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Simple Summary: This study assesses for the first time all the vascular endemic plant taxa of Greece,
according to their decline and rarity. Phylogenetic analysis and its spatial overview highlight areas
for conservation prioritization. Several of the Greek endemics are threatened with extinction and
fourteen of them need to be prioritized, due to their evolutionary distinctiveness. This assessment
could act as the baseline and supporting tool for conservation actions, decision- and policy-making
for biodiversity, while highlighting the need for a new Red Data Book for the Greek flora.

Abstract: Human-induced biodiversity decline has been on the rise for the past 250 years, due to
various causes. What is equally troubling, is that we are unaware which plants are threatened and
where they occur. Thus, we are far from reaching Aichi Biodiversity Target 2, i.e., assessing the
extinction risk of most species. To that end, based on an extensive occurrence dataset, we performed
an extinction risk assessment according to the IUCN Criteria A and B for all the endemic plant
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extinction, our assessment provides the baseline for future conservation research, ecosystem services
maintenance, and might prove crucial for the timely, systematic and effective aversion of plant
extinctions in Greece.

Publisher’s Note: MDPI st tral .4 . . . e . ..
ublisher's Rote stays neutra Keywords: biodiversity conservation; conservation prioritization; GIS analysis; EDGE; EU Biodiver-
with regard to jurisdictional claims in .
sity Strategy; Natura 2000

published maps and institutional affil-

iations.

1. Introduction

According to recent estimates, our planet hosts up to 430,000 plant species [1], with
nearly 2000 taxa being described each year [2]. This remarkable plant diversity is unevenly
distributed [3], as a result of geo-historical processes and environmental filtering, with
distributed under the terms and €W countries hosting >1000 endemic species [4]. Several areas act as global biodiversity
conditions of the Creative Commons  tOtspots [5,6] and are facing intense anthropogenic pressure [7]. Even though extinction is
Attribution (CC BY) license (https://  the unavoidable fate of every taxon that has ever existed, the background extinction rate
creativecommons.org/licenses /by / is well below the one currently observed [7-9], irrespective of the taxon considered [10].
40/). Human-induced biodiversity decline has been on the rise for the past 250 years, due to
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various causes (e.g., urbanization, agricultural intensification, biotic invasions, habitat
degradation/loss) that exhibit clear spatiotemporal patterns [7], leading to biotic homoge-
nization at all biodiversity levels (alpha, beta and gamma) [11-14] and subsequently to a
quantitative alteration or decline of ecosystem services. Even though plants are extinction-
resilient [15], current extinction rates reach up to 1.26 extinctions per year [7], thus forcing
conservationists to set a maximum desired extinction threshold to incite the post-2020
biodiversity policy agenda [16].

Nearly a decade ago, the Convention on Biological Diversity (CBD) established the
ambitious Aichi Biodiversity Targets, the most prominent of which being targets 2, 11,
and 12 calling for (i) an extensive risk assessment of most plant species, (ii) establishing a
minimum threshold of the percentage of terrestrial land under some form of protection, and
(iii) averting the extinction of known threatened species, respectively [17]. Nevertheless, as
the recent CBD assessment states, current conservation strategies seem rather ineffective
in preventing biodiversity decline. It is becoming increasingly evident that the Aichi
Biodiversity Targets will hardly be met [18] and the most worrying fact is that we are
unaware which plants are threatened and where these plants occur [19]. This phenomenon
may be attributed to several factors, such as the biased taxonomic coverage of the IUCN
Red List (ca. 10% of plant species have been assessed—[20-22]), the Linnean and Wallacean
shortfalls [23,24], the limited economic resources ([21] and references therein), the CBD’s
‘soft law” approach [21], as well as to the fact that IUCN extinction risk assessments—the
global golden standard for assessing extinction risk [25,26]—are time-consuming and
resource-intensive ([21,27] and references therein). Consequently, this situation has led to
calls for cost-effective methods that speed-up the extinction risk assessment process ([27-30]
and references therein) and this is even more needed now, taking into consideration the
increasing intensity of anthropogenic threats to biodiversity over the coming decades [7].
Such proactive approaches minimize long-term extinction risk, while being economically
efficient [31,32].

Aichi Biodiversity Target 2 is the foundation stone of any conservation project/ prioritization
scheme, since once a thorough extinction risk assessment has been performed and the spatial
patterns of threat have been revealed [19,21], we can allocate the available funds for the pro-
tection of those species most in need and devise a cost-effective management plan optimizing
species conservation [33], thus overcoming the ‘Anthropocene vs Ecocentrism’ debate ([19] and
references therein). By doing so, we may move forward towards Aichi Biodiversity Targets
5,7 and 8 (protecting important areas for plant diversity, in- and ex-situ conservation of most
threatened plant species, respectively). The incorporation of phylogenetic diversity metrics,
such as the Evolutionary Distinct and Globally Endangered (EDGE) index, a geographically and
threat-weighted variant of phylogenetic diversity [34,35], has been proved useful when defining
and prioritizing important plant diversity areas [34], as it complements Aichi Biodiversity
Target 2.

The extinction risk assessment of endemic plant species under the IUCN standards
and Criteria constitutes the most objective and rigorous prioritization conservation and
dissemination medium among conservationists, practitioners, and decision-makers [25,26].
However, very few countries, irrespective of their economic prosperity or plant species
richness, have assessed in its entirety their endemic flora [4], despite the availability of
cost-effective, rapid, reliable and automated conservation assessment methods [28,36,37].
Greece (Figure 1), one of the most biodiversity-rich (>7000 native plant taxa) and en-
vironmentally heterogeneous countries in Europe and the Mediterranean Basin [38],
has not departed from this principle, as has yet to assess its >1400 endemic plants [4].
Greece hosts ca. 40% of the plant taxa assessed under the IUCN standards at the Euro-
pean level, with 65 taxa rendered as threatened (https://www.iucn.org/sites/dev/files/
content/documents/greece_s_biodiversity_at_risk_fact_sheet_may_2013.pdf (accessed
on 3 September 2020)). Nonetheless, no comprehensive extinction risk assessment that
complies with the IUCN Ceriteria exists for the Greek endemic plants up to this day, even
though two such attempts have been made for a fraction of the Greek flora in the past 25
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years [39,40]. However, these attempts are now outdated based on the IUCN standards
(>10 years have passed since the latest Greek Red Data Book). Despite failing to meet Aichi
Biodiversity Target 2, Greece has done exceptionally well in reaching Aichi Biodiversity
Target 11, as the established Natura 2000 network covers up to 28% of the terrestrial terri-
tory of Greece [41]. The Linnean and Wallacean shortfalls (the taxonomic and geographical
distribution knowledge gap, respectively; [42]) in Greece have been readily addressed as
well [43], due to the long-lasting interest of many botanists and biogeographers operating
in the region during the last two centuries ([44-46] and references therein). Finally, recent
advances regarding the Darwinian shortfall (the phylogenetic relationships knowledge
gap; [42]) [47,48] enable the assimilation of phylogenetic diversity metrics into conservation
evaluations. Therefore, the road has been paved to perform an extinction risk assessment
for all the endemic plant species occurring in Greece and, thus, move a step closer to the
fulfilment of the country’s obligation regarding Aichi Biodiversity Target 2, and thereupon
Aichi Biodiversity Targets 5 and 12. Our aim is to perform the first phylogenetically-
informed, extinction risk assessment for the entire Greek endemic flora and delineate the
areas that need to be prioritized in the near future.
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Figure 1. Map of Greece presenting major mountain massifs, as well as Aegean islands mentioned in the text. 1: Mt. Gramos,
2: Mt Olymbos, 3: Mt Athos, 4: Mt Parnassos, 5: Isl Aegina, 6: Mt Chelmos, 7: Mt Parnonas, 8: Mt Taygetos, 9: Isl Elafonisos,
10: Lefka Ori mountain range. The inset map depicts the island of Megisti (Kastelorizo) and its nearby islets.
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2. Materials and Methods

The methodological workflow is analytically described in the following subsections
and it is graphically presented in Figure 2. The first and main part of the workflow assesses
the extinction risk status for each Greek endemic taxon based on the IUCN Criteria A
and B in a cost-effective, fast and robust framework (using R code from [28,36]), estimates
their evolutionary distinctiveness and calculates their EDGE score. The second part of the
workflow identifies the areas with the highest threatened species richness and EDGE score,
while, as a final step, we calculate the overlap of these areas with the Greek protected areas
network. We should note that our extinction risk assessments are not based on the IUCN
Criteria C and D, as detailed population-level data for the entire Greek endemic flora do
not exist (the same trend is observed for IUCN assessments in general, since only 8.9% of
them rely on Criteria C or D; [27]).

— Plant taxa occurrence database

(ca. 1.2 million occurrences)

- U

Greek endemics
A4 A4
IUCN measures Phylogenetic tree
for the Greek
TUCN Criterion A TUCN Criterion B endemics
(Corine Land Cover data (occurrence data)
+Natura 2000 Using ConR’ 1.L1R
+ occurrence data) package by Dauby
Using R code by Stévart (2017) v
el e Evolutionary
[ distincti
v (ED) for the
Greek endemics
IUCN R
status v

A
O e

Overlap with Natura 2000 protected areas

GIS analysis and thematic mapping

Figure 2. Flowchart of our methodological workflow. EDGE: Evolutionary Distinct and Globally En-
dangered. L1 hotspots: the 1% of cells (i.e., the 1% quantile) that had the highest score for each metric.
CR: Critically Endangered. EN: Endangered. VU: Vulnerable. LC: Least Concern. NT: Near Threatened.
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2.1. Species Occurrence Data

Greece hosts 7043 native plant taxa (species and subspecies), 1435 of which are Greek
endemics (GR—[38,49]). Following [38,49], taxa are defined as (a) subspecies and (b) species
that have no subspecies, i.e., when a species has subspecies, then only its subspecies are
counted. Our final dataset comprises 1384 Greek endemic taxa, since 51 species include one
or more subspecies. All subsequent analyses are based on the most extensive and detailed
database (Flora Hellenica Database, Strid (ongoing)) of plants occurring in Greece (~1.2 M
occurrences). All plant taxa were cross-checked for synonyms, following the nomenclature
proposed by [38,49]. To locate the areas with the highest endemic richness, we calculated
the number of Greek endemic taxa occurring ata 5 x 5 km grid cell using QGIS 3.14 [50],
following [51].

2.2. IUCN Measures

We assigned each Greek endemic taxon to an IUCN threat category according to
the IUCN Criteria A and B using the R code provided by [28] and the ‘ConR’ 1.1.1 R
package [52], respectively. ConR is a fast, highly sensitive and accurate method for per-
forming extinction risk assessments [37,53,54]. It calculates the standard IUCN measures
Extent of Occurrence (EOO) and Area of Occupancy (AOO), as well as the number of
locations for every taxon based on occurrence records following the IUCN recommen-
dations [55] for Criterion B, the most widely applied criterion for official extinction risk
assessments [56]. Regarding Criterion A, the approach of [28] estimates potential pop-
ulation reduction using occurrence data based on land-cover classes characterized by
moderate-to-high human influence which are directly linked to the main threats of the
study taxa, as population-level data are rarely available for plants [57]. By doing so, the
potential decline in habitat quality for each taxon can be identified and thus the potential
population reduction can be inferred using each taxon’s potential decrease in AOO [28]. To
calculate Criterion A under this approach, we used the CORINE land cover (CLC) data v.20
(https:/ /land.copernicus.eu/pan-european/corine-land-cover/clc2018?tab=download (ac-
cessed on 3 September 2020)). CLC layers 1 (artificial areas) and 2 (agricultural areas—apart
from 223 (olive groves) and 243-244 (land principally occupied by agriculture, with signifi-
cant areas of natural vegetation and agro-forestry areas, respectively)) are directly linked to
the main threats on Mediterranean and Greek endemic taxa [58-63]. Olive groves were not
included in the CLC threat layers, as they represent (semi-)natural ecosystems not directly
linked to the main threats on Greek endemics [60,63].

After Greek endemic taxa were assigned to an IUCN category, we estimated the total
number of taxa recorded and the proportion of taxa assessed under each IUCN category,
under Criteria A and B separately, and by combining both criteria, i.e., a Greek endemic
taxon would, for example, be categorized as CR (CRgnp) if it is assessed as CR by at
least one of the two criteria. We should note that this approach does not substitute full
Red List assessments, but in the absence of such official, time-consuming and resource-
intensive assessments [27], it provides a fast, robust and reliable alternative using the
two most commonly applied IUCN criteria [22,56,57,64] (besides, Criteria C and D can
be considered as special cases of Criteria A and B: the sub-criteria for Criterion C rely on
population reduction as in Criterion A and Criterion D2 relies on the estimated AOO as
in Criterion B [57]) following the IUCN guidelines, that may serve as a baseline for more
in-depth conservation assessments in the future [28,53,54], while also contributing towards
Aichi Biodiversity Target 2 and assisting in effective, evidence-based conservation decision
making [65].

We aggregated the IUCN threat categories into two (threatened (CR, EN, VU) and
not threatened (LC, NT)) to estimate the accuracy (overall, how often was the classifier
correct when predicting threat categories) and sensitivity (true positive rate) [66-70] of
the extinction risk assessments based on Criteria A and B via a confusion matrix, using
functions from the ‘caret’ 6.0-86 R package [71] following [37,53]. As a reference dataset we
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used the Greek endemics that have been previously been assessed according to the IUCN
Criteria [39,40] and are not data-deficient (n = 238).

We calculated the number of Greek endemic taxa occurring in each grid cell for every
IUCN category. We defined GR, CRgnp and EDGE hotspots as the 1% of cells (i.e., the 1%
quantile; L1 hotspots) that had the highest score for each metric, following [72]. Biodiversity
hotspots are herein and hereafter defined as local biodiversity hotspots (i.e., hotspots within
a regional biodiversity hotspot, which is part of a global biodiversity hotspot—[73]).

We did not extend our analyses to the native non-endemic taxa occurring in Greece,
since regional IUCN assessments (i.e., assessments not restricted to endemic taxa) may
inaccurately estimate the extinction risk of the native non-endemic taxa whose (sub-
)populations are defined by geopolitical borders [74] and, thus, run the risk of not being
considered for inclusion in the IUCN Red List (https://www.iucnredlist.org/assessment/
process (accessed on 3 September 2020)).

2.3. Estimation of the EDGE Index

For the estimation of Evolutionary distinctiveness (ED) we used the time-calibrated
tree from [51], keeping only the Greek endemics (GR). Evolutionary distinctiveness was
then calculated for the Greek endemics in the time-calibrated tree using the ‘picante’
1.6.2 [75] R package. EDGE scores were calculated using the formula given in [35]:

EDGE = In(1 +ED) + GE x In(2) )

where ED is the ED value of a taxon as calculated in ‘picante’” and GE is its weighted IUCN
threat category [LC = 0; NT = 1; VU = 2; EN = 3; CR = 4] on a log scale. EDGE scores
represent the log-transformed taxon-specific anticipated loss of evolutionary history, in
which each increase of one Red List category constitutes a two-fold increase of extinction
risk [35].

We then derived the mean EDGE values for the Greek endemics present in each
grid cell.

2.4. Protected Areas Network Overlap

We overlapped L1 hotspot results with the protected areas (PAs) network retrieved
from the World Database on Protected Areas (WPDA) using GIS-related functions from the
“wdpar” 1.0.0 [76] and the “sf” 0.8.0 [77] R packages. The overlap analysis is limited to the
terrestrial part of the country.

3. Results
3.1. IUCN Measures

For the first time, we provide an assessment of every Greek endemic taxon accord-
ing to the IUCN Ceriteria A and B (Figures 3-5; Supplementary Materials Table S1). At
present, 46.1% of Greek endemics are facing imminent extinction and are considered as
Critically Endangered (CR—Figure 3) according to both Criteria A and B, while 39.7% and
19.2% are characterised as CR under the Criterion A and B, respectively (Figure 3). Aster-
aceae, Caryophyllaceae, and Brassicaceae have the most taxa identified as CR (Figure 4;
Supplementary Materials Table S1), while Violaceae have the highest percentage of CR
taxa (if a family has 10 or more CR taxa; Supplementary Materials Table S2). At the genus
level, Hieracium and Minuartia show the highest percentage of CR taxa (85.0% and 83.3%,
respectively—Supplementary Materials Table S3). As for the genera with the most CR taxa,
Hieracium, Centaurea, and Limonium have the most taxa identified as CR (if a genus has 10
or more GR; Figure 5; Supplementary Materials Table S3). All threat assessments for the
CR taxa are available in Supplementary Materials Table S4.
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Figure 3. Proportion of the Greek endemic taxa under the IUCN threat categories according to Criterion A, Criterion B, and
both Criterion A and B (from left to right).
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Figure 4. Proportion of the Greek endemic taxa under the IUCN threat categories according to both Criterion A and B for
the richest plant families. Please note that information is presented only for families with 10 or more Greek endemic taxa.
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Figure 5. Proportion of the Greek endemic taxa under the IUCN threat categories according to both Criterion A and B for
the richest plant genera. Please note that information is presented only for genera with 10 or more Greek endemic taxa.

Accuracy and sensitivity ranged between 65.1-82.4% and 79.1-98.0%, respectively, de-
pending on the criterion used (Supplementary Materials Table S5), with threat assessments
based on the Criterion B showing the highest accuracy. When both criteria were applied,
accuracy and sensitivity were 80.7% and 98.0%, respectively (Supplementary Materials
Table S5).

Based on both Criteria A and B, the Greek endemics have EDGE scores in the range
1.66-8.77, with most taxa (75%) falling in an EDGE score class of 1.66—4.95 (Supplementary
Materials Table S1 and Figure S1). Fourteen taxa have an EDGE score exceeding 7.0, belong-
ing to eleven different families and thirteen different genera, all being angiosperms, except
for three taxa (Abies cephalonica, Asplenium creticum, and Isoetes heldreichii, Supplementary
Materials Table S6); only Abies cephalonica is not considered as a CR taxon.
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3.2. Current Spatial EDGE and Threat Patterns

The distribution of the Greek endemic taxa assessed as threatened under the IUCN
categories under both Criteria A and B are not uniform across Greece (Figure 6). These taxa
are mostly concentrated at the Cretan and Peloponnesian (i.e., Mts. Chelmos and Taygetos)
mountain massifs, with the highest number of them occurring in Lefka Ori mountain
range in Crete (Figure 6). As for the CRgnp taxa, these are mainly found on the Cretan
mountain massifs, Mt. Parnassos in Sterea Ellas and Mt. Chelmos and Mt. Taygetos in
the Peloponnese (Figure 7). L1 hotspots for CRgnp and GR largely coincide, with most
L1 hotspots occurring in Crete and the Peloponnesian mountain massifs (Supplementary
Materials Figures S2 and S3), the main difference being that the northern Pindos mountain
range and Mt. Olymbos constitute L1 CRgnp hotspots, but not L1 GR hotspots.
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Figure 6. Species richness in Greece regarding threatened Greek endemic taxa (GR) for every grid cell in Greece. Grid cell

resolution equals to ca. 5 km. 1: Mt. Chelmos, 2: Mt. Taygetos, 3: Lefka Ori mountain range. The white circles delineate

(roughly) the aforementioned mountains and mountain ranges.
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Figure 7. Species richness in Greece regarding Critically Endangered Greek endemic taxa (CRgnp) for every grid cell in

Greece. Grid cell resolution equals to ca. 5 km. 1: Mt. Parnassos, 2: Mt. Chelmos, 3: Mt. Taygetos, 4: Mt. Parnonas, 5: Lefka

Ori mountain range. The white circles delineate (roughly) the aforementioned mountains and mountain ranges.

The EDGE index spatial patterns show that large parts of Southern Greece are currently
identified as hosting assemblages of great evolutionary distinctiveness facing immediate
extinction risk (Figure 8). However, the areas with very high values of the EDGE index
are currently found in the wider area around Mt. Gramos. Only six L1 EDGE hotspots
do not occur in the mainland (i.e., the western part of Elafonisos, Aegina, and NE and C
Evvia), while most L1 EDGE hotspots occur in Western Greece and the mainland mountain
massifs (Figure 9).
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Figure 8. The mean EDGE index score for every grid cell in Greece. Grid cell resolution equals to ca. 5 km.
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Figure 9. Red and green coloring indicates grid cells with L1 (top 1%) EDGE values that fall outside or inside the Greek
protected areas, respectively. Dashed lines denote the protected areas present in Greece.

3.3. Protected Areas Network Overlap

The overlap with the Greek PAs revealed that all L1 CRgnp and GR hotspots are
within the PA network (Supplementary Materials Figures S2 and S3). On the other hand,
27.5% of the L1 EDGE hotspots fall outside PAs network in Greece (Figure 9).

4. Discussion

According to recent estimates, ca. 40% of vascular plants are facing extinction [22],
yet the extinction threat status of most known plants remains still unknown, as well as
where these threatened plant taxa occur [19]. This hinders our efforts to efficiently conserve
and protect the taxa and areas most at risk [78] and calls for an increase in extinction risk
assessments under the IUCN criteria [20,21].

To this day, a fraction (17.83%—n = 238) of the Greek endemics has been assessed
under the IUCN criteria, most of them being local mountain or island endemics [39,40].
This detailed, yet limited knowledge in quantitative terms (considering the large number
of Greek endemic taxa), funneled the conservation efforts to specific areas of the country
to protect and/or improve the conservation status of the aforementioned taxa, by e.g.,
delineating protected areas to include their entire distribution, thus lowering the chances of
implementing a nation-wide, effective conservation management scheme [79]. As [39] state,
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they did not provide a comprehensive, nor complete assessment of the Greek endemic flora
([39], p. XXIII). They also consider the threatened species number and their assessment
as dynamic and not static ([39], p. 23), concluding that “knowledge is power” [39,40].
Inspired by [39,40], we conducted the first ever phylogenetically-informed assessment of
the extinction threat status of the entire Greek endemic flora based on the IUCN criteria
A and B and uncovered for the first time the threat distribution patterns and hotspots
across the Greek territory. Thus, we are able to: (i) identify the taxa that are in urgent
need of conservation attention (i.e., those with high EDGE scores), (ii) suggest the taxa
entailing a full Red List assessment (e.g., as in Spain—[80]), and (iii) propose that a revision
is needed regarding the national conservation strategy, since the threat distribution patterns
we unveiled are entirely different from the perceived conservation reality in Greece. More
specifically regarding point (iii), a significant portion of the identified conservation hotspots
is not included in any designated Greek protected area, meaning that the Greek protected
areas network might need to be at least partially redesigned, as suggested also by [51,78].

4.1. The Greek Flora under Threat

In order to meet Aichi Biodiversity Target 2, an accurate and updated priority list is
needed and even more so, for countries especially rich in endemics (>1000 taxa), such as
Greece, which hosts 1435 endemic plant taxa, amounting to 20.4% of its native flora [38,49].
Assessing their extinction risk is therefore important for the fulfilment of the country’s
obligation regarding Aichi Biodiversity Target 2. Herein, we provide the largest conser-
vation assessment of the endemic vascular flora of a given country in the Mediterranean
and the European Union (EU) that could serve as the plant conservation basis for the
Mediterranean and the EU (e.g., contribute to the European and Mediterranean Regional
Assessment initiatives by IUCN; https://www.iucnredlist.org/regions/europe (accessed
on 3 September 2020)); https:/ /www.iucnredlist.org/regions/mediterranean (accessed on
3 September 2020)), in conjunction with the results obtained for Italy [79] and Spain [80].

Our assessment’s accuracy and sensitivity (80.7% and 98.0%, respectively) is in line
with global and regional estimates [37,53,54,65] and can be thus considered reliable and
robust, as it agrees with the findings of [39,40], regarding the taxa previously assessed
(n = 238). We found that the vast majority of the Greek endemics are considered as threat-
ened (Figure 3), which is in harmony with the previous and now outdated assessments
conducted in Greece (Greek endemic taxa assessed: n = 238; ca. 85% of the taxa assessed
were threatened; [39,40]). Based on both IUCN Criteria A and B, nearly half (46.1%) of
the Greek endemics are facing imminent extinction (Figure 3), which is in line with the
most recent global estimations [22]. This proportion is much higher than the estimates
from Italy (22.4—[79]) and Spain (22.1%—[80]), two other highly biodiverse Mediterranean
countries, which can be ascribed to the fact that the extinction risk of the Italian and Spanish
endemics was based almost entirely only on Criterion B [79,80]. Taking into consideration
the extinction risk for the Greek endemics based only on the latter criterion, then 19.2% of
the Greek endemics are facing imminent extinction (Figure 3), which is roughly the same
with that reported from Italy and Spain. Either way, this sets on the alarm for revising
national conservation priorities, since endemic taxa represent an invaluable resource in
terms of genetic diversity and constitute key elements of particular importance at local, re-
gional, national and global level [81,82], as their survival is entirely dependent on national
responsibility and the relevant policies and practice [79]. We recorded an elevated extinc-
tion risk for some taxon-rich genera, such as Allium, Centaurea, Hieracium, and Limonium,
for which Greece represents their diversification or diversity center (for at least some of
their sections—e.g., [83,84]). The majority of these taxa occur either in coastal or lowland
areas, where land-use change due to human activities has been intensifying during the past
two decades (https:/ /land.copernicus.eu/pan-european/corine-land-cover (accessed on
3 September 2020)); [85,86]) leading to habitat loss and degradation, two major factors re-
lated to increased extinction rates [7,12,22], especially in the Mediterranean [85]. Currently,
only one taxon (Isoetes heldreichii) is presumably extinct in Greece [87], while other taxa that
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were considered extinct, were recently rediscovered (e.g., [88,89]). The recorded extinction
rate in Greece is thus lower than Italy [79], Spain [90], other areas with Mediterranean-type
climate (e.g., [91]) or global estimates [7,9,22], and cannot be attributed to lower collection
effort, since Greece has been extensively botanized during the past two centuries [92], with
collection intensity intensifying the past decades, which resulted in the rediscovery of
many presumably extinct taxa [92]. The lower extinction rates observed in Greece might be
due to extinction debt (i.e., the delayed extinction of taxa—[93]), as a result of the lower
industrialization and urbanization rates of Greece compared to Italy and Spain [94,95] until
the 1960s [96]. This situation may however change dramatically in the foreseeable future,
since most Greek endemics are either very narrowly-distributed (Supplementary Materials
Table S1) or occur in areas highly affected by human activities ([38,49]—Figure 3). Another
key factor that may contribute to an increased extinction rate in Greece, is the inability of
a significant portion of the Greek endemics to track the shift of their realized niche in a
changing climate, as exemplified by the single island endemics of Crete [97] or other rare
plant taxa occurring in Greece (e.g., [98-101]).

By incorporating phylogenetic diversity (i.e., the EDGE index) into conservation
analyses, we are able to define and prioritize important plant diversity areas where the
intersection between different facets of biodiversity (taxonomic, phylogenetic) is high and
assess the efficiency of the currently established PA networks [34,102,103]. The majority
of the fourteen Greek endemic taxa that had a very high EDGE score (Supplementary
Materials Table S6) and are, thus, of high conservation priority, have already been included
in conservation management and monitoring projects, and implemented by the respective
Management Body in which they occur. On the one hand, this means that our analyses
were able to properly identify the taxa most at risk nationwide and on the other hand, that
the Greek conservation agencies have been correctly and efficiently allocating their limited
funds, despite the lack of national structural strength and the economic austerity [104].

The Cretan and Peloponnesian mountain massifs constitute threatened Greek endemic
diversity hotspots (Figure 6), with the wider area around Mt. Gramos having the high-
est EDGE score, thus qualifying as the most important conservation hotspot in Greece
(Figure 8). It is worth mentioning that even though the Cretan mountain massifs host the
most threatened /CR Greek endemic taxa (Figures 6 and 7), they do not constitute L1 EDGE
hotspots (Figure 9), probably an incidence of the non-adaptive radiations (evolutionary
diversification from a single ancestor, not accompanied by niche differentiation [105]) of
the Cretan single island endemics (a prominent example being the Dianthus juniperinus
complex or the Campanula/Roucela taxon complex). Even though several areas that are
renowned for their outstanding floristic uniqueness and plant species richness (e.g., the
Pindos mountain range, Mt. Olymbos, Mt. Athos, Mt. Parnassos, Mts. Chelmos, Taygetos
and Parnonas in the Peloponnese, the Cretan mountain massifs, as well as the mountains
of Evvia [51]) are rendered as extinction risk hotspots (Figures 6-8), the spatial distribution
of threatened Greek endemic taxa all over the Greek territory, inside and outside the pro-
tected areas’ network (Figure 3; Supplementary Materials Figures S2 and S3), imply that a
general strategic plan should be developed at the national scale. The ongoing, national Life
Integrated Project for ‘Integrated actions for the conservation and management of Natura
2000 sites, species, habitats and ecosystems in Greece’ (https://ec.europa.eu/environment/
life /project/Projects/index.cfm?fuseaction=search.dspPage&n_proj_id=6520 (accessed on
3 September 2020)) can be substantially supported by these results and integrate them into
the proposed National Set of MAES (Mapping and Assessment of Ecosystems and their
Services) Indicators (e.g., the indicators of endemic diversity—[106]) assessments [41] for
ecosystem condition and plant diversity. Subsequently, our results provide crucial infor-
mation for the natural capital assessment and accounting process in Greece, supporting
state efforts to follow the EU Biodiversity Strategy and EU Green Deal guidelines and fulfil
relevant targets.
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4.2. The Role of Protected Areas

In Greece, the Natura 2000 protected areas network covers almost the total spatial
distribution of the Greek endemic taxa assessed as Threatened and/or having high EDGE
index score. However, until today all conservation efforts for plant taxa within Natura
2000 sites are targeted on Dir. 92/43/EC taxa. In National Parks more taxa are taken
into account: mainly local endemics or taxa assessed as threatened by previous surveys.
Most of these efforts are limited to monitoring assessments under EU obligations for
Article 17 reporting. Relevant conservation actions concern institutional measures of
prohibition and/or local implementation actions for the improvement of their popula-
tions and habitats. Here, we document and highlight a general overlap among areas
with a high number of Greek endemic taxa under imminent extinction risk (Supplemen-
tary Materials Figure S3), high EDGE score (Figures 8 and 9) and high endemism rate
(Supplementary Materials Figure S2), inside the Natura 2000 network (Supplementary
Materials Figures S2 and S3). These parts of Natura 2000 sites are considered particu-
larly important, and where conservation efforts and management strategies for plant
taxa and their habitats should focus on. However, a significant portion of the L1 EDGE
hotspots, i.e., the areas identified as those of immediate conservation concern, is not in-
cluded in any designated Greek PA, while other PAs do not encompass either a L1 EDGE
or CRgnp or GR hotspot. This might be ascribed to the Linnean, Wallacean, and Darwinian
shortfalls at the time that this network was designed and denotes that the Greek PA net-
work might need to be at least partially redesigned, in order to include these L1 EDGE
hotspots. This is in line with [51,78], who highlighted the need of expanding the Greek PA
network, even though Greece ranks among the top-10 EU countries regarding their PA cov-
erage (http://www.eea.europa.eu/data-and-maps/dashboards/natura-2000-barometer
(accessed on 3 September 2020)). After all, the expansion of the existing PAs will be included
in the post-2020 conservation agenda in order to protect several threatened taxa [18,107,108].
This can also be achieved by establishing community protected areas or other effective
area-based conservation measures [109,110]. Thus, we suggest that the monitoring and
conservation targets should be revised and be set further from the country’s obligations for
EU reporting to local (site-specific) needs and demand. This implies that the Greek Natura
2000 network is in its vast majority well-structured and spatially delineated, as far as cur-
rent Greek endemic plant taxa threat status is concerned. The information provided here
should also be considered for future assessments especially for environmental licensing of
human activities inside the Natura 2000 protected area network and for drafting plant taxa
Action Plans (i.e., inclusion in the relevant specifications).

4.3. Management Implications

The IUCN extinction risk status is considered a credible index and source of informa-
tion for conservation initiatives. However, field-based IUCN threat risk studies on selected
plant taxa have been, and will probably continue to be, an ad hoc process depending upon
current knowledge on specific, already assessed taxa, individual initiative, enthusiasm and
subject to funding availability [111]. This evidently biases conservation efforts and national
strategies against a holistic approach for plant diversity protection, since it lacks data on
a larger scale in terms of the number of the assessed taxa, their spatial distribution and
overlaps among them. Here we attempted to overcome these limitations and reduce bias,
by providing a comprehensive catalogue for the IUCN extinction risk status of the entire
Greek endemic flora which serves as a fundamental tool to inform conservation policy and
decision makers for future strategies and management implementations in Greece. The
drafting of this catalogue is considered a decision-making prerequisite and a cornerstone
for environmental management, since plant diversity’s continuing decline will have a
greater impact on human well-being than any other type of biodiversity loss [111], setting
relevant conservation actions at the top of the policy agenda. For instance, this assessment
could complement national-scale efforts on protecting valuable ecosystem services related
to threatened taxa with ecological, commercial, and cultural importance, (e.g., Lamiaceae
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endemics [112]). By this, our results can support decision makers to adjust conservation
actions to both proactive and reactive terms and by this optimally and efficiently allocate
efforts and resources on biodiversity investment decisions. Apart from the need of a
nationwide partial redesign of the Natura 2000 PA network [51,78] by e.g., establishing Key
Biodiversity Areas [113-115] that might complement the existing PA network, further steps
regarding conservation actions in Greece should include: (a) surveys on threatened taxa
with respect to climate change, food security, genetic resources loss, ecosystem services
loss, (b) active involvement of the National herbaria, creating the necessary bridge be-
tween taxonomic collections and conservation [111], and (c) dissemination of the scientific
knowledge via the communication of the extinction risk impact on human prosperity and
well-being, in order to reach the top of the local, regional and national policy agenda. More-
over, the information presented here can be incorporated in various prioritization schemes
at local, national and global level (see also [116]). The supplementary provision of the
spatial distribution data for taxa included in the catalogue, can provide direct input to the
zonation methodology for the Natura 2000 PA network for the relevant area prioritization
process, which is ongoing in Greece and deals with crucial trade-offs among land uses
and human-nature interaction. Finally, by disseminating the extinction risk status of every
Greek endemic taxon, conservation funds in Greece may be more appropriately allotted
and not spent entirely in information-gathering as is the case for most recovery plans [117],
but in conservation and protection actions or in certain cases, to serve as a baseline for
more in-depth conservation assessments in the future.

5. Conclusions

Threatened species lists, as the one provided here, fulfil important political, social and
scientific needs in biodiversity conservation. Nevertheless, it is naive and counterproduc-
tive to use them in isolation when allocating resources for conservation [116,118]. The most
frequent case is that decision making on conservation management deals with a variety of
trade-offs including socio-economic, socio-cultural, and socio-ecological factors and thus
all conservation goals can be rarely achieved simultaneously [119]. In the Anthropocene
era, where climate-change and land-use change are projected to significantly alter the
biodiversity patterns and may force many taxa to extinction, our assessment provides the
baseline and acts as a guide for future conservation research and sustainable management.
It might thus prove crucial for the timely, systematic, and effective aversion of plant ex-
tinctions in Greece and ignite the drafting of a new, comprehensive Red Data Book for the
Greek flora.

Supplementary Materials: The following are available online at https://www.mdpi.com /2079
-7737/10/3/195/s1, Figure S1: Red coloring indicates grid cells with L1 (top 1%) values for the
Greek endemic taxa. Dashed lines denote the protected areas present in Greece, Figure S2: Red
coloring indicates grid cells with L1 (top 1%) values for the Critically Endangered Greek endemic
taxa. Dashed lines denote the protected areas present in Greece, Table S1: The Greek endemic plant
taxa, along with information on each taxon’s extinction risk status for every both IUCN Criteria A
and B. EDGE: Evolutionary Distinct and Globally Endangered index. ERA: Extinction risk based
on the IUCN Criterion A. ERB: Extinction risk based on the IUCN Criterion B. ERAB: Extinction
risk based on both the IUCN Criteria A and B, Table S2: Families with 10 or more Greek endemic
plant taxa characterized as Critically Endangered (CR) and the highest percentage of Critically
Endangered taxa. ERAB: Extinction risk based on both the IUCN Criteria A and B. n: number of taxa.
Percentages are shown in descending order, Table S3: Genera with 10 or more Greek endemic plant
taxa characterized as Critically Endangered (CR) and the highest percentage of Critically Endangered
taxa. ERAB: Extinction risk based on both the IUCN Criteria A and B. n: number of taxa. Percentages
are shown in descending order, Table S4: The Greek endemic plant taxa characterized as Critically
Endangered based on the IUCN Criterion A or B. ERA: Extinction risk based on the IUCN Criterion
A. ERB: Extinction risk based on the IUCN Criterion B. AOO: Area of Occupancy. EOO: Extent
of Occurrence. AOO_full: Area of Occupancy estimated from all occurrences. AOO_red: Area of
Occupancy estimated only from occurrences situated outside human affected areas. AOO_decline:
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Estimated population reduction percentage for each taxon inferred by a potential decrease in the
Area of Occupancy ([AOO_full—AOO_red]/AOO_full) x 100). Locations: Number of locations for
every taxon based on occurrence records. All AOO and EOO metrics are given in square kilometres,
Table S5: Confusion matrix results comparing the IUCN extinction risk status of 238 Greek endemic
taxa based on occurrence data [i.e., the ConR and Stevart’s et al. (2019) approach we followed]
against control threat categories [data derived from Phitos et al. (1995, 2009)] given as percentages.
Regarding the accuracy metric, the confidence intervals are given in parentheses, Table S6: The
fourteen Greek endemic plant taxa that should be prioritized in terms of conservation effort based
on the EDGE index. EDGE: Evolutionary Distinct and Globally Endangered. ERAB: Extinction risk
based on both the IUCN Criteria A and B. CR: Critically Endangered. EN: Endangered.
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