering
the whole world are available too (e.g. Space Shuttle Radar Topography
Mission, https://earthexplorer.usgs.gov and ASTER Global Digital
Elevation Model, https://asterweb.jpl.nasa.gov/gdem.asp). From a
DEM is possible to compute the elevation, slope, and aspect of each
vegetation surveys with a Geographic Information System (GIS) soft-
ware. The spatial accuracy of the DEM should be proportional to the
accuracy of the vegetation data (Amatulli et al., 2018).

Seed mixture or donor grassland composition. The species
composition of the seed mixture is the list of the species and their
abundance in a seed batch whereas the donor grassland composition is
the list of the species and their abundance surveyed in a grassland where
native seeds are harvested. The list of such species should not include
other species than those occurring in the training database, i.e. new
species are not accepted, as SI is computed through statistical analyses
using only the variables in the training database. Therefore, the more
species in the seed mixture or donor grassland composition are present
in the training database, the more reliable the SI calculated by
ResNatSeed will be. With regards to the abundance of seeds in the
batch, the amount of seeds per species is a good approximation of the
germination potential of the different species, not considering any kind
of dormancy. This approximation is possible only for areas with a low
rate of dormancy, like temperate European areas, where dormancy is
usually below 50% (e.g. Scotton, 2018b) and is mostly broken after the
first cold season. In tropical areas, where dormancy rate is well above
50% (Kildisheva et al., 2020), this method could be highly unreliable, at
least in the short-term. An additional approximation concerns the use of
the donor grassland composition to estimate the seed mixture compo-
sition. The differences in the phenology of the various grassland species
mean that when harvesting seeds, only the species with mature propa-
gules will be included in the seed mixture, which will likely result in an
overestimation of the number of species present in the batch. However,

vegetation and topographical variables database

2 2 Achillea Anthoxanthum  Dactylis
Cod_ril elevation slope aspect : Y
= millefoliumaggr. odoratumaggr. glomerata
RO0O01 646 2.8 74.0 20 20 72
R0O002 630 3.1 87.3 8 4 72
RO003 623 4.6 81.0 8 64 16
RO0O04 652 0.8 1214 24 0 4
RO005 665 2.6 160.5 12 4 12

[...] [.] [.] [..]

[ [...]

l

ResNatSeed::trainingDB ()

training database

l

Cod_ril elevation slope southness species cep.names abundance
RO0O1 646 2.8 74.0 Achilleamillefoliumaggr. Achiaggr 20
RO005 665 2.6 160.5 Achilleamillefoliumaggr. Achiaggr 12
RO0D02 630 3.1 87.3 Achillea millefolium aggr. Achiaggr 8
RO003 623 4.6 81.0 Achilleamillefolium aggr. Achiaggr 8
RO004 652 0.8 121.4 Achilleamillefoliumaggr. Achiaggr 24
RO004 652 0.8 1214 Dactylis glomerata Dactglom 4
RODO1 646 2.8 74.0 Dactylis glomerata Dactglom 72
RO005 665 2.6 160.5 Dactylis glomerata Dactglom 12
RO002 630 3.1 87.3 Dactylis glomerata Dactglom 72
RO003 623 4.6 81.0 Dactylis glomerata Dactglom 16

[..] [=] [...] [...]

[...] [..] [..]

Fig. 1. Process of the trainingDB function of ResNatSeed through which the input file ‘vegetation and topographical variables database’ is reshaped into the
training database, taking into account the user-defined threshold of minimum frequency and abundance of each species.
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if harvested when most of the dominant species are ripe, the abundance
of the species in the grassland can represent most of the species and can
be used as a proxy to calculate the potential adaptability of a seed
mixture to a restoration site. In general, abundance must be a number
bounded between 0 and 100. For the seed mixture it represents the
proportion in weight of the seeds for each species, whereas for the donor
grassland composition it can be the cover assessed visually (e.g.
phytosociological surveys according to Braun-Blanquet, 1928) or the
species relative abundance and cover reported with point-intercept
methods (sensu Pittarello et al., 2016; Verdinelli et al., 2022). In case
databases are characterized by botanical surveys conducted using
different methodologies (e.g., point-intercept method, phytosociological
surveys), it is advisable to standardize the abundance values to make
them comparable. The seed mixture or donor grassland composition
must be provided in a two-column database, where the first column
contains CEP coded species names and the second with corresponding
abundance.

Topographic variables. The topographic features of the restoration
site are set from those of the potential receiving site where the resto-
ration will occur. As for the training database, the selected variables are
elevation (m a.s.l.), slope (°) and aspect (°N), three features easily
extractable from the same abovementioned DEMs. We are aware that the
factors influencing the distribution of plant species go well beyond these
three considered (such as lithology, climate, water availability, man-
agement type, etc.), but our goal was to use a limited number of vari-
ables that are easily accessible to the user. Moreover, when the spatial
scale is not extremely large, altitude is known to be correlated with
vegetation composition as it is an indirect expression of other environ-
mental variables with which it is correlated, such as temperature and
rainfall regime (Austin, 2013).

2.3. Algorithm for SI computation

The core function of the ResNatSeed package is called RestInd
and allows the computation of the Suitability Index (SI). The function
algorithm (Fig. 2) consists in selecting the species listed in the compo-
sition of the seed mixture or of the donor grassland from the training

Input
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database. Then, through a loop for each species, the following opera-
tions are carried out:

1) assignment to each survey in the training database of an altitude, slope
and aspect class with a pace of 50 m, 5°, and 10°, respectively. Before
such an assignment, aspect, being a circular variable, is linearized
through its conversion to southness (southness = 180 — |aspect —
180|) to avoid circular variables issues (Chang et al., 2004). The same
transformation is applied to the aspect of the restoration site.
selection, separately for each topographic variable and class, of the
survey with the maximum abundance value. Then the surveys with
the maximum abundance of the three topographic variables are
merged excluding possible duplicates deriving from the selection
from the different topographic variables (e.g. it is possible for a single
case to report the maximum abundance of a species for both a slope
and altitude class). Therefore, a database with unique surveys is
created. The maximum abundance is useful to estimate the
maximum potential of a species for the analyzed ecological range.
Every survey thus represents the potential maximum abundance for
that species, regardless of the abundance of other species.
Modeling of the species abundance in response to topographic factors
through four Generalized Additive Models (GAM) fitted using the
function "gam" of the “mgcv” package (Wood, 2017). GAMs are widely
used for species distribution modelling as they are a non-parametric
extension of Generalized Linear Models that use a data smoothing
procedure and, therefore, with a great advantage that the shape of the
species response curve does not have to be preliminary specified by a
mathematical function (Austin, 2013). Before modeling, species
abundance is converted to a 0-1 interval with the transformation
proposed by Smithson and Verkuilen (2006) to allow the usage of the
Beta distribution family. The four models are different according to the
presence or absence of interaction among variables: i) without any
interaction, ii) with interaction between elevation and southness, iii)
with interaction between elevation and slope, and vi) with the inter-
action among all the three variables. The smoother basis set for single
terms is a “thin plate regression spline” (bs = ‘tp’), whereas the
interaction between terms is set using a tensor product interaction ti

2

~

3

—

l Aspect ” Elevation N Slope l I Species list + abundances

/

Southness

Topographic variables

TRAINING
DATABASE

Selected species

Unigue dataset with all
species

r 2
/ + \‘ Cycle for each species

I Southness I Elevation I l Slope ’

Surveys with Surveys with Surveys with
Maximum Maximum Maximum
abundance abundance abundance

L J
e
UNIQUE SURVEYS
DATASET
no elevation®
Best fitting interaction slope

model

(AIC) elevation®
slope”

southness

elevation™
southness

GAM Modeling

@uamlly Index (SI) ’ IRehabm@

Fig. 2. Workflow of RestInd function algorithm of ResNatSeed R package.
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(), as the main terms are also present. Different models are performed
to find the best prediction of species abundance in relation to topo-
graphic variables. If no model fits, the species is discarded, otherwise
the model with the lowest Akaike Information Criterion (AIC) is
selected. Moreover, the Root Mean Squared Error (RMSE) and the
adjusted R2 are computed to detect the goodness of model fitting.
RMSE and adjusted R2 are computed with the function “rmse” and
“r2”, respectively, of the "performance" package (Liidecke et al.,
2021). In Table S1 the best models for each plant species listed in the
default training database are reported, while the response curves of the
modeled species across the three topographic variables are reported in
Fig. S1.

Prediction of the maximum achievable species abundance in the
restoration site by means of the best selected model and based on the
values of elevation, slope and aspect set by the user. The computed
value is named as ‘Predicted Maximum Abundance’ (PMA). The
modeling process does not work if the site variables are beyond the
range available in the training databae for each species to avoid
extrapolation. However, to limit problems linked to this constraint,
the algorithm allows to extrapolate the values if the lower limit of the
slope is < 5° and if the lower and upper limits of southness are
<22.5° and >157.5°, respectively. In this way, if the input is 0° but
the lower limit in the training database is for example 1°, the
calculation is still performed.

Prediction of the ‘Predicted Optimal Abundance’ (POA), which is the
maximum achievable abundance of a species in its optimal ecological
condition, based on all possible combinations of elevation, slope and
southness into the training database.

6) Computation of the ratio between the PMA and POA, which indicates
how far (ratio = 0) or close (ratio = 1) a species is from its ecological
optimum.

Computation of the ‘Expected Abundance’ (EA), which is the highest
achievable abundance of a species in a restoration site, based on how
far the species is from the ecological optimum, and considering a
negligible dormancy rate. This index is computed from the multipli-
cation of the ratio between the PMA and POA and the abundance of the
species reported in the seed mixture or donor grassland composition.

4

-

5

-

7

—

Upon execution, the algorithm ultimately produces the Suitability
Index (SI) and the Reliability Index (RI).

The SIrepresents the suitability of a seed mixture or donor grassland to
restore a site with specific topographic characteristics. It is calculated
dividing the sum of the predicted EAs of all modeled species by the sum of
their abundances in the seed mixture or donor grassland and it ranges
between 0 and 1. When SI tends to 0, the restoration site is totally beyond
the optimal ecological ranges of all the species of the donor grassland or
seed mixture, which is therefore not appropriate for the site restoration.
Conversely, when SI tends to 1 the restoration site has the optimal
ecological conditions for all the species of the seed mixture or donor
grassland, which is therefore perfectly appropriate for that site restoration.

The RI is an index of the reliability of SI. It is computed by dividing
the sum of the abundances in the seed mixture or donor grassland
composition of modeled species by the sum of the original seed mixture
or donor grassland composition abundances. This index accounts for the
species present in the mixture but not in the training database, which are
consequently excluded from the modeling. Also the RI ranges between
0 and 1. When Rl is close to 0, few to none of the species contribute to the
computation of the SI, whereas when RI is close to 1 the SI is computed
with most to all the species. Therefore, the higher is the RI, the more
reliable is the SI. Not all the species of the seed mixture and donor
grassland composition are modeled as i) they can be missing from the
training database or ii) the values of the topographic factors of the
restoration site are beyond their ecological ranges (e.g. if the elevation
of the restoration site is 250 m and a species has an elevation range
bounded between 1000 and 3000 m, such a species cannot be modeled).
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2.4. Output data

The RestInd function produces a list including three outputs:

a table named 'DESCRIPTIVES’ containing descriptive information

related to modeled plant species, such as the number of observations

and the minimum, maximum, and mean values of the three topo-
graphical features (elevation, slope, and southness) of the surveys in
which occurs each species;

e atable named 'SPECIES ABUNDANCES’ containing, for instance, the
Predicted Maximum Abundance (PMA), Predicted Optimal Abun-
dance (PMO), the Expected Abundance (EA) of each modeled plant
species along with the performance parameters of the best General-
ized Additive Model (i.e., adjusted R2 and the RMSE);

e a table names 'INDEXES’ containing the values of the Suitability

Index (SI) and Reliability Index (RI).

Additional information related to the output data are retrievable
from the help page of RestInd function (using ?RestInd in the R
console), from the package website (https://marcopittarello.github.
io/ResNatSeed/reference/index.html), and from the “Instruction” sec-
tion of the Shiny app (https://marco-pittarello.shinyapps.io/ResNa
tSeed_ShinyApp/).

3. Examples of application
3.1. Study area

The Piedmont training database originates from a dataset containing
4081 surveys derived from five research projects covering the whole region
(I tipi pastorali del Piemonte - Cavallero et al. (2007), Ager I-Gral, H2020
Super-G, LIFE Xero-Grazing and RDP Regione Piemonte, 2014-2020 Fili-
erba), accounting for 1114 species. Each survey contains the complete list of
species and their abundance. Piedmont region is characterized by a
temperate climate, varying from sub-mediterranean areas in the South, to
sub-atlantic areas in the North. Moreover, it is surrounded on three sides by
mountains, namely the Alps from the South-West to the North-East and the
Apennines in the South-East. These highly diverse conditions make Pied-
mont the Italian region having the highest number of autochthonous plant
species (Portale della flora d’Italia, 2022).

3.2. Methods

All the surveys were performed using the vertical point-quadrat
method (Daget and Poissonet, 1971) along a 25 or 12.5 m long tran-
sect (depending on the project), with the indication of the complete list
of species in a buffer of 1 m from each side of the transect. Nomenclature
follows Aeschiman et al. (2004). The values of elevation, slope and
aspect were extracted from a Digital Terrain Model with a grid of 25 m,
available from the Piedmont Region cartographic portal (Regione Pie-
monte, 2011).

The selection of the species found in at least 50 surveys resulted in
248 species retained in the dataset. The frequency of occurrence of each
plant species was converted to 100 measurements by multiplying such
frequencies by 2 or 4 for transects with 50 or 25 observation points,
respectively (Pittarello et al., 2016; Verdinelli et al., 2022). Such a
conversion determines the species percentage cover (%SC), which is an
estimate of species canopy cover. A value of 0.3 %SC was added for each
additional species present in the 1-m buffer around the transect (Perotti
et al., 2018).

3.3. Computation of suitability and reliability indices
Three hypothetical donor grasslands (A, B, C) were used to test the

RestInd algorithm across three different hypothetical restoration sites
(1, 2, 3) (Table 1).
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Table 1
Topographic characteristics of the three hypothetical restoration sites used as an
example for the modeling process.

Site Elevation (m a.s.l.) Slope (°) Aspect (°) Elevation Belt
1 250 5 200 Basal
2 850 25 180 Montane
3 1900 25 60 Alpine
Table 2
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The compositions of the three donor grasslands are reported in
Table 2, along with the ResNatSeed results.

An example in R environment for the computation of the SI and RI for
the donor grassland B at site 1 is shown below, whereas Fig. 3 is a
screenshot of the application of the same example with the Shiny app.

Example of the application of the Rest Ind function of ResNatSeed with the composition of three hypothetical donor grasslands (A, B, C) in three restoration sites (1,
2, 3) with different topographic characteristics (see Table 1). The percentage Species Cover (%SC) detected from a vegetation survey and the Expected Abundances
(EAs) calculated by ResNatSeed for each site are reported for the species identified in the three donor grasslands. The Suitability (SI) and Reliability (RI) Indices are
reported at the bottom of the table. Dashes indicate species which were absent in the training database, while NAs indicate species present in the training database but
only in different topographic ranges compared to the ones covered in the training database.

Cep_names Species Donor grassland A Donor grassland B Donor grassland C
Data ResNatSeed output Data ResNatSeed output Data ResNatSeed output
input input input
%SC EA (Site  EA (Site  EA (Site  %SC EA (Site EA (Site  EA (Site  %SC EA (Site  EA (Site  EA (Site
1 2) 3) 1) 2) 3) 1) 2) 3)
Achiaggr  Achillea millefolium aggr 6 1.38 1.92 3.36
Agroschr  Agrostis schraderiana 30 NA NA 26.7
Alchpent  Alchemilla pentaphyllea 2 NA NA 0.36
Anthaggr  Anthoxanthum odoratum 18 12.8 7.92 10.8 6 4.26 2.64 3.6
aggr.
Arrhelat Arrhenatherum elatius 44 20.2 9.24 6.6
Bracrupe  Brachypodium rupestre 11 NA 8.14 8.58
Bromerec  Bromus erectus 42 NA 38.2 30.7
Campbarb ~ Campanula barbata 4 NA NA 3.04
Carecary  Carex caryophyllea 1 NA 0.34 0.38
Carehirt Carex hirta 2 - - -
Carehumi  Carex humilis 9 NA 8.73 5.67
Caresemp  Carex sempervirens 46 NA NA 39.6
Centscab  Centaurea scabiosa 2 NA 0.92 1.58
Cerafont Cerastium fontanum 2 0.74 0.26 0.1
Dactglom  Dactylis glomerata 54 41.6 22.7 44.3
Euphstri Euphrasia stricta 4 NA NA 2.72
Festaggr Festuca ovina aggr. 15 NA 6.75 13.1
Festrubr Festuca rubra 40 NA 36.4 36.4 4 NA 3.64 3.64 2 NA 1.82 1.82
Festscab Festuca scabriculmis 26 NA NA 18.7
Galiaggr.2  Galium lucidum aggr. 1 NA 0.09 0.17
Geummont Geum montanum 20 NA NA 9.6
Helinumm Helianthemum 2 NA 0.14 1.28
nummularium
Helivers Helictotrichon versicolor 2 NA NA 0.8
Hierpilo Hieracium pilosella 4 NA 0.36 1.52
Hippcomo  Hippocrepis comosa 2 NA 0.3 0.64
Holclana  Holcus lanatus 14 13.4 10.2 4.76
Leonhelv  Leontodon helveticus 42 NA NA 21.8
Leonhisp  Leontodon hispidus 24 3.84 1.2 13.7
Lolipere Lolium perenne 60 55.8 34.2 16.8
Lotucorn  Lotus corniculatus 6 NA 0.6 3.72
Nardstri Nardus stricta 36 NA NA 35.3
Phlerhae  Phleum rhaeticum 4 NA NA 3.56
Pimpsaxi  Pimpinella saxifraga 1 NA NA 0.65
Planlanc Plantago lanceolata 8 5.92 3.52 1.92
Poaalpi Poa alpina 16 NA NA 12.3
Poaprat Poa pratensis 2 1.12 0.34 1.1
Poteneum  Potentilla neumanniana 1 NA NA 0.55
Ranubulb  Ranunculus bulbosus 3 1.2 0.6 0.18
Rhodferr  Rhododendron ferrugineum 4 NA NA 2.32
Salvprat Salvia pratensis 1 0.55 0.49 0.3
Sangmino  Sanguisorba minor 2 NA 0.32 0.8
Stacrect Stachys recta 1 - - -
Stelmedi Stellaria media 2 1.02 NA NA
Teuccham  Teucrium chamaedrys 9 NA 4.32 0.36
Thymaggr Thymus serpyllum aggr. 2 NA 0.76 1.4 6 NA 2.28 4.2
Trifrepe Trifolium repens 2 1.2 0.44 0.66
Trisflav Trisetum flavescens 4 NA 0.4 2.52
Vaccgaul  Vaccinium gaultherioides 2 NA NA 1.4
Vacemyrt  Vaccinium myrtillus 28 NA NA 20.2
Suitability Index (SI) 0.71 0.69 0.76 0.68 0.40 0.44 0.31 0.64 0.63
Reliability Index (RI) 0.05 0.20 1.00 0.96 0.98 0.98 0.08 0.98 0.99
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ResNatSeed: an R package and Shiny web app to predict the REStoration potential of NATive SEEDs using topographic factors

ResNatSeed #  Inst inRstudio  Contacts

Data previe Analysis output
1 - Select training database:
- Descriptives
® Default (Piedmont, Italy)
) Customized cep.names  species nobs minele maxele minslope maxslope  minsouth  max.south
. Anthaggr Anthoxanth 3 gr. 6. 5 759 .16 5 7 79
2 - Download species codes (CEP names) Anthagg Anthoxanthum odoratum aggr. 2 235 2759 0.16 51 3 1
Arrhelat Arrhenatherum elatius 44 202 1991 0.81 38 13 178
& Download
Cerafont Cerastium fontanum 68 236 2568 0.096 40 8.6 1
Dactglom Dactylis glomerata 58 170 2338 0.032 43 9.2 179
3 - Upload Seed mixture or donor grassland composition Festrubr Festuca rubra 60 404 2743 2 51 0.33 180
CSV File (semicolon separated) Holclana  Holcus lanatus 3 235 2061 0.001 36 1 180
Donor grassland composition.csv Leonhisp Leontodon hispidus 58 242 2734 0.48 49 6 179
= Lolipere Lolium perenne 48 185 2079 0.45 31 16 173
Header Planlanc Plantago lanceolata 58 185 2262 021 40 7.8 m
Poaprat Poa pratensis 60 170 2499 0.032 45 15 180
4 - Topographic factors of restoration site Stelmedi  Stellaria media 2o 2235 035 2 23 175
Elevation (m) Trifrepe Trifolium repens 7 185 0.23 47 16 180
250 Trisflav Trisetum flavescens 54 512 0.51 51 44 178
Aspect (%) Species abundances
200 cep.names  species PMA POA ratio R2adj RMSE SmDgA EA
Anthaggr Anthoxanthum odoratum aggr.  62.00  87.90 0.71 0.44 13.00 6 4.26
Slope (°)
Arrhelat Arrhenatherum elatius 19.80  43.40 0.46 0.44 8.40 44 2024
5
Cerafont Cerastium fontanum 32.10 0.37 0.62 7.20 2 0.74
Dactglom Dactylis glomerata 62.00 80.50 0.77 0.32 18.00 54 4158
“ Festrubr Festuca rubra \ ? 4
Holclana Holcus lanatus 2340 2430 0.96 0.04 13.30 14 1344
Lolipere Lolium perenne 7530 8140 0.93 0.31 20.70 60 55.80
Planlanc Plantago lanceolata 3230 4370 0.74 0.35 9.40 8 5.92
Poaprat Poa pratensis 39.80 7150 0.56 0.27 19.00 2 1.12
Stelmedi Stellaria media 28.40 0.51 0.63 13.50 2 1.02
Trifrepe Trifolium repens 4630 77.40 0.60 0.55 14.10 2 1.20
Trisflav Trisetum flavescens 4
60
@ 40
]
c
n
°
c
2
2
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Fig. 3. Screenshot of the ResNatSeed usage via the Shiny app. On the left side (grey box) the user can set the input data, namely the donor grassland composition
(grassland B in this example) and the topographical features of the restoration site (site 1 in this example). After clicking on the button ‘Run’, the output of the
RestInd function will appear in the ‘Analysis output’ section of the right side of the screen.
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library(ResNatSeed)
library(readxl)

Import of donor grassland B composition:
comp.B <- data.frame(read_excel("Donor grassland composition.xlsx",
"8"))

comp.B

#it Cep_names Abundance_%SC

## 1 Lolipere 60
## 2  Dactglom 54
## 3 Arrhelat 44
## 4  Leonhisp 24
## 5 Holclana 14
## 6 Planlanc 8
## 7  Anthaggr 6
## 8 Festrubr 4
## 9 Trisflav 4
## 10 Carehirt 2
## 11 Cerafont 2
## 12 Poaprat 2
## 13 Stelmedi 2
## 14 Trifrepe 2

Computation of the Suitability Index (SI) and Reliability index (RI) for the donor grassland B in the site 1:

results<-RestInd( NULL, # with 'NULL' the default training database will be
used
comp.B, # database with the composition of donor grassland B
250, #elevation of site 1 (meters)
5, # slope of site 1 (degrees)
200 # aspect of site 1 (North degrees)
)

The output of RestInd, stored in the object results are the following:
results

## $DESCRIPTIVES

## cep.names species n.obs min.ele max.ele min.slope
## Anthaggr Anthaggr Anthoxanthum odoratum aggr. 62 235 2759 0.16
## Arrhelat Arrhelat Arrhenatherum elatius 44 202 1991 0.81
## Cerafont Cerafont Cerastium fontanum 68 236 2568 0.096
## Dactglom Dactglom Dactylis glomerata 58 170 2338 0.032
## Festrubr Festrubr Festuca rubra 60 494 2743 2
## Holclana Holclana Holcus lanatus 35 235 2061 0.091
## Leonhisp Leonhisp Leontodon hispidus 58 242 2734 0.48
## Lolipere Lolipere Lolium perenne 48 185 2079 0.45
## Planlanc Planlanc Plantago lanceolata 58 185 2262 0.21
## Poaprat Poaprat Poa pratensis 60 170 2499 0.032
## Stelmedi Stelmedi Stellaria media 37 202 2235 0.35
## Trifrepe Trifrepe Trifolium repens 79 185 2712 0.23
## Trisflav Trisflav Trisetum flavescens 54 512 2664 0.51
## max.slope min.south max.south

## Anthaggr 51 7.3 179

## Arrhelat 38 13 178

## Cerafont 40 8.6 177

## Dactglom 43 9.2 179
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## Festrubr 51 0.33 180
## Holclana 36 11 180
## Leonhisp 49 6 179
## Lolipere 31 1.6 173
## Planlanc 40 7.8 177
## Poaprat 45 1.5 180
## Stelmedi 22 2.3 175
## Trifrepe 47 1.6 180
## Trisflav 51 4.4 178
##
## $SPECIES_ABUNDANCES
#it cep.names species PMA POA ratio R2.adj RMSE SmDgA
## 1  Anthaggr Anthoxanthum odoratum aggr. 62.0 87.9 ©.71 0.44 13.0 6
## 2 Arrhelat Arrhenatherum elatius 19.8 43.4 0.46 0.44 8.4 44
## 3  Cerafont Cerastium fontanum 32.1 85.9 ©0.37 0.62 7.2 2
## 4  Dactglom Dactylis glomerata 62.0 80.5 ©.77 0.32 18.0 54
## 5 Festrubr Festuca rubra NA NA NA NA NA 4
## 6 Holclana Holcus lanatus 23.4 24.3 0.96 0.04 13.3 14
## 7  Leonhisp Leontodon hispidus 10.8 68.9 ©.16 ©.71 6.0 24
## 8 Lolipere Lolium perenne 75.3 81.4 ©.93 0.31 20.7 60
## 9 Planlanc Plantago lanceolata 32.3 43.7 ©.74 .35 9.4 8
## 10 Poaprat Poa pratensis 39.8 71.5 0.56 0.27 19.0 2
## 11 Stelmedi Stellaria media 28.4 55.2 ©.51 0.63 13.5 2
## 12 Trifrepe Trifolium repens 46.3 77.4 0.60 0.55 14.1 2
## 13 Trisflav Trisetum flavescens NA NA NA NA  NA 4
## EA
## 1 4.26
## 2 20.24
## 3 0.74
## 4 41.58
## 5 NA
## 6 13.44
#H 7 3.84
## 8 55.80
## 9 5.92
## 10 1.12
## 11 1.02
## 12 1.20
## 13 NA
##
## $INDEXES
## SI RI
## 1 0.68 0.96

. (continued).

3.4. Interpretation of the results

Donor grassland A was a typical alpine mesophilous grassland
belonging to the phytosociological order Caricetalia curvulae, dominated
by Carex sempervirens Vill., Festuca rubra aggr. and Leontodon helveticus
(Mérat) Holub. The most suitable restoration site for this donor grass-
land was site 3, a steep NE-facing slope located at 1900 m a.s.l., for
which the highest values of both SI and RI were retrieved. All the species
were present in the training database, as indicated by the RI, which was
1, hence every species was successfully modeled. According to the RI,
the modeling of the sites 1 and 2 accounted only for 5% (RI = 0.05) and
20% (RI = 0.20) of the abundance, respectively, thus the SI for those
sites was highly unreliable.

Arrhenatherum elatius (L.) P.Beauv. ex J.Presl & C.Presl, Dactylis
glomerata L. and Lolium perenne L. were the dominant species in donor
grassland B, a lowland hay meadow, belonging to the phytosociological
order Arrhenatheretalia elatioris. Only one species was absent in the
training database, i.e. Carex hirta L., so the RI was high in all three
restoration sites, being RI > 0.96. Most of the species were potentially
present in the three restoration sites, but only the first one had a SI
higher than 0.5, being the most suitable site for this seed mixture.

Donor grassland C was a dry grassland of medium altitude domi-
nated mainly by Bromus erectus (Huds.) Fourr. and secondarily by

Festuca ovina aggr. and Brachypodium rupestre (Host) Roem. & Schult.
This vegetation community belongs to the phytosociological order
Brometalia erecti. Only Stachys recta L. was absent in the training data-
base, explaining the maximum RI = 0.99. While a few species were
adapted to the first restoration site, sites 2 and 3 were both sufficiently
suitable (SI > 0.63 and RI > 0.98), despite their huge topographic dif-
ferences. This is mainly due to the wide ecological optimum of the
dominant species Bromus erectus. Indeed, according to the response
curves derived from the GAMs (Fig. S1), this species showed a high
plateau of %SC bounded between 800 m and 2000 m a.s.l. and between
60° and 180° of southness. Such opposite elevational and southness
limits characterized the differences between the restoration sites 2 and
3, which however were both suitable for this seed mixture.

The three examples (Table 2) were highly representative of the
function of ResNatSeed. Indeed, the three donor grasslands had a
composition most compatible with the areas with their most similar
ecological requirements. Moreover, the indices were useful to identify
the level of compatibility. Indeed, the second donor grassland was a
good example of the fact that the perfect donor grassland could be ab-
sent from the proposed ones, implying the need of further research of
potential grasslands with a higher compatibility.
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4. Conclusions

Restoration of degraded lands with native seeds is becoming wide-
spread across the globe. ResNatSeed could help reduce the subjectivity
during the assessment of ecological compatibility between donor
grasslands and restoration sites. It can improve the choice of the best-
suiting species or donor grasslands according to their ecological
compatibility with the restoration site. However, as ResNatSeed
cannot calculate the germinability of the mixture, it should be used by
users as a source of general indication of the performance suitability of a
seed mixture. Nowadays, ResNatSeed uses only three main topo-
graphic variables easily extractable from a DEM, but it could be further
improved with other topographic, climatic or litho-pedological variables
available for different areas or purposes. Moreover, nowadays several
large vegetation databases are available for different geographical areas.
These large databases could be used to train ResNatSeed for specific
areas of interest, expanding the potential use of the tool for restoration
ecology modeling. The implementation of ResNatSeed on an easy-to-
use Shiny web app further extends the applicability of the tool, allow-
ing professionals and non-experts of the software R to use this modeling
method for restoration purposes.
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