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A B S T R A C T   

Conservation planning aimed at halting biodiversity loss has seldom focused on groundwater 
environments due to the lack of suitable management tools and data. Using harpacticoid crus-
taceans as a test case, we explore the potential of implementing an approach based on 
Conservation-Relevant Hotspots for practical conservation of groundwater biodiversity. 
Conservation-Relevant Hotspots are identified by intersecting species richness, endemicity, and 
taxonomic distinctness with the aim to minimize the total area to protect. We show that, by 
targeting five Conservation-Relevant Hotspots that cover only 1.9% of the European land surface, 
one would protect as much as 44% of the harpacticoid crustacean richness, 93% of its endemicity, 
and 98% of its taxonomic distinctness. About 28% of the area occupied by these hotspots overlaps 
with protected areas, which calls for an increase in their protection coverage. Our framework 
proved a useful tool for conservation planning of environments where spatial or socio-economic 
constraints occur.   

1. Introduction 

We are facing a global biodiversity crisis that requires immediate action from all players in society (Lammerant et al., 2019). 
Recognition of this problem is not new, but biodiversity is still being lost at an unprecedented rate and thus many of 
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nature’s contributions to humans are being compromised (IPBES, 2019). The most common strategy for halting biodiversity loss is 
focused on area-based methods (Watson et al., 2014; Maxwell et al., 2020), although not without political and economic concerns 
(Otero et al., 2020) — e.g., the existence of geopolitical boundaries crossing protected areas and biodiversity hotspots (Liu et al., 2020). 
Despite these challenges, a successful implementation of transnational protected areas straddling geopolitical boundaries has been 
achieved in Europe. Since the establishment of the Habitats Directive (92/43/EEC) in 1992, the European Union has acted as an 
experimental arena for practical conservation, implemented via a capillary network of protected areas. With the new Biodiversity 
Strategy for 2030, the European Union is now pushing this conservation strategy even further, by proposing to transform 30% of 
Europe’s lands and seas into effectively managed protected areas while bolstering economic development and climate mitigation 
(European Commission, 2020). 

Whereas similar conservation plans are becoming increasingly available for terrestrial, freshwater, and marine ecoregions 
(Spalding et al., 2007; Abell et al., 2008; Dinerstein et al., 2017), this is rarely the case for their subsurface counterparts, including 
subterranean ecosystems such as caves and aquifers (Wynne et al., 2021). 

Subterranean biodiversity is disregarded partly for regulatory reasons (i.e., its ecological dimension is not regulated) and partly 
because it is ‘out of sight’, being hidden and difficult to access. In addition, subterranean communities are dominated by bacteria, 
protists, and small-sized invertebrates, all understudied compared to other living forms of larger size, especially vertebrates (Troudet 
et al., 2017; Niemiller et al., 2018). Consequently, and despite the numerous services to humans they provide, subterranean ecosystems 
and their biodiversity are rarely accounted for in broad-scale conservation agendas (Griebler et al., 2019; Mammola et al., 2019; 
Boulton, 2020; Sánchez-Fernández et al., 2021; Wynne et al., 2021). 

In recent years, we are achieving a better understanding on subterranean biodiversity, but progress is delayed by the difficulty of 
accessing and sampling subterranean habitats (Ficetola et al., 2019; Mammola et al., 2021b). Owing to this fragmentary knowledge, 
most attempts of establishing criteria for the protection of subterranean systems have been focused on identifying single-site priorities 
(e.g., caves, wells, or small aquifers holding great levels of diversity) (Pipan et al., 2020). There are now several examples of prior-
itization methods to identify such local biodiversity hotspots (different indices are compared in Rabelo et al., 2018). Whereas 
single-site approaches to subterranean conservation have been dictated by economical and practical constraints (e.g., Devitt et al., 
2019; Fattorini et al., 2020), it is now increasingly acknowledged that the protection of single sites does not account for the con-
nectivity among subterranean habitats and the interdependence between surface and subterranean systems (Mammola et al., 2019; 
Owen et al., 2019). It follows that the delimitation of protected areas of subterranean biodiversity should necessarily account for larger 
buffering areas (Iannella et al., 2020b). To this end, different authors developed area-based approaches such as grid-based hotspots of 
groundwater biodiversity (Deharveng et al., 2009; Michel et al., 2009), stygoregions (Stein et al., 2012), or multi-faceted conservation 
indices (e.g., Fattorini et al., 2020). However, defining criteria for area prioritization is not trivial, insofar as decisions about allocating 
broad areas for protection often involve conflicts between industry, local communities, and environmental protection agencies (e.g., 
Wilkinson et al., 2013 for urbanization, Koehnken et al., 2020 for mining, Yang et al., 2020 for cities and farmland). This means that 
the area that countries are willing to devote to conservation is inevitably very limited and, ipso facto, all prioritization approaches 
should strive to maximize the effectiveness of biodiversity protection while targeting the smallest possible spatial coverage. 

Here, we developed an approach for delimiting Conservation-Relevant Hotspots by balancing a trade-off between the effectiveness 
of protection and the minimization of surface of protected area—that is to say, getting ‘the most out of the hotspot’. We based our 
approach on three indicators that, collectively, should capture three relevant attributes of the multifaceted biodiversity concept: 
species richness, endemicity, and taxonomic distinctness (Iannella et al., 2020a). We tested our method using groundwater harpac-
ticoid crustaceans (Crustacea: Copepoda: Harpacticoida), chosen as a model taxon because i) they are widespread in all known 
groundwater habitat types in Europe; ii) they have typically a limited dispersal capability hence working as indicators of different 
habitat types (Galassi et al., 2009); and iii) they are one of the few groups of groundwater organisms for which comprehensive dis-
tribution data exist (Iannella et al., 2020a, 2020b). 

We aimed to i) identify Conservation-Relevant Hotspots based on multiple criteria; ii) evaluate the indirect protection supplied by 
surface protected areas to groundwater hotspots; and iii) assess the risk of biodiversity loss by combining the intrinsic vulnerability of 
the groundwater habitats falling within each hotspot and the anthropogenic pressures acting on them. 

2. Methods 

2.1. Study area and dataset 

The study area embraced the European continent, main islands included (longitude min–max = − 31.3 to 65.2◦; latitude min–max 
= 27.6–69.2◦). The total surface covers 9489,978 km2, and embodies a mosaic of 61,275 patches, each representing one out of the 
three groundwater habitat types as defined by Cornu et al. (2013). The three groundwater habitat types were identified upon the 
criteria of the groundwater flow type (Cornu et al., 2013), namely: (i) aquifers in consolidated rocks, (ii) aquifers in unconsolidated 
sediments, and (iii) practically non-aquiferous rocks. The main environmental features of the three groundwater habitat types are 
related to hydrogeology and retrieved from the International Hydrogeological Map of Europe (IHME; scale: 1:500,000). The 
groundwater flow is intergranular in unconsolidated sediments, it occurs mainly in small and large fractures in consolidated rocks and 
is negligible in igneous rocks. Permeability is mainly high in consolidated rocks, high-moderate in unconsolidated sediments and very 
low in practically non-aquiferous rocks (Iannella et al., 2020a, 2020b). 

Each groundwater habitat type includes different subhabitats and microhabitats that can be colonized by different obligate 
groundwater-dwellers (Boulton, 2020). Karst habitats comprise dripping pools, puddles and trickles which collect the water from the 
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percolation zone of the epikarst (Pipan and Culver, 2013; Kozel and Pipan, 2020) and lakes and perennial subterranean streams in 
caves which represent the saturated karst (Gibert et al., 1994; Galassi et al., 2017; Di Cicco et al., 2021). Groundwater-fed springs (e.g., 
Fiasca et al., 2014; Di Lorenzo et al., 2018) may be fed by aquifers in consolidated rocks (karst springs) or aquifers in unconsolidated 
sediments (alluvial springs). Saturated alluvial aquifers and hyporheic zones of streams and rivers are included in aquifers in un-
consolidated sediments (Hancock et al., 2005). Finally, small fissures and fractures in igneous rocks filled with groundwater mainly 
describe practically non-aquiferous rocks. 

We retrieved the occurrences of all subterranean-specialized harpacticoids in each patch (i.e., groundwater habitat type) from the 
European database (Iannella et al., 2020a, 2020b), namely 3248 occurrences belonging to 408 species. We obtained occurrence data 
from the European PASCALIS database (Deharveng et al., 2009), the Checklist of the Italian fauna (Ruffo and Stoch, 2005), and 
bibliographic collections and unpublished data (DMPG). For a few species, we scanned distribution maps from the literature and 
retrieved the coordinates of occurrence points with ArcMap ver. 10.0 software (ESRI, 2010). 

2.2. Conservation-Relevant Hotspots 

We carried out an intersection analysis on the ‘hottest hotspots’ of three out of the six indicators formerly used by Iannella et al. 
(2020a); namely, species richness, endemicity and taxonomic distinctness. We choose these biodiversity facets because they collate 
multiple dimensions of diversity while being easily applied compared to measures of evolutionary origin and phylogenetic rarity, 
functional diversity, or niche breadth of groundwater species. 

Species richness represents the simplest descriptors of species assemblages and measures the number of species recorded in each 
site. Endemicity is a species-trait indicator that approximates extinction risk, under the assumption that narrow endemics are more at 
risk of extinction than wide-range species (Chichorro et al., 2020). We scored endemicity based on the geographic range of each species 

Fig. 1. Graphical scheme showing the processes of intersection and union. The intersection of three areas defined by the three biodiversity in-
dicators contains only the elements that are in the three areas defining the Conservation-Relevant Hotspot (CRHS), and the union of the same three 
areas contains all the elements contained in either area represented by the geometric Union of Hotspots (UHS). 
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into five classes as follows: holoendemic (score = 1); euryendemic (score = 2); stenoendemic (score = 3); rhoendemic (score = 4); spot 
endemic (or microendemic) (score = 5). To minimize the effect of species richness, we computed values of the endemicity indicator as 
the ratio of the sum of the species’ endemicity scores to the number of species occurring in each intersected area. We interpreted 
taxonomic distinctness (Clarke and Warwick, 1998) as a proxy measure of diversity of evolutionary lineages within each 
Conservation-Relevant Hotspot. We calculated it as the average taxonomic distance between two randomly selected species through 
the taxonomic tree of all the species in a dataset with the equation:  

Δ+=[ΣΣi<jωij]/[s(s-1)/2]                                                                                                                                                                   

where s = the number of species in the study, ωij = the taxonomic path length between species i and j. We defined the hotspots of 
each of these three indicators as the aggregation of patches with values of each indicator clustering together. 

We conducted all analyses in ArcMap 10.0 (ESRI, 2010) and with the NCSS software (v. 11). 

2.3. Assessment of Conservation-Relevant Hotspots 

To identify Conservation-Relevant Hotspots, we combined the three indicators: species richness, endemicity, and taxonomic 
distinctness, according to a hotspot analysis based on the Gi* statistics by Getis and Ord (1992). In this way, the hotspots of each 
indicator (aggregation of patches with values of a given indicator clustering together) can be targeted. For each cluster identified as a 
hotspot, we also obtained a p-value and a z-score. The tool used, implemented in ArcGis 10.0 (Getis and Ord, 1992), applies the Gi* 
statistics to each patch (i.e., each groundwater habitat type) in the context of its neighbourhood. For each cluster identified as a 
hotspot, a p-value (indicating the confidence interval to which a hotspot can be identified as such) and a z-score (the number of 
standard deviations of a patch significantly differing from the global mean) were obtained from the tool. For the aims of the present 
work, and to be consistent with the previous research dealing with groundwater hotspots (Iannella et al., 2020a, 2020b), the two 
higher z-score classes were selected also filtered by the two highest confidence intervals (p = 99% and p = 95%). Both conditions of 
high p-value and z-score highlighted the ‘hottest hotspots’ according to the methodology detailed in Iannella et al. (2020a) (Fig. 1). 

We subsequently used the ArcMap Intersect tool to compute a geometric intersection of the ‘hottest hotspots’ of each indicator. We 
used overlapping features or portions of features to be considered Conservation-Relevant Hotspots—i.e., areas identified by the highest 
values of species richness, endemicity, and taxonomic distinctness. To allow comparison in terms of area extent between the 
Conservation-Relevant Hotspots and the ‘hottest hotspots’ of each indicator, we used the ArcMap Union tool. We computed the 
geometric Union of the ‘hottest hotspots’ of the three indicators following the same methodology adopted for measuring species 
richness, endemicity, and taxonomic distinctness into each Conservation-Relevant Hotspot. We named the united features Union of 
Hotspots. Note that we incorporated a 6 km distance from each groundwater habitat type into each Conservation-Relevant Hotspot and 
its respective geometric Union as buffer area because this bend is known to host up to 69% of the groundwater harpacticoid species, as 
found by Iannella et al. (2020b). We applied this approach to all the analyses performed—for example, when extracting information 
such as the number of sampling localities or the number of species contained by each hotspot. 

2.4. Assessment of the protection coverage 

We estimated the protection coverage of each Conservation-Relevant Hotspot and Union of Hotspots as their overlap with protected 
areas. We obtained spatial data of the protected areas, including national protected Areas (National Parks or Reserves) and Natura 
2000 sites, from the European Environment Agency data repository (EEA, 2020a, 2020b). 

2.5. Assessment of risk 

We assessed the risk of biodiversity loss due to anthropogenic pressures acting on Conservation-Relevant Hotspots by applying the 
conceptual model provided by the EEA (2020c). This model combines the probability of chemical pollution of a given aquifer, 
measured as the capacity with which a contaminant introduced at the ground surface can reach underground and diffuse, to its degree 
of resilience to contamination supplied by its geophysical characteristics. We georeferenced the map of the intrinsic vulnerability of the 
European groundwater bodies available at the European Union data repository for groundwater quality and vulnerability (EEA, 
2020c). In each Conservation-Relevant Hotspot, we scored the intrinsic vulnerability in five classes, from very low (class 1) to very 
high vulnerability (class 5). We retrieved anthropogenic activities from the land use (100 m resolution) from the Copernicus Land 
Monitoring Service (2020) website. We translated land use types into “driving forces” (e.g., urban development, industry, agriculture, 
and other activities) which led to potential pressures below-ground. The magnitude of each pressure was calculated by estimating the 
potential threats posed to groundwater habitats and their fauna in terms of expected population decline. We assigned potential 
pressures based on types of surface land use, ranging from very low (class 1) to very high pressure (class 4) (Table S1_EUNIS Habitats). 
This indirect assessment was necessary because effective population size and sensitivity to pollutants is unknown for most subterra-
nean species. We spatially paired the two maps generated for the intrinsic vulnerability (Fig. S1) and for the anthropogenic pressures 
(Fig. S2) for each groundwater habitat in each Conservation-Relevant Hotspot. We combined the scores of intrinsic vulnerability and 
magnitude of the anthropogenic pressures to assess the overall risk. We translated the possible score combinations into a 5 × 4 matrix 
(Table S2), and for each risk level out the 20 possible combinations we assigned a color-coding: green (low risk), yellow (medium risk), 
orange (high risk), and red (very high risk). 
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3. Results 

3.1. Conservation-Relevant Hotspots 

Using our method (Fig. 1), we identified five Conservation-Relevant Hotspots and their respective Unions of Hotspots in the 
following areas: i) the French Pyrenees (France); ii) the Alpine arc (Italy) embracing southward the River Po alluvial plain and the 
External Dinarides (Slovenia); iii) the Central Apennines (Italy); iv) the Balkan Mountains at the boundary between western Bulgaria, 
north-west Macedonia, and small expansions in Serbia; and iv) the Sardinia Island (Italy) (Fig. 2). These occupied a total area of 
180,573 km2, representing 71% of the overall Unions of Hotspots area ( Table 1) and 1.9% of the European surface analyzed in this 
study. 

Of the 408 harpacticoid species, 180 (44%) occurred in the five Conservation-Relevant Hotspots and 209 (51%) and their 
respective geometric Unions of Hotspots (list of species in Table S3_Species list). In the Conservation-Relevant Hotspots, the mean 
endemicity score (3.8) and the average taxonomic distinctness (61.8) were only slightly different from the values measured in the UHS 
(3.9 and 61.3, respectively) (Table 2), and at the European scale (4.1 and 63.3, respectively). 

3.2. Protection coverage of the Conservation-Relevant Hotspots 

At present, 27.9% of the area occupied by Conservation-Relevant Hotspots overlapped with Protected Areas. Of this, 23.5% was 
represented by the current Natura 2000 network and 4.4% by nationally designated areas. Individual hotspots, however, showed 
contrasting overlap values with protected areas: 22% for Sardinia and the Alpine Arc – External Dinarides, 24% for the French Pyr-
enees, 35% for the Central Apennines, and 60% for the Balkan Mountains (Fig. 3a). Also, the extent of the areas protected by nationally 
designated areas, Natura 2000 areas, and areas covered by both types of protected areas varied substantially (Fig. 3b). For example, the 
largest nationally designated areas occurred in the Alpine Arc – External Dinarides whereas the largest areas of Natura 2000 sites 
occurred in the Central Apennines. 

Overall, the five Conservation-Relevant Hotspots encompassed six European countries. The Alpine Arc – External Dinarides hotspot 
embraced Italy and Slovenia, while the Central Apennines and Sardinia hotspots involved the Italian country only. The French Pyr-
enees hotspot was located just in France, and the Balkan Mountains hotspot occurred in Bulgaria, and partly in Serbia and Macedonia. 

Fig. 2. Conservation-Relevant Hotspots (CRHS) in red and Union of Hotspots (UHS) in dark gray resulting from the intersection and union of the 
two higher classes of species richness, endemicity and taxonomic distinctness hotspots inferred by Iannella et al. (2020a). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.) 
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Most of the Italian localities of harpacticoid species (64–85%) fell within protected areas, with Natura 2000 sites offering the highest 
coverage (60%). In Slovenia, protected areas covered about 50% of the hotspot, while protected areas in Bulgaria and France covered 
about 20% and 3% of the localities of occurrences, respectively. No localities with harpacticoids fell within protected areas in Serbia 
and Macedonia (Fig. 3c). 

3.3. Risk assessment 

We assessed varying levels of risk for groundwater biodiversity across the five Conservation-Relevant Hotspots in Europe (Fig. 4a). 
Most groundwater habitats and species occurred in areas from medium to very high risk (Fig. 4b). The area of CRHS was divided into 
these two main groups of risk classes, with protected areas mostly covering low/medium risk areas (Fig. 4c). The Alpine Arc – External 
Dinarides was the hotspot at greatest risk, followed by the French Pyrenees and Central Apennines hotspots. 

4. Discussion 

4.1. Towards effective subsurface biodiversity conservation 

Human pressure on freshwater biodiversity is increasing both above (Albert et al., 2021) and below the ground (Mammola et al., 
2019). Regarding surface freshwaters, measures of biodiversity protection have been established (Tickner et al., 2020). This is not the 
case for groundwaters, where the protection of biodiversity is still at an early stage and, in most cases, confined to single caves or cave 
systems (e.g., Hutchins, 2018; Devitt et al., 2019). Conversely, the vast majority of groundwater habitats, such as saturated aquifers in 
consolidated rocks or in unconsolidated sediments and several groundwater-dependent ecosystems, lack formal protection and 
regulation (Boulton, 2020). 

This study intended to provide a practical foundation for extending protection to below-ground diversity. Toward this end, we 
selected the harpacticoid crustaceans as a test taxon since their distribution and taxonomy is well-known (Iannella et al., 2020a, 
2020b) —although some bias may still be claimed regarding the number of records available (e.g., from Belgium, Poland, Bosnia and 
Herzegovina, Albania) and the number of undescribed species (Table S4_Records_Country). Out of the total harpacticoid species di-
versity in Europe, 44% was captured in the five Conservation-Relevant Hotspots. An overall enlargement of 29% of these areas, 
deriving from the geometric union of the hotspots, would involve only a modest increase in species richness (+29 species) and 
endemicity (+0.1%), and a low decrease in average taxonomic distinctness (− 0.5). Therefore, by protecting a small area accounting 
for ca. 2% of European surface, one would achieve significant protection for the below groundwater harpacticoid species richness. 

Notably, as the Conservation-Relevant Hotspots were generated using the groundwater habitat types assessed by Cornu et al. 
(2013), this approach should suffice the coverage of hydrogeological units in their entirety, and not only the single localities from 
which the groundwater harpacticoids were collected. However, these Conservation-Relevant Hotspots currently lack formal protec-
tion, insofar as the protected areas network cover just about 28% of their total surface. If such protection might seem acceptable for 
surface environments (van Rees et al., 2021), it should be noted that the protected areas currently in force were designated for the 
protection of surface habitats, and thus are not necessarily effective for protecting the vertical dimension of groundwater habitats and 
their biodiversity (Linke et al., 2019; Sánchez-Fernández et al., 2021). 

Table 1 
Extent (in km2) of the Conservation-Relevant Hotspots (CRHS), their respective geometric Union (UHS), and the ratio of their areas (in %).   

CRHS UHS CRHS/UHS (%) 

Alpine Arc – External Dinarides 70,831 78,288  90% 
Central Apennines 48,386 58,528  83% 
Balkan Mountains 22,650 40,877  55% 
French Pyrenees 24,243 55,182  44% 
Sardinia Island 14,463 21,997  66% 
Total 180,573 254,872  71%  

Table 2 
Values of the species richness, endemicity and average taxonomic distinctness indicators calculated for the five Conservation-Relevant Hotspots 
(CRHS) and the respective geometric Unions (UHS).   

Species richness Endemicity Average Taxonomic Distinctness  

CRHS UHS Δ CRHS UHS Δ CRHS UHS Δ 

Alpine Arc – External Dinarides 72 72 0 3.4 3.3 0.1 60.6 60.6 0 
Central Apennines 43 45 -2 3.8 3.7 0.1 65.4 65.0 0.4 
Balkan Mountains 39 42 -3 3.4 3.5 -0.1 63.8 53.0 10.8 
French Pyrenees 27 50 -23 3.4 3.8 -0.4 65.4 59.3 6.1 
Sardinia Island 22 22 0 4.4 4.2 + 0.2 62.1 62.1 0 
Total 180 209 -29 3.8 3.9 -0.1 61.8 61.3 0.5 

Δ represents the difference between the values measured for each indicator in the CRHS and the respective UHS. 
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Fig. 3. (a) Protected Areas (PAs) coverage of the five Conservation-Relevant Hotspots (CRHS) in Europe in terms of their total extent (dark gray, km2) and ratio between Conservation-Relevant Hotspot 
areas and protected area coverage (light gray, %); (b) Protected areas extent within each of the five European CRHS in terms of coverage by Nationally Designated Areas (NDAs), Natura 2000 sites, and 
dual protection given by the overlap between NDAs and Natura 2000 network; (c) Number of localities where stygobitic harpacticoid species occur both within the five European CRHS and into the 
different protected areas divided by country. 
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Fig. 4. (a) Cumulative number of specialized subterranean harpacticoid species found in groundwater localities (i.e. the total number of species obtained without removing duplicate records, to foresee 
the overall exposure to risk) falling into CRHS and in the protected areas covering them, and their associated risk; (b) risk category to which CRHS area and their respective areas covered by protected 
areas are exposed (in km2); (c) spatial distribution of risk of groundwater biodiversity loss within the five CRHS. Abbreviations used: CRHS = Conservation-Relevant Hotspots; NDA = Nationally 
Designated Area. 
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4.2. Protected area designation for groundwater biodiversity 

The designation of protected areas and their management plans should be based on the protection of ecoregions, by simultaneously 
including species at risk of extinction along with the ecosystem services they provide (van Rees et al., 2021; Sánchez-Fernández et al., 
2021; Wynne et al., 2021). In this regard, Abell et al. (2008) highlighted the limits of using surface freshwater ecoregions for their 
potential extension to the groundwater environment because ‘Underground systems [.] may require their own planning framework, as 
groundwater catchments may not correspond with the surface-water catchments upon which our ecoregions are built’. 

This situation stems from (i) the incompleteness of continental and global species inventories, (ii) the difficulties to assess the 
multiple dimensions of subterranean ecosystems; (iii) the taxonomic bias affecting many groundwater invertebrate and vertebrate 
groups; (iv) the geographic bias that vitiates the spatial information associated with many groundwater species, which overall lead to a 
weakness of the input information for the generation of protected areas, and v) knowledge on the distribution of groundwater 
functional and phylogenetic diversity. Recognizing the multiple ecological dimensions of groundwater ecosystems in current policies is 
therefore a clear future direction. 

As far as the European Union is concerned, it must be pointed out that the conservation of groundwater habitats is not sufficiently 
supported by the Habitats Directive. In the EU member states, the Habitats Directive 92/43/EEC does not account for most ground-
water habitats, an exception being “Other rocky habitat – 65 Caves not open to the public; Submerged or partly submerged sea caves, 
and one groundwater-dependent-ecosystem type into: Raised Bogs and Mires” and “Fens-Calcareous fens – 54.12 *Petrifying springs 
with tufa formation (Cratoneurion)”, both listed in Annex I – Natural Habitat Types of Community Interest whose Conservation re-
quires the Designation of Special Areas of Conservation of the Habitats Directive. No groundwater species are listed in Annexes II, III or 
IV of the same Directive, except for the obligate-groundwater vertebrate known from groundwaters of Europe, Proteus anguinus 
Laurenti, 1768 (Proteidae) and the only known subterranean bivalve Congeria kusceri Bole, 1962 (Dreissenidae). Therefore, there is the 
need to extend the Directive to environments not yet listed in Annex I to achieve unbiased conservation targets (see, e.g., Mammola 
et al., 2020). 

Notably, in subterranean habitats, there are several genera, families, and even orders exclusively known from groundwater. Often, 
these taxa are recorded from one or few localities and with so small populations that they have been collected only once, and never 
resampled thereafter. These taxa are likely to contribute unique phylogenetic and functional diversity (e.g., Humphreys, 2000; Galassi 
et al., 2009; Castelle et al., 2013; Asmyhr et al., 2014), the protection of which can be achieved only by incorporating more extensively 
subsurface habitats in the protection targets of the European Union. 

It must be noted that, in our prioritization exercise, we captured phylogenetic and functional diversities indirectly, by considering 
endemicity and taxonomic distinctness alongside species richness. Ideally, it is possible to measure these facets of biodiversity directly 
from phylogenetic data (Tucker et al., 2017) and functional traits (Mammola et al., 2021a), and incorporate diversity indexes into 
prioritization analyses (Pollock et al., 2020). However, for groundwater organisms in general, and harpacticoid crustaceans in 
particular, trait data and phylogenetic trees are still scarcely and sparsely available (Galassi et al., 2009; Asmyhr et al., 2014; Kar-
powicz et al., 2021). A future increase in the availability of similar data will enhance the possibility to routinely account for a 
multi-pronged view biodiversity in prioritization exercises (Pollock et al., 2020). Provided that the impact of similar prioritization 
exercises is comprehensively tested (Pressey et al., 2021), it will be possible for practitioners to design protected areas able to 
simultaneously protect groundwater biodiversity and the important services it provides to humans, especially clean water. 

4.3. ‘Bending the curve’ of groundwater biodiversity loss 

An overall seventy percent of the groundwater sites within the five Conservation-Relevant Hotspots assessed in this study fell in 
aquifers with moderate to very high intrinsic vulnerability and with medium- to high-pressure scores. This condition not only gen-
erates impacts to the groundwater habitats, lowering their physical and chemical quality (both ruled by the Directive 60/2000/EC), 
but also affects their biodiversity. The first step leading to a decisive turnaround involves acquiring knowledge of ‘where’ the 
biodiversity hotspots are located, but also of ‘how’ to protect them. The ‘where’ and the ‘how’ should necessarily work in tandem. Land 
cover changes and the overexploitation of groundwater resources are notoriously the main gross categories of threats to the 
groundwater fauna (Caschetto et al., 2014; Di Lorenzo et al., 2014, 2015; Devitt et al., 2019; Griebler et al., 2019). It is widely 
recognized that human footprint is intensifying in places with high biodiversity in terrestrial, freshwater, and groundwater com-
partments (Dinerstein et al., 2020). Hence, the first step to propose protection and management interventions must necessarily retrace 
the road already traveled for a better knowledge in various environmental contexts, in order to ensure the possibility of comparative 
analyses at the crossroad between surface and subterranean systems. However, knowledge for the evaluation of how to ‘bend the 
curve’ (Tickner et al., 2020) by reaching the recovery of the groundwater biodiversity is scant. Few studies addressed practical 
conservation measures in groundwater. Studies so far have focused on European aquifers (Michel et al., 2009) or on selected 
groundwater species (Devitt et al., 2019). Based on the knowledge derived from these pioneering studies we can only infer that the 
groundwater fauna is imperiled because of its unique traits—smaller dimension of the populations, longer lifespan, lower reproductive 
rate, and higher sensitivity to pollutants and climate change (Dole-Olivier et al., 2000; Galassi et al., 2009; Fitzgerald et al., 2021; 
Chichorro et al., 2020). 

5. Conclusions 

The approach proposed in this study is expressly addressed to select the smallest areas within the European hotspots of 
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groundwater biodiversity to be protected, balancing conservation, political, and societal needs. This strategy collides with the inability 
to protect all areas that deserve protection by virtue of the biodiversity that they host. Thus, the area-based approach used is, in 
oxymoronic words, an “inclusive” extension of the biodiversity hotspot concept, leading to protect the highest value of biodiversity by 
targeting the smallest areas. This approach guarantees the strict protection of the groundwater habitats and their biodiversity, based on 
the approximation that if the terrestrial and surface freshwater is covered by protected areas, the risk of groundwater biodiversity loss 
may be considered lower than in areas that are not protected, for which new tools of protection are urgently needed. Moreover, this 
approach permits to overcome the limitation of national regulations in terms of delimitation of protected areas, considering the 
transboundary nature of the hydrogeological units used in this study. 

Notoriously, reserve networks should also consider the nature services to humans that biodiversity provides. Whereas it is docu-
mented how groundwater ecosystems provide key services in terms of cleaner freshwater and carbon storage, we still lack a precise 
quantification of these provisions (Boulton et al., 2008; Griebler et al., 2019). Consequently, we currently stand to a point where we 
cannot optimize the selection of Conservation-Relevant Hotspots toward both the protection of biodiversity and the contributions it 
provides to human wellbeing (Sánchez-Fernández et al., 2021). 

CRediT authorship contribution statement 

D.M.P.G. and M.I. had the idea; B.F., T.D.L. and M.D.C. created the dataset and calculated the biodiversity indicators; M.I. and M.B. 
performed the analyses; D.M.P.G. and S.M. wrote the main draft; all authors discussed the results and contributed to writing. 

Declaration of Competing Interest 

The authors declare no competing interest. 

Data Availability 

Data are available in Supplemental Tables S1–S4. For additional information, correspondence could be addressed to 
dianamariapaola.galassi@univaq.it. 

Acknowledgements 

The project was partially supported by the European Community (LIFE12 BIO/IT/000231 AQUALIFE). S.M. acknowledges support 
by the European Commission through Horizon 2020 Marie Skłodowska-Curie Actions (MSCA) individual fellowships (Grant no. 
882221). 

Appendix A. Supporting information 

Supplementary data associated with this article can be found in the online version at doi:10.1016/j.gecco.2021.e01844. 

References 

Abell, R., Thieme, M.L., Revenga, C., Bryer, M., Kottelat, M., Bogutskaya, N., Coad, B., Mandrak, N., Contreras Balderas, S., Bussing, W., Stiassny, M.L.J., Skelton, P., 
Allen, G.R., Unmack, P., Naseka, A., Ng, R., Sindorf, N., Robertson, J., Armijo, E., Higgins, J.V., Heibel, T.J., Wikramanayake, E., Olson, D., Lòpez, H.L., Reis, R.E., 
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Mammola, S., Cardoso, P., Culver, Deharveng, L., Ferreira, R.L., Fǐser, C., Galassi, D.M.P., Griebler, C., Halse, S., Humphreys, W.H., Isaia, M., Malard, F., Martinez, A., 
Moldovan, O.T., Niemiller, M.L., Pavlek, M., Reboleira, A.S.P.S., Souza-Silva, M., Teeling, E.C., Wynne, J.J., Zagmajster, M., 2019. Scientists’ warning on the 
conservation of subterranean ecosystems. BioScience 69, 641–650. https://doi.org/10.1093/biosci/biz064. 

M. Iannella et al.                                                                                                                                                                                                       

https://doi.org/10.1111/j.1365-2427.2008.01972.x
https://doi.org/10.1073/pnas.1815014116
https://doi.org/10.3390/w13152106
https://doi.org/10.1007/s10750-014-2018-y
https://doi.org/10.1007/s10750-018-3515-1
https://doi.org/10.1007/s11356-013-2390-6
https://doi.org/10.1126/sciadv.abb2824
https://doi.org/10.1093/biosci/bix014
https://doi.org/10.1046/j.1365-2427.2000.00590.x
https://www.eea.europa.eu/data-and-maps/data/natura-11
https://www.eea.europa.eu/data-and-maps/data/natura-11
https://www.eea.europa.eu/data-and-maps/data/nationally-designated-areas-national-cdda-15
https://www.eea.europa.eu/data-and-maps/data/nationally-designated-areas-national-cdda-15
https://water.jrc.ec.europa.eu/groundwater.html#groundwater-vulnerability
http://refhub.elsevier.com/S2351-9894(21)00394-2/sbref22
http://file:///C:/Users/User/Downloads/factsheet-EU-biodiversity-strategy_en.pdf.pdf
http://file:///C:/Users/User/Downloads/factsheet-EU-biodiversity-strategy_en.pdf.pdf
https://doi.org/10.1002/aqc.3411
https://doi.org/10.4081/jlimnol.2014.848
https://doi.org/10.1111/cobi.13179
https://doi.org/10.1111/cobi.13179
https://doi.org/10.1111/cobi.13694
https://doi.org/10.1007/s10452-016-9599-7
https://doi.org/10.1111/j.1365-2427.2009.02185.x
https://doi.org/10.1111/j.1365-2427.2009.02185.x
http://refhub.elsevier.com/S2351-9894(21)00394-2/sbref29
http://refhub.elsevier.com/S2351-9894(21)00394-2/sbref30
http://refhub.elsevier.com/S2351-9894(21)00394-2/sbref30
http://refhub.elsevier.com/S2351-9894(21)00394-2/sbref31
http://refhub.elsevier.com/S2351-9894(21)00394-2/sbref31
https://doi.org/10.1007/s10040-004-0421-6
http://refhub.elsevier.com/S2351-9894(21)00394-2/sbref33
http://refhub.elsevier.com/S2351-9894(21)00394-2/sbref33
https://doi.org/10.1007/s10531-017-1447-0
https://doi.org/10.1111/ecog.05323
https://doi.org/10.1038/s41598-020-76018-0
https://ipbes.net/sites/default/files/inline/files/ipbes_global_assessment_report_summary_for_policymakers.pdf
https://ipbes.net/sites/default/files/inline/files/ipbes_global_assessment_report_summary_for_policymakers.pdf
https://doi.org/10.3390/w13152086
https://doi.org/10.3390/w13152086
https://doi.org/10.1002/rra.3586
https://doi.org/10.1016/j.limno.2020.125756
https://doi.org/10.1016/j.limno.2020.125756
https://ec.europa.eu/environment/biodiversity/business/assets/pdf/European_B
https://ec.europa.eu/environment/biodiversity/business/assets/pdf/European_B
https://doi.org/10.1002/aqc.3129
https://doi.org/10.1016/j.tree.2020.03.004
https://doi.org/10.1016/j.tree.2020.03.004
https://doi.org/10.1093/biosci/biz064


Global Ecology and Conservation 31 (2021) e01844

12

Mammola, S., Carmona, C.P., Guillerme, T., Cardoso, P., 2021a. Concepts and applications in functional diversity. Funct. Ecol. 35, 1869–1885. https://doi.org/ 
10.1111/1365-2435.13882. 
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Mammola, S., Riccardi, N., Prié, V., Correia, R., Cardoso, P., Lopes-Lima, M., Sousa, R., 2020. Towards a taxonomically unbiased European Union biodiversity strategy 
for 2030. Proc. R. Soc. B 287, 20202166. https://doi.org/10.1098/rspb.2020.2166. 

Maxwell, S.L., Cazalis, V., Dudley, N., Hoffmann, M., Rodrigues, A.S.L., Stolton, S., Visconti, P., Woodley, S., Kingston, N., Lewis, E., Maron, M., Strassburg, B.B.N., 
Wenger, A., Jonas, H.D., Venter, O., Watson, J.E.M., 2020. Area-based conservation in the twenty-first century. Nature 586, 217–227. https://doi.org/10.1038/ 
s41586-020-2773-z. 

Michel, G., Malard, F., Deharveng, L., Di Lorenzo, T., Sket, B., De Broyer, C., 2009. Reserve selection for conserving groundwater biodiversity. Freshw. Biol. 54, 
861–876. https://doi.org/10.1111/j.1365-2427.2009.02192.x. 

Niemiller, M.L., Taylor, S.J., Bichuette, M.E., 2018. Conservation of Cave Fauna, with an Emphasis on Europe and the Americas. In: Moldovan, O.T., Kováč, L., 
Halse, S. (Eds.). Cave ecology Springer, pp. 451–478. 

Otero, I., Farrell, K.N., Pueyo, S., Kallis, G., Kehoe, L., Haberl, H., Plutzar, C., Hobson, P., García-Márquez, J., Rodríguez-Labajos, B., Martin, J.L., Erb, K.H., 
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