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Abstract: High mountain ecosystems are hotspots of biodiversity that are highly vulnerable to climate
warming and land use change. In Europe, high mountain habitats are included in the EC Directive
92/43/EEC (Habitats Directive) and the identification of practices facilitating effective monitoring
is crucial for meeting HD goals. We analyzed the temporal changes in species composition and
diversity on high mountain EU habitats and explored if the subgroup of diagnostic species was
able to summarize the comprehensive information on plant community variations. We performed
a re-visitation study, using a set of 30 georeferenced historical plots newly collected after 20 years
on two EU habitats (Galium magellense community growing on screes (8120 EU) and Trifolium thalii
community of snowbeds (6170 EU)) in the Maiella National Park (MNP), which is one of the most
threatened Mediterranean mountains in Europe. The presence of several endangered species and the
availability of a botanical garden, a seed bank, and a nursery, make the MNP an excellent training
ground to explore in situ and ex situ conservation strategies. We compared overall and diagnostic
species richness patterns over time by rarefaction curves and described the singular aspects of
species diversity (e.g., richness, Shannon index, Simpson index, and Berger–Parker index), by Rènyi’s
diversity profiles. Diversity values consistently varied over time and across EU habitat types, with
increasing values on scree communities and decreasing values on snowbeds. These changes could
be associated with both land use change, through the increase of grazing pressure of Apennine
chamois (Rupicapra pyrenaica ornata), which determined a rise of nitrophilous species in the scree
community, and an increase of grasses at the expense of forbs in snowbeds, and to climate change,
which promoted a general expansion of thermophilous species. Despite the two opposite, ongoing
processes on the two plant communities studied, our results evidenced that diagnostic species and
overall species followed the same trend of variation, demonstrating the potential of diagnostics for
EU habitat monitoring. Our observations suggested that the re-visitation of historical plots and the
implementation of frequent monitoring campaigns on diagnostic species can provide important
data on species abundance and distribution patterns in these vulnerable ecosystems, supporting
optimized in situ and ex situ conservation actions.

Keywords: ecological monitoring; EU Habitats Directive; rarefaction curves; Rènyi’s diversity
profiles; re-visitation study; vegetation database

1. Introduction

High mountain ecosystems are hotspots of biodiversity [1,2], as they host a high
number of plant species with a large number of endemic and rare taxa [3–7], most of

J. Zool. Bot. Gard. 2021, 2, 453–472. https://doi.org/10.3390/jzbg2030033 https://www.mdpi.com/journal/jzbg

https://www.mdpi.com/journal/jzbg
https://www.mdpi.com
https://orcid.org/0000-0003-4716-6609
https://orcid.org/0000-0001-9862-1267
https://orcid.org/0000-0002-5302-0932
https://orcid.org/0000-0001-8898-7046
https://orcid.org/0000-0003-4410-1623
https://orcid.org/0000-0001-5753-890X
https://doi.org/10.3390/jzbg2030033
https://doi.org/10.3390/jzbg2030033
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/jzbg2030033
https://www.mdpi.com/journal/jzbg
https://www.mdpi.com/article/10.3390/jzbg2030033?type=check_update&version=1


J. Zool. Bot. Gard. 2021, 2 454

which are vulnerable to climate warming [8,9]. In Europe, they contain ca. 20% of all the
native flora of the continent [10]. Due to their peculiar environmental characteristics, these
ecosystems are very sensitive and threatened by direct and indirect human impacts, such
as climate and land use change (e.g., rising temperatures, changes in precipitation patterns,
and grazing pressure), which affect biodiversity and ecosystem functioning [11–13].

Encompassing global change, severe alterations in plant diversity have been observed
based on short-term [14,15] and on long-term vegetation analysis [16–18]. For instance,
a significant thermophilization of high mountain plant communities has been observed
due to the immigration of thermophilous plants from lower altitudinal belts along with
a decrease in the number of cryophilous species [1,4,13,19–25]. Shrubs expansion, local
herbaceous species extinctions, and consistent changes in the ecology and structure of high
mountain communities were also described [12,18,26].

In response to the ongoing biodiversity loss, several high mountain habitats are
included in the European Habitat Directive 43/92/EEC (hereafter HD), a legal instrument
to protect them and ensure their resilience to global changes [27–29]. According to the
HD, the preservation, continuous monitoring, and reporting of high mountain ecosystems’
status are a priority at both the national and European level [30,31]. In fact, the identification
of practices facilitating effective monitoring is crucial for meeting HD goals [30].

The plethora of approaches proposed for monitoring high mountain vegetation can
be schematically organized in two main categories: the first one is based on data collected
on permanent plots (e.g., [25,32,33]), and the second one is supported by the re-visitation
of historical vegetation plots (e.g., [20,21,34–36]). The most reliable monitoring method
is based on multi-temporal data collection on a fixed set of permanent plots [4,32]. An
excellent example of a sound protocol for monitoring high mountain ecosystem is offered by
the GLORIA project (Global Observation Research Initiative in Alpine Environments; [37]),
which operates a world-wide observation network with standardized permanent plot sites
aimed at assessing climate change impacts on alpine vegetation and biodiversity [38]. The
International Long Term Ecological Network [39] includes several mountain sites for which
long time-series ecological data are available. However, permanent observation areas
are not easy to implement and a staff dedicated to periodical surveys is hardly assured.
Accordingly, this approach can be carried out over a limited set of geographical areas [40].
Furthermore, data on permanent observation areas are not always open access [41], with
the temporal coverage mostly including short-term periods over the last decades [42].

Another increasingly used approach for describing vegetation changes over time
is given by re-visitation studies, which entails re-sampling historical vegetation plots
surveyed by other authors, in the same area [13,17,18,34,36]. A considerable number of
historical plots are stored in vegetation geodatabases (e.g., European Vegetation Archive;
http://euroveg.org/eva-database; accessed date 7 April 2021 [43]), which make them easy
to share and use. In some cases, the re-survey approach represents the only available tool
for monitoring vegetation changes [44,45].

Although the need for ecosystem monitoring is clear, the regular assessment of biodi-
versity in high mountain ecosystems is difficult to undertake [46], especially if the overall
species richness for each habitat must be recorded [47]. The economic restrictions in many
countries hinder the implementation of monitoring plans supported by large-scale field-
work [48]. Furthermore, collecting extensive data on the overall species pool could be
hampered by the time and the effort required to reach some remote monitoring areas [48,49].
As a result, such sampling limitations restrict the implementation of sound monitoring
schemes that are essential for the better understanding and modelling of high mountain
biodiversity over time [50].

Some research, carried out to identify cost-effective indicators of the conservation
status and function of natural and semi-natural habitats, has suggested the usefulness
of diagnostic species for describing different ecosystems, such as forests (e.g., [51,52]),
grasslands [53], and coastal dunes [54,55]. Diagnostic species (as defined by HD) are
those taxa with a major role in determining plant community structure, function, and

http://euroveg.org/eva-database
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conditions [54,56]. Diagnostic species can be considered “focal taxa”, which help to assure
the functionality of the entire habitat and are particularly sensitive to environmental
changes [13,57]. For instance, diagnostic species indicated in the HD for high mountain
habitats may play a major role in determining the structure and functioning of these
systems as they could regulate the supply of resources for other species [58–60]. Moreover,
their alteration may promote significant changes in the local environment, driving a spatial
shift, modification, or subsistence of the surrounding habitats [16,18].

Although the response of high mountain plant species or habitats of European interest
to environmental threats have been repeatedly documented (e.g., [1,4,25,38]), the analysis of
diagnostic species diversity patterns with respect to the entire pool of species still requires
further attention.

The present work set out to explore the temporal changes in species composition and
diversity of two high mountain vegetation types that are representative and widespread in
the Italian Apennine’s alpine belt (e.g., Galium magellense community growing on screes
(8120 EU Habitat) and Trifolium thalii community of snowbeds (6170 EU Habitat)). We ex-
plored whether diagnostic species were able to summarize the comprehensive information
on plant community changes by comparing the diversity patterns of diagnostic species
assemblages with those of overall species on vegetation plots revisited after 20 years. We
specifically analyzed these two habitats of conservation concern (sensu 92/43/EEC) in the
Maiella National Park to address the following questions: (i) how have the plant diversity
patterns changed during the last 20 years? (ii) does the diversity pattern of diagnostic
species and of the overall species pool vary in a similar way?

By adopting the widely used EU Habitat standard system of vegetation classification,
we were able to supply specific habitat insights that were useful for supporting monitoring
strategies at the European scale and for contributing to the definition of conservation and
management priorities.

2. Materials and Methods
2.1. Study Area

The study area included the highest sector of the Maiella National Park (about 24.5 km2

over 2300 m a.s.l.), which is one of the most important limestone mountain groups in the
Central Apennines (Figure 1). The Park consists mainly of carbonate mountains, separated
by valleys and karst high plateaus, with a broad altitudinal range (130–2793 m a.s.l.). The
Maiella massif has more than 60 peaks, with half of them rising above 2000 m, and includes
the second highest peak in the Apennines, i.e., Mount Amaro (2793 m a.s.l.). The mountain
chain, which developed with a north-south alignment for about 30 km [61,62], is formed by
peaks with gentle summit profiles and extensive summit areas, bordered by steep slopes
and crossed by deep valleys of glacial origin [63].

The Park territories are part of the Natura 2000 network. The boundaries coincide
with a Special Protection Area (SPA) for the conservation of wild birds (established by
the Birds Directive 79/409/EEC). Furthermore, four Special Areas of Conservation (SAC)
established by Habitat Directive 92/43/EEC [64] occur within the Park.

The Park is an example where ex situ and in situ conservation strategies (e.g., endemic,
rare, and endangered species) are implemented in a complementary way. It is extremely
rich in plant vascular species, with its flora listing a high number of specific and subspecific
taxa, for a total of 2286 [65], and a sizeable group of southern European orophytes and
Mediterranean montane species [5], thus representing a true biodiversity hotspot [66].
The natural biodiversity is supported by shelters offered by geography and the natural
environment, and the park authority assures a set of facilities required to implement ex situ
conservation strategies, such as a botanical garden, a seed bank, a nursery, and a network
of “guardian farmers” [64].

From a bioclimatic point of view, the study area is included in the alpine biogeo-
graphical region [67] and the climate corresponds to the subalpine-alpine humid type as
far as the lower summit is concerned, whereas the other summits belong to the alpine
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humid type [68]. The analysis of temporal climate series in the higher Apennine massifs
showed a significant increase in the last 50 years in terms of annual temperatures (+1.7 ◦C),
amounting to 0.26 ◦C per decade [17]. Moreover, during the last century, the spring and
winter minimum temperatures increased by 2.87 ◦C and 4.38 ◦C, respectively [69]. Summer
minimum temperatures have increased (3.17 ◦C), while summer maximum temperatures
have decreased (−2.69 ◦C) [18]. Furthermore, the summer (June-August) mean soil tem-
peratures of the Maiella summits have increased by 1 ◦C in the last 20 years (see details on
general trends on [37]; for local soli temperatures, see Appendix A).

Figure 1. Study area (Maiella National Park in Central Italy) along with the distribution of plots
relative to screes plant communities (+) and snowbed plant communities (•).

Traditional land use in the Maiella National Park was shaped by human practices,
such as pastoralism, and has gradually changed over the last half century. Natural sub-
alpine and alpine communities are changing due to the abandonment of traditional land
use and the tree-line rise towards upper grasslands [13,70], as well as to the recent re-
introduction of the Apennine chamois (Rupicapra pyrenaica ornata Neumann, 1899; [71,72]).
The population of the Apennine chamois were reintroduced in the years 1991–1992
and 2000, and has expanded [73], reaching 1300 individuals by the year 2019 (http:
//www.camoscioappenninico.it/; (accessed on 7 April 2021).

We focused on the Galium magellense community, growing on screes, and the Tri-
folium thalii community of snowbeds. The former is included in the 8120 EU Habitat
(calcareous and calcshist screes of the montane to alpine levels—Thlaspietea rotundifolii) and
occupies the steep slopes with incoherent substrate and abundant limestone debris, occur-

http://www.camoscioappenninico.it/
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ring at mean altitudes of 2660 m a.s.l. Vegetation in such limiting environmental conditions,
where soils are undeveloped, dry, and poor in organic matter, is sparsely distributed and
intermingled with bare surfaces [5].

The snowbed plant community is included in the 6170 EU Habitat (alpine and sub-
alpine calcareous grasslands; [74,75]) and grows on small micro-dolines occurring at a mean
altitude of 2450 m a.s.l., where the snow cover remains for long periods (at least 8 months).
Snowbed soils are wet, well-developed, and rich in organic matter, and vegetation is
characterized by close formations dominated by perennial grass and forb species [5].

2.2. Vegetation Data

For this study, we extracted, from the VIOLA database [76,77], a set of 30 georefer-
enced vegetation plots (15 for the scree plant community and 15 the for snowbed plant
community) sampled in the years 2001 and 2003 (hereafter T1) in Maiella National Park
and we resampled them in the years 2015 and 2020 (here after T2). In detail, these data
include eight permanent plots from the GLORIA project (Global Observation Research
Initiative in Alpine Environments; [37]) collected during 2001 and re-sampled in 2015, and
22 phytosociological relevés sampled in 2003 [78] and resampled in 2020.

For each georeferenced vegetation plot of 16 m2 (4 × 4 m), all plant species and their
cover/abundance along the Braun-Blanquet scale [79,80] were registered.

The nomenclature follows the updated checklists of the vascular flora native to
Italy [81]. For each taxon, the accepted name and the Italian endemic status are reported.
Diagnostic species of the analyzed high mountain plant communities (Table 1) were iden-
tified following the “Vegetation Prodrome” [82], which conforms to the Interpretation
Manual of European Union Habitats [75] and the Italian Interpretation Manual of the
92/43/EEC Directive Habitats [74]. These diagnostic plant species are locally common, but
highly specialized to live on mountain summits and, therefore, are restricted to this envi-
ronment [74,83]. In order to depict the main plant strategies of the analyzed communities,
we also considered the life growth for each species [84,85] (Table 1).

Table 1. Diagnostic species of the compared high mountain plant communities (conforming the Vegetation Prodrome of
Italy [82] and the Italian Interpretation Manual of the 92/43/EEC Directive Habitats [74]) along with their relative life
growth (LGr: sensu [85]). CH pulv: pulvinate chamaephytes; CH suffr: suffruticose chamaeophytes; G rhiz: rhizomatose
geophyte; H caesp: caespitose cemicryptophytes; H ros: hemicryptophytes with rosette; H scap: scapose hemicryptophytes;
and T scap: scapose therophytes.

Galium magellense Community (Screes) Trifolium thalii Community (Snowbeds)
TAXON LGr TAXON LGr

* Achillea barrelieri subsp. barrelieri H scap Crepis aurea subsp. glabrescens H ros
* Arenaria bertolonii CH suffr Draba aizoides subsp. aizoides H ros
Campanula cochleariifolia H scap Helianthemum oelandicum subsp. alpestre CH suffr
Carduus chrysacanthus H scap Luzula spicata subsp. bulgarica H caesp
* Cerastium tomentosum CH suffr Phyteuma orbiculare H scap
Crepis pygmaea G rhiz Plantago atrata subsp. atrata H ros
* Cymbalaria pallida H scap * Polygala alpestris subsp. angelisii H scap
Doronicum columnae G rhiz Pulsatilla alpina subsp. millefoliata H scap
* Galium magellense H scap * Ranunculus pollinensis H scap
Isatis apennina G rhiz Sagina glabra H caesp
Leucopoa dimorpha H caesp * Taraxacum apenninum H ros
* Linaria purpurea H scap
* Noccaea stylosa CH suffr
Papaver alpinum subsp. alpinum H scap
Ranunculus brevifolius G rhiz
* Saxifraga oppositifolia subsp. speciosa CH pulv
* Scorzoneroides montana subsp. breviscapa H ros
Sedum atratum T scap
* Viola magellensis H scap

* Endemic taxon.



J. Zool. Bot. Gard. 2021, 2 458

2.3. Data Analysis

For each community, we compared the β-diversity (i.e., diversity between plots) of the
30 plots hosting the comprehensive sampled pool with the β-diversity of the same plots
after having set non-diagnostic species as absent in the site-species matrix. The β-diversity
values of these two groups of plots were expressed as multivariate variances computed as
the distance between each group’s items (i.e., plots) and each group’s centroid by reducing
the original Bray-Curtis distances to principal coordinates [86]. Differences in multivariate
variances were assessed through the multivariate analogue to Levene’s test of the equality
of variances, evaluating their significance with a permutation test with 999 repetitions [87].

Subsequently, we described overall and diagnostic species diversity patterns over
time using rarefaction curves, a widely used method for estimating standardized species
richness [88], which proved efficient to describe high mountain vegetation patterns [5].
We compared patterns of overall species richness and diagnostic species richness for the
considered time steps (T1 and T2), calculating plot-based rarefaction curves [88,89]. In
order to explore the singular aspects of species diversity (e.g., richness, equitability, and
dominance) of all species and of the subgroup of diagnostic species, we realized Rènyi’s
diversity profiles for cover values on both dataset time steps (T1 and T2) [90,91] and
calculated Shannon and Simpson diversity indices.

All analyses were performed in R [92], using vegan [87], Rarefy [93] and Biodiversi-
tyR [94] packages, and PAST (paleontological statistics software for education and data
analysis [95]).

Based on the observation that traditional diversity indices measure different aspects
of the partition of abundance between species, [90] proposed a unifying formulation of
diversity, according to Renyi’s generalized entropy measure, which represents the starting
point for a continuum of possible diversity measures. In fact, for a distribution function
characterized by its proportional abundance pi = (p1, p2, . . . , pN), [96] extended the concept
of Shannon’s information (entropy) defining a generalized entropy of order α as:

Hα =
1

1 − α
log

N

∑
i=1

pα
i

where 0 ≥ α ≥ 1 and pi denote the relative abundance of the ith element in a system (i = 1,

2, . . . , N), such that 0 ≤ pi ≤ 1 and
N
∑

i=1
pi = 1.

Rènyi’s formula summarizes a sequence of diversity indices that become increasingly
dependent on the commonest element types for increasing values of the parameter α. The
parameter α represents a sort of complex nonlinear measure of the weight that the index
Hα attributes to species richness and dominance concentration for a specific community.
Notice that several popular diversity indices consist of particular cases of Hα [90]. For
example, for α = 0, H0 = log N, where N is the total number of species; for α = 1, H1
= expH, where H is Shannon’s index ∑N

i=1 pi [97]; for α = 2, H2 = log 1/D, where D is
Simpson’s index ∑N

i=1 p2
i [98], and for α = ∞, H∞ = log 1/d = log 1/pmax, where d is the

Berger–Parker index [99] and pmax is the proportional abundance of the most abundant
species in the community.

For a given community, Hα is a decreasing function of α. Thus, changing α allows for
vector representation of community structure that can be plotted by a diversity profile of
Hα versus α [100].

3. Results

The recorded species list included 145 vascular plant species and subspecies, 70 for the
Galium magellense community (screes) and 75 for the Trifolium thalii community (snowbeds).
Thirty of the total species registered are diagnostic (about 21%), specifically 19 for screes
(27%) and 11 for snowbeds (15%) (Table 2).
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Table 2. Basic floristic data for both plant communities in the two time intervals (T1: 2001–2003;
T2: 2015–2020). M: number of sampled plots; Sall species: number of all species recorded; and
Sdiagnostics: number of diagnostic species recorded.

Galium magellense Community Trifolium thalii Community
T1 T2 T1 T2

M 15 15 15 15
Sall species 51 67 70 60
Sdiagnostics 15 19 11 9

For both communities, multivariate Levene’s test for homogeneity of a group’s vari-
ances did not report significant differences between β-Diversity values of plots with the
overall species pool and those with only diagnostic species (e.g., screes p value = 0.960; and
dolines p value = 0.126; Figure 2).

Figure 2. β-Diversity analysis for Trifolium thalii community and Galium magellense community performed on cover values
for overall and diagnostic species. Principal coordinate plots report the two groups of sites within the minimum convex
polygons, along with their multivariate centroids. Multivariate Levene’s test showed no significant differences between
multivariate variances of the two groups of plots in both plant communities.

Rarefaction curves and the Rènyi profiles in T1 and T2 for the overall species pool
and for the diagnostic species showed different temporal changes in the two studied plant
communities (Figures 3 and 4). Rarefaction curves on the Galium magellense community
showed a temporal increase in the overall species richness, growing from 51 to 67 (Table 3)
as well as on the diagnostic species, which increased from 15 to 19. Similarly, the Renyi’s
diversity profiles showed consistent increases of diversity values over time for both overall
and diagnostic species. Shannon and Simpson total values increased from 3.649 to 3.916
and from 0.9676 to 0.9743 respectively (Table 3), while Shannon and Simpson diagnostic
values increased from 2.404 to 2.709 and from 0.8885 to 0.9187, respectively. Rarefaction
curves on the Trifolium thalii community revealed a temporal decrease in the overall species
richness, which declined from 70 to 61 (Table 3), as well as on the diagnostic species, which
decreased from 11 to 9. Likewise, the Rènyi’s diversity profiles showed consistent decreases
over time of diversity values for both overall and diagnostic species. Shannon and Simpson
total values decreased from 3.932 to 3.814 and from 0.976 to 0.9739, respectively (Table 3),
while Shannon and Simpson diagnostic values decreased from 2.109 to 1.921 and from
0.8567 to 0.826 respectively.
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Figure 3. Plot-based rarefaction curves of the two studied plant communities, Trifolium thalii community and Galium
magellense community, performed in the two time steps (blue: T1: 2001 and 2003; and red: T2: 2015 and 2020).

Table 3. Comparison of diversity parameters of overall species and diagnostic species between two time steps (T1 = 2001
and 2003; and T2 = 2015 and 2020) in Galium magellense community (scree) and Trifolium thalii community (snowbeds)
RMaoTao: RichnessMaoTao;; HMaoTao: ShannonMaoTao; SMaoTao: SimpsonMaoTao; and BPMaoTao: Berger-ParkerMaoTao.

Galium magellense Community (Scree) Trifolium thalii Community (Snowbeds)

T1 Lower Upper T2 Lower Upper T1 Lower Upper T2 Lower Upper

Overall Species Overall Species

RMaoTao 51 50.28 50.72 67 66.22 67.78 70 69.03 70.97 60 59.12 60.88
HMaoTao 3.649 3.574 3.668 3.916 3.845 3.931 3.932 3.888 3.946 3.814 3.772 3.828
SMaoTao 0.9676 0.9641 0.9689 0.9743 0.9714 0.9753 0.976 0.9745 0.9766 0.9739 0.9724 0.9745
BPMaoTao 0.0655 0.0568 0.08188 0.05565 0.05233 0.07143 0.04312 0.04226 0.05304 0.04458 0.04325 0.05484

Diagnostic Species Diagnostic Species

RMaoTao 15 14.59 15.41 19 18.6 19.4 11 10.62 11.38 9 8.75 9.25
HMaoTao 2.404 2.292 2.46 2.709 2.615 2.75 2.109 2.033 2.157 1.921 1.841 1.975
SMaoTao 0.8885 0.8714 0.8979 0.9187 0.9059 0.9251 0.8567 0.8417 0.8663 0.826 0.8067 0.8392
BPMaoTao 0.1797 0.1559 0.2237 0.1701 0.1345 0.2081 0.2169 0.1952 0.256 0.2584 0.2274 0.3023
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Figure 4. Renyi’s diversity profiles of the two studied plant communities, Trifolium thalii community and Galium magellense
community, performed on cover values for overall species and for diagnostic species in two time steps (T1: 2001 and 2003,
and T2: 2015 and 2020).

4. Discussion

The diversity pattern on the analyzed high mountain ecosystems significantly changed
over the last 20 years, with such temporal trends varying across plant communities. As
shown by β-Diversity analyses, the variability of the diagnostic and the overall species pool
are comparable. Furthermore, the temporal change on diversity values of the diagnostic
species results were consistent with the alterations registered for the entire species pool.

Specifically, the Galium magellense community registered a sizeable gain of species
richness and diversity, which could be related to an ongoing scree stabilization process
caused by the increase of consolidating species, such as Androsace villosa subsp. villosa, Salix
retusa, Iberis saxatilis subsp. saxatilis, and Leucopoa dimorpha (Appendix B: rank-abundance
curves; and Appendix D, Table A1: complete list of recorded species and relative cover).
Similar trends were observed on other European summits [101,102] and were associated
with the development of incipient soils expanding inward on the scree from its base and
fringes. Moreover, we also registered an increase of nitrophilous species, such as Carduus
chrysacanthus, and Poa alpina subs. alpina, which is most likely related to the growing
presence of the Apennine chamois (Rupicapra pyrenaica ornata Neumann, 1899). This
ungulate spends the summer months on screes, providing available nitrogen in the soil with
its feces [72]. However, the gain in nitrophilous species could also be due to the combined
effect of faster organic matter decomposition rates due to rising temperatures [19,103,104],
a prolonged growing season [105], and an increased atmospheric nitrogen deposition,
which become particularly severe on mountain summits [106].
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On the other hand, the Trifolium thalii community registered a reduction of diversity
values, with a moderate decline of species richness and an increase of the dominance index
values. Concerning richness reduction, most of the species present in the past and registered
in the recent re-survey (e.g., the diagnostic species as Phyteuma orbiculare, along with other
taxa as Arabis alpina subsp. caucasica, Cerastium cerastoides, Hypericum richeri subsp. richeri,
Oxytropis campestris, and Thesium parnassi) are scapose hemicryptophytes (H Scap). Among
the forbs, the scapose hemicryptophytes are slightly less performant towards grazing
pressure [107], and their decrease could be ascribed to the increasing grazing pressure
exerted by the Apennine chamois. It is noteworthy that during summer, the Apennine
chamois females and juveniles preferentially feed on snowbed grasslands [108] occupied
by dense herbaceous communities [5].

The increase of dominance values in the snowbed community is supported by a
cover gain of species already present in the year 2001. We also recorded an expansion of
thermophilic herbaceous species well adapted to live on grasslands at lower elevation,
such as Trifolium pratense subsp. semipurpureum, Carex kitaibeliana, and Taraxacum apen-
ninum [17,18,109] (Appendix C: rank-abundance curves; and Appendix D: complete list of
recorded species and relative cover). Similar greening processes were observed in other
alpine ecosystems and were interpreted as a climate change effect [110] and, in partic-
ular, to a winter cold stress reduction [111]. Other species expanding their cover (e.g.,
the diagnostic Luzula spicata subsp. bulgarica, and other species such as Trifolium thalii,
Phleum rhaeticum, and Festuca violacea subsp. italica) are caespitose hemicryptophytes (H
Caesp). The plants belonging to this life form, being capable of vegetative reproduction
and spread, are well adapted to moderate-high grazing pressure [112–114], here exerted
by the Apennine chamois. This wild ungulate preferentially feed on snowbed grassland
with clover (e.g., Trifolium sp.) during late spring and early summer, which supplies a
protein-rich diet optimal for weaning [13,72,77,108].

The diversity pattern over time varied among plant communities of screes (e.g.,
increasing values) and snowbeds (e.g., decreasing richness and Shannon values), and the
behavior of diagnostic species in both communities was consistent with the overall species
pool. Our results suggest the potential of diagnostic species as a cost-effective approach
for monitoring high mountain plant communities. With existing evidence supporting the
role of diagnostic species for describing different ecosystems, such as forests (e.g., [51,52]),
grasslands [53], and coastal dunes [54,55], these results demonstrate it can extend its field
of application to include monitoring high mountain EU habitats. Such findings contribute
to meet the requirement for ecosystem monitoring of regions (as high mountains) where
logistic or economic restrictions make the overall periodic recording of species very difficult
and time-consuming to undertake.

The re-visitation of historical vegetation plots, and the possibility of frequent monitor-
ing based on diagnostic species, can provide updated species abundance and distribution
patterns and support optimized conservation actions. Monitoring research could help to
prioritize in situ measures for protecting and assuring natural environmental conditions,
as well as to indicate the taxa in need of immediate ex situ conservation actions (e.g.,
germination test of the seeds stored in the MPP bank and species bedding and planting on
alpine botanical gardens).

5. Conclusions

The present study, implemented by a re-visitation approach, revealed a significant
change in diversity of the high mountain vegetation of the Maiella National Park over
the last 20 years. In particular, it showed two opposite trends of variation in the two
plant communities analyzed. Regarding the Galium magellense community growing on
screes, the diversity values and species richness have grown. While, in the Trifolium thalii
community of snowbeds, we found a reduction of diversity values with a moderate decline
of species richness.
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These changes could be associated with two important factors: firstly, land use change,
due to increase of grazing pressure of Apennine chamois introduced at the beginning
of 1991 in the Park, which determined a rise of nitrophilous species in scree community
and an increase of grasses (H Caesp) at the expense of forbs (H Scap) in snowbeds; and
secondly, climate change, which encouraged a general expansion of thermophilous species.

Moreover, our study highlighted the role of diagnostic species in the monitoring of
high mountain vegetation over time. In fact, despite the two opposite processes ongoing
on the two plant communities studied, the pool of diagnostic species followed the same
trend of variation of overall species pools in both communities.

Our results could support the implementation of monitoring protocols under the HD.
The Habitats Directive obligates European countries to a six year reporting period and
recommends an estimation of short-term trends over two reporting cycles (i.e., 12 years)
and long-term trends over four reporting cycles (i.e., 24 years). Our results could help
to optimize monitoring efforts by, for instance, alternating two different field collection
campaigns: a) exhaustive measurements registering overall species (every 12 years) and b)
partial measurements registering only diagnostics species (every 12 years). In the case of
permanent plots or re-visitation sampling design, we could divide the plots into two groups
and, in the first six years, register the entire pool of species in one group and the diagnostics
in the second group, and then rotate, over the subsequent data collection cycles, the groups
in which overall species and diagnostics are measured. Further studies conducted to better
investigate the role of diagnostic species on long-term ecological monitoring over time
would be beneficial.

Our study responds to the need for further monitoring studies that are able to de-
pict vegetation dynamics occurring in remote and low-accessibility areas. The adopted
re-visitation approach, based on historical plots stored in a georeferenced database, could
help to reduce the gap on ecological data time series, and the results can be collated with
those derived from existing permanent observation networks (e.g., LTER and GLORIA).
Considering that historical vegetation plots and vegetation databases are widely available
in many European countries, this adopted re-visitation study has the potential for applica-
tion to other remote areas and EU habitat types in Italy and Europe at scales ranging from
local to regional. The proposed monitoring approach, using historical vegetation data, can
provide data over long periods of time on the abundance and distribution of species of
conservation interest to be cultivated ex situ and conserved in seed banks.
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Appendix A

Figure A1. Mean summer (June–August) soil temperatures (◦C) of the Maiella summits for the
period 2002–2020. Performed by temperature data recorded by data-logger in the three GLORIA
summits of Maiella massif (Femmina Morta Mount, 2405 m a.s.l; Macellaro Mount, 2635 m a.s.l; and
Mammoccio Mount, 2727 m a.s.l).

Appendix B

Figure A2. Rank-abundance graphics of the two plant communities analyzed, performed for overall
species pool on Galium magellense community.
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Appendix C

Figure A3. Rank-abundance graphics of the two plant communities analyzed, performed for overall
species pool on Trifolium thalii community.

Appendix D

Table A1. List of the recorded species in the analyzed plant communities. For each species the life growth form (LGr), the
taxonomic family (Family), and the mean cover in the compared time steps (T1: 2003–2005; T2: 2015–2020) are reported.

TAXON LGr Family % Cover T1 % Cover T2

Galium magellense Community(Screes)

*d Achillea barrelieri subsp. barrelieri H scap Asteraceae 0 0.13
* Alyssum cuneifolium CH suffr Brassicaceae 2.03 0.93
Androsace villosa subsp. villosa CH rept Primulaceae 2.23 4.2
* Androsace vitaliana subsp. praetutiana CH suffr Primulaceae 1.4 0.23
Anthemis cretica H scap Asteraceae 0 0.23
Anthyllis vulneraria subsp. pulchella H caesp Fabaceae 2 1.2
Arabis alpina subsp. caucasica H scap Brassicaceae 0.63 0.1
*d Arenaria bertolonii CH suffr Caryophyllaceae 0.2 0.07
Arenaria grandiflora subsp. grandiflora CH suffr Caryophyllaceae 5.4 4.37
* Armeria gracilis subsp. majellensis H ros Plumbaginaceae 0 0.2
Aster alpinus subsp. alpinus H scap Asteraceae 0.2 0.2
Bistorta vivipara G rhiz Polygonaceae 0.03 0.2
dCampanula cochleariifolia H scap Campanulaceae 0.2 1.04
Campanula scheuchzeri subsp. scheuchzeri H scap Campanulaceae 1 0
dCarduus chrysacanthus H scap Asteraceae 0 1
Carex kitaibeliana H caesp Cyperaceae 2.5 2.5
Carex myosuroides H caesp Cyperaceae 2.5 2.5
* Cerastium thomasii CH suffr Caryophyllaceae 2.9 4.07
*d Cerastium tomentosum CH suffr Caryophyllaceae 0.03 0.2
* Crepis magellensis H ros Asteraceae 0 0.2
dCrepis pygmaea G rhiz Asteraceae 0.23 0.23
*d Cymbalaria pallida H scap Plantaginaceae 5 1.2
* Cynoglossum magellense CH suffr Boraginaceae 0 0.2
dDoronicum columnae G rhiz Asteraceae 1 0.2
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Table A1. Cont.

TAXON LGr Family % Cover T1 % Cover T2

Galium magellense Community(Screes)

Draba aizoides subsp. aizoides H ros Brassicaceae 1 1
Edraianthus graminifolius subsp. graminifolius CH suffr Campanulaceae 1 1.03
Erigeron epiroticus H scap Asteraceae 0 0.03
Euphrasia liburnica T scap Orobanchaceae 0 0.2
Festuca alfrediana H caesp Poaceae 0 0.03
* Festuca violacea subsp. italica H caesp Poaceae 0 1.03
*d Galium magellense H scap Rubiaceae 5.8 6.2
Getiana orbicularis H ros Gentianaceae 0.03 0.03
Helianthemum oelandicum subsp. alpestre CH suffr Cistaceae 0 0.2
* Helictochloa praetutiana subsp. praetutiana H caesp Poaceae 0 0.07
Iberis saxatilis subsp. saxatilis CH suffr Brassicaceae 2.4 3.2
dIsatis apennina G rhiz Brassicaceae 6.1 3.93
Leontopodium nivale H scap Asteraceae 1.03 0.23
dLeucopoa dimorpha H caesp Poaceae 0.2 1.03
Linaria alpina H scap Plantaginaceae 0.07 0.31
* Linaria purpurea H scap Plantaginaceae 0 0.03
Sabulina verna subsp. verna CH suffr Caryophyllaceae 1.43 3.23
* Myosotis graui H scap Boraginaceae 0.23 0.5
*d Noccaea stylosa CH suffr Brassicaceae 0.2 0.07
d Papaver alpinum subsp. alpinum H scap Papaveraceae 0.53 0.37
* Pedicularis elegans H ros Orobanchaceae 0.03 0.2
Phyteuma orbiculare H scap Campanulaceae 0.2 0.03
Poa alpina subsp. alpina H caesp Poaceae 0.7 1.5
Poa molinerii H caesp Poaceae 0.03 0.2
Potentilla crantzii H scap Rosaceae 0.2 0.03
Pulsatilla alpina subsp. millefoliata H scap Ranunculaceae 0 0.23
dRanunculus brevifolius G rhiz Ranunculaceae 0 0.03
Ranunculus seguieri subsp. seguieri H scap Ranunculaceae 0.03 0.03
Rumex nebroides H scap Polygonaceae 0.2 0.03
Salix retusa CH frut Salicaceae 4.17 5.2
* Saxifraga exarata subsp. ampullacea H scap Saxifragaceae 0.03 0.07
Saxifraga glabella CH pulv Saxifragaceae 0.2 0
*d Saxifraga oppositifolia subsp. speciosa CH pulv Saxifragaceae 0.43 0.63
*d Scorzoneroides montana subsp. breviscapa H ros Asteraceae 0.43 0.17
dSedum atratum T scap Crassulaceae 0.03 0.07
Senecio squalidus subsp. rupestris H bienn Asteraceae 0.8 0.6
Silene acaulis subsp. bryoides CH pulv Caryophyllaceae 0.4 1.2
* Taraxacum apenninum H ros Asteraceae 0 0.2
Thymus praecox subsp. polytrichus CH rept Lamiaceae 0 0.23
* Trifolium pratense subsp. semipurpureum H scap Fabaceae 0 0.2
Trinia dalechampii H scap Apiaceae 1.23 0.23
Valeriana montana H scap Caprifoliaceae 1 0.23
Valeriana saliunca H scap Caprifoliaceae 0.6 0.63
* Viola eugeniae subsp. eugeniae H scap Violaceae 0.3 0
*d Viola magellensis H scap Violaceae 2.8 0.47
Ziziphora granatensis subsp. alpina CH suffr Lamiaceae 0 0.03

Trifolium thalii community (Snowbeds)

* Achillea barrelieri subsp. barrelieri H scap Asteraceae 0.33 0.1
Anthyllis vulneraria subsp. pulchella H caesp Fabaceae 0.6 2.97

Arabis alpina subsp. caucasica H scap Brassicaceae 0.03 0
Arabis surculosa H scap Brassicaceae 0.87 0.5
Arenaria grandiflora subsp. grandiflora CH suffr Caryophyllaceae 0.03 0.03
* Armeria gracilis subsp. majellensis H ros Plumbaginaceae 8.57 8.2
Astragalus depressus subsp. depressus H ros Fabaceae 0.47 2.8
Bellidiastrum michelii H ros Asteraceae 0 0.03
Bellis perennis H Ros Asteraceae 0.1 0
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Table A1. Cont.

TAXON LGr Family % Cover T1 % Cover T2

Trifolium thalii community (Snowbeds)

Bistorta vivipara G rhiz Polygonaceae 0.2 0.03
Botrychium lunaria G rhiz Ophioglossaceae 0.33 0.2
Campanula scheuchzeri subsp. scheuchzeri H scap Campanulaceae 0.9 0.1
Carduus chrysacanthus H scap Asteraceae 1.47 1
Carex kitaibeliana H caesp Cyperaceae 11.23 15.6
Cerastium arvense subsp. suffruticosum H scap Caryophyllaceae 0.7 0.23
Cerastium cerastoides H scap Caryophyllaceae 0.03 0
* Cerastium thomasii CH suffr Caryophyllaceae 0.7 0.3
* Cerastium tomentosum CH suffr Caryophyllaceae 0 1
d Crepis aurea subsp. glabrescens H ros Asteraceae 6.2 1.47
Crepis pygmaea G rhiz Asteraceae 0.2 0
d Draba aizoides subsp. aizoides H ros Brassicaceae 0.47 0.1
* Edraianthus graminifolius subsp. graminifolius CH suffr Campanulaceae 0.23 0
Erigeron epiroticus H scap Asteraceae 0.1 0.17
Euphrasia liburnica T scap Orobanchaceae 2.5 2.83
Euphrasia salisburgensis T scap Orobanchaceae 0.07 0.2
* Festuca violacea subsp. italica H caesp Poaceae 0.5 1.6
* Galium magellense H scap Rubiaceae 0.3 0.07
Gentiana orbicularis H ros Gentianaceae 0 0.03
Gentiana verna subsp. verna H ros Gentianaceae 0.3 0.6
* Gentianella columnae H bienn Gentianaceae 0 0.03
d Helianthemum oelandicum subsp. alpestre CH suffr Cistaceae 5.07 1.24
* Helictochloa praetutiana subsp. praetutiana H caesp Poaceae 0.23 1.3
Herniaria glabra subsp. nebrodensis T scap Caryophyllaceae 1.27 0
Hypericum richeri subsp. richeri H scap Hypericaceae 0.2 0
* Leucopoa dimorpha H caesp Poaceae 0.2 0
d Luzula spicata subsp. bulgarica H caesp Juncaceae 0.43 1.07
Sabulina verna subsp. verna CH suffr Caryophyllaceae 2.07 1.23
* Myosotis graui H scap Boraginaceae 0.13 0.07
* Noccaea stylosa CH suffr Brassicaceae 0.27 0.01
Omalotheca diminuta H scap Asteraceae 7.97 2.7
Oreojuncus monanthos G rhiz Juncaceae 0.03 0.2
Oxytropis campestris H scap Fabaceae 0.03 0
* Pedicularis elegans H ros Orobanchaceae 0.03 0.1
Phleum rhaeticum H caesp Poaceae 3.37 7.93
dPhyteuma orbiculare H scap Campanulaceae 0.23 0
Pilosella lactucella subsp. nana H ros Asteraceae 1.23 0.5
d Plantago atrata subsp. atrata H ros Plantaginaceae 31.57 34.03
Poa alpina subsp. alpina H caesp Poaceae 5.33 4.23
d Polygala alpestris subsp. angelisii H scap Polygonaceae 0.03 0.07
Potentilla crantzii H scap Rosaceae 0.73 3.93
d Pulsatilla alpina subsp. millefoliata H scap Ranunculaceae 0.2 0.07
Ranunculus brevifolius G rhiz Ranunculaceae 0.23 0.03
*d Ranunculus pollinensis H scap Ranunculaceae 12.1 3.63
Rumex nebroides H scap Polygonaceae 0.43 0.2
dSagina glabra H caesp Caryophyllaceae 0.7 0
Salix retusa CH frut Salicaceae 0.2 3.53
Saxifraga adscendens subsp. adscendens H bienn Saxifragaceae 0 0.07
Saxifraga paniculata H ros Saxifragaceae 0.03 0
* Scorzoneroides montana subsp. breviscapa H ros Asteraceae 0.83 0.4
Sedum acre CH succ Crassulaceae 0.47 0.6
Sedum atratum T scap Crassulaceae 0.17 0.15
Senecio squalidus subsp. rupestris H bienn Asteraceae 0.03 1.07
Sibbaldia procumbens H scap Rosaceae 0.03 0
Silene acaulis subsp. bryoides CH pulv Caryophyllaceae 0.63 1.5
*d Taraxacum apenninum H ros Asteraceae 1.93 8.9
* Taraxacum glaciale H ros Asteraceae 4 6.13
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Table A1. Cont.

TAXON LGr Family % Cover T1 % Cover T2

Trifolium thalii community (Snowbeds)

Thesium parnassi H scap Thesiaceae 0.23 0
Thymus praecox subsp. polytrichus CH rept Lamiaceae 2.7 0.43
Trifolium noricum subsp. praetutianum H caesp Fabaceae 0.2 1
* Trifolium pratense subsp. semipurpureum H scap Fabaceae 4.47 9.7
Trifolium thalii H caesp Fabaceae 29.97 36.07
Trinia dalechampii H scap Apiaceae 0.27 0.07
* Viola eugeniae subsp. eugeniae H scap Violaceae 1.33 0.27
Ziziphora granatensis subsp. alpina CH suffr Lamiaceae 0.9 1.9

* Endemic taxa; d: diagnostic taxa.
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