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Abstract

The Natura 2000 (N2K) network of protected areas is one of the main tools for area-based
conservation in the European Union (EU), yet its role in preserving plant biodiversity
requires better understanding. We examined data kept in the European Vegetation Archive
from over 1.2 million vegetation plots and obtained over 14.2 million plant species occur-
rences. To test the N2K network’s representativeness of plant species gamma diversity, we
compared the number and percentage of native and conservation priority species in- and
outside the N2K network throughout the EU and for individual countries, biogeograph-
ical regions, and combinations thereof. We then determined whether N2K sites hosted
more species than sites outside the network with the species–area relationship. Over-
all, almost 90% of the native vascular plant species occurred at least once in the N2K
network. Yet, significant variation exists across countries and biogeographical regions—
from 0% of species in the Boreal region of Lithuania, to 98% in the Alpine region of
Croatia—indicating that local N2K sites are not equally representative of the regional
gamma diversity. Nonetheless, the N2K network contains more species than land outside
the network when area is taken into account. The planned expansion of the N2K network,
as mandated by the European Biodiversity Strategy for 2030, should prioritize areas with
currently underrepresented elements of the EU vascular flora.
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INTRODUCTION

Anthropogenic pressure on ecosystems is intensifying world-
wide and causing a rapid redistribution and decline of biodi-
versity (IPBES, 2019; Lenoir et al., 2020; Pecl et al., 2017) and
biotic homogenization; generalist species are favored (Staude
et al., 2020). These rapid biodiversity changes call for increased
land allocation to nature conservation (Tittensor et al., 2014).
After the 1992 adoption of the Convention on Biological
Diversity in Rio de Janeiro, the European Union (EU) settled
one of the most ambitious plans for area-based conserva-
tion of biodiversity worldwide, which led to the creation of
the Natura 2000 (N2K) network of protected areas (hereafter
N2K). This network was established through the combination
of the Birds Directive (79/409/EEC - 1979) and the Habitats
Directive (92/43/EEC - 1992), which hold all EU member
states accountable for the protection of endangered animals,
plants, and habitat types of community interest occurring in
their territory (Ellwanger et al., 2018; Evans, 2012). Comprising
more than 26,000 sites and covering 752,257 km2 (18.3% of the
EU land area), the N2K has become the largest coordinated net-
work of protected areas in the world (European Commission,
2022; Evans, 2012; Sundseth & Creed, 2008) and represents
the main legal instrument for conserving biodiversity in the EU
(Maxwell et al., 2020), although other types of protected areas
also exist (Cazzolla Gatti et al., 2023; Maiorano et al., 2015). Yet,
the effectiveness of the N2K network in protecting natural and
seminatural habitats to prevent biodiversity loss is still debated
(Concepción, 2021; Kati et al., 2015).

Among the different components of biodiversity, plants
deserve particular attention because they account for the vast
majority of Earth’s biomass (Bar-On et al., 2018), form the base
of nearly all food webs, and are critical to ecosystem function-
ing and the delivery of essential ecosystem services, such as
carbon sequestration, air and water purification, and food provi-
sion (Harrison et al., 2014; Lavorel, 2013; Pironon et al., 2024).
Understanding the extent to which the N2K network is effec-
tive in protecting EU plant biodiversity is crucial for planning
the network’s future expansion required by the European Bio-
diversity Strategy, which establishes the target of protecting at
least 30% of the EU land area by 2030 (European Commission,
2020).

Assessing the long-term effectiveness of the N2K network
requires comprehensive information regarding the biodiver-
sity hosted within its boundaries. An effective conservation
network is representative of the full variety of biodiversity
features in a region, with individual protected sites contribut-
ing to maximizing this overall representation (Margules &
Pressey, 2000). Determining the extent to which a protected
area network encompasses the total species richness of a region
(i.e., the gamma diversity) represents a measure of the net-
work’s representativeness (Kukkala & Moilanen, 2012; Smith &

Theberge, 1986). Comprehensive information on the current
representativeness of the N2K network may be used to iden-
tify missing or underrepresented species and recommend future
improvements (Cunningham et al., 2021).

Several attempts have been made so far to measure the bio-
diversity in the N2K network. Previous studies quantified the
amount of habitats hosted by the N2K network in specific bio-
geographical regions (e.g., Gameiro et al., 2020; Lukács et al.,
2013). Comprehensive biogeographical analyses for entire taxo-
nomic or functional groups exist but are limited to charismatic
or endangered species, such as birds (495 species [Albuquerque
et al., 2013]); selected threatened species (300 species [Trochet
& Schmeller, 2013]); terrestrial vertebrates (842 species [Maio-
rano et al., 2015]); species of conservation priority (714 species
[Gruber et al., 2012]); and 587 vascular plants (Ricci et al.,
2024). As for vascular plants, extensive assessments are lim-
ited to individual regions (e.g., Chiarucci et al., 2008; Sperandii
et al., 2020; Spiliopoulou et al., 2021), whereas continental-
extent studies considered only restricted subsets of the EU
flora, for example, 464 species listed in Annex II of the Habi-
tats Directive (Gruber et al., 2012), 61 species of conservation
concern (Trochet & Schmeller, 2013), around 500 IUCN Red
List and orchid species, and 300 common species (van der
Sluis et al., 2016). These studies showed that, although the
N2K network has avoided major gaps in species representation,
inefficiencies persist. Substantial coverage gaps remain, espe-
cially for wide-ranging and threatened species, and these vary
across biogeographical regions due to differences in site selec-
tion strategies, land use, and human pressures (Ricci et al., 2024).
Given the large number of terrestrial vascular plant species
native to the EU (>15,000 [Essl et al., 2013]) and their func-
tional and structural role in ecosystem functioning and trophic
chains, the lack of an EU-wide assessment of the N2K network
representativeness in protecting the gamma diversity of vascular
plants is a glaring knowledge gap.

The European Vegetation Archive (EVA) (Chytrý et al.,
2016) is a major source of information on species composi-
tion of local plant communities across the continent. The EVA
stores information from more than 2 million vegetation plots,
which makes it the largest vegetation plot database available
for Europe. The fast expansion of EVA over the last decade
is now creating unprecedented opportunities for assessing the
extent to which the N2K network protects vascular plants
across European countries and biogeographical regions based
on data from field-based scientific surveys. The EVA has sev-
eral problems shared with other biodiversity databases that are
based on opportunistically collected data (Meyer et al., 2016),
for example, geographical biases in data coverage and prefer-
ential sampling of rare and species-rich communities (Chytry
et al., 2016; Szymura et al., 2023). Therefore, any biodiver-
sity assessment based on EVA needs to be complemented
with other approaches rooted in ecological theory, such as
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the species–area relationship (Bruelheide et al., 2020; Lawton,
1999; Lomolino, 2000). The species–area relationship has been
proposed as a useful approach to compare areas with uneven
sampling effort to assist conservation planning by, for example,
determining how much additional area is required to protect a
given proportion of species richness (Desmet & Cowling, 2004)
or assessing deviations from expected species richness in pro-
tected areas (Hoffmann et al., 2018). These techniques have
already been applied to investigate continental (Hoffmann et al.,
2018), national (Kallimanis et al., 2008), and regional (Chiarucci
et al., 2008, 2012) patterns of species richness in protected areas.

We used data extracted from EVA to provide the first esti-
mate of the number and proportion of vascular plant species
and legally protected plant species (the latter here called priority
species, namely those listed in the Habitats Directive Annexes
II, IV, and V) that occur in the N2K network across EU coun-
tries and biogeographical regions. We sought to estimate the
representativeness of the N2K network with respect to the
gamma diversity of vascular plant species throughout the EU
and in each biogeographical region, country, and their combina-
tions; determine in which countries and biogeographical regions
the protected area network underperforms compared with the
EU average while controlling for sampling effort; and test for
differences in the number of species found inside and outside
the N2K network with species–area curves.

METHODS

Study area

Across the EU terrestrial area, N2K coverage varies nation-
ally from 7.2% in Denmark to 37.8% in Slovenia (EEA, 2020).
The coverage of the N2K network is even more heterogeneous
across biogeographical regions, ranging from 8.2% of the Boreal
region to 57.6% of the Black Sea region (EEA, 2019, 2020).
Alpine (39.4%) and the Macaronesian (38.1%) regions are also
well covered by the N2K network.

Data gathering and harmonization

We retrieved 1,223,017 vegetation plots from EVA (accessed on
16 March 2021), sampled across the 27 EU countries. From this
set of plots, we selected only those with information on loca-
tion uncertainty up to 10 km. Less than 1% of plots had such
high location uncertainty, which had a median value of 10 m. We
excluded plots from human-made habitats (V category accord-
ing to EUNIS classification [Moss, 2008] as provided by EVA)
and plots sampled before 1994 (i.e., the year the N2K network
was formally established). The total number of vegetation plots
considered was therefore reduced to 769,157, corresponding to
14.2 million occurrences of native vascular plant species. Most
of the plots in EVA were assigned to their respective country
and biogeographical region. If this information was missing,
plot location was overlaid with the map of biogeographical
regions of Europe (Cervellini et al., 2020) and national bound-

aries (South, 2011). Then, we classified plots as falling inside
or outside the polygons of the N2K shapefile (EEA, 2018)
by demarcating circular buffers around plot coordinates with a
radius equal to plot location uncertainty. The plots were con-
sidered inside the N2K network when >50% of the buffer area
overlapped a polygon of the N2K shapefile. Most of the plots
had their buffer largely (i.e., >75%) inside or outside of the
network; intermediate situations (50–75%) were relatively rare.
After this classification, 6.1 million native vascular plant species
occurrences were recorded inside the N2K polygons, and 8.1
million were recorded outside.

To harmonize species names, we used the tool by Jansen
(2023) based on Dengler et al. (2012) and data in Euro+Med,
which follows the Euro+Med taxonomy (Euro+Med, 2006).
We also used Euro+Med data to discriminate between native
and non-native species based on the reported taxon status in
different areas. We removed a few occurrences for which the
taxonomic identity could not be resolved. Finally, we selected
species of conservation priority based on the last European
report (EEA, 2020) to run separate analyses on this subset.

Data analyses

Species compositional diversity in an area can be observed at
3 distinct levels: alpha, beta, and gamma. Because our aim
was to disentangle the role of protected areas in representing
the gamma diversity at biogeographical or national scale, we
focused on the total number of species beyond the scale of
the single protected areas of the N2K network. Specifically, we
calculated the cumulative number of native and priority species
occurring in the entire set of selected vegetation plots, inside and
outside the N2K network throughout the EU and in each bio-
geographical region, country, and their combinations. To avoid
spurious results due to the incomplete area coverage of the
EVA data, outputs related to combinations of biogeographi-
cal regions and countries that showed a strong bias in sampling
effort (plots falling almost exclusively inside or outside the N2K
network) were not reported. Specifically, we excluded combi-
nations in which the sampling imbalance between plots inside
and outside the network exceeded a factor of 10. This thresh-
old was chosen as a trade-off between retaining a sufficient
number of regions and ensuring robust comparisons between
protected and unprotected areas. This led to the exclusion of
Malta from the study. To highlight differences in sampling effort
among combinations of countries and biogeographical regions
included in the study, we calculated their sampling density as
the number of vegetation plots per square kilometer (Figure 1;
Appendices S1 & S2).

For each country, biogeographical region, and their combi-
nations, we also estimated the total number of native species
with the Chao2 estimator inside and outside the N2K network
and across the entire EU. This further step was performed to
mitigate the effect of differences in sampling efforts across
spatial units and provide an estimate of the overall gamma
diversity found inside and outside the N2K network, disre-
garding species identities. The Chao2 estimator derives from
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4 of 14 Di Musciano ET AL.

FIGURE 1 Vegetation plot density inside and outside the Natura 2000 network across combinations of countries and biogeographical regions (source
European Vegetation Archive) (ALP, Alpine; ATL, Atlantic; BLS, Black Sea; BOR, Boreal; CON, continental; MAC, Macaronesian; MED, Mediterranean; PAN,
Pannonian; STE, Steppic). Color classes are based on the quartiles of the distribution of plot density inside and outside the Natura 2000 network.

the Cauchy–Schwarz inequality and returns a nonparametric
estimation of the species richness of an assemblage based on
species incidence (detection or nondetection) data in multi-
ple sampling units. The results are nearly unbiased when very
rare or infrequent species have approximately the same detec-
tion probabilities (Chao & Colwell, 2017). However, as with
most of the other nonparametric estimators of species richness,
Chao2 underestimates the total number of species in real com-
munities and can be considered a lower bound estimator (e.g.,
Chiarucci et al., 2018; Xu et al., 2012). The Chao2 estimator
was calculated with the iNext package 3.0.0 in R (Hsieh et al.,
2016). A robustness check of our results was done compar-
ing Chao2 with other common species richness estimators (i.e.,

the Michaelis–Menten and asymptotic regression model), which
yielded equivalent results (Pearson correlation r = 0.98–0.99)
(Appendix S3).

To evaluate the vascular plant species richness hosted in the
N2K network, we calculated the proportion of native species
found exclusively inside and outside the whole N2K network
and the number of species shared between areas inside and
outside of it in each country, biogeographical region, and their
combinations. This proportion was calculated for observed and
estimated (Chao2) species richness values. The proportion of
estimated species richness inside the network for each country,
biogeographical region, and their combinations was also related
to the respective percentage of protected land surface.
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We used a slightly different approach for priority species.
We first compared the list of priority species found in the
EVA dataset with those included in the European Environment
Agency (EEA) report (EEA, 2021). We did this separately for
each country, biogeographical region, and their combinations.
We then calculated the proportion of priority species found
exclusively inside the N2K network, exclusively outside it, and
in both. To obtain a measure of dataset coverage, we iden-
tified missing priority species, that is, those listed in the last
EEA report (EEA, 2020) but not found in the EVA dataset
(Appendix S4), and calculated their proportion for each coun-
try, biogeographical region, and their combinations. We found
some priority species in countries or biogeographical regions
where they had not been reported in the last European report
(Appendix S5). This finding could point to the presence of mon-
itoring gaps in such regions that should be accounted for during
the next monitoring rounds; species movement and range shifts;
and, less likely, taxonomic misidentification. Although under-
reporting in official datasets has been suggested in previous
studies (e.g., Lison et al., 2017), the uncertainty surrounding the
reason for the presence of these species in the EVA dataset led
us to exclude them from the main analysis to avoid misinter-
pretation. However, to assess the robustness of our results, we
repeated the analyses including all priority species, regardless of
their reporting status. We calculated the correlation coefficient
across the proportions of species found exclusively inside or
outside the N2K network, the proportion of species inside and
outside, and the proportion of missing species. The outcomes
were highly consistent, with a correlation coefficient of 0.95
between the 2 approaches. This result supported the reliability
of the main findings.

We then tested how the proportion of native and priority
species in each country or biogeographical region deviated from
the overall EU pattern. To do so, we fitted generalized lin-
ear models (GLMs). We assumed a binomial distribution of
errors and regressed the proportion of species in the N2K
network against countries or biogeographical regions. Two sep-
arate models were run with countries or biogeographical regions
as a covariate for native and priority species. Some countries
were excluded from these analyses due to the low number of
available vegetation plots inside the N2K network (Malta) or
the absence of priority species in the plots sampled inside the
network (Cyprus and Luxembourg). The density (number per
square kilometer) of plots inside the N2K network for coun-
tries and biogeographical regions was included as a covariate
to account for the different sampling efforts across countries
and biogeographical regions. Given the nonlinear nature of the
species–area relationship, we included sampling effort as a linear
and quadratic predictor. We then selected the best-fitting mod-
els based on the corrected Akaike’s information criterion (AICc)
and the explained deviance (D2).

Finally, we examined whether N2K sites hosted a higher-
than-expected number of species given their current spatial
extent with the species–area relationship. We fitted separate
curves to the estimated richness of native species inside and out-
side the N2K network with estimates for each combination of

biogeographical region and country. To improve interpretabil-
ity of the species–area relationship parameters, we rescaled the
area variable by expressing it in units of 100 km2 prior to model
fitting. This adjustment ensured model parameters reflected a
spatial scale more aligned with the minimum size of the spa-
tial units analyzed. This avoided extrapolating species richness
to implausibly small areas (e.g., 1 km2), which are outside the
observed range of our data. The curves were fitted with dif-
ferent models: power function, extended power function, and
Kobayashi function. We then compared the different models
and chose the one with the lowest value of the AICc and esti-
mated the bootstrap confidence intervals of the selected model’s
parameters.

Independent validation

As a robustness check and for independent validation, we
compared the proportion of native species inside, shared, and
outside N2K areas as obtained with the EVA dataset with the
same metrics but with plant occurrence data from the Global
Biodiversity Information Facility (GBIF). Georeferenced obser-
vations of vascular plants in EU countries were extracted
from the GBIF database (www.gbif.org) on 18 September
2023 (GBIF, 2023). We only selected occurrences with loca-
tion uncertainty up to 5 km. Because GBIF data are prone to
a few common error types, we used the R package Coordi-
nateCleaner (Zizka et al., 2019) to remove occurrences whose
coordinates corresponded to the centroid of capitals, countries,
GBIF headquarters, and known biodiversity institutions, as well
as occurrences in oceans or records falling outside the study
area despite being labeled as part of it. To be consistent with
the time frame selected for the EVA dataset, we conducted this
study excluding all occurrence records collected before 1994.
We then followed the same procedures as for the main dataset
originating from EVA. We calculated the proportion of native
species found exclusively inside and outside the N2K network
and the number of species shared between areas inside and out-
side the N2K network for each country, biogeographical region,
and their combinations.

To further test the consistency of our results, we accounted
for the effect of sampling bias by applying plot matching tech-
niques. We identified the treatment group (i.e., plot inside N2K
sites) that was closely matched to the control group (i.e., plot
outside N2K sites) based on different environmental factors
and spatial proximity. Specifically, we used propensity score
matching, which is the most widely used technique (Geld-
mann et al., 2019). Based on previous studies (Andam et al.,
2008; Feng et al., 2021; Geldmann et al., 2019; Joppa & Pfaff,
2009; Negret et al., 2020), our matching covariates were mean
annual temperature, annual precipitation, temperature season-
ality, precipitation seasonality, biogeographical region, country,
and elevation. Matching was done with the MatchIt package (Ho
et al., 2011) with the nearest neighbor method without replace-
ment. The caliper (tolerance level for matching plots inside and
outside the N2K network) was set to 0.25 SDs, meaning that the
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FIGURE 2 (a) Percentage of native species found exclusively inside, found exclusively outside, and shared between areas inside and outside the Natura 2000
network for each combination of country and biogeographical region of the EU and generalized linear model (GLM) coefficients of the percentage of species found
in the network by (b) country and (c) biogeographical regions accounting for sampling effort (bars, 95% confidence interval; dots, mean of GLM coefficients;
dashed lines, average pattern in Europe; ALP, Alpine; ATL, Atlantic; BLS, Black Sea; BOR, boreal; CON, continental; MAC, Macaronesian; MED, Mediterranean;
PAN, Pannonian; STE, Steppic; TOT, total).

maximum allowable distance between matched pairs was con-
strained to fall within this threshold. This choice was guided by
literature (Cuenca et al., 2016; Ricci et al., 2024) and justified
empirically based on the SD of the estimated scores. This cri-
terion is widely endorsed because it strikes a balance between
minimizing selection bias and maintaining an adequate number
of matched pairs, thereby improving the validity and efficiency
of causal inference in matching techniques. The ratio parameter
(the desired ratio of plots inside and outside the N2K network)
was set to 1.

RESULTS

Native and priority species in the N2K network

The overall number of native species recorded in the dataset
for the entire EU was 9252, with 8186 (89%) and 7877 (85%)
species recorded inside and outside the N2K network, respec-
tively. As many as 6811 species were found inside and outside
N2K polygons (74% of the total recorded native species),
1375 (15%) were exclusively found inside the N2K network,
and 1066 (12%) were found exclusively outside. When esti-
mating the species richness with Chao2, results were similar,

with 89% of species inside and 86% outside the N2K network
(Figure 2a). The overall number of priority species recorded
across the EU was 239 (38% of the total Habitats Directive
plant species), with 182 (30%) and 168 (27%) species recorded
inside and outside the N2K network, respectively (Figure 3a;
Appendix S6). Of these, 111 priority species were shared, rep-
resenting 18.1% of the total number of the priority species of
the EU; 71 (12%) priority species were only found in the N2K
network.

Native species in the N2K network across
countries and biogeographical regions

Countries other than Cyprus, Finland, Lithuania, Luxembourg,
Portugal, Romania, and Sweden had a proportion of native
vascular plant species occurring in the N2K network (also con-
sidering shared species) above 70%. In most cases (except for
Hungary), >50% of the species were shared between areas
located inside and outside N2K polygons. Across the EU
countries, the proportion of species exclusively found in N2K
polygons ranged from 0% (Luxembourg) to 36% (Hungary)
(Figure 2a; Appendix S7). After accounting for plot density,
Bulgaria, France, Italy, and Latvia had significantly higher pro-
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CONSERVATION BIOLOGY 7 of 14

FIGURE 3 Percentage of (a) priority species found exclusively inside, found exclusively outside, and shared between areas inside and outside the Natura 2000
network compared with the total percentage reported for each combination of country and biogeographical region of the EU and the percentage of missing species
and generalized linear model (GLM) coefficients of the proportion of priority species found inside the network by (b) country and (c) biogeographical regions
accounting for sampling effort (black bars, 95% confidence interval; dots, mean of GLM coefficients; dashed lines, average pattern in Europe; ALP, Alpine; ATL,
Atlantic; BLS, Black Sea; BOR, boreal; CON, continental; MAC, Macaronesian; MED, Mediterranean; PAN, Pannonian; STE, Steppic; TOT, total).

portions of species recorded in the N2K network than the
average (Figure 2b). Lithuania and Sweden, conversely, hosted
significantly lower proportions of species in the N2K than the
EU average. Adding plot density as a quadratic term to the
model was not supported by the data because the quadratic
term was never significant and did not increase the explained
deviance or substantially change the AICc.

Concerning biogeographical regions, the proportion of esti-
mated native vascular plant species recorded in the N2K
network (also considering shared species) ranged from 38.8%
(Steppic) to 93% (Black Sea). The Alpine, Mediterranean, and
Black Sea regions hosted the highest proportion (∼90%) of
estimated native species in the N2K network. The biogeograph-
ical region with the second lowest proportion of estimated
species occurring in the N2K network was the Macaronesian
(54%). Variable proportions of species were exclusive to the
N2K network across biogeographical regions (average of 14%)
(Figure 2a; Appendix S7). When accounting for plot density in
each unit, biogeographical regions with a significantly higher
proportion of species recorded in N2K sites were the Alpine,
Atlantic, and Mediterranean (Figure 2c).

The proportion of native species in the N2K network (also
considering shared species) for each combination of biogeo-
graphical region and country varied from 0% (Boreal region

of Lithuania) to 98% (Alpine regions of Croatia). Most com-
binations of biogeographical region and country exhibited
proportions of native species in the N2K network of >80%.
Other combinations with a low proportion of native species in
the N2K network were the Macaronesian region of Portugal
(9%) and the Continental region of Sweden (10%) (Figure 2a;
Appendix S7). We observed a positive relationship between
the proportion of estimated species richness for each country,
biogeographical region, and their combinations in the N2K net-
work and the respective percentage of protected land surface
(Appendices S7 & S8).

Use of the GBIF dataset revealed a strong correlation with
the results obtained with the EVA dataset (Pearson correlation
r > 0.80; Appendix S3). Analyses performed on the subset of
environmentally matched plots also showed very similar results
(Appendix S3), suggesting the dataset was environmentally bal-
anced even before applying propensity score matching. Indeed,
>75% of the plots were retained after the matching.

Priority species in the N2K network across
countries and biogeographical regions

Countries with the highest proportion of priority species occur-
ring in the N2K network (also considering shared species)
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8 of 14 Di Musciano ET AL.

were Ireland (100%), the Netherlands (75%), and France (61%).
Countries with no priority species found inside N2K polygons
were Sweden, Estonia, Finland, and Lithuania, and Portugal
and Hungary had relatively low proportions (6% and 15%,
respectively). Luxembourg and Cyprus did not have any records
of priority species in the dataset (Figure 3a,b; Appendices S6 &
S7).

Biogeographical regions with the highest proportion of pri-
ority species occurring in the N2K network (also considering
shared species) were the Atlantic (47%) and Alpine (40%),
as opposed to the Macaronesia (3%), Boreal (6%), and Step-
pic (8%), where this proportion was the lowest (Figure 3a;
Appendix S6) (Appendix S9 contains a version of the Figure 3a
graph that excludes missing species). After accounting for the
density of plots, the only regions where the proportion of prior-
ity species in the N2K network was higher than the EU average
were the Alpine and Atlantic regions (Figure 3c; Appendix S6).

As for the number of priority species contained in the N2K
network (also considering shared species), for each combination
of biogeographical region and country, relatively high values
were observed in the continental regions of Denmark (67%)
and France (63%), in the Alpine regions of France and Slove-
nia (60% and 55%, respectively), and in the Atlantic region
of France (64%). Combinations of biogeographical region and
country with the lowest proportion of priority species in the
N2K network were the Macaronesian region of Spain (7%), the
Mediterranean region of Portugal (8%), and the Steppic region
of Romania (8%). Several combinations had zero records of pri-
ority species in the N2K network, namely the Macaronesian
region of Portugal, the Black Sea region of Romania, and the
Atlantic region of Belgium (Figure 3a; Appendix S7).

Species–area relationships

The tested models exhibited negligible differences in AICc
(power= 954; extended power= 956; Kobayashi= 955). There-
fore, we fitted the species–area curves among combinations of
countries and biogeographical regions with the power function
because it was the easiest to interpret in terms of parameters and
because it is widely used. Significant differences were observed
between the scaling exponent z of the species–area curve fit-
ted with the estimated richness of native species in the N2K
network (z = 0.33) and z of the curve fitted with the richness
outside the network (z = 0.22) (nonoverlapping 95% bootstrap
confidence intervals). The species richness constant, c, repre-
senting the mean number of species in an area of 100 km2, also
showed a higher value for the curve fitted with the estimated
richness in the N2K network (c = 1268) than the one fitted with
the richness outside of it (c = 1051) (Figure 4).

DISCUSSION

It is surprising that 30 years after the enactment of the Habitats
Directive and about 20 years after the actual establishment of

the N2K network, an assessment at the extent of the EU for
plant diversity hosted in the N2K network was still lacking. This
was likely due to the difficulties in obtaining standardized bio-
diversity data at fine spatial grain at a continental extent. The
gap has been partly filled in by the large amount of vegetation
plot data collected in the field and collated in the EVA database
(Chytrý et al., 2016), which currently encompasses roughly half
of the overall European vascular plant species richness. Our
results provided the first estimate of the representativeness of
the N2K network with respect to the gamma diversity of vas-
cular plants throughout the EU and in individual countries,
biogeographical regions, and their combinations by including all
native plant species and those of priority conservation interest
according to the Habitats Directive.

Despite covering only one fifth of the EU area and host-
ing a low number of plant occurrences (6.1 vs. 8.1 million
occurrences, as per the data used in this study), the N2K net-
work appears to contain a significantly higher plant diversity
than areas outside the network. This greater diversity inside the
N2K network consists of more native species—even when tak-
ing area into account—and more priority species. Specifically,
we found that 89% of vascular plant species in the EU had at
least one occurrence in the N2K network, and only 12% of
estimated species richness was found exclusively outside. This
result is consistent with Ricci et al. (2024), who quantified the
alpha, beta, and gamma diversity of 1769 priority species from
EU’s Birds and Habitats Directives and found higher diversity
inside the N2K network than outside. These findings support
the concept of representativeness of the N2K network for the
gamma diversity of plant species in the EU. However, ours is
only one of the many interpretations of the concept of repre-
sentativeness, the definition of which remains unclear (Kukkala
& Moilanen, 2012). We defined representativeness based on the
number of species included at least once in the N2K network
(Ferrier & Wintle, 2009). Although we found good coverage of
plant diversity in the N2K, our results do not imply that all these
species are adequately protected or that individual N2K sites are
equally representative of local species richness. Indeed, our anal-
yses are based on the proportion of gamma diversity—not the
species distribution—included in the N2K. Nonetheless, our
results reflect the state of the art 30 years after the adoption
of the Habitats Directive, highlighting the progress made and
the challenges that remain in achieving comprehensive species
protection. The representativeness of the N2K network with
respect to species ranges is required to further determine its
effectiveness.

When taking area into account, the N2K network hosted
more species than land outside the network. This finding might
be related to the effectiveness of the selection of the N2K sites.
Despite sometimes failing to protect target habitats and species
due to poor planning (McKenna et al., 2014), the N2K network
still covers a wide variety of natural and seminatural habitats
(Chiarucci et al., 2012; Evans, 2012). Moreover, the greater
number of species found in the network while accounting for
area may also reflect the effectiveness of continuous EU invest-
ments in nature conservation (European Commission, 2022;
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CONSERVATION BIOLOGY 9 of 14

FIGURE 4 Species–area relationship for the total number of native species recorded inside and outside the Natura 2000 network for each combination of
country and biogeographical region (dots, estimated species richness values for each combination of country and biogeographical region; bars, 95% confidence
interval of the richness estimates; solid lines, species–area curves fitted with the power function; shaded areas, 95% bootstrap confidence intervals; ALP, Alpine;
ATL, Atlantic; BLS, Black Sea; BOR, Boreal; CON, continental; MAC, Macaronesian; MED, Mediterranean; PAN, Pannonian; STE, Steppic).

Opermanis et al., 2012). Yet, areas inside the N2K network
might have been sampled more intensively than the areas out-
side because the EU dedicates specific funding to monitor the
N2K network and biodiversity-rich areas (Sánchez-Fernández
et al., 2018), and these areas are generally of greater interest
for plant ecologists. Although we cannot completely exclude
that this is the case, the fact that our results were consistent
when accounting for sampling intensity and when comparing
the results with an alternative data source (GBIF) suggests they
are robust and not just the result of sampling artefacts.

The magnitude of the positive association between N2K
areas and plant species richness varied greatly across coun-
tries and biogeographical regions. Although these results might
be due to insufficient sampling intensity in some areas (which
seems likely for Sweden), they do provide some indications that
N2K network might be poorly representative of the gamma
diversity of vascular plants in some regions. Part of the variabil-
ity may be due to different interpretations and implementation
of the Habitats and Birds Directives across member states, at
least within the boundaries set by the verdicts of the European
Court of Justice. This may be due to the variable percent-
age of land and sea area set aside and to poor planning and
site selection strategy, which may ultimately stem from dif-
ferences in levels of conservation ambition among countries
(Davis et al., 2014). For example, the European Commission
started an infringement process in February 2024 for Portugal’s
failure to comply with previous judgments on the obligation
for protection of 61 Sites of Community Importance under the
Habitats Directive (Press Corner of the European Commission,
2024).

Less visible, but no less important, might be the differences
across countries in the actual level of protection and enforce-
ment of the N2K prescriptions, which has been observed to
vary in the case of strictly protected areas (Cazzolla Gatti
et al., 2023). In Denmark, for example, plantation forestry is
allowed inside N2K areas and inside the priority forest habi-
tats located outside N2K sites, although forestry operations,
such as logging, ditching, and suppression of natural regen-
eration, constitute a major threat to biodiversity (Bruun &
Heilmann-Clausen, 2021). The protected areas system in Swe-
den has recently been criticized for not meeting agreed-on
national and international forest biodiversity targets (Angelstam
et al., 2020) and for not providing habitat for some forest bird
species (Orlikowska et al., 2020). This might be because N2K
sites are mostly concentrated in large contiguous areas in the
northern boreal forest subregion, which hosts highly endan-
gered habitats where productivity and diversity are low. Yet, only
small and isolated patches are protected in species-rich and pro-
ductive regions from central and southern Sweden (Elbakidze
et al., 2013). Similar patterns are observed on Macaronesian
islands, a very diverse region that hosts a large number of
endemic species in a limited space (Chiarucciet al., 2011; Whit-
taker et al., 2017) and is threatened by habitat fragmentation
and loss, introduction of non-native species, and climate change
(Borges et al., 2020). Indeed, even if a large share of Macarone-
sia is already under protection (e.g., 46% of the Canary Islands is
part of the N2K network), most protected land in this biogeo-
graphical region is limited to high elevations, which means that
important vegetation types at low and middle elevations, includ-
ing laurisilva, thermo-sclerophyllous woodland, and Euphorbia
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10 of 14 Di Musciano ET AL.

scrub communities, are underprotected and receding (del Arco
Aguilar et al., 2010).

Under an area-based conservation framework, the amount
of protected area is a fundamental target (Hoffmann, 2022;
Maxwell et al., 2020) and therefore needs to be achieved. Yet,
ensuring the representativeness of species and habitats is key to
effective conservation initiatives. Logical evidence rooted on the
species–area relationship calls for a carefully planned strategy to
expand the network of protected areas, which should happen
within a systematic conservation planning framework (e.g., Mar-
gules & Pressey, 2000). Indeed, although the amount of area is
a fundamental determinant of the effectiveness of a protected
area network, as predicted by classical biogeographical and
macroecological theory (Lomolino, 2001; Santini et al., 2021;
Scheiner et al., 2011), complex interactions between area and
environmental heterogeneity are expected (Stein et al., 2014).
In some cases, environmental heterogeneity can be even more
important as a predictor of species richness than area per se
(Malanson et al., 2023; Udy et al., 2021). This can be particu-
larly true in human-dominated landscapes, such as those that
prevail in most of Europe. This points to the need for pri-
oritizing environmental heterogeneity—including geodiversity
(Gray, 2013)—in area-based conservation planning to maximize
the number of species under protection. Discussing specific
strategies for the further developments of the N2K network
is beyond the scope of this work, but surely maximizing envi-
ronmental heterogeneity represented within the N2K network
is key to increasing the proportion of species protected. This
issue should be implicitly considered for achieving the objec-
tive of expanding protected areas in the EU to 30% of the land
area, as mandated by the EU’s Biodiversity Strategy for 2030 and
the Kunming–Montreal global biodiversity framework (CBD,
2022).

The EVA database represents the best available source
of plant co-occurrence information at the European extent
(Chytrý et al., 2016). However, it does not cover all plant diver-
sity on the continent and consists of a mixture of different
datasets, mostly collected with a preferential sampling approach.
Many priority species are missing from the EVA dataset. In
our selected sample of plots, we found only 38% of the plant
species listed in the Habitats Directive, meaning that a substan-
tial proportion (62%) of these legally protected species remain
unrecorded in the EVA. This suggests the existence of not
only a conservation gap, but also a knowledge gap regard-
ing plant communities associated with these species because
it is less likely for rare and uncommon species to be recorded
in vegetation plots. Addressing this gap should be a monitor-
ing priority. Targeted sampling efforts are needed to ensure
that the remaining 62% of Habitat Directive species are ade-
quately represented in the EVA plot network. These limitations
are inherent to most biodiversity databases for large geograph-
ical scales that are assembled from different datasets. Even
though some of the individual datasets are based on probabilis-
tic samples, their assemblage cannot be considered unbiased,
which creates theoretical challenges when trying to generalize
observed patterns to the entire sampling population (e.g., Alessi
et al., 2023; Chiarucci et al., 2011). Notwithstanding these lim-

itations, recent macroecological studies show that these data
can be employed successfully to describe plant diversity pat-
terns at broad spatial extents as long as adequate resampling and
cross-validation techniques are used (e.g., Cao Pinna et al., 2024;
Sabatini et al., 2022; Sporbert et al., 2019; Testolin et al., 2021;
Večeřa et al., 2019; Xu et al., 2012).

The density of plots recorded per country inside and outside
the N2K network was quite balanced in our study, except for
a few combinations of countries and biogeographical regions
for which the density of plots inside N2K sites was much lower
than outside (Macaronesian region of Portugal, Mediterranean
region of Croatia, Black Sea region of Romania, and Alpine
region of Finland) and vice versa (Continental and Mediter-
ranean regions of Italy, Atlantic region of France, Alpine regions
of Bulgaria and Croatia). Therefore, results pertaining to such
spatial units should be interpreted with caution. Although the
general balance in plot density ensured a fair comparison of the
plant diversity inside and outside the N2K network, designing
and implementing standardized data collection across member
states, together with data collection initiatives aimed at filling
the many data gaps, are clear priorities (Moersberger et al., 2024;
Pereira et al., 2022). Additional sampling effort for monitoring
priority species and their habitats is needed to overcome the
intrinsic limitations of preferential data collection and to bet-
ter inform conservation planning and measures in the future.
Moreover, expanding the analyses considering different lev-
els of protection and including other types of protected areas
can enhance knowledge of the roles of different area-based
conservation strategies in preserving biodiversity.

Our work here represents a necessary initial step in assess-
ing the effectiveness of the N2K network in protecting plant
diversity. Although over 85% of native species were also found
outside the network, the latter encompassed nearly 90% of
plant species—a remarkable result given that the network cur-
rently covers <20% of the EU land area. Yet, variations across
countries and biogeographical regions were significant, indi-
cating that the N2K network is not equally representative of
different fractions of the gamma diversity of vascular plants
across the EU. These results point to different interpretation
and implementation strategies of the Habitats and Birds Direc-
tives across member states in terms of the proportion of land
under protection and its management. In the context of the
planned expansion of the N2K network to 30% of land area—
as required by the EU 2030 Biodiversity Strategy—our results
highlight the importance of data-driven procedures to pin-
point underrepresented species and habitat types that should be
included in the N2K network.
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(2023). Vegetation databases augment but do not replace species distribu-
tion atlases in species richness assessment. Ecological Indicators, 154, Article
110876.

Testolin, R., Attorre, F., Borchardt, P., Brand, R. F., Bruelheide, H., Chytrý,
M., De Sanctis, M., Dolezal, J., Finckh, M., Haider, S., Hemp, A., Jandt,
U., Kessler, M., Korolyuk, A. Y., Lenoir, J., Makunina, N., Malanson, G.
P., Montesinos-Tubée, D. B., Noroozi, J., … Jiménez-Alfaro, B. (2021).
Global patterns and drivers of alpine plant species richness. Global Ecology

and Biogeography, 30, 1218–1231.

Tittensor, D. P., Walpole, M., Hill, S. L. L., Boyce, D. G., Britten, G. L., Burgess,
N. D., Butchart, S. H. M., Leadley, P. W., Regan, E. C., Alkemade, R.,
Baumung, R., Bellard, C., Bouwman, L., Bowles-Newark, N. J., Chenery, A.
M., Cheung, W. W. L., Christensen, V., Cooper, H. D., Crowther, A. R., … Ye,
Y. (2014). A mid-term analysis of progress toward international biodiversity
targets. Science, 346, 241–244.

Trochet, A., & Schmeller, D. S. (2013). Effectiveness of the Natura 2000 network
to cover threatened species. Nature Conservation, 4, 35–53.

Udy, K., Fritsch, M., Meyer, K. M., Grass, I., Hanß, S., Hartig, F., Kneib, T.,
Kreft, H., Kukunda, C. B., Pe’er, G., Reininghaus, H., Tietjen, B., Tscharntke,
T., van Waveren, C.-S., & Wiegand, K. (2021). Environmental heterogeneity
predicts global species richness patterns better than area. Global Ecology and

Biogeography, 30, 842–851.
van Der Sluis, T., Foppen, R., Gillings, S., Groen, T., Henkens, R., Hennekens,

S., Huskens, K., Noble, D., Ottburg, F., Santini, L., Sierdsema, H.,
van Kleunen, A., Schaminee, J., van Swaay, C., Toxopeus, B., Wallis de
Vries, M., & Jones-Walters, L. (2016). How much Biodiversity is in Natura

2000? The “Umbrella Effect” of the European Natura 2000 protected area

network (Study contract number ENV.B.3/ETU/2014/0019). Directorate
General-Environment.
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