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Abstract: Seminatural grasslands are among the most threatened habitats in Europe and worldwide,
mainly due to changes in/abandonment of their traditional extensive use by grazing animals. This
study aimed to develop an innovative model that integrates plant biodiversity, animal husbandry,
and geo-informatics to manage and preserve seminatural grasslands in protected areas. With this
objective, an integrated study was conducted on the seminatural grasslands in the hilly, montane,
and (to a minimum extent) subalpine belts of the Maiella National Park, one of Europe’s most
biodiversity-rich protected sites. Plant biodiversity was investigated through 141 phytosociological
relevés in homogeneous areas; the pastoral value was calculated, and grasslands’ productivity
was measured together with the main nutritional parameters. Uni- and multivariate statistical
analyses were performed to identify the main grassland vegetation types, their indicator species
and ecological–environmental characteristics, and their pastoral and nutritional values’ variability
and differences. A total of 17 grassland types, most of which correspond to habitat types listed in
Annex I to the 92/43/EEC Directive, were identified and characterised in terms of their biodiversity
and potential animal load. To allow for near-real-time analysis of grasslands, an NDVI-based web
interface running on Google Earth Engine was implemented. This integrated approach can provide
decision-making support for protected-area managers seeking to develop and implement sustainable
grassland management practices that ensure the long-term maintenance of their biodiversity.

Keywords: biodiversity; Google Earth Engine; grazing; Maiella National Park; management; NDVI;
pastures; vegetation

1. Introduction

“Seminatural” grasslands are secondary, disturbance-depending habitats, resulting
from a combination of low-intensity human land use and ecological processes; this means
that these herbaceous vegetation types are not totally natural but rather the result of long-
term human activity, dating back to the beginning of agriculture [1], in places where the
natural vegetation would not be a grassland. The interruption of their use for extensive
livestock grazing or mowing brings about secondary succession processes, tending towards
the climax vegetation of the site [2–4]. Extensively grazed and mowed/grazed grasslands
are characterized by species-rich plant communities and are recognized among the richest
habitats in Europe [5–9]. They hold high conservation value and provide multiple ecosystem
services—or, even better, nature’s contributions to people (NCPs) [10]—above all offering
habitats to innumerable other species, including crop wild relatives and pollinators [11–17].
Despite their remarkable naturalistic value, species-rich seminatural grasslands include
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some of the most threatened habitats in Italy and Europe [18,19] and worldwide [20]. Ac-
cording to the results of the fourth cycle of Annex I Habitats Monitoring and Reporting
ex-Art. 17, in Europe, their conservation status ranges from “unfavourable–inadequate”
to “unfavourable–bad”, with very few exceptions [21]. The main drivers of deterioration
are changes in grassland management, including land use intensification (overgrazing,
fertilization) and, above all, changes in/abandonment of the traditional extensive use by
grazing animals, a phenomenon increasingly (and already for decades) affecting several Eu-
ropean mountainous regions, such as the Balkans, the Massif Central, the Carpathians, and
the Apennines [22–34]. To preserve the structure and functions of seminatural herbaceous
ecosystems, it is necessary to prevent the establishment of successional dynamism caused
by the settlement and growth of edge, shrubby, and arboreal vegetation, and the consequent
lowering in species diversity [4,14,33,35–38]. In light of this, seminatural grasslands pose
an emblematic challenge for nature conservation in that they require both a careful evalua-
tion of their biodiversity and an estimation of their value as forage, directly affecting the
potential animal load [39,40]. This is particularly true in protected areas, where local, na-
tional, and supra-national legislation impose responsibility for conservation actions [41–44].
Understanding the complex dynamics of grassland ecosystems across spatial and temporal
dimensions is indeed crucial to assessing conservation efforts’ effectiveness and promoting
sustainable practices [45]. Satellite remote sensing is invaluable in this context, offering a
cost-efficient, timely, and replicable method for vegetation analysis [31,46].

A science-based approach is crucial to adequately address management and ensure the
sustainable use of natural and seminatural areas [47–49]. For this reason, filling the gaps by
continuously updating detailed knowledge about local aspects of biodiversity is a pivotal
step. This study aimed to develop an innovative model that integrates plant biodiversity,
animal husbandry, and geo-informatics to manage and preserve the seminatural grasslands
in a protected area. The site was selected for its extensive plant diversity and management
potential. By combining a botanical investigation of the pastures, an analysis of their
pastoral value and biomass, and the development of a tool to optimise their time of use by
livestock, the research aims to provide an effective protocol for implementing seminatural
grasslands conservation and, at the same time, support both farmers and management
bodies in their use.

2. Materials and Methods
2.1. Study Area

The study took into account the grassland areas inside the Maiella National Park—Geopark
Unesco (hereafter MNP) currently or formerly used as pastures or mowed/grazed meadows
(i.e., grasslands mowed in spring and then grazed) within the hilly, montane, and, marginally,
subalpine belts. The MNP is located in the eastern portion of the Central Apennines in Italy
and covers about 740 km2. It is made up predominantly of carbonate reliefs, with evident and
extensive traces of periglacial phenomena and frequent karst formations, and presents a great
morphological and altitudinal variety (130–2793 m) [50,51]. The high altitudes and proximity
to the sea (the Adriatic Sea is just 30 km away) guarantee a rigid but also variable climate that
makes this a unique area, preserving the most rare and valuable part of Italian biodiversity [52].
The rainfall ranges from 700 to 1600 mm/year [53] (data for the years 1991–2020). The MNP
is an important node of the Natura 2000 network, including a Special Protection Area (SPA)
and 4 Special Areas of Conservation (SACs). The park’s flora stands out for its high numbers:
2286 species and subspecies [54], among which are 201 plants endemic to Italy and more than
200 that are included in the Italian Red Lists [55,56] and/or Annexes II-IV to the 92/43/EEC

“Habitats” Directive [57]. The MNP hosts more than 30 natural and seminatural habitats listed in
Annex I to the 92/43/EEC Directive [58]. The grassland areas, in particular, host several Annex
II-IV plant species and Annex I habitat types, e.g., 6210, 6230*, 6510, and 6170 [58,59], which
require conservation efforts [54,60,61].
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2.2. Botanical Investigation

In order to determine the plant biodiversity of the target grasslands, field surveys
were conducted by botanical expert staff in spring–summer 2019 and 2020, carrying out
141 phytosociological relevés, representative, as for number and location, of the diversity of
the study areas and suitable to reflect the specific composition and abundance relationships
between the species in the various types of grassland vegetation (Figure 1). The sampling
design started from the preliminary identification of homogeneous areas, based on a
set of environmental characteristics derived from a digital terrain model [62], geological
attributes [63,64], climatic data [65], and vegetation series [66], to characterise the diversity
of grassland habitats and be representative of the largest part of the territorial and ecological
variability in the entire area covered by the research. The relevé locations were selected
within an altitude mostly ranging between 1000 and 2000 m a.s.l. (min 614, max 2383,
average 1436 ± 348.6 sd), over an area of about 20,000 ha, taking into consideration a
wide variety of slopes and aspects. Areas with extremely discontinuous vegetation cover
(total cover <40%) as well as high-altitude primary vegetation types were excluded, as
were screes, rock sites with outcropping rock, and those with excessive slopes (>40◦). The
surveys were carried out before the grazing period on progressive dates for the different
sites located at increasing altitudes, to sample each type of vegetation at its moment of
maximum vegetative growth.
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Figure 1. Map of the study area and location of the MNP borders and sampling plots; in the top right
insert: location of the MNP (red point) in Italy and Europe. Administrative boundaries: Eurostat,
EuroGeographics (available at https://ec.europa.eu/eurostat/web/gisco/geodata/reference-data/
administrative-units-statistical-units, accessed on 3 February 2024).

The vegetation surveys were conducted applying the phytosociological methodol-
ogy [67,68] and later updates; see [69,70]. Each sampling plot was carried out within
standard 4 × 4 m2 sample areas [71,72]. Plots were located inside environmentally/
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physiognomically homogeneous areas, based on a stratified random criterion. In each
plot, the following were noted: (1) site characteristics (geographic coordinates, altitude,
aspect, slope, total cover, rockiness/stoniness, bare soil); (2) a complete list of all vascular
species present; (3) cover values for each plant species. Geographic coordinates and altitude
were measured using a Garmin® GPS Etrex device. Aspect and slope, the latter in three
replicates, were measured per plot using the free applications “Commander Compass Go”
and “Angle Meter” installed on an Apple® iPAD. Total cover, rockiness, stoniness, and bare
soil were assessed as percentages by visual estimation. Plant species were recognized in
the field and, when needed, collected and identified in the laboratory, by way of the keys to
Italian flora [73–75]. Taxa nomenclature was updated in compliance with the Portal to the
Flora of Italy [76], taking into account the last floristic updates for the study area [54]. Plant
species cover values were estimated as percentages of foliage projection on the ground
compared to the total sampling surface. The grassland types were interpreted based on
the relevant phytosociological literature, with particular attention to the sources from the
study area or neighbouring territories, e.g., [66,77–95]. The syntaxonomic framework refers
to the Prodrome of Italian Vegetation ([96] and subsequent updates) and, in some cases, to
the European Vegetation Checklist [97]. The syntaxonomic nomenclature is in accordance
with Theurillat et al. [98]. Grassland types were named after existing phytosociological
associations. If not assignable to previously described syntaxa, they were named after the
dominant plant species. Annex I habitat interpretation follows the official European [58]
and national sources [59,99,100].

2.3. Pastoral Value and Biomass Analyses

In order to define the optimal load of grazing animals necessary for the maintenance
of each type of seminatural grassland identified, the pastoral value (PV) was calculated. It
is expressed by the formula: PV = 0.2 × ΣSPCi × SIi, where SPCi is the specific presence
contribution of the i-th species (as a percentage), while SIi is the specific index, ranging
from 0 to 5, of the same species [101–107]. For the SPC, we applied the method based on the
“visual estimation” of the degree of coverage, proposed by several authors [108–111]; for this
purpose, we used the cover values detected during the botanical survey. We also applied
the classical “point quadrat” methodology [103,104] at a subset of 21 sites and checked
whether the results obtained with the two different methods were congruent. To assign
the specific index, whose validity is limited to the environmental and geographical context
for which it is proposed [112], we analysed the available sources from the Mediterranean
Basin [101,107,113] and selected the closest and most comparable sites from the Central
Apennines [105,109,114–116]. For a precautionary approach, the lowest value was preferred
if the same species had different scores.

In order to provide information about the nutritional characteristics of each type of
seminatural grassland identified, we measured the grasslands’ productivity in 86 sites.
Biomass samples were collected from 1 × 1 m2 plots nested inside the botanical 4 × 4 m2

plots. The net dry matter (DM) was calculated by measuring the dry weight of the mown
grass subjected to a temperature of 60 ◦C until completely dry. After drying, the samples
were ground for chemical analysis using a Cyclotec 1093 mill (PBI International, Milan,
Italy) using a mesh size of 1 mm. AOAC 920.39, 9142.05 and 796.06 official methods [117]
were used, respectively, for ether extract (EE), ash, and crude protein (CP) determination.
Fibre fraction content (neutral detergent fibre, NDF; acid detergent fibre, ADF; acid de-
tergent lignin, ADL) was determined according to Van Soest et al.’s method [118] using
thermostable alpha-amylase and expressed including residual ashes. Hemicellulose (HEM)
was calculated as the difference between NDF and ADF, while cellulose (CEL) was cal-
culated as the difference between ADF and ADL. Non-fibre carbohydrates (NFCs) were
calculated by the following equation: NFC (%DM) = 100 − (NDF + CP + Ash + EE). Data
were then converted to g/m2, based on the dry matter, since the availability of nutritional
parameters per surface unit is more appropriate for evaluating the potential load and
carrying capacity in grazed grasslands.
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2.4. The Development of a GEE App

With the aim of providing a tool to optimize the time of use of the grasslands by
livestock, a GEE app was developed based on the comprehensive archive of Sentinel-2
data, freely available via Google Earth Engine (GEE). Initially, the data were filtered and
corrected to ensure only the highest-quality information was used. The first step involved
filtering the Sentinel-2 data based on the desired time range and a cloud coverage threshold,
which excludes images with a coverage percentage of 20% or more. The Sentinel-2 Scene
Classification Layer (SCL) band was also used to eliminate saturated or defective pixels
and those representing cloud shadows, clouds, cirrus clouds, and snow. The resulting
data were spatially filtered using the grassland category (“30”) from the ESA WorldCover
2021 [119].

The Sentinel-2 data from the preceding 15 days before accessing the app were used to
construct an RGB composite image using bands 4, 5, and 6 and a composite near-infrared
image using bands 5, 6, and 8. The vegetation growth analysis depended on using the NDVI
calculated using the following formula [120]: NDVI = (NIR − Red)/(NIR + Red), where
“NIR” represents the near-infrared band and “Red” represents the red band, specifically
band 8 and band 4 of Sentinel-2, respectively.

The NDVI was used to build an NDVI median image layer of the last 15 days and an
NDVI maximum value layer of the last year. The NDVI graph was constructed using a
specific tool in the app interface, which uses the most recent 3 months of data to display
the current growth curve. The data from the previous year, included in the 15-month time
series data, were used to display the previous growth curve. To build the graph, the time
series were smoothed using a Savitzky–Golay filter [121].

2.5. Statistical Analyses

The 141 phytosociological relevés allowed the construction of a matrix consisting of
141 relevés × 354 species, after the exclusion of the sporadic species occurring in fewer
than three sample plots. Multivariate analysis was performed using “R”, v. 1.7.12 [122]. A
hierarchical cluster analysis (agglomeration method Ward.2 in the “hclust” function) was
applied to the normalized relevés × species’ distance matrix (Euclidean distance measure
in the “vegdist” function, “vegan” package) in order to identify the main grassland’s
vegetation types. The most statistically significant species for each type of grassland were
identified using Indicator Species Analysis (ISA, ‘”multipatt” function in “indicspecies”
package, association function: IndVal.g, minstat: 0.5, permutations: 9999) [123,124]. Using
PAST software v.4.10 [125], we graphically represented the ecological–environmental vari-
ability in the identified grassland types with “box and whisker” graphs (parameters: slope,
rockiness and stoniness, bare soil, total vegetation cover). The floristic variability, including
the number of species per survey plot, Shannon and Simpson biodiversity indexes, and
equitability [126], was represented with “violin” plots.

The reliability of the “visual estimation” survey for the PV was tested by applying a
regression analysis using RMA (Reduced Major Axis Regression). The normality of both
the sets of PV data obtained by the “visual estimation” and “point quadrat” methods
(n = 21) was confirmed by a Shapiro–Wilk test [127]. Data were processed by applying
a linear model of bivariate regression using RMA (Reduced Major Axis Regression; 95%
bootstrapped confidence intervals, n = 1999) with PAST software [128]. The variability
in the PV among the different grassland types is graphically represented with “box and
jitter” charts and was analysed using PAST software to highlight the statistically significant
differences by a Kruskal–Wallis one-way non-parametric ANOVA test, followed by a
Mann–Whitney pairwise test. Since the normality of the data was not confirmed by the
Shapiro–Wilk test [127], data were log-transformed.

The statistically significant differences between nutritional parameters from the dif-
ferent grassland types were highlighted using a Kruskal–Wallis one-way non-parametric
ANOVA test, performed using PAST software. The effects of environmental (altitude,
slope) and floristic/vegetation (total cover, number of species per plot) factors on grassland
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productivity and chemical composition (DM, EE, NDF, ADF, ADL, HEM, CEL, CP, NFC),
considered both as percentage values and g/m2, were tested by a Generalized Linear Model
(GLM), with data log-transformed using PAST software. Bivariate regression was used
to search for correlations between the PV values of the identified grassland types and the
measured chemical parameters, expressed as percentages (linear fit, 95% bootstrapped
confidence intervals, n = 1999; data log-transformed), using PAST software.

3. Results
3.1. Vegetation Diversity of the Investigated Grasslands

From the 141 relevés carried out, a total of 534 plant species were detected and identi-
fied. The dendrogram resulting from the hierarchical classification (Figure S1) highlighted
three main clusters, corresponding to macrogroups of grasslands: A—medium–high-altitude
seminatural pastures; B—medium–low-altitude seminatural pastures; C—mowed/grazed
seminatural meadows. The dissimilarity among the floristic compositions enabled the identifi-
cation of 17 groups with a comparable level of diversity, corresponding to as many grassland
types. From a syntaxonomic point of view, these were framed in four vegetation classes. The
first is Festuco-Brometea (cluster A, groups 1 to 3 and 7 to 9, and cluster B), including dry
grasslands and steppe vegetation mostly found in hilly and mountainous areas of Europe and
Western Siberia, dominated by xerophilic and mesophilic hemicryptophytes and mostly found
on calcareous substrates; the second is Nardetea strictae (cluster A, groups 4 to 6), which refers
to dense grasslands found on acidic, decarbonated soils in the Atlantic, Central European, and
Mediterranean regions; the third is Molinio-Arrhenatheretea (cluster C), including meadows
ranging from hygrophilic to mesophilic, distributed from the Temperate to the Mediterranean
macrobioclimates, and growing on soils that vary in the quantity of organic matter; and
the fourth is Elyno-Seslerietea (cluster A, group 10), represented by the subalpine calcicolous
tussock grasslands dominated by graminoids and dwarf chamaephytes, growing on cryotur-
bated soils, which are covered by snow for long periods [96]. The clusters referring to Nardetea
strictae and Elyno-Seslerietea are both nested in the macrogroup A, with which they share a
medium–high-altitude location and the occurrence of several plant species related to that
altitudinal range. Table S1 lists the 17 detected grassland types, whose complete names mostly
refer to existing phytosociological associations, except for types 12, 15, 16, and 17. The Annex I
Habitats corresponding to the identified grassland types are also reported in Table S1, together
with their altitudinal range and prevalent aspects. Most of the grasslands belong to Annex I
Habitat types 6210*, 6230*, and, to a lesser extent, 6170, while mowed/grazed meadows do
not correspond to habitats of EU interest. The complete syntaxonomic framework is provided
in Table S2. Dominant (average cover > 10%) species for each grassland type are shown in
Table S3. The large majority of the grassland types are dominated or co-dominated by Bro-
mopsis erecta (1.Pot_Bra, 2.Poo_Fes, 3.Fes_mic, 7.Koe_Bro, 11.Asp_Bro, 12.Ant_Bra, 13.Pol_Bra,
14.Bri_Bro); two types are strongly dominated by Sesleria nitida (8.Ses_Bro, 9.Ast_Ses), two by
Nardus stricta (4.Luz_Nar, 6.Poo_Nar), two by Cynosurus cristatus (15.Alo_pra, 16.Cyn_cri), and
the remaining ones by Trifolium thalii (5.Tar_Tri), Sesleria juncifolia (10.Ses_ape), and Alopecurus
rendlei (17.Alo_ren). There is never only a single dominant species, except for types 6.Poo_Nar
and 9.Ast_Ses.

The Indicator Species Analysis allowed us to identify the species associated with each
grassland type, reported in Table S3. The total resulting number of species associated
with one group is 202. The number of indicator species per group varies as a consequence
of the ecological and floristic peculiarity of each grassland. Some types are very well
differentiated by large sets of almost exclusive taxa, such as the matgrass-dominated types
(4.Luz_Nar, 6.Poo_Nar), one of the two dominated by Sesleria nitida (8.Ses_Bro), and the
one dominated by Sesleria juncifolia (10.Ses_ape), while most of the pastures dominated by
Bromopsis erecta show a large number of species with moderate association values (mostly
between 0.5 and 0.7), due to the fact that many of those species are shared among this
macrogroup of grasslands.
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The detected high floristic and vegetation diversity corresponds to a wide variability
in relevant environmental parameters, displayed in Figure 2. Slopes range between 0 (flat
stands) and 40◦ with an average of 13◦ ± 9 sd (Figure 2a). Rockiness/stoniness (Figure 2b)
is very scarce on average (6% ranging between 0 and 50%), with the highest values reached
by Sesleria nitida stands (8.Ses_Bro). Bare soil (Figure 2c) is seldom present, ranging between
0 and 20%, with an average of 3%. The total vegetation cover (Figure 2d) ranges from 50%
to 100% (90% ± 12). The mesophilic grazed/mowed grasslands (15.Alo_pra, 17.Alo_ren)
reach the highest cover values, followed by the dwarf Trifolium thalii-dominated community
(5.Tar_Tri), while the discontinuous xerophilic vegetation dominated by Sesleria nitida with
Stipa dasyvaginata subsp. apenninicola (8.Ses_Bro) shows the lowest.
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as percentage (%), (c) bare soil, expressed as percentage (%), (d) total vegetation cover, expressed as
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The number of species per plot (Figure 3a) varied between 11 and 54 (av. 37 ± 9 sd).
The highest values were found among the Bromopsis erecta-dominated dry pastures, with
Asperulo-Brometum (11.Asp_Bro) being the richest in species, followed by 7.Koe_Bro, 13.Pol_Bra,
14.Bri_Bro, and 2.Poo_Fes, together with the grasslands dominated by Brachypodium genu-
ense (1.Pot_Bra) and Brachypodium rupestre (13_Pol_Bra). The Trifolium thalii-dominated dwarf
vegetation (5.Tar_Tri) had the lowest number of species per plot.

Among the considered indexes of biodiversity, Shannon’s (Figure 3b) ranges from 2.181
to 3.915 (av. 3.456 ± 0.307 sd), Simpson’s (Figure 3c) from 0.866 to 0.978 (0.963 ± 0.016), and
equitability (Figure 3d) from 0.885 to 0.984 (0.969 ± 0.012). As expected, the Trifolium thalii-
dominated community (5.Tar_Tri) has the lowest values for both Shannon’s and Simpson’s
indexes. Among the others, the lowest values of diversity were recorded for one of the
two matgrass-dominated grassland types (4.Luz_Nar) and the mown/grazed grassland
17.Alo_ren. The strong dominance of Trifolium thalii is reflected by the lowest recorded
score of equitability as well. Analogous, although less pronounced, results emerged for
4.Luz_Nar, where the strong dominance of Nardus stricta affects the relative proportion of
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species in this community. All other grassland types exhibit high or very high levels of
biodiversity and a balanced proportion of species, as indicated by the high values of the
equitability index.
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3.2. Productivity and Nutritional Characteristics of the Grasslands

The values of PV range between 7 and 58 (av 24 ± 8.2 sd) overall. The grassland
types with the highest scores are two of the mowed/grazed meadows (16.Cyn_cri and
15.Alo_pra), followed by the grassland types dominated by Festuca rubra subsp. microphylla
(3.Fes_mic) and by Trifolium thalii (5.Tar_Tri). The lowest average values of PV are found in
the dry grasslands with Sesleria apennina and S. juncifolia (8.Ses_Bro, 9.Ast_Ses, 10.Ses_ape),
in the two matgrass-dominated grasslands (6.Poo_Nar and 4.Luz_Nar), and one of the
mowed/grazed meadows (17.Alo_ren). The variability in the calculated PV for each
identified grassland type is shown in Figure 4. In the charts, data from an additional relevé
(“hay_mea”) from the same study area are included for comparison, referring to a hay
meadow that is not grazed and is representative of a slightly fertilized lawn not used as a
pasture. The results for the reliability of the “visual estimation” survey for calculating the
PV are shown in Figure 5. The RMA regression shows a good level of correspondence.

The nutritional parameters are reported in Table 1 as average data (g/m2) ± standard
deviation. We included data from the same hay meadow (“hay_mea”) as for the PV.
The net dry matter (DM) hugely varies among the different grassland types (from 16.10
to 1113.90 g/m2, av 217.74 ± 207.06 sd). The additional meadow “hay_mea” shows the
highest value ever (689.1 g/m2). Among the other types, the highest amount corresponds to
the grazed/mowed meadow 15.Alo_pra, although it is largely variable (558.2 g/m2 ± 301.4)
followed by 17.Alo_ren (528.0 ± 53.9). A rather high value of net dry matter is scored by
9.Ast_Ses (463.8). The Trifolium thalii-dominated dwarf vegetation (5.Tar_Tri) produces the
least amount of dry biomass (26.4). The other groups show variable values, mostly ranging
between 66 and 209 g/m2 on average.
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for each identified grassland type (a); statistically significant differences (b) were tested by Kruskal–
Wallis one-way non-parametric ANOVA test (H χ2 = 96.65, p < 0.001) and Mann–Whitney pairwise
(*** p < 0.001, ** p < 0.001, * p < 0.05, ns: not significant) tests. The full names of the grassland types are
reported in Table S1. Data from an additional relevé (“hay_mea”) from the study area are included
in the chart for comparison, referring to a hay meadow that is not grazed and is representative of a
slightly fertilized lawn not used as pasture.
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Table 1. Nutritional parameters expressed as g/m2 (average ± standard deviation) measured on the
collected biomass for every grassland type; in brackets is the number of samples per grassland type.
Data from an additional hay meadow that is not grazed and is representative of a slightly fertilized
lawn not used as pasture are also included (“hay_mea”). Legend: net dry matter (DM), cellulose
(CEL), hemicellulose (HEM), ethereal extract (EE), acid detergent fibre (ADF), neutral detergent fibre
(NDF), acid detergent lignin (ADL), crude protein (CP), non-fibre carbohydrates (NFCs). Results
of the Kruskal–Wallis one-way non-parametric ANOVA test are reported. The full names of the
grassland types are reported in Table S1.

DM CEL HEM EE ADF NDF ADL CP NFC

H
χ2 = 59.20
p < 0.001

H
χ2 = 44.45
p < 0.001

H
χ2 = 44.45
p < 0.001

H χ2 = 54.21
p < 0.001

H χ2 = 60.18
p < 0.001

H χ2 = 56.14
p < 0.001

H χ2 = 62.68
p < 0.001

H χ2 = 49.96
p < 0.001

H χ2 = 62.75
p < 0.001

1.Pot_Bra (2) 98.5 ± 42.4 35.2 ± 14.9 28.0 ± 10.4 2.2 ± 0.7 40.9 ± 17.0 68.8 ± 27.3 5.6 ± 2.1 8.6 ± 3.5 13.4 ± 8.5
2.Poo_Fes (9) 80.2 ± 39.7 25.4 ± 12.8 21.6 ± 10.7 2.3 ± 1.3 30.2 ± 14.9 51.8 ± 25.6 4.8 ± 2.2 8.5 ± 4.3 14.2 ± 8.0
3.Fes_mic (4) 172.4 ± 95.3 54.6 ± 27.3 31.0 ± 12.6 5.2 ± 3.5 66.1 ± 34.8 97.0 ± 46.7 11.5 ± 7.6 16.5 ± 10.7 43.6 ± 28.6
4.Luz_Nar (3) 100.8 ± 23.2 33.5 ± 7.5 29.2 ± 5.0 2.1 ± 0.7 38.8 ± 8.4 68.0 ± 13.3 5.3 ± 0.9 10.8 ± 2.3 15.1 ± 5.6
5.Tar_Tri (1) 26.4 5.4 4.1 0.9 7.3 11.3 1.9 4.9 6.9
6.Poo_Nar (5) 66.3 ± 17.5 22.9 ± 6.4 19.3 ± 6.0 1.6 ± 0.5 26.9 ± 7.3 46.2 ± 13.1 4.0 ± 0.9 7.7 ± 2.4 7.8 ± 1.4
7.Koe_Bro (5) 110.4 ± 32.8 35.0 ± 5.6 28.8 ± 13.2 3.0 ± 0.8 43.2 ± 6.9 72.0 ± 19.1 8.3 ± 1.4 9.6 ± 4.4 20.4 ± 7.7
8.Ses_Bro (2) 209.4 ± 84.6 78.8 ± 39.9 39.4 ± 25.7 5.5 ± 3.2 97.2 ± 41.9 136.6 ± 67.6 18.3 ± 2.0 14.4 ± 4.9 41.8 ± 4.1
9.Ast_Ses (1) 463.8 155.9 88.7 12.5 190.8 279.5 34.9 37.9 97.9
10.Ses_ape (6) 140.0 ± 19.2 50.7 ± 7.8 29.3 ± 4.1 3.3 ± 0.5 63.1 ± 9.0 92.4 ± 12.9 12.4 ± 1.7 11.1 ± 1.9 26.9 ± 5.0
11.Asp_Bro (6) 125.8 ± 76.7 44.6 ± 29.7 23.6 ± 14.8 3.5 ± 2.3 54.7 ± 36.2 78.2 ± 50.9 10.0 ± 6.6 9.8 ± 6.1 26.7 ± 14.6
12.Ant_Bra (12) 183.5 ± 55.1 63.6 ± 18.9 38.1 ± 10.6 4.4 ± 1.3 78.5 ± 25.2 116.6 ± 34.9 14.9 ± 6.7 13.8 ± 5.4 38.1 ± 15.1
13.Pol_Bra (6) 126.9 ± 62.7 45.5 ± 25.6 22.4 ± 17.6 3.1 ± 1.7 55.9 ± 29.5 78.3 ± 47.0 10.5 ± 4.2 10.4 ± 4.1 25.8 ± 7.5
14.Bri_Bro (4) 134.3 ± 34.5 49.8 ± 13.2 23.3 ± 9.5 3.7 ± 0.9 60.8 ± 15.9 84.0 ± 22.9 11.0 ± 3.3 12.8 ± 3.7 22.2 ± 6.9
15.Alo_pra (10) 558.2 ± 301.4 207.1 ± 126.2 104.4 ± 70.9 11.6 ± 4.7 242.9 ± 143.1 347.3 ± 213.7 35.8 ± 17.4 45.9 ± 19.0 115.4 ± 48.0
16.Cyn_cri (3) 162.9 ± 50.6 51.3 ± 19.9 28.2 ± 12.1 3.8 ± 1.0 60.3 ± 21.9 88.6 ± 34.0 9.0 ± 2.1 22.0 ± 7.3 33.4 ± 12.4
17.Alo_ren (6) 528.0 ± 53.9 197.0 ± 15.9 122.7 ± 35.9 10.5 ± 1.3 227.7 ± 20.5 350.5 ± 47.3 30.7 ± 7.9 45.7 ± 3.7 85.6 ± 26.5
hay_mea (1) 689.1 283.1 119.7 12.8 336.6 456.3 53.5 47 121.4

Cellulose (CEL), i.e., the more slowly digestible fraction, varies from 4.40 to 431.19 g/m2,
with an average of 78.18 (±80.80). It abounds in the mowed/grazed meadows (15.Alo_pra,
17.Alo_ren) and the hay meadow (“hay_mea”), while it is minimal in the 5.Tar_Tri community.
A high value for CEL is also displayed by the 9.Ast_Ses grassland type (155.9). Hemicellulose
(HEM), i.e., the faster-fermentable fraction, shows a comparable trend among the grassland
types. Ether extract (EE), i.e., the total lipidic part, varies between 0.54 and 19.60 g/m2

(av. 5.01 ± 3.96 sd), with the highest values in two of the mowed/grazed meadows (15.Alo_pra
with 11.6 ± 4.7 and 17.Alo_ren with 10.5 ± 1.3), in the hay meadow (12.8), and in the 9.Ast_Ses
grassland type (12.5), and the lowest in the 5.Tar_Tri community (0.9). The acid detergent
fibre (ADF, range 5.55–499.81, av 93.52 ± 93.23 sd), neutral detergent fibre (NDF, 9.27–721.58,
135.96 ± 138.12), and acid detergent lignin (ADL, 1.15–68.62, 15.04 ± 13.18) show comparable
trends. Crude protein (CP) and non-fibre carbohydrates (NFCs), i.e., soluble sugars, vary
between 1.80 and 90.89 (18.62 ± 16.08) and 3.72 and 196.71 (42.05 ± 39.57), respectively. Apart
from the mowed/grazed meadows and the hay meadow, which show the highest scores, the
dry grasslands 8.Ses_Bro, 9.Ast_Ses, and 3.Fes_mic are among the richest in CP (14.4 ± 4.9,
37.9, and 16.5 ± 10.7, respectively) and NFCs (41.8 ± 4.1, 97.9, and 43.6 ± 28.6, respectively).
Figure 6 represents the nutritional parameters, expressed as a percentage of the net dry matter,
in order to compare the intrinsic nutritional properties of the grassland types independently
from the considered area.

Among the environmental factors, weak relations can be observed except for slope
(◦), which is negatively affecting several nutritional parameters, especially CP (g/m2). The
percentage values of HEM and CP are positively affected by altitude, while CEL and ADF
negatively reflect the elevation. Soluble sugars (NFCs), both as a percentage and g/m2,
seem to be negatively affected by altitude. Among the floristic/vegetation factors, the
number of species per plot positively affects the percentage values of EE. The total plant
cover does not seem to be related to the chemical characteristics of the biomass (Table S4).
Table 2 shows the existing correlations between PV and the measured chemical parameters
(expressed as percentage values). It is worth noticing that the highest values of CP, NFCs,
and EE were recorded in the dwarf grasslands dominated by Trifolium thalii (5.Tar_tri).
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Figure 6. Nutritional parameters expressed as % (average ± standard deviation) measured on the
collected biomass for every grassland type; in brackets is the number of samples per grassland
type. Data from an additional relevé (“hay_mea”) from the study area are included in the chart for
comparison, referring to a hay meadow that is not grazed and is representative of a slightly fertilized
lawn not used as pasture. Legend: ethereal extract (EE), crude protein (CP), non-fibre carbohydrates
(NFCs), hemicellulose (HEM), cellulose (CEL), acid detergent fibre (ADF), neutral detergent fibre
(NDF). The full names of the grassland types are reported in Table S1.

Table 2. Bivariate regression between PV and the grassland chemical parameters (DM, EE, NDF,
ADF, ADL, HEM, CEL, CP, NFC, as percentages) of the identified grassland types (linear fit, 95%
bootstrapped confidence intervals, n = 1999). Data are log-transformed. Symbols represent statistical
significance: ***, p < 0.001; *, p < 0.05; n.s., not significant (p ≥ 0.05). Legend: net dry matter (DM), cel-
lulose (CEL), hemicellulose (HEM), ethereal extract (EE), acid detergent fibre (ADF), neutral detergent
fibre (NDF), acid detergent lignin (ADL), crude protein (CP), non-fibre carbohydrates (NFCs).

Parameters Slope r r2 p

DM (%) 0.06 0.15 0.02 n.s.
EE (%) 0.32 0.16 0.03 n.s.
NDF (%) −1.84 −0.52 0.27 ***
ADF (%) −0.78 −0.22 0.05 *
ADL (%) −0.09 −0.05 0.00 n.s.
HEM (%) −0.61 −0.43 0.02 ***
CEL (%) −0.68 −0.21 0.05 *
CP (%) 0.15 0.10 0.01 n.s.
NFC (%) 0.62 0.46 0.21 ***
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3.3. WebGIS-Based Tool for the Informed and Sustainable Use of Grasslands

The developed GEE application, currently in Italian, is publicly accessible via the URL
https://mvizzari.users.earthengine.app/view/maiellandvi (accessed on 15 March 2024,
Figure S2). The default view displays the RGB composite image from Sentinel 2 of the
last 15 days. Any discontinuities or complete absence of images is due to the masking
of cloud cover, which is much more frequent in winter. From the Layers menu, besides
the grassland areas extracted from the ESA WorldCover, it is possible to display a true-
colour and near-infrared composite image, a median NDVI layer of the same period, and a
maximum NDVI layer of the previous year. The NDVI layer visualization is based on five
classes defined using an equal-interval approach in the 0–0.8 range (NDVI = 0 typically
indicates bare soil, while 0.8 can usually be associated with a very high vegetative vigour
for grassland canopies). Using the drawing tools, an analysis of the trend in the NDVI
index can be performed within the grassland areas by delineating a rectangle or a polygon
or simply by selecting a point within the area of interest. The resulting graph shows the
growth trend for the last three months in a green colour (Figure S2). In red, it refers to
the current date, but in the previous year, while the expected trend in the same index is
represented based on the previous three months and the following nine months.

4. Discussion

Based on an integrated outline of botanical knowledge and productive aspects, the
present study aims to provide a comprehensive approach to seminatural grasslands manage-
ment in a protected area, where the use of the resources should comply with a conservative
approach. Our floristic–vegetation approach has analogies with the “pasture-type” proce-
dure for the identification, description, and management of pasture types [105], based on
the acknowledgement of homogeneous plant communities influenced by both environmen-
tal factors and agro-pastoral management, relying on ecologic conditions and plant species
combinations to identify ecologic groups and facies [129,130]. We identified 17 distinct
grassland types, each with its own intrinsic floristic richness and potential carrying capacity
for grazing animals. The botanical survey provided a broad overview of the environmental
heterogeneity underlying the complexity of this area. Such a richness of grassland veg-
etation corresponds to a notable floristic richness, demonstrated by the high number of
plant species identified during the botanical surveys, accounting for 23.3% of the 2286 taxa
reported for the entire MNP [54]. Considering that the MNP includes a huge range of
habitat types, from wetlands to garrigues, scrubs, maquis, forests, edges, screes, and rocky
vegetation [61], it appears that a relevant rate of floristic richness is hosted by the investi-
gated seminatural grasslands. The diversity indexes show variable patterns in the identified
grassland types. However, high biodiversity is not always directly—or simply—related
to high species numbers [131–133]. This is the case, e.g., with the matgrass-dominated
grasslands (4.Luz_Nar and 6.Poo_Nar), which are typically less rich in species than cal-
careous grassland but are, nevertheless, acknowledged as the priority habitat 6230* by the
Annex I of the “Habitats” Directive [58,59,99]. It is the same case for Taraxaco-Trifolietum thalii
(5.Tar_Tri), a very rare plant community localized exclusively on the bottoms of dolines
and gullies where snow cover lasts for long periods, which holds very high conservation
value [78,134].

The observed floristic and phytocoenotic richness is deeply linked to, and depends
on, the disturbance regime provided by extensive grazing activity. Maintaining a sus-
tainable grazing load allows the conservation of high levels of biodiversity and resource
availability for the various trophic levels [33,135,136]. In this frame, the MNP stands as an
emblematic example for both grassland diversity and the trend of reduction in livestock
farming activities and extensive grazing—a destiny shared with other mountain areas of
the Mediterranean Basin [34,137,138]. Pastoralism in the area dates back to the Neolithic
but, through various events, is currently experiencing a profound decline [137,139–141].
For these reasons, the MNP is a challenging case study for the development of appropriate
management measures that, while trying to address socio-economical instances, at the
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same time, contribute to the conservation of secondary grassland habitats. Species-rich
grasslands are a valuable feed resource for grazing livestock systems. They contain im-
portant nutrients and secondary metabolites (such as phenolic compounds and terpenes),
which can influence the rumen metabolism of livestock, reducing methane emissions and
ammonia production. Additionally, they provide healing properties and contribute to
the organoleptic and nutritional characteristics of meat and dairy products [102,142–147].
These resources are destined to disappear with the abandonment of traditional manage-
ment practices, which leads to structural and functional changes in both environmental
characteristics and attributes of grasslands, even in the first dynamic stages [4,33]. Several
studies have shown that domestic grazing abandonment can cause a lowering in palat-
able species coverage and expansion of species of little pastoral value (e.g., Brachypodium
genuense, B. rupestre), leading to poorer grasslands, suggested to be among the causes of
wild herbivores’ decline [148]. B. genuense is a common spreading species in secondary dry
grasslands of habitat 6210, as already monitored in the nearby “Gran Sasso e Monti della
Laga” National Park [149]. Additionally, there are reasons other than biodiversity conser-
vation to be interested in the floristic composition of grasslands. Species such as Taraxacum
officinale, Poterium sanguisorba, and Lotus corniculatus, which are frequent in the investigated
grassland types, have been proven to be excellent sources of forage feed [102,150], but for
many other taxa, there is limited information available [102,151,152]. This should represent
a push to deepen knowledge of the phytochemical, ecological, and distributional aspects of
the numerous grassland plant species that are still little-known.

Our results support the reliability of PV in evaluating the most suitable livestock stock-
ing rate. The good correspondence between the classical “point quadrat” methodology and
“visual estimation” gives evidence of the usefulness and effectiveness of the phytosociolog-
ical survey in plots with a standard area, as suggested by other authors [108,109]. PV is a
complex expression of various parameters that interact with each other, including aspects
unrelated to forage quality, such as animal preferences of plant essences [103,112,153,154].
Despite the differences in inherent characteristics between the measured chemical parame-
ters and PV, some convergence could be detected in the analysed data. For instance, the
dwarf vegetation dominated by Trifolium thalii (5.Tar_Tri), with low biomass per m2 but
high PV, exhibited the highest values of proteins (CP) and sugars (NFCs). Its late phenology
as a result of snow melting provides delayed resources for livestock and wildlife [78,134].
This suggests that scattered patches of nutrient-rich vegetation can provide relevant nu-
tritional resources, while situations with large biomass production can sometimes have
relatively poor nutritional value (e.g., some types of mowed/grazed meadows such as
17.Alo_ren; see Figure 6). The PV provides information on aspects that mere nutritional
parameters cannot provide and should, therefore, always be used in a complementary way
with chemical analyses for correct planning of the use of the grasslands, always considering
that they change during the grazing season, according to the phenological stage of the
forage plants.

The chemical attributes of pastures and mowed/grazed meadows have rarely been
analysed in combination with both PV and floristic–vegetation traits, mainly in the alpine
context [155,156]. More often, forage yield and quality have been evaluated through
proxies [157–159]. A point of novelty of our research is that it combines floristic and
phytosociological characterisation with chemical attributes, pastoral value, and remote
sensing, proposing an integrated approach for the conservative management of seminatural
grasslands. This is necessary for understanding the potential and sustainable use of the
biodiversity of grasslands: the various aspects should not be considered separately because
they are mutually dependent.

A balanced animal load is the fundament of the conservative management of grass-
lands’ biodiversity; both intensification and abandonment drive towards structural and
floristic changes and, ultimately, result in biodiversity loss [29,39,135,160–162], although ge-
omorphological heterogeneity may preserve a certain level of diversity [163], especially in
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the most remote, economically unattractive sites [162], which are, however, more frequently
abandoned [2,164,165],

The characterization of grasslands is the starting point for providing farmers with
management information suitable for the conservative use of seminatural grasslands [105].
The next step would be a spatialization of the information by way of vegetation maps at
a scale fine enough (1:10,000) to depict grassland-type variability; however, this would
be not only a static view but also an arduous task to accomplish in huge areas, as also
pointed out by Primi et al. (2016) [157]. In this frame, the here-developed Google Earth
Engine (GEE) application shows particular usefulness in providing near-real-time data to
address conservative grassland management and demonstrates the general trend towards
highly technological agriculture and robotic environmental monitoring [166–176]. Satellite
remote sensing is invaluable in this context, offering a cost-efficient, timely, and replicable
method for vegetation analysis [31,177]. The Sentinel-2 constellation from the European
Space Agency (ESA) has significantly improved precision techniques used in farming
practices [178,179]. This improvement is credited to the satellites’ frequent revisit times,
superior spatial and spectral resolution, and the open policy implemented for data access.
Sentinel-2 data are beneficial for vegetation monitoring [180] due to their spatial resolution,
which varies from 10 to 60 m based on the bands, and their temporal resolution, which is
approximately 2–3 days in Europe when both Sentinel-2 satellites are combined.

The Normalized Difference Vegetation Index (NDVI) was selected for its ease of inter-
pretation and its established use in grassland monitoring and management [31,180]. It has
been consistently used in empirical correlations with biomass measurements in pastures
and meadows, forming the basis for estimating grass productivity [31,181–187]. The NDVI
time series data offer insights into the vegetative growth pattern observed over the previous
15 months, allowing for predicting potential vegetation growth and the timing of peak growth
in grassland areas for the current year. While the NDVI is a non-specific index, it correlates
closely with the photosynthetic activity of vegetation [188]. Thus, it provides valuable insights
into grassland canopies’ health and vegetative status [189]. The recent advancements in infor-
mation technology and the emergence of cloud-based platforms provide potential solutions to
the challenges of data storage, processing, and accessibility [190]. Google Earth Engine (GEE)
has emerged as a leader in processing large-scale remote sensing data [191,192]. GEE is a
cloud-based platform designed by Google that facilitates the analysis and visualization of ex-
tensive geospatial datasets. It also allows the creation of customizable applications that can be
accessed directly from a browser [180,190,193], enabling users to generate dynamic, web-based
applications for spatial analyses [191]. These applications enhance effective communication
and collaboration among users by facilitating the sharing of spatial data [194].

The GEE app is freely accessible to all, requiring no technical expertise or prior
experience in using applications or handling geospatial data. It features an intuitive
interface that ensures seamless navigation, enabling users to effortlessly visualize the
current and previous years’ graphs showing the conditions of grassland areas. It should be
noted that due to the real-time processing of NDVI data, the application may sometimes
experience slower performance. Moreover, the results showcased in our application were
derived from historical data, meaning our projections reflect past, albeit recent, vegetation
trends. It would be relevant to incorporate more advanced vegetation productivity models
that permit the real-time adjustment of identified vegetation trends based on the prevailing
season’s weather conditions, specifically temperature and precipitation. However, the
updated level of climate and meteorological data available in GEE is still limited.

The cartographic representations of the NDVI and the graphs generated by the GEE
application, which are constantly updated thanks to the cloud platform, can support an
effective interpretation of vegetative status and vigour spatially and temporally. When
available, the NDVI of the last 15 days can help in investigating the current status of
grassland vegetation, while the NDVI maximum of the last year can help in understanding
the productivity potential of various areas. The graph tool’s ability to investigate specific
portions of the park allows for an analysis of the current vegetative state and a comparison



Land 2024, 13, 386 15 of 24

with the expected state based on the previous year’s trends. When combined with an ade-
quate understanding of local pedoclimatic and vegetation factors, these data can be crucial
for the more rational and sustainable use of the grazing areas of the MNP, e.g., allowing a
limitation of the potential dynamics of over- and undergrazing, which can be problematic
for the health of grassland habitats and their related ecosystem services. Indeed, at present,
daily grazing circuits characterize sheep and goat shepherding in the studied area, while
continuous grazing (with cattle free to roam) is the main strategy in cow–calf and dairy cow
systems, with consequent non-optimal pasture utilization showing over- or (to a greater
extent) undergrazed areas. An increase in continuous grazing systems has been pointed
out in the Italian Alps [195] as a source of negative effects on grassland conservation.

Besides showing relevant layers regarding the vegetative status, the developed app
allows comparing the current period’s vegetative growth curve with the corresponding
period’s curve one year prior. This information, in combination with appropriate local
knowledge, should help farmers assess the status of grassland vegetation, the expected
vegetation growth, and the possible forage availability in the various grassland areas in
the MNP. Our GEE application may assist in pointing out the highest forage quantitative
and qualitative peak from each grassland type, accounting for intra-annual productivity
patterns that may show important variability [156,196]. It may prove precious in the
expected scenarios of climate change, where modifications in the precipitation regimes and
increasing summer drought will affect primary production and interannual variability for
seminatural grasslands [196,197].

5. Final Remarks

This study delineates a biodiversity-based approach in support of the conservative
use of seminatural grasslands. Integrated knowledge including botanical and productive
characterisation, driven by remote sensing technology, may provide decision-making sup-
port for protected-area managers in developing and implementing sustainable grassland
management, ensuring the long-term maintenance of their biodiversity. The integration
between the different scales and fields of analysis is pivotal since the use of remote sensing
for assessing and monitoring pastoral resources can achieve reliable results only when
supported by supervised classifications and field surveys [46,157,198,199]. Only through
such a multidimensional view can the protected areas fulfil their role as natural heritage
custodians in such a complex challenge as seminatural habitats, where ecological processes
should be combined with human exploitation and economic interests.

The topic of species-rich grasslands and their management has gained increasing
attention in recent decades; however, most approaches tend to focus on either productive
or conservation issues only. A systematic review of studies focusing on Palaearctic steppes
and grasslands concluded that research on these highly biodiverse and vulnerable habitats
is quantitatively inadequate [200]. The results of our research highlight the importance of
local studies of pastures and mowed/grazed meadows, whose flora is so rich that indicator
species generally have only local value [5,71,201].

Investigating and monitoring grassland biodiversity are increasingly needed tasks
to understand their dynamics in space and time and define sustainable management
practices, especially in a time of climate change [202]. Their seminatural origin and intrinsic
dependence on grazing, as well as their huge variety of types and notable floristic richness,
show two sides of the same coin and embody the result of a long-lasting, synergic tension
between use and preservation [1,34]. This is particularly true in the Apennines: a crossroads
of historical, anthropological, biogeographical, environmental, and climatic drivers, which
shaped the landscape and its territorial identity through the centuries [137].

Our approach intends to bring attention to the ecological role of extensive livestock
farming and its products for seminatural grassland conservation. We hope to stimulate
an increase in this type of study, searching for the optimal way to address the appropriate
conservative management of such treasures of biodiversity.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/land13030386/s1. Table S1: List of the grassland types identified
in the surveyed pastures and mowed/grazed meadows in the study area; Annex I Habitat types
refer to the 92/43/EEC “Habitats” Directive, and their interpretation follows the official European [58]
and national sources [59,99]; altitude and aspect were recorded in the field. Table S2: Syntaxonomic
scheme used to categorize the grassland types found in the surveyed pastures and mowed/grazed
meadows in the study area. The classes are interpreted according to the Prodrome of Italian Veg-
etation [96] and subsequent updates, symbolized by *], and the European Vegetation Checklist [97],
symbolized by ◦). The types of grassland are listed in bold, with their corresponding ID codes in the
right column. Table S3: Dominant species (average cover > 10%; in bold are species with average
cover > 15%; average cover ± standard deviation are reported) and Indicator Species Analysis results
(association values > 0.5; in bold are species with association values > 0.7; “indicspecies” package for
“R”, version 1.7.12, Association function: IndVal.g, minimum statistic value (minstat): 0.5, permuta-
tions: 9999) for the 17 identified grassland types. Table S4: Effects of environmental (altitude, slope)
and floristic/vegetation (total cover, number of species per plot) factors on the grassland chemical
parameters (top: as g/m2; bottom: as percentage) of the identified grassland types, tested by a Gener-
alized Linear Model (GLM). Data are log-transformed. Symbols represent statistical significance: ***,
p < 0.001; **, p < 0.01; *, p < 0.05; n.s., not significant (p ≥ 0.05). Legend: net dry matter (DM), cellulose
(CEL), hemicellulose (HEM), ethereal extract (EE), acid detergent fibre (ADF), neutral detergent fibre
(NDF), acid detergent lignin (ADL), crude protein (CP), non-fibre carbohydrates (NFCs). Figure S1:
Dendrogram resulting from the hierarchical cluster analysis. Figure S2: The interface of the “Maiella
Park GEE app” developed in this study.
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25. Halada, L.; Ružičková, H.; David, S.; Halabuk, A. Semi-Natural Grasslands under Impact of Changing Land Use during Last 30
Years: Trollio-Cirsietum Community in the Liptov Region (N Slovakia). Community Ecol. 2008, 9 (Suppl. 1), 115–123. [CrossRef]
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