
Are caves enough to represent karst groundwater
biodiversity? Insights from geospatial analyses
applied to European obligate groundwater-dwelling
copepods (#122852)

1

First submission

Guidance from your Editor

Please submit by 7 Aug 2025 for the benefit of the authors (and your token reward) .

Structure and Criteria
Please read the 'Structure and Criteria' page for guidance.

Raw data check
Review the raw data.

Image check
Check that figures and images have not been inappropriately manipulated.

All review materials are strictly confidential. Uploading the manuscript to third-party tools such as Large
Language Models is not allowed.
If this article is published your review will be made public. You can choose whether to sign your review. If
uploading a PDF please remove any identifiable information (if you want to remain anonymous).

Files
Download and review all files
from the materials page.

2 Figure file(s)
4 Table file(s)
1 Other file(s)

https://peerj.com/submissions/122852/reviews/2166316/materials/


For assistance email peer.review@peerj.com
Structure and
Criteria

2

Structure your review
The review form is divided into 5 sections. Please consider these when composing your review:
1. BASIC REPORTING
2. EXPERIMENTAL DESIGN
3. VALIDITY OF THE FINDINGS
4. General comments
5. Confidential notes to the editor

You can also annotate this PDF and upload it as part of your review
When ready submit online.

Editorial Criteria
Use these criteria points to structure your review. The full detailed editorial criteria is on your guidance page.

BASIC REPORTING

Clear, unambiguous, professional English
language used throughout.
Intro & background to show context.
Literature well referenced & relevant.
Structure conforms to PeerJ standards,
discipline norm, or improved for clarity.
Figures are relevant, high quality, well
labelled & described.
Raw data supplied (see PeerJ policy).

EXPERIMENTAL DESIGN

Original primary research within Scope of
the journal.
Research question well defined, relevant
& meaningful. It is stated how the
research fills an identified knowledge gap.
Rigorous investigation performed to a
high technical & ethical standard.
Methods described with sufficient detail &
information to replicate.

VALIDITY OF THE FINDINGS

Impact and novelty is not assessed.
Meaningful replication encouraged where
rationale & benefit to literature is clearly
stated.
All underlying data have been provided;
they are robust, statistically sound, &
controlled.

Conclusions are well stated, linked to
original research question & limited to
supporting results.

mailto:peer.review@peerj.com
https://peerj.com/submissions/122852/reviews/2166316/
https://peerj.com/submissions/122852/reviews/2166316/guidance/
https://peerj.com/about/author-instructions/#standard-sections
https://peerj.com/about/policies-and-procedures/#data-materials-sharing
https://peerj.com/about/aims-and-scope/
https://peerj.com/about/aims-and-scope/


Standout
reviewing tips

3

The best reviewers use these techniques

Tip Example

Support criticisms with
evidence from the text or from
other sources

Smith et al (J of Methodology, 2005, V3, pp 123) have
shown that the analysis you use in Lines 241-250 is not the
most appropriate for this situation. Please explain why you
used this method.

Give specific suggestions on
how to improve the manuscript

Your introduction needs more detail. I suggest that you
improve the description at lines 57- 86 to provide more
justification for your study (specifically, you should expand
upon the knowledge gap being filled).

Comment on language and
grammar issues

The English language should be improved to ensure that an
international audience can clearly understand your text.
Some examples where the language could be improved
include lines 23, 77, 121, 128 – the current phrasing makes
comprehension difficult. I suggest you have a colleague
who is proficient in English and familiar with the subject
matter review your manuscript, or contact a professional
editing service.

Organize by importance of the
issues, and number your points

1. Your most important issue
2. The next most important item
3. …
4. The least important points

Please provide constructive
criticism, and avoid personal
opinions

I thank you for providing the raw data, however your
supplemental files need more descriptive metadata
identifiers to be useful to future readers. Although your
results are compelling, the data analysis should be
improved in the following ways: AA, BB, CC

Comment on strengths (as well
as weaknesses) of the
manuscript

I commend the authors for their extensive data set,
compiled over many years of detailed fieldwork. In addition,
the manuscript is clearly written in professional,
unambiguous language. If there is a weakness, it is in the
statistical analysis (as I have noted above) which should be
improved upon before Acceptance.



Are caves enough to represent karst groundwater
biodiversity? Insights from geospatial analyses applied to
European obligate groundwater-dwelling copepods
Diana Maria Paola Galassi Corresp., 1 , Emma Galmarini Equal first author, 1 , Mattia Di Cicco Equal first author, 1 , Barbara Fiasca 1 , Nataaa
Mori 2 , Mattia Iannella 1 , Tiziana Di Lorenzo 3, 4, 5, 6 , Francesco Cerasoli 1

1 Department of Life, Health & Environmental Sciences, University of L'Aquila, unaûliated, L'Aquila, Italy
2 Department for Organisms and Ecosystem Research, National Institute of Biology, unaûliated, Ljubljana, Slovenia
3 Research Institute on Terrestrial Ecosystems (IRET-CNR), unaûliated, Florence, Italy
4 National Biodiversity Future Center (NBFC), unaûliated, Palermo, Italy
5 Centre for Ecology, Evolution and Environmental Changes & CHANGE 3 Global Change and Sustainability Institute, and Departamento de Biologia
Animal, Faculdade de Ciências, Universidade de Lisboa, unaûliated, Lisbon, Portugal
6 "Emil Racovit�= Institute of Speleology, unaûliated, Cluj-Napoca, Romania

Corresponding Author: Diana Maria Paola Galassi
Email address: dianamariapaola.galassi@univaq.it

Caves are recognized as biodiversity hotspots for groundwater fauna, including obligate
groundwater-dwelling copepods (Crustacea: Copepoda), exhibiting high species richness,
endemism, and phylogenetic rarity. However, the extent to which caves alone provide a
representative estimate of copepod species richness in karst areas remains uncertain.
Taking advantage of the recently published EGCop dataset, the ûrst expert-validated,
Europe-wide occurrence dataset for obligate groundwater-dwelling copepods (hereinafter,
GW copepods), this study investigates the distribution of GW copepods into karst areas,
comparing species richness in caves versus other karst groundwater habitats (e.g.,
springs, karst streams, artiûcial wells), within and among the European karst units. The
main aims are: (i) identifying karst areas which represent hotpots of GW copepod species
richness; (ii) assessing to which extent caves, as open windows to the subterranean
environments, contribute to deûne hotspots of GW copepods9 species richness into karst
areas across Europe.
EGCop comprises 6,986 records from 588 copepod species/subspecies distributed among
four orders: Cyclopoida (3,664 records, 184 species), Harpacticoida (3,288 records, 395
species), Calanoida (32 records, 7 species), and Gelyelloida (2 records, 2 species). To
perform geospatial analyses, we ûltered the dataset by (i) selecting only the records with
spatial uncertainty in the associated coordinates lower than 10 km; (ii) searching for those
records falling within, or very close to, the polygons representing European karst areas.
Species richness hotspots were then estimated through geo spatial analyses in GIS
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environment.
Within the selected records, those speciûcally referring to karst habitats (2,526 records,
369 species) are primarily represented by Harpacticoida (1199 records, 228 species) and
Cyclopoida (1293 records, 132 species). Among species collected from karst habitats,
records from caves (1867, 73.9 %) belong to 318 species (Harpacticoida = 189, Cyclopoida
= 123, Calanoida = 7), representing 86.1 % of the total species richness of karst habitats.
Geospatial analyses reveal that the European hotspots of GW copepods9 species richness
recorded exclusively in caves reûect the spatial arrangement of postglacial refugia in
southern karst regions, though representing a subset of the broader diversity found across
all karst groundwater habitats.
Our ûndings highlight that the contribution of cave systems in groundwater biodiversity
assessments and related conservation planning may vary depending on the evolution and
morphologies of the target karst regions 4 often pointing to a high representativeness of
caves for subterranean biodiversity, sometimes revealing their lower explanatory power
within the broader karst systems.
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34 Abstract

35 Caves are recognized as biodiversity hotspots for groundwater fauna, including obligate 
36 groundwater-dwelling copepods (Crustacea: Copepoda), exhibiting high species richness, 
37 endemism, and phylogenetic rarity. However, the extent to which caves alone provide a 
38 representative estimate of copepod species richness in karst areas remains uncertain. Taking 
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39 advantage of the recently published EGCop dataset, the first expert-validated, Europe-wide 
40 occurrence dataset for obligate groundwater-dwelling copepods (hereinafter, GW copepods), this 
41 study investigates the distribution of GW copepods into karst areas, comparing species richness 
42 in caves versus other karst groundwater habitats (e.g., springs, karst streams, artificial wells), 
43 within and among the European karst units. The main aims are: (i) identifying karst areas which 
44 represent hotpots of GW copepod species richness; (ii) assessing to which extent caves, as open 
45 windows to the subterranean environments, contribute to define hotspots of GW copepods� 
46 species richness into karst areas across Europe. 
47 EGCop comprises 6,986 records from 588 copepod species/subspecies distributed among four 
48 orders: Cyclopoida (3,664 records, 184 species), Harpacticoida (3,288 records, 395 species), 
49 Calanoida (32 records, 7 species), and Gelyelloida (2 records, 2 species). To perform geospatial 
50 analyses, we filtered the dataset by (i) selecting only the records with spatial uncertainty in the 
51 associated coordinates lower than 10 km; (ii) searching for those records falling within, or very 
52 close to, the polygons representing European karst areas. Species richness hotspots were then 
53 estimated through geospatial analyses in GIS environment.
54 Within the selected records, those specifically referring to karst habitats (2,526 records, 369 
55 species) are primarily represented by Harpacticoida (1199 records, 228 species) and Cyclopoida 
56 (1293 records, 132 species). Among species collected from karst habitats, records from caves 
57 (1867, 73.9 %) belong to 318 species (Harpacticoida = 189, Cyclopoida = 123, Calanoida = 7), 
58 representing 86.1 % of the total species richness of karst habitats. Geospatial analyses reveal that 
59 the European hotspots of GW copepods� species richness recorded exclusively in caves reflect 
60 the spatial arrangement of postglacial refugia in southern karst regions, though representing a 
61 subset of the broader diversity found across all karst groundwater habitats. 
62 Our findings highlight that the contribution of cave systems in groundwater biodiversity 
63 assessments and related conservation planning may vary depending on the evolution and 
64 morphologies of the target karst regions � often pointing to a high representativeness of caves 
65 for subterranean biodiversity, sometimes revealing their lower explanatory power within the 
66 broader karst systems. 
67

68 Introduction

69 Karst landscapes are natural systems that develop on soluble rocks such as limestone, dolostone, 
70 and evaporites, with their formation largely attributed to chemical dissolution processes. Karst 
71 terrains cover approximately 10% of the Earth�s surface, provide fresh drinking water to an 
72 estimated 10% of the global population, and, according to some estimates, supply up to 25% of 
73 the groundwater used for agricultural and industrial purposes (Kuniansky et al., 2022). The 
74 classic karst landforms, which include enclosed depressions, sinking streams, and caves, are 
75 primarily generated by surface and subsurface waters dissolving rocks, mechanical erosion 
76 playing a secondary role (Andreychouk, 2016; De Waele, 2017; Zerga, 2024). Caves have 
77 always been considered the iconic elements of the karst. In fact, when we talk about karst 
78 biodiversity, we almost always refer to the biodiversity found in cave environments (Culver & 

PeerJ reviewing PDF | (2025:07:122852:0:0:NEW 24 Jul 2025)

Manuscript to be reviewed



79 Pipan, 2013; Moldovan,  & Halse 2018; Ponta & Onac, 2018; Culver & Pipan 2019; 
80 Culver et al., 2021; Deharveng et al., 2024). This assumption finds a persuasive argument in the 
81 fact that caves are the windows open onto karst systems, they are normally more accessible to 
82 humans, and easily inspected. Indeed, research into subterranean biodiversity largely originated 
83 in caves. That many caves are biodiversity hotspots is undeniable. On the other hand, for many 
84 karst areas other environmental typologies are known such as basal karst springs, surface streams 
85 fed by karst waters, which host a biodiversity sometimes neglected in terms of knowledge if 
86 compared to that of caves (but see Fiasca et al., 2014; Mori et al., 2015; Di Lorenzo et al., 2018; 
87 Brancelj et al., 2020).
88 A notable contribution has been for the first time presented by Culver & Sket (2000) in assessing 
89 hotspots of species richness in caves and natural wells as means to entering proper caves. The 
90 same authors used an arbitrary cutoff of 20 species for considering a cave a biodiversity hotspot 
91 by including both obligate terrestrial and aquatic subterranean species. In their approach they 
92 recognized the poor information available in the United States on the obligate cave-dweller 
93 aquatic microcrustaceans.
94 The availability of consistent numbers of records for non-cave subterranean habitats is scant. 
95 One exception is the large-scale sampling of karst and porous aquifers in Europe conducted as 
96 part of the PASCALIS project (Protocol for the ASsessment and Conservation of Aquatic Life In 
97 the Subsurface) (Gibert & Culver, 2009). The second notable case is the project DarCo (The 
98 vertical dimension of conservation: A cost-effective plan to incorporate subterranean ecosystems 
99 in post-2020 biodiversity and climate change agendas) which is intended to assess and manage 

100 the subterranean biodiversity across Europe under the climate change scenario 
101 (https://www.biodiversa.eu/2023/04/19/darco/). Several other studies put together cave and non-
102 cave groundwater biodiversity (Dole-Olievier et al., 2009a; Stoch & Galassi, 2010; Iannella et 
103 al., 2020a; Iannella et al., 2020b; Iannella et al., 2021, Deharveng et al., 2024). Since the 
104 publication of the first hotspot list in 2000, knowledge of the global cave fauna has grown 
105 exponentially. For this reason, the original cutoff of 20 species was raised to 25 species by the 
106 authors themselves, after cumulating terrestrial and aquatic species (Culver et al., 2021). Species 
107 lists are available for several tropical countries (e.g., Deharveng et al., 2021; Ferreira, Berbert-
108 Born & Souza-Silva, 2023; Deharveng et al., 2023) and several caves throughout the tropics and 
109 sub-tropics are now well sampled (e.g., Li et al., 2022; Moutaouakil et al., 2024).
110 Unfortunately, knowledge about biodiversity in karst areas remains unbalanced, both 
111 geographically (i.e. more sampled areas versus less sampled areas) and in terms of the species 
112 collected (only terrestrial versus only aquatic, vertebrates versus invertebrates). This situation 
113 complicates the comparison of distinct biodiversity patterns and further reinforces the concept 
114 underlying the "Racovitzan Impediment" (Ficetola, Canedoli & Stoch, 2019). All of this makes 
115 difficult, if not impossible or misleading, the comparison among many groundwater habitat types 
116 in karst landscapes, managing different taxa in different habitats and geographic areas. Another 
117 critical issue is the lack of long-term datasets and the scarcity of systematic monitoring 
118 programs. Historically, speleobiological research has been marginalized compared to other fields 
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119 of natural sciences, resulting in delayed development of theoretical and practical frameworks for 
120 the management and conservation of subterranean biodiversity. This situation hampers not only a 
121 comprehensive understanding of ongoing ecological and evolutionary processes but also the 
122 formulation of effective conservation strategies based on solid and up-to-date knowledge.
123 The inherently hidden and fragmented nature of karst subterranean habitats poses numerous 
124 challenges for scientific research. Firstly, physical access to these environments requires 
125 advanced speleological techniques and limits the ability to conduct systematic and large-scale 
126 investigations. Consequently, knowledge of subterranean biodiversity remains fragmented and 
127 incomplete, with entire taxonomic groups awaiting to be discovered or formally described 
128 (Mammola et al., 2019a). Furthermore, the extreme fragmentation of habitats and their isolation 
129 foster speciation processes and high levels of endemism, complicating the interpretation of 
130 evolutionary relationships and biogeographic patterns. 
131 From a conservation standpoint, groundwater biodiversity is increasingly exposed to intense 
132 anthropogenic pressures. Groundwater pollution resulting from intensive agricultural practices, 
133 industrial discharges, and urban infiltration severely compromises water quality and disrupts the 
134 ecological balance of groundwater habitats in karst and non-karst areas . Overexploitation of 
135 groundwater resources for agricultural, industrial, or civil uses can lead to piezometric declines 
136 and the drying of subterranean aquatic habitats, threatening the survival of GW taxa (Di Lorenzo 
137 & Galassi, 2013; Mermillod-Blondin et al., 2023; Fi�er et al., 2025). On the other hand, these 
138 communities provide key ecosystem services, acting as important contributors to organic matter 
139 processing and the nutrient cycling through their ecosystem engineering activities (Boulton et al., 
140 2008; Griebler & Lueders, 2009; Griebler & Avramov, 2015; Mammola et al., 2025) and the 
141 primacy is taken by the invertebrates stably living in groundwater (Mermillod-Blondin et al., 
142 2023), as the small-sized copepods. Moreover, the ongoing effects of global climate change, 
143 although still poorly understood in these contexts, are likely to profoundly modify karst aquifer 
144 recharge patterns and alter the environmental stability essential for subterranean life (Mammola 
145 et al., 2019b; Sánchez-Fernández et al., 2021; Cerasoli et al., 2023; Vaccarelli et al., 2023b; 
146 Saccò et al., 2024).
147 In this study, we investigate, at the European scale, how much biodiversity in karst areas is 
148 represented in the cave subset and how much in other karst groundwater habitat types, with the 
149 aim of identifying karst biodiversity hotspots. We acknowledge, however, that in many karst 
150 areas the sampling effort is not consistent across different groundwater karst habitats, nor among 
151 caves within and between hydrogeological karst units. Despite these limitations in the current 
152 state of knowledge, we took advantage of the opportunity to analyse the biodiversity of karst 
153 groundwaters using a target group of microcrustaceans �the Copepoda� for which a recently 
154 published expert-curated database is available (Cerasoli et al., 2025). Copepods represent the 
155 most diverse group of crustacean in groundwaters (Galassi, Huys & Reid, 2009) and are 
156 distributed across all types of groundwater habitats and microhabitats. Despite their wide 
157 distribution, they are considered part of the �unseen metazoans� due to their reduced body size 
158 (Galassi, Huys & Reid, 2009; Malard, 2022). We therefore adopted a "one taxon" approach, 
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159 focusing on the group for which we have the largest number of records at European scale and 
160 sufficient knowledge of ecological specialization to groundwater, allowing us to discriminate the 
161 obligate groundwater dwellers from the occasional inhabitants of groundwaters. 
162 Our study aims to (i) assess whether karst biodiversity hotspots are better described by the 
163 circumscribed caves� hotspots - by clumping copepod species richness of both the epikarst and 
164 the saturated karst for each cave, if present - or, alternatively, by karst habitats other than caves; 
165 (ii) determine whether, within karst hotspots, cave species richness reflects the overall richness 
166 of the broader karst area, and to what extent, in order to assess whether cave biodiversity alone 
167 can adequately describe biodiversity hotspots in European karst regions.
168 We hypothesize that cave habitats can serve as reliable surrogates for assessing the overall 
169 biodiversity of GW copepods in European karst regions; however, their representativeness may 
170 vary depending on regional factors such as cave density, sampling effort, and habitat 
171 heterogeneity. 
172

173

174 Materials & Methods

175 Selection of occurrence records of groundwater copepods

176 The study area covers the European continent, main islands included (longitude min =  
177 longitude max = 65.2°W; latitude min = 27.6°N, latitude max = 69.2°N). The area is a mosaic of 
178 61,275 groundwater habitat patches, each representing one out of the three groundwater habitat 
179 types mapped by Cornu, Eme & Malard (2013) based on groundwater flow type, namely: 
180 aquifers in consolidated rocks, aquifers in unconsolidated sediments, and practically non-
181 aquiferous rocks. 
182 Only patches classed as aquifers in consolidated rocks are selected in the present study. This 
183 groundwater habitat type includes cave waters (both the unsaturated and the saturated karst in 
184 caves), karst springs (both intermittent and permanent over time), karst rivers and wells drilled in 
185 consolidated rocks across Europe (Fig. 1).
186 The Crustacea Copepoda are selected as target group because the taxon is widespread in all the 
187 groundwater habitat types and their ecological specialization to the groundwater environment is 
188 well-known. This second feature leads to less uncertainty in the ecological categorization of the 
189 single species, allowing to easily select GW copepods which are tightly linked to groundwater 
190 habitats (Galassi, Huys & Reid, 2009; Iannella et al., 2020a; Iannella et al., 2020b). The 
191 occurrence records of GW copepods in each karst patch are retrieved from the EGCop dataset 
192 (https://zenodo.org/records/14608863), the first expert-validated, Europe-wide occurrence 
193 dataset for obligate groundwater-dwelling copepods (Cerasoli et al., 2025). The EGCop dataset 
194 comprises 6,986 records from 588 copepod species/subspecies distributed among four orders: 
195 Cyclopoida (3,664 records, 184 species), Harpacticoida (3,288 records, 395 species), Calanoida 
196 (32 records, 7 species), and Gelyelloida (2 records, 2 species). To perform geospatial analyses, 
197 we filter the dataset by: (i) selecting only the records with spatial uncertainty in the associated 
198 coordinates lower than 10 km; (ii) including only those records located within 5 km of the 
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199 boundaries of polygons representing European aquifers in consolidated rocks, to account the 
200 spatial uncertainty both in the occurence records and in the mapped borders between aquifer in 
201 consolidated rocks and  adjacent aquifer types. The records with uncertain taxonomic definition, 
202 indicated as �sp.�, are excluded from the analyses as it is not possible to evaluate whether within 
203 a given genus they correspond to the same or to distinct species.
204 The resulting �karst� dataset is then further filtered to obtain a second dataset (�caves-within-
205 karst", hereinafter simply �caves�) containing only those karst records collected from caves.
206

207 Hot-spot analysis (HSA)

208 To compute statistically significant groundwater biodiversity hotspots (Iannella et al., 2020a, 
209 Iannella et al., 2020b; Iannella et al., 2021) driven by species� occurrences in karst and cave 
210 environments, we first spatially join the above-described datasets (�karst� and �caves�) to the 
211 vector data of groundwater habitat types from Cornu, Eme & Malard (2013). Each occurrence 
212 from both datasets is assigned to a habitat patch accordingly, and karst- or cave-related species 
213 richness is computed per patch. 
214 Then, we apply the Getis-Ord Gi* statistics (Getis & Ord, 1992) as implemented in ArcGIS Pro 
215 3.4.3 (ESRI Inc, 2025) to identify hotspots (or coldspots) of species richness from karst and 
216 caves records. This method evaluates whether the spatial clustering of a biodiversity indicator (in 
217 this case, species richness per patch) deviates significantly from a random distribution. The Gi* 
218 algorithm calculates a z-score and an associated p-value for each patch, based on the values of 
219 neighbouring patches and their distance (using Euclidean distance and an inverse distance 
220 weighting function). We classify patches with high z-scores and p-values above 95% confidence 
221 intervals as statistically significant hotspots.
222 The obtained z-scores are classed using the Jenks natural breaks optimization method (Jenks, 
223 1967), which minimizes intra-class variance while maximizing inter-class variance. In line with 
224 Iannella et al. (2021), we focus our interpretation on the �hottest hotspots,� defined as the top 
225 class of z-scores, corresponding to p-values  0.05. These patches reflect a significant non-
226 random aggregation of high species richness which may serve as a prioritization proxy for 
227 conservation planning.
228 To quantify how much area within each karst hotspot is described by caves we calculate the 
229 percent coverage by cave hotspot patches within their karst counterparts (cave�within�karst 
230 coverage). All spatial analyses were conducted in ArcGIS Pro 3.4.3.
231

232 Results 
233 After the application of a 10 km-filter of spatial uncertainty to the EGCop records associated 
234 with karst habitat types, 2,526 occurrence records are retained, representing 369 GW copepod 
235 species/subspecies (about 62% of the total number of species/subspecies currently included in 
236 the EGCop database; Table S1). Among these species, 228 belong to Harpacticoida (1,199 
237 occurrences), 132 to Cyclopoida (1,293 occurrences), 7 to Calanoida (32 occurrences), and 2 to 
238 Gelyelloida (2 occurrences). Moreover, 131 out of 369 species are also present in aquifer types 
239 other than karst, and that could therefore be defined as obligate groundwater-dwelling 

PeerJ reviewing PDF | (2025:07:122852:0:0:NEW 24 Jul 2025)

Manuscript to be reviewed

reviewer
Barra

reviewer
Testo inserito
reported from caves?

reviewer
Barra

reviewer
Commento testo
you have used "habitats" so far

reviewer
Testo inserito
ed

reviewer
Commento testo
Not clear what you mean.You merged the two datasets? You cross-comapred? Please rephrase

reviewer
Barra

reviewer
Testo inserito
was

reviewer
Barra

reviewer
Testo inserito
for each

reviewer
Barra

reviewer
Testo inserito
ied

reviewer
Barra

reviewer
Testo inserito
were

reviewer
Barra

reviewer
Testo inserito
focussed

reviewer
Barra

reviewer
Testo inserito
any citation to support this?

reviewer
Testo inserito
d

reviewer
Barra

reviewer
Testo inserito
were

reviewer
Barra

reviewer
Testo inserito
they

reviewer
Barra
why moreover? you are startiung to list a difrerent classifcation (habitat)



240 generalists. On the other hand, 238 species (995 occurrences) are exclusively recorded within 
241 karst areas and have never been found in other aquifer types (karst specialists).
242 Records collected from caves are 1,867 (73.95% of the total number of karst records) and belong 
243 to 318 species (Harpacticoida = 189 species, 808 records; Cyclopoida = 122 species, 1029 
244 records; Calanoida = 7 species, 31 records), representing 86.1 % of the total species richness of 
245 karst habitats (Table S1). Notably, 164 species are exclusive to caves (Table S1) meaning that 
246 these species are never recorded from other European karst habitats (e.g., karst springs, surface 
247 karst streams, and wells drilled in aquifers in consolidated rocks) or other groundwater habitat 
248 types (i.e., aquifers in unconsolidated sediments or practically non-aquiferous rocks). 
249 The HSA of GW copepod species richness across European karst habitat patches reveals seven 
250 �hottest� hotspots defined by the highest p-value ranges (p-value  0.05 and p-value  0.01; Figs. 
251 2A and 2C; Table 1). When considering only GW copepod species recorded from cave habitats 
252 within karst patches, seven statistically significant hotspots of GW copepod species richness are 
253 identified across Europe, partially overlapped to the previously detected karst hotspots but showing 
254 a slightly different spatial extension (Figs. 2B and 2D; Table 1). 
255 The smallest hotspot, corresponding to Sardinia Island, showed the largest overlap (100%) 
256 between the karst-based hotspot polygons and the cave-based ones, while for the largest hotspot, 
257 the Carpathians Mountains, the overlap between karst and cave hotspots dropped to 56%. The 
258 lowest percent overlap between the two hotspot types was found in Central Apennines, 
259 amounting to 36% (Table 1). Harpacticoida represented the most contributing order, in terms of 
260 species richness, within four karst-based hotspots (Cantabria and Pyrenees Mountains, Hérault 
261 Massif; Central Apennines; Eastern Alps-Lessinian Prealps-Dinarides; Balkan Mountains), while 
262 Cyclopoida were slightly preponderant in the Jura Massif (Table 2); in the remaining hotspots, 
263 the contribution of the two orders was almost equal. Similar patterns emerged for cave-based 
264 hotspots except for Sardinia, where Harpacticoida showed a tripled contribution (6 species) 
265 compared to Cyclopoida (2 species) (Table 2).
266 Table S2 provides the distribution patterns of the species that characterize the identified hotspots.
267

268 Karst hotspots in Europe   
269 The karst hotspot located in western Europe embraces most of the Cantabria Mountains, the 
270 Pyrenees, reaching the Hérault Massif, just mirroring the stygodistrict I3 (Pyrenean-Aquitanian 
271 Province according to Botosaneanu, 1986). This hotspot macroarea is defined by 88 species, with 
272 Antrocamptus catharinae, A. chappuisi, and A. coiffaiti marking the Pyrenean area. The 
273 monotypic cyclopoid genus Kieferella, with the species K. delamarei, Graeteriella vandeli, the 
274 ectinosomatid harpacticoid Pseudectinosoma vandeli, the extraordinary gelyelloid Gelyella 

275 droguei are asssociated to the portion of this hotspot corresponding to the Cent-Fonts karst 
276 system along the Hérault river, with Stygepactophanes occitanus which marks the easternmost 
277 part of this karst macroarea. 
278 The central European hotspot macroarea is represented by the Jura Massif and surrounding areas. 
279 The widespread GW harpacticoids Ceuthonectes gallicus and C. serbicus, the parastenocaridid 
280 Fontinalicaris fontinalis fontinalis and the cyclopoid Monchenkocyclops biarticulatus, which is 
281 also known from the hyporheic zone of streams in Portugal and from springs and caves in Spain, 
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282 are all associated to this hotspot. Furthermore, several representatives of the genus Speocyclops 

283 define this hotspot, together with the gelyelloid Gelyella monardi collected from a karst spring in 
284 the Swiss Jura and the canthocamptid harpacticoid Stygepactophanes jurassicus, the latter two 
285 being the most exclusive species of this hotspot. 
286 The central Apennines in the Italian Peninsula along with a few satellite areas in southern Italy, 
287 represent the southernmost hotspot macroarea in Europe. It encompasses 24 GW copepods and is 
288 mainly characterized by the presence of Acanthocyclops agamus known only from two karst 
289 springs and one syphon lake within the hotspot (Galassi & De Laurentiis, 2004; Di Lorenzo et 
290 al., 2018). The widely distributed Diacyclops cosanus is another marker of this macroarea, being 
291 collected from several groundwater habitat types including high salinity alluvial aquifers, true 
292 fresh groundwaters, and saturated sulfidic karst of the Frasassi Cave (Galassi et al., 2017). 
293 Among harpacticoids, worth of mention are the phyllognathopodid Phyllognathopus 

294 inexspectatus, the only GW species of the genus (Galassi, De Laurentiis & Fiasca, 2011), the 
295 ameirids Nitocrella pescei and N. kunzi with the parastenocaridid Simplicaris lethaea, all being 
296 representative species of this hotspot. The ameirid Parapseudoleptomesochra italica is widely 
297 distributed in the Italian Peninsula and known also from a well in Switzerland (Moeschler & 
298 Rouch, 1984) and from the saturated karst of the Movile Cave (Romania) (Brad, Iepure & Sarbu, 
299 2021). The ectinosomatid Pseudectinosoma reductum is distributed in karst habitats of this 
300 hotspot and known from the sulfidic karst of the Melissotrypa Cave (central Greece) (Popa et al., 
301 2019). Among the Calanoida, a GW population of Eudiaptomus cf. intermedius has been 
302 discovered in the Frasassi Cave. This population has a controversial position and its attribution to 
303 the surface species E. intermedius is still open to question (Galassi et al., 2017). 
304 The island of Sardinia has a small hotspot area in its central-eastern part, close to the Tyrrhenian 
305 shoreline, which is mainly defined by the GW copepods collected in the Bue Marino Cave. The 
306 copepod diversity of this area is only partially known, and the copepods recorded so far are 
307 predominantly represented by freshwater species, such as the ameirid harpacticoid Nitocrella 

308 beatricis which has been found also in Corse, in the hyporheic zone of rivers and streams in 
309 Nuoro and Cagliari provinces, and in wells within the small islands of Tavolara, Molara, 
310 Caprera, and La Maddalena (Cottarelli & Bruno, 1993; Cottarelli, Bruno & Forniz, 1996). 
311 Among the other species associated to this hotspot, worth to mention are the canthocamptid 
312 Ceuthonectes pescei, Elaphoidella janas, the parastenocaridid Parastenocaris triphyda, an 

313 undescribed species of the genus Schizopera, the cyclopoid Speocyclops sardus and Metacyclops 

314 trisetosus. M. trisetosus has a disjunct distribution, being recorded from the Bue Marino Cave, 
315 the �core" of the Sardinian hotspot, but also from Antro di Bagnoli (Italian Eastern Alps) and 
316 from the Aesculapius Cave (Croatia). 
317 The hotspot with the greatest species richness embraces a large portion of the Italian Eastern 
318 Alps and the Slovenian Dinarides (Table 2) that together define the �Classical Karst� (Ford, 
319 2004; Jurkov�ek et al., 2016). This hotspot macroarea includes also the Lessinian Prealps in Italy 
320 and the external Dinarides southward to Albania. In the present study, 114 GW copepods are 
321 associated with this hotspot macroarea. Some GW species of the cyclopoid genus 
322 Acanthocyclops occurr both in caves and in other karst habitats of this hotspot (e.g., A. 

323 troglophilus, A. hypogeus), whereas A. gordani and A. kieferi are recorded also from other 
324 groundwater habitat types (e.g., hyporheic zones). Diacyclops charon, D. slovenicus and D. 
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325 tantalus are exclusive to this karst hotspot whereas many other species of the genus Diacyclops 

326 are found in this hotspot and in several groundwater habitat types of Europe. Speocyclops 

327 infernus marks this area despite it is also found in the Balkan karst in Bulgaria. Among 
328 harpacticoids, the canthocamptid Ceuthonectes pertkovskii and C. rouchi are linked to the 
329 Slovenian karst, whereas C. serbicus is widespread in this hotspot and in other karst and non-
330 karst regions of many European countries (France, Italy, Switzerland, Slovenia, Romania, 
331 Bulgaria, Serbia, Macedonia, Hungary, and Georgia). Twenty GW species of Elaphoidella have 
332 been recorded in this area, representing approximately 30% of the species richness described by 
333 the order Harpacticoida. The genus Lessinocamptus, with three described species, defines the 
334 subarea of the Lessinian Prealps (Vaccarelli et al., 2023a) extending to the eastern Italian Alps 
335 and reaching the Slovenian karst with one record of an undescribed species, Lessinocamptus sp. 
336 SLO1. One of the three species described so far in the genus Spelaeocamptus, S. incertus, is 
337 represented in this hotspot area. The genus Morariopsis with three species and the monotypic 
338 genus Paramorariopsis contribute to defining this hotspot, as they are found only in this hotspot 
339 and have never been found in non-karst areas. The diversification observed in the ameirids (three 
340 species of Nitocrella and P. italica) is lower than in the canthocamptids. The Parastenocarididae 
341 are represented by two genera (Horstkurtcaris and Parastenocaris), reaching a total of 13 
342 species/subspecies. The GW Calanoida which are represented by seven species in European 
343 groundwaters, have three representatives in this area, belonging to two genera: Stygodiaptomus 

344 (two species) and Troglodiaptomus (one species). They are always linked to karst aquifers and 
345 never found in other groundwater habitat types. 
346 The Carpathian Ridge is the largest hotspot detected by the HSA, and it is defined by 30 GW 
347 copepod species. Among the cyclopoids, nine species of Acanthocyclops are included in this 
348 hotspot, followed by four Diacyclops species, Graeteriella unisetigera � which is widespread 
349 throughout Europe and also occurs as a cryptozoic element (Fiers & Ghenne, 2000) � and 
350 Speocyclops troglodytes. The latter shows a disjunct distribution encompassing Italy, Romania 
351 and Serbia, and is  predominantly found in caves but also in hyporheic habitats in northeastern 
352 Italy. Among harpacticoids, species richness is dominated by the Canthocamptidae family, wich 
353 includes  four species of the genus Elaphoidella as well as Ceuthonectes hungaricus �which 
354 defines this area with five occurence records�and C. serbicus, notable for its broad distribution 
355 across Europe. The Parastenocarididae family is also well represented, with four species of 
356 Parastenocaris and Stammericaris phreatica. Similarly, Speleocamptus spelaeus has 29 records 
357 in Romania, primarily linked to karst habitats, although two records come from alluvial aquifers 
358 within the same country.  
359 The hotspot covering the Balkan Mountains is defined by 54 GW copepod species. Among 
360 cyclopoids, the genus Acanthocyclops has the primacy with nine species (of which A. balcanicus 

361 balcanicus, A. chappuisi, A. iskrecensis,  A. radevi, A. reductus, strimonis are exclusive to this 
362 macroarea), followed by Speocyclops with six species (of which S. lindbergi, S. proserpinae and 
363 S. plutonis are only known from this hotspot) and Diacyclops with four species (of which D. 

364 haemusi and D. fontinalis are known only from this hotspot). Among harpacticoids, Elaphoidella 

365 is the most representative genus, with 15 species recorded in this hotspot. Worth mentioning is 
366 the presence of the canthocamptid Ceuthonectes haemusi which marks this area, followed by the 
367 widespread C. serbicus. The harpacticoid ameirids are represented by two species of Nitocrella, 
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368 two species of Parapseudoleptomesochra, and Nitocrellopsis intermedia which is linked to this 
369 area. The Parastenocarididae are represented by five species (of which Parastenocaris 

370 curvicaudata, P. jeanneli, P. karamani karamani mark this hotspot). 
371

372 Cave hotspots in Europe 
373 The cave hotspot embracing the Cantabria Mountains, the Pyrenees and the Hérault Massif 
374 overlaps with the karst hotspot by 93.73% (Table 1). This hotspot is defined by 75 species, 
375 including some species known only from cave habitats, such as the harpacticoid Cottarellicaris 

376 gallicus, Parapseudoleptomesochra subterranea deminuta, Proserpinicaris cantabrica. Among 
377 the cyclopoids, unique cave species are Speocyclops arregladensis and S. racovitzai 

378 guillounensis.

379 The cave hotspot of the Jura Massif overlaps with the corresponding karst hotspot by 67.48% 
380 (Table 1) and mostly overlaps with the southern part of the corresponding karst hotspot (Figure 
381 1D). This hotspot encompasses 23 species. Caves in this area host several generalist GW 
382 copepods among cyclopoids and harpacticoids, with a few exceptions for some endemics and not 
383 yet described species of the harpacticoid Bryocamptus and the cyclopoid Speocyclops. This cave 
384 hotspot is relatively large if compared to the total hotspot karst area, indicating high cave habitat 
385 availability of recent origin in the area, which was also likely affected more intensively by the 
386 Riss-Würm effect (Castellarini et al., 2007; Dole-Olivier et al., 2009b).  
387 The cave hotspot of the central Apennines shows the lowest overlap with its corresponding karst 
388 hotspot (36.73%, Table 1), likely due to the exclusion of the Abruzzi and Lazio regions from the 
389 cave hotspot, which were instead part of the karst hotspot (Figure 1C, 1D). This cave hotspot is 
390 defined by nine species; among them, the stygomorphic population of Eudiaptomus cf. 
391 intermedius stands out. Apart from Stammericaris lorenzae, all the species included in this 
392 hotspot are recorded from the Frasassi Cave (Galassi et al., 2017), meaning that the hotspot is 
393 almost exclusively defined by this large cave system.  
394 The small cave hotspot in the Island of Sardinia coincides with the karst hotspot, showing a 
395 100% overlap. This overlap is due to the presence of several copepod species found in the Bue 
396 Marino cave, including the canthocamptid Ceuthonectes pescei, Elaphoidella janas, the 
397 parastenocaridid Parastenocaris triphyda, and the cyclopoids Speocyclops sardus and 
398 Metacyclops trisetosus.
399 The hotspot macroarea identified as the Eastern Alps and Dinarides represents the largest cave 
400 hotspot detected in our analysis, representing 94.73% of the total area of the karst hotspot. This 
401 large cave hotspot is mainly defined by: (i) a mix of cyclopoid species belonging to the 
402 cyclopoid Acanthocyclops and Speocyclops exclusive to caves; (ii)  the harpacticoid species of 
403 Lessinocamptus and Moraria, Morariopsis kieferi and M. scotenophila, Paramorariopsis anae, 

404 Ceuthonectes species (with C. rouchi associated to the Slovenian karst, caves included), 17 GW 
405 species of the canthocamptid Elaphoidella, and 11 parastenocaridids, belonging to three genera 
406 (Parastenocaris, Horstkurtcaris, Italicocaris). Furthermore, this cave hotspot hosts three GW 
407 diaptomid calanoids (Stygodiaptomus kieferi, S. petkovskii, and Troglodiaptomus sketi), as free 
408 swimmers in the planktonic habitats of the subterranean lakes of the saturated karst.  
409 The hotspot macroarea defined by the Carpathians caves covers 56.52% of the karst hotspot. The 
410 cave hotspot is described by 29 species, which mirrors to some extent the taxonomic diversity of 
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411 the overall karst hotspot, with the primacy taken by the cyclopoid genus Acanthocyclops which 
412 includes several species found exclusively in caves. Members of Diacyclops are present both in 
413 caves and in other karst habitats; some other species are widespread across different groundwater 
414 habitat types encompassing the hyporheic zone and the alluvial aquifers (e.g., Diacyclops 

415 belgicus). A few species are not exclusive to caves and occurr in other karst habitats, such as 
416 Speleocamptus spelaeus which dwells in several caves but was also recorded in a groundwater-
417 fed spring and in an alluvial aquifer in Romania. Conversely, Speleocamptus incertus is known 
418 with only one record from a cave in Macedonia (into the cave hotspot of the Eastern Alps-
419 External Dinarides).
420 In the Balkan macroarea, the cave hotspot covers 95.49% of the karst hotspot. It is described by 
421 46 species, mostly the same ones defining the karst hotspot. This suggests that, in the Balkan 
422 region, most GW copepods diversity is found in caves. Nine GW species of the cyclopoid genus 
423 Acanthocyclops are known from the karst hotspot, with only A. milotai being exclusive to the 
424 cave habitat. Among harpacticoids, Bryocamptus borus is only known from caves from two 
425 different karst areas (Slovenia and Serbia), Elaphoidella stygia is known from two caves only in 
426 Bulgaria, and Ceuthonectes haemusi is recorded from two caves within this hotspot. 
427  

428 Discussion 
429 The subterranean biosphere is increasingly recognized as a global biodiversity frontier. Karst 
430 aquifers and cave systems, with their structural complexity, high endemism, and functional 
431 specialization, are emerging as biodiversity hotspots rather than barren voids. Recent discoveries 
432 � both in remote and seemingly well-known areas � continue to increase cave species richness, 
433 reinforcing the idea that a single cave can represent a localized biodiversity hotspot (Souza-Silva 
434 & Ferreira, 2016; Pipan, Deharveng & Culver, 2020; Culver et al., 2021; Huang et al., 2021; 
435 Niemiller, Helf & Toomey, 2021; Mammola et al., 2022; Gallão et al., 2023; Hernández-Lozano 
436 et al., 2024).
437 Despite increasing attention to biodiversity in global policy, groundwater ecosystems remain 
438 poorly integrated into conservation frameworks (Iannella et al., 2020a, Iannella et al., 2020b; 
439 Iannella et al., 2021;  Sánchez-Fernández et al., 2021; Wynne et al., 2021; Vaccarelli et al., 
440 2023b; Mammola et al., 2024; Rohde et al., 2024; Saccò et al., 2024). In Europe, karst regions 
441 like the Dinaric Karst, the Alpine arc, Carpathians, Balkans, Iberian and Apennine massifs host 
442 unique obligate groundwater-dwelling taxa shaped by long-term isolation. Comparable diversity 
443 patterns occur globally�in the Anatolian Plateau, Appalachians, Southeast Asia, and 
444 Neotropics�forming a mosaic of subterranean aquatic hotspots (Christman et al., 2016; 
445 Deharveng et al., 2021; Souza-Silva et al., 2021).
446 However, much of this biodiversity remains undocumented. Sampling subterranean meiofauna, 
447 particularly GW copepods, is hindered by microscopic size, taxonomic impediments, and low 
448 visibility (Giere, 2008; Ficetola, Canedoli & Stoch, 2019). Cryptic diversity and under-described 
449 taxa (Bron et al., 2011; Karanovic, Djurakic & Eberhard, 2016) contribute to significant 
450 knowledge gaps and extinction risks, leading to the so-called �Centinela extinctions� (Wilson, 
451 1999). Indeed, copepod species richness is projected to increase markedly by 2100, with over 
452 90% of freshwater copepods being endemic to single zoogeographic regions (Macêdo et al., 
453 2024).
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454 Sampling bias also affects regions like Mediterranean islands, southern Italy, and Greece. 
455 Unpublished data and unexplored karst habitats suggest underestimated diversity, as exemplified 
456 by Galmarini et al. (2023), who found numerous undescribed copepod species across southern 
457 Italian caves.
458 The microscopic and hidden nature of many groundwater taxa limits both scientific investigation 
459 and conservation attention, despite their vital roles in ecosystem functions like nutrient cycling 
460 and water purification (Boulton et al., 2008; Mermillod-Blondin, 2011; Griebler & Avramov, 
461 2015; Howard et al., 2023). Taxonomic bottlenecks (Culver & Sket, 2000) and low public appeal 
462 relative to invertebrates (Hutchins, 2018; Oliveira & Ferreira, 2024) further marginalize them. 
463 Nonetheless, karst meiofauna include unique evolutionary relics of high conservation value 
464 (Galassi, Huys & Reid, 2009; Fattorini et al., 2020; Sánchez-Fernández et al., 2021).
465 In this contribution, we analyzed copepod diversity patterns within European karst areas and 
466 associated cave systems, to identify spatial conservation priorities. Our findings support the view 
467 that karst groundwater ecosystems are biodiversity cores, essential to inclusive and effective 
468 environmental governance (Saccò et al., 2024). 
469

470 The dialogues between karst areas and caves: from hiatus to connectivity

471 GW copepods are recorded from any groundwater habitat type across Europe (Cerasoli et al., 
472 2025). In karst groundwaters, they occur in all habitats and microhabitats. 
473 Previous studies, analysing occurrence records of GW harpacticoid copepods across all the 
474 groundwater habitat types of Europe (Iannella et al., 2020a, Iannella et al., 2020b; Iannella et al., 
475 2021), demonstrated the suitability of these organisms in delimiting European groundwater 
476 biodiversity hotspots. The results obtained in the abovementioned studies are surprisingly 
477 convergent, to some extent, to the ones emerging in the present analyses. For instance, the 
478 species richness hotspots in the Pyrenees, in the Eastern Italian Alps and Dinarides, and in 
479 Central Apennines that were found in Iannella et al. (2020a) are included in the �karst� and 
480 �caves-within-karst" hotspots we define here.
481 The hotspot analysis performed considering only the copepod species occurring inside the caves 
482 within karst areas highlights the same number of hotspots (seven) as when extending the analysis 
483 to all karst records. Furthermore, these cave-defined hotspots fall within the geographical limits 
484 defined by the karst ones. 
485 The total number of GW copepods species occurring in karst areas of Europe amounts to 369. 
486 Among these latter, 238 species have been found exclusively in karst habitats (caves included) 
487 and can thus be defined as karst specialists. However, this figure underestimates the real number 
488 of European karst specialists, pending the description of several new species. Moreover, other 
489 karstic species may have been excluded after the spatial filtering adopted for the HSA, due to the 
490 geographical uncertainty of some records and/or the absence of details for the locality data. A 
491 subset of these karst specialists, 164 species (~ 68%), have been collected exclusively in caves 
492 and can thus be defined as cave specialists. The remaining 74 karst specialist species have 
493 instead been recorded from karst habitats other than caves. Consequently, the other groundwater 
494 karst habitats in the karst regions play an important role in explaining the total species richness 
495 of the karst. Finally, the 131 species occurring both in karst and in non-karst areas can be defined 
496 karst generalists, as they also occur in the hyporheic zone of streams and rivers, in alluvial 
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497 aquifers, in practically non-aquiferous rocks, alluvial springs, in the upwelling zone of lakes or in 
498 the hypothelminorheic habitats (Me�trov, 1962; Culver, Pipan & Gottstein, 2006). In this case, 
499 the boundaries between different aquifer types work as transmissive borders for GW copepods 
500 (Iannella et al., 2020b).
501 The overlap of cave hotspots with the karst ones is different among the detected hotspots 
502 macroareas. Several factors may contribute to explaining this pattern. First, not all the karst 
503 regions have the same number of caves per unit area; second, usually not all the caves located in 
504 a certain region are known, as some of them await to be discovered; third, not all the known 
505 caves have been sampled; fourth, not all the caves have the same mesohabitat heterogeneity, 
506 such as the divide between the epikarst/unsaturated karst, with its characteristic mesohabitats 
507 (gours, dripping pools, temporary siphons, trickles) (Pipan et al., 2018), and the saturated karst, 
508 which may have contrasting tridimensional morphologies (vertical shallow or deep wells, large 
509 and small lakes more or less interconnected, perennial cave streams and springs). With respect to 
510 the latter point, younger caves tend to exhibit less developed, and therefore less heterogeneous, 
511 mesohabitats due to the relatively recent karstification process. Indeed, in younger caves, the 
512 chemical and physical processes that create different microenvironments (the mesohabitats) have 
513 had less time to operate, resulting in a more uniform environment. As cave development and 
514 karstification progress over time, the physical and chemical processes generate  increasingly 
515 diverse features (such as breakdown, vadose zones, and different water flows), increasing the 
516 complexity and heterogeneity of the mesohabitats within a cave (Moldovan,  & Halse 
517 2018; Balogh et al., 2020; Cardoso, Ferreira & Souza-Silva, 2022; Petrovová et al., 2024).    
518

519 The cave legacy

520 Among the karst hotspots identified in our study, some  are clearly defined by the copepod 
521 species richness known from caves, which works as a good proxy for the overall high species 
522 richness found in the corresponding karst hotspots. This condition has been found in: 1) the 
523 western hotspot macroarea represented by the Cantabria Mountains (with over 4,000 caves) 
524 together with the Spanish and French Pyrenees (known to host thousands of caves, precise 
525 information on the total number of caves being unavailable); 2) the central-eastern hotspot 
526 macroarea which embraces the Eastern Alps (whose easternmost sector bordering Slovenia hosts 
527 8,677 caves, https://catastogrotte.regione.fvg.it/) extending southward to the Lessinian Massif 
528 (with 1600 caves, Peresani & Sauro, 2024), the Slovenian Dinarides hosting 15,884 caves with a 
529 mean of 2 caves per km2 (https://www.katasterjam.si/; UNESCO, 2015), and the external 
530 Dinarides with about 25,000 caves (Zagmajster et al., 2010); 3) the Balkan karst hotspot where 
531 more than 4,500 caves are known. 
532 Referring to the Eastern Alps-Lessinian Prealps-Dinarides cave hotspot, it is defined by 94 
533 species, mainly found in the �Classical Karst�, giving ground to previous studies (Sket, 1999; 
534 Culver & Sket, 2000; Brancelj & Pipan, 2004; Culver et al., 2004; Pipan & Culver, 2007; Pipan 
535 et al., 2018; Brancelj et al., 2020; Zagmajster, Polak & Fi�er, 2021; Galmarini et al., 2023). The 
536 �Classical Karst� is the most investigated European area in terms of subterranean biodiversity, 
537 being consistently claimed to represent a hotspot in terms of groundwater species richness and 
538 endemism (Sket, 1999; Culver & Sket, 2000; Brancelj et al., 2020; Iannella et al., 2020a; 
539 Deharveng et al., 2024). Indeed, the Dinaric caves, together with the ones of the Eastern Alps 
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540 and the Lessinian Prealps are the �pulsating heart� of GW biodiversity and copepod species 
541 richness of Europe. 
542 Somehow differently form the abovementioned areas, the Central European hotspot�
543 represented by the Jura massif�does not have a well-defined density of caves. However, it is 
544 distinctive in  that the known caves are often part of well-developed karst systems (Durlet et al., 
545 2024). 
546

547 Caves as islands

548 At a first glance, the concept of "island" applied at a local scale to individual caves (Mammola, 
549 2018; Culver & Pipan, 2019; Balogh et al., 2020) has limits related to the hydrological 
550 connectivity that may exist between single caves being close to each other or belonging to the 
551 same hydrogeological unit. However, this condition does not always occur. In many cases, even 
552 when a hydrological continuum exists, species are not shared between adjacent caves, and 
553 perhaps more surprisingly,  not  even among different mesohabitats within a single cave. For 
554 example, in Eastern Alps-Lessinian Prealps-Dinarides hotspot, cave habitat availability 
555 (Christman & Culver, 2001) has the primacy in favoring colonization, isolation and speciation of 
556 copepod species, where sometimes any dripping pool hosts its own copepod assemblage. In such 
557 cases, any cave works as an archipelago, with pools, trickles, gours, dripping pools, micro-
558 fractures in the vadose zone representing islands into the cave archipelago, or islands in the main 
559 island represented by one cave (Pipan et al., 2018; Balhog et al., 2020; Cardoso, Ferreira & 
560 Souza-Silva, 2022). Usually, the unsaturated portion of a cave does not share copepod species, 
561 except for a few generalist GW species, with the saturated portion of the aquifer in the same 
562 cave.
563 Certainly, the lack of long-term monitoring data for most subterranean environments can, to 
564 some extent, alter  the interpretation of available observations. Nonetheless, evidence from well-
565 known caves  with a good sampling effort clearly shows  that  GW copepods, perhaps also due to 
566 the poor tendency to dispersal in some species (especially among the harpacticoids and some 
567 inbenthic cyclopoids) or to  extreme specialization for specific mesohabitat (e.g., some 
568 planktonic calanoids), are often unable to establish permanent populations in other caves and fail 
569 to  reproduce there. A trend which corroborates the view of caves as �biodiversity islands�, at 
570 least for groundwater meiofauna. Again, the statement by Lamoreaux (2004) remains debatable: 
571 some GW microcrustaceans may disperse by means of passive dispersal; many others may not 
572 (Galassi, Huys & Reid, 2009). 
573

574 Hotspots in European karst areas

575 Most of the karst hotspots we highlighted fall close to the border of the Last Glacial Maximum 
576 (LGM, ~21 kyBP; Becker et al., 2015), particularly the western European karst macroarea 
577 embracing the Hérault massif as eastern limit, the �Classical Karst� embracing the Eastern Alps 
578 and the Dinarides, the Central Apennines and the Sardinian hotspots, the Carpathian and Balkan 
579 ones in southeastern Europe. The last Quaternary glaciation certainly left residual effects on the 
580 distribution of species in subterranean environments. The largest clusters of underground species 
581 richness, for both terrestrial and aquatic taxa, are indeed found in areas of southern Europe that 
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582 functioned as refuges (Galassi et al., 2009; Stoch & Galassi, 2010; Zagmajster et al., 2014; 
583 Iannella et al., 2020a; Vaccarelli et al., 2023a).
584 Europe�s GW copepod hotspots likely represent the diachronous yet interconnected expression 
585 of a peri0Tethyan carbonate �engine�, whose successive tectono0sedimentary �awakenings� may 
586 account for the tightly clustered distribution of these hotspots along a latitudinal belt between 
587 40° N and 50° N. Specifically, Late Variscan hydrothermal dolomitisation first seeded a porous 
588 substrate in Sardinia (~300�280 Ma) (Boni et al., 2000); then, Mesozoic platform aggradation 
589 along widening Tethyan margins created a continent0scale lattice of primary porosity 
590 subsequently reorganized by Jurassic�Cretaceous syn0rift faulting (Scheibner & Speijer, 2008), 
591 and Alpine�Carpathian convergence further fractured the carbonates, producing more 
592 pronounced hydraulic gradients. Finally, during the Middle�Late Miocene, back0arc slab 
593 rollback behind the Apennine�Carpathian fronts accelerated erosional unroofing 
594 (Haidar et al., 2022). Since most of these structurally rejuvenated aquifers lie south of 45° N � 
595 beyond the maximum extent of continental ice during the Last Glacial Maximum 
596 (Clark et al., 2009) � Quaternary glacio0eustatic oscillations contributed primarily to 
597 meltwater0driven segmentation rather than wholesale glacial sterilization. The resulting 
598 hydrogeological and climatic �sweet spot� aligns precisely with independent hotspot analyses of 
599 karst, cave and overlapping habitats that consistently pinpoint the 40�50° N belt 
600 (Deharveng et al., 2009; Stoch & Galassi, 2010; Zagmajster et al., 2014) and, at a finer scale, the 
601 42�46° N ridge identified for cave terrestrial invertebrates (Culver et al., 2004) and for 
602 temperate0zone subterranean hotspots worldwide (Culver et al., 2021). Hence, the spatial 
603 concordance between geological activation pathways and biogeographical patterns suggests that 
604 Europe�s copepod0rich aquifers are the outcome of long0term carbonate evolution modulated by 
605 mid0latitude palaeoclimate dynamics. 
606 Other palaeogegraphic and palaeoecological events left their mark in southeastern Europe, such 
607 as the fragmentation of the Paratethys in surface brackish basins and the subsequent 
608 disappearance of some of them. Gradual growth of the Alpine�Carpathian�Dinarides orogenic 
609 system during the Miocene induced progressive regression of the Western, Central and Eastern 
610 Paratethys. This geodynamically controlled paleogeographic and biogeographic differentiation is 
611 generally defined on the basis of characteristic faunal assemblages (mainly mollusks, 
612 foraminifers, and ostracods), which are mostly endemic to the Paratethys Sea. The Eastern 
613 Paratethys likely represented the primary center of differentiation for many aquatic species. Its 
614 disappearance, which began  before and concluded during the Messinian salinity crisis (Lazarev 
615 et al., 2020), may have caused local extinctions of some taxa and facilitated colonization by 
616 otherswithin subterranean environments. This pattern has been suggested for  the aquatic 
617 diversity of the Movile Cave (Romania) (Brad, Iepure & Sarbu, 2021) located  in the Carpathians 
618 and the northern bord of the Balkan Ridge.
619

620 The contribution of karst habitats versus caves in describing hotspots of copepod species 

621 richness

622 Karst areas are undoubtedly those that have best served the role as refuge for groundwater taxa, 
623 thanks to their fractured hydrogeological network that facilitated the vertical entry of surface-
624 water ancestors, favouring also vicariance. 
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625 European karst hotspots vary in size, and cave density within these hotspots varies from area to 
626 area. The highest concentrations of caves in Europe are found in Cantabria, the Pyrenees, the 
627 Alps and Dinarides, the Balkans, and, to a lesser extent, in central and southern peninsular Italy. 
628 The area covered by a certain karst system can offer a rough idea of how many species can be 
629 hosted therein, because this calculation, which is also normally used to identify protection zones 
630 for subterranean biodiversity, always deals with surface areas. What is still missing is the urgent 
631 assessment of the vertical dimension of the karst, with all its horizontal ramifications at various 
632 depths (Mammola et al., 2024). The vertical development of karst is related to the geomorphic 
633 evolution of the surrounding landscape. Cave profiles and levels reflect the local fluvial base 
634 level and its changes through time. These cave features tend to be preserved far longer than 
635 correlative surface features, which are more susceptible to weathering and erosion. 
636 We observed that when a karst hotspot shows a substantial overlap with its corresponding cave-
637 based hotspot, the species recorded in caves are a good proxy of the overall GW species richness 
638 within that karst area, of whatever extension. For instance, in the Eastern Alps-Lessinian Prealps-
639 Dinarides, 114 species define the karst hotspot, and 94 of them are also found in the 
640 corresponding cave hotspot, representing the 82.45% of the total species richness for that karst 
641 area. Similar patterns emerge for the Balkan and the Western European (Cantabria-Pyrenees-
642 Hérault) hotspots. In all the aforementioned cases, caves are enough. The situation changes in 
643 Central Apennines, where the karst hotspot is poorly represented by its cave counterpart: caves 
644 account only 37.5% (9 species) of the total species recorded in this karst area (24 species). The 
645 explanation may be traced in the lower number of caves available in the area, and in the fact that 
646 several of the ones already known are still unexplored. In this case caves alone are not enough. 
647 Apart from regions where speleogenesis did not lead to the formation of many caves, as in the 
648 central Apennine ridge, an area effect is apparent: where the overlap between karst and cave 
649 hotspots is extensive, caves tend to be representative of the whole karst GW copepod richness, 
650 such as in Sardina (100% overlap, one cave describes the whole karst hotspot). The island has a 
651 complex geological history (De Waele & Grafitti, 1998; De Waele & Grafitti, 2004), and many 
652 caves are distributed in spotted karst areas (covering about 8% of the island�s total surface) in 
653 central-east Sardinia and in the Cambrian Iglesiente Sulcis region in southwest. Other interesting 
654 karst landscapes are found in the northwest of the Island (Capo Caccia-Punta Giglio) and in the 
655 central eastern part (Tacchi area). This situation supports the contention that, at present, the 
656 copepod diversity of Sardinia�s karst groundwater is still poorly known.  So,  a strong sampling 
657 bias likely affects the extension of the hotspot identified through  our geospatial analysis.  
658 The Carpathians cave hotspot is an exception to this trend: despite the cave hotspot covers only 
659 about half the area of the corresponding karst hotspot (56.52% overlap), it harbours 96% of the 
660 species defining the karst hotspot. This suggests that caves in this area are richer in species than 
661 the other karst groundwater habitats: their species richness is additive, with many caves likely 
662 working as �islands�. In this unique case caves are much more than enough.  
663

664 Implications for conservation

665 The EU Biodiversity Strategy for 2030 highlights the need for integrated, ecosystem-based 
666 approaches to protect biodiversity, water resources, and climate resilience. In this framework, it 
667 is recognized the dual role of karst aquifers as biodiversity reservoirs and vital water sources. 
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668 Their conservation is aligned with key UN Sustainable Development Goals (SDGs 6, 13, and 
669 15). The present contribution seeks to articulate a framework for the critical analysis of karst 
670 groundwater systems, positioning them at the core of global subterranean biodiversity. By 
671 highlighting their conservation value, we argue that karst groundwaters should not be viewed as 
672 peripheral anomalies, but rather as key components of biodiversity that are essential to inclusive 
673 and effective environmental governance.
674 By elucidating spatial patterns of GW copepod species richness, we delimit hotspots across 
675 European karst areas, then focusing on caves into such areas to highlight overlaps and 
676 mismatches between �karst� versus �caves-within-karst" hotspots. So far, the most effective 
677 approach to conserving biodiversity has focused on individual caves, based on the species 
678 richness they host. In many cases, this approach may work well when the karst area is 
679 predominantly characterized by cave development. In such cases, integrating hydrogeological 
680 knowledge about connections among neighbouring caves would be crucial for conservation. In 
681 short, it is better to conserve two hydrogeologically isolated caves rather than two connected 
682 ones, because in the latter case some species may disperse in both directions, thus making the 
683 two caves similar in terms of assemblage composition. 
684 We identify seven main karst hotspots of GW copepod species richness across Europe. By 
685 replicating the hotspot analysis only on records collected from caves within the target karst areas, 
686 we derive that in most cases caves are good representatives of the species richness found in the 
687 overall karst hotspot unit. Thus, caves have a good potential to be targeted as priority sites for 
688 protecting groundwater biodiversity in karst regions, reducing the extent over which 
689 conservation measures should be addressed, although this should not be taken as a rule. The 
690 identification of GW biodiversity hotspots in karst areas across Europe certainly supports spatial 
691 planning and the identification of appropriate conservation measures. However, when considered 
692 in isolation this approach also has limitations. Groundwater is more or less closely connected to 
693 all surface water bodies, be they glaciers, snowfall, or rainfall, albeit to varying degrees. 
694 Therefore, protecting a single cave is not sufficient if anthropogenic pressures occur within the 
695 recharge surface of the cave's aquifer, generating potential or actual impacts and ultimately 
696 contaminating the groundwater where GW species live. Indeed, the high specialization of many 
697 GW lineages to the groundwater environment, their extreme endemism, and the trophic 
698 simplification of most groundwater food webs, make these organisms very vulnerable to external 
699 perturbations coming from the surface (Iannella et al., 2020a, Iannella et al., 2020b). 
700 Specifically, persistent stressors such as groundwater abstraction, nutrient enrichment, and 
701 introduced contaminants erode population resilience by disrupting the stable physicochemical 
702 conditions to which GW taxa are evolutionarily bound (Fiasca et al., 2014; Di Lorenzo et al., 
703 2019). Climate-driven hydrological shifts further compound these pressures by altering recharge 
704 regimes and redox conditions, amplifying extinction risk for narrow-ranged taxa (Siegel et al., 
705 2023). 
706 The inadequacy of the conventional area-based conservation applied to surface systems 
707 underscores the need for integrated karst-catchment zoning that buffers aquifers from land-use 
708 change and maintains ecological connectivity among subterranean refugia (Mammola et al., 
709 2022; Colado et al., 2023; Zagmajster et al., 2023; Mammola et al., 2024). Mounting evidence 
710 indicates that strategic, surface-to-subsurface management can secure this hidden biodiversity 
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711 (Culver & Pipan, 2019; Mammola et al., 2024). Indeed, recently developed tools�ranging from 
712 trait-based bioassessment and eDNA metabarcoding to standardized ecotoxicological 
713 protocols�now allow early detection of population decline and pollutant sensitivity in 
714 subterranean communities, facilitating adaptive management before irreversible change occurs 
715 (Fi�er et al., 2022). Crucially, successful conservation cases demonstrate that stakeholder-
716 inclusive governance, sustained monitoring, and legal recognition of groundwater�s ecological 
717 dimension can arrest biodiversity loss even in tourism-pressured show caves (Deharveng & 
718 Bedos, 2018; Wynne et al., 2021). 
719

720 Conclusion
721 This study aimed to assess whether caves can serve as reliable proxies for evaluating 
722 groundwater copepod biodiversity within European karst systems. By mapping species richness 
723 across caves and other karst groundwater habitats, we identified seven biodiversity hotspots and 
724 quantified the contribution of cave data to the broader patterns of copepod diversity in the overall 
725 karst hotspots.
726 Our results show that while caves often host a substantial share of the copepod species in karst 
727 regions�particularly in areas like the Dinaric Alps, the Cantabrian-Pyrenean ridges, and the 
728 Balkans�their representativeness is not uniform. In regions such as the Central Apennines, cave 
729 records alone underestimate karst richness, emphasizing the need to include non-cave karst 
730 habitats in biodiversity assessments.
731 These findings support the core hypothesis that caves, though essential and accessible, cannot be 
732 the sole basis for karst conservation planning. We highlight the importance of integrated, 
733 ecosystem-based approaches that consider the heterogeneity of karst systems and their 
734 evolutionary and hydrological complexity.
735 Future research should focus on addressing current sampling gaps, especially in underexplored 
736 karst areas and non-cave environments, and on characterizing cryptic and undescribed taxa. We 
737 also recommend the development of spatially explicit conservation strategies that reflect both 
738 taxonomic richness and habitat connectivity.
739

740 Acknowledgements

741 We thank Andrea Massagli for permission to publish Fig. 1E.
742

743

744 References

745 Andreychouk V. 2016. The system nature of karst landscape and principles of cave protection 
746 resulting from it. Zeitschrift für Geomorphologie, 60(2): 257-291 DOI:  
747 10.1127/zfg_suppl/2016/00300.

PeerJ reviewing PDF | (2025:07:122852:0:0:NEW 24 Jul 2025)

Manuscript to be reviewed

reviewer
Commento testo
affiliation?

reviewer
Testo inserito
-



748 Balogh A, Ngo L, Zigler KS, Dixon G. 2020. Population genomics in two cave-obligate 
749 invertebrates confirms extremely limited dispersal between caves. Scientific Reports 
750 10(1):17554. DOI: 10.1038/s41598-020-74508-9.
751 Becker D, Verheul J, Zickel M, Willmes C. 2015. LGM paleoenvironment of Europe � Map. 
752 CRC806-database DOI: 10.5880/SFB806.15.
753 Boni M, Parente G, Bechstaedt T, De Vivo B, Iannace A. 2000. Hydrothermal dolomites in SW 
754 Sardinia (Italy): evidence for a widespread late-Variscan fluid flow event. Sedimentary Geology, 
755 131(3-4): 181-200  DOI: 10.1016/S0037-0738(99)00131-1.
756 Botosaneanu L. 1986. General introduction. In: Botosaneanu L, ed. Stygofauna Mundi � A 

757 Faunistic, Distributional and Ecological Synthesis of the World Fauna Inhabiting Subterranean 

758 Waters. Leiden: E.J. Brill, 1-14.
759 Boulton AJ, Fenwick GD, Hancock PJ, Harvey MS. 2008. Biodiversity, functional roles and 
760 ecosystem services of groundwater invertebrates. Invertebrate Systematics 22(2):103-116. DOI: 
761 10.1071/IS07024.
762 Brad T, Iepure S, Sarbu SM. 2021. The chemoautotrophically based Movile Cave groundwater 
763 ecosystem, a hotspot of subterranean biodiversity. Diversity 13(3):128 DOI: 10.3390/d13030128.
764 Brancelj A, Mori N, Treu F, Stoch F. 2020. The groundwater fauna of the Classical Karst: 
765 hydrogeological indicators and descriptors. Aquatic Ecology 54(1):205-224 DOI: 
766 10.1007/s10452-019-09737-w.
767 Brancelj A, Pipan T. 2004. Diversity of Copepoda (Crustacea) in the unsaturated zone of karstic 
768 caves of Slovenia. In: Griffiths HI, Kry�tufek B, Reed JM, eds. Balkan Biodiversity. Dordrecht: 
769 Springer, 483-500 DOI: 10.1007/978-1-4020-2854-0_19.
770 Bron JE, Frisch D, Goetze E, Johnson SC, Lee CE, Wyngaard GA. 2011. Observing copepods 
771 through a genomic lens. Frontiers in Zoology 8(1):22 DOI: 10.1186/17420999408022.
772 Cardoso RC, Ferreira RL, Souza-Silva M. 2022. Multi-spatial analysis on cave ecosystems to 
773 predict the diversity of subterranean invertebrates. Basic and Applied Ecology 65:111-122 DOI: 
774 10.1016/j.baae.2022.11.007.
775 Castellarini F, Malard F, Dole-Olivier MJ, Gibert J. 2007. Modelling the distribution of 
776 stygobionts in the Jura Mountains: implications for protection of ground waters. Diversity and 

777 Distributions 13(2):213-224 DOI: 10.1111/j.1472-4642.2006.00317.x.
778 Cerasoli F, Fiasca B, Di Lorenzo T, Lombardi A, Tomassetti B, Lorenzi V, Vaccarelli I, Di 
779 Cicco M, Petitta M, Galassi, DMP. 2023. Assessing spatial and temporal changes in diversity of 
780 copepod crustaceans: a key step for biodiversity conservation in groundwater-fed springs. 
781 Frontiers in Environmental Science 11: 1051295 DOI: 10.3389/fenvs.2023.1051295. 
782 Cerasoli F, Fiasca B, Di Cicco M, Galmarini E, Vaccarelli I, Mammola S, Malard F, Stoch F, 
783 Galassi DMP. 2025. EGCop: an expert-curated occurrence dataset of European groundwater-
784 dwelling copepods Global Ecology and Biogeography 34:e13953. DOI: 10.1111/geb.13953.
785 Christman MC, Culver DC. 2001. The relationship between cave biodiversity and available 
786 habitat. Journal of Biogeography 28(3):367�380 DOI: 10.1046/j.136502699.2001.00549.x.

PeerJ reviewing PDF | (2025:07:122852:0:0:NEW 24 Jul 2025)

Manuscript to be reviewed



787 Christman MC, Doctor DH, Niemiller ML, Weary DJ, Young JA, Zigler KS, Culver DC. 2016. 
788 Predicting the occurrence of cave-inhabiting fauna based on surface features. PLoS ONE 
789 11:e0160408 DOI: 10.1371/journal.pone.0160408.
790 Colado R, Abellán P, Pallarés S, Mammola S, Milione R, Faille A, Fresneda J, Sánchez-
791 Fernández D. 2023. A dark side of conservation biology: Protected areas fail in representing 
792 subterranean biodiversity. Insect Conservation and Diversity, 16(5): 674�683  DOI: 
793 10.1111/icad.12666.
794 Clark PU, Dyke AS, Shakun JD, Carlson AE, Clark J, Wohlfarth B, Mitrovica JX, Hostetler SW, 
795 McCabe AM. 2009. The Last Glacial Maximum. Science 325(5941):710�714 
796 DOI: 10.1126/science.1172873.
797 Cornu JF, Eme D, Malard F. 2013. The distribution of groundwater habitats in Europe. 
798 Hydrogeology Journal 21:949-960 DOI: 10.1007/s10040-013-0984-1.
799 Cottarelli V, Bruno MC. 1993. Harpacticoida (Crustacea, Copepoda) from subterranean waters 
800 of Bue Marino Cave, Sardinia, and Saint Barthélémy Cave, Corsica, and description of three new 
801 species. International Journal of Speleology 22:3-20 DOI: 10.5038/1827-806X.22.1.3.
802 Cottarelli V, Bruno MC, Forniz C. 1996. Copepodi arpacticoidi e sincaridi delle acque 
803 sotterranee delle isole circumsarde. Biogeographia 18:139-151 DOI: 10.21426/B618110418.
804 Culver DC, Christman MC, Sket B, Trontelj P. 2004. Sampling adequacy in an extreme 
805 environment: species-richness patterns in Slovenian caves. Biodiversity and Conservation 
806 13:1209-1229 DOI: 10.1023/B:BIOC.0000018153.49280.89.
807 Culver DC, Deharveng L, Pipan T, Bedos A. 2021. An overview of subterranean biodiversity 
808 hotspots. Diversity 13:487 DOI: 10.3390/d13100487.
809 Culver DC, Pipan T. 2013. Subterranean ecosystems. In: Levin SA, ed. Encyclopedia of 

810 Biodiversity. 2nd ed. Waltham: Academic Press, 49-62 DOI: 10.1016/B0-12-226865-2/00262-5.
811 Culver DC, Pipan T. 2019. The biology of caves and other subterranean habitats. Oxford 
812 University Press DOI: 10.1093/oso/9780198820765.001.0001.
813 Culver DC, Pipan T, Gottstein S. 2006. Hypotelminorheic - A unique freshwater habitat. 
814 Subterranean Biology 4:1-8.
815 Culver DC, Sket B. 2000. Hotspots of subterranean biodiversity in caves and wells. Journal of 

816 Cave and Karst Studies 62(1):11-17.
817 Deharveng L, Bedos A. 2018. Diversity of terrestrial invertebrates in subterranean environments. 
818 In: Moldovan OT,   Halse S, eds. Cave Ecology. Cham: Springer Nature, 107�172 DOI: 
819 10.1007/978-3-319-98852-8_7.
820 Deharveng L, Bedos A, Pipan T, Culver DC. 2024. Global subterranean biodiversity: a unique 
821 pattern. Diversity 16:157 DOI: 10.3390/d16030157.
822 Deharveng L, Le CK, Bedos A, Judson MLI, Le CM,  M, Luu HT, Ly NS, Nguyen TQT, 
823 Truong QT, Vermeulen J. 2023.  A Hotspot of Subterranean Biodiversity on the Brink: Mo So 
824 Cave and the Hon Chong Karst of Vietnam. Diversity 15(10):1058 DOI: 10.3390/d15101058.
825 Deharveng L, Rahmadi C, Suhardjono YR, Bedos A. 2021. The Towakkalak system, a hotspot of 
826 subterranean biodiversity in Sulawesi. Diversity 13:392 DOI: 10.3390/d13080392.

PeerJ reviewing PDF | (2025:07:122852:0:0:NEW 24 Jul 2025)

Manuscript to be reviewed



827 Deharveng L, Stoch F, Gibert J, Bedos A, Galassi DMP, Zagmajster M, Brancelj A, Camacho A, 
828 Fiers F, Martin P, Giani N, Magniez G, Marmonier P. 2009. Groundwater biodiversity in 
829 Europe. Freshwater Biology 54:709-726 DOI:  10.1111/j.1365-2427.2008.01972.x.
830 De Waele, J. 2017. Karst processes and landforms. The International Encyclopedia of 

831 Geography: New York, John Wiley and Sons DOI: 10.1002/9781118786352.wbieg0968.
832 De Waele J, Grafitti G. 1998. Show caves in Sardinia: geologic and biologic aspects. In: 
833 Proceedings of the III ISCA Congress �Where, How, Why�. Santadi: Grotte di Is Zuddas, 77-91.
834 De Waele J, Grafitti G. 2004. Geodiversity and biodiversity of karst landscapes: the example of 
835 Sardinia. In: Parkes MA ed. Natural and Cutural Landscapes. Proceedings of the Conference 9 �

836 11 september 2002. The Geological Foundation, Dublin Castle, Ireland, Royal Irish Academy, 
837 69-72.
838 Di Lorenzo T, Cipriani D, Fiasca B, Rusi S, Galassi DMP. 2018. Groundwater drift monitoring 
839 as a tool to assess spatial distribution of groundwater species into karst aquifers. Hydrobiologia 
840 813:137-156. DOI: 10.1007/s10750-018-3515-1.
841 Di Lorenzo T, Di Cicco M, Di Censo D, Galante A, Boscaro F, Messana G, Galassi DMP. 2019. 
842 Environmental risk assessment of propranolol in the groundwater bodies of Europe. 
843 Environmental Pollution 255:113189. doi: 10.1016/j.envpol.2019.113189.
844 Di Lorenzo T & Galassi DMP. 2013. Agricultural impact in Mediterrenean alluvial aquifers: Do 
845 groundwater communities respond. Fundamental and Applied Limnology / Archiv für 

846 Hydrobiologie. 182. 271-282.
847 Dole-Olivier MJ, Malard F, Martin D, Lefébure T, Gibert J. 2009b. Relationships between 
848 environmental variables and groundwater biodiversity at the regional scale. Freshwater Biology 
849 54:797-813 DOI:  10.1111/j.1365-2427.2009.02184.x.
850 Dole0Olivier MJ, Castellarini F, Coineau N, Galassi DMP, Martin PJ, Mori N, Valdecasas AG, 
851 Gibert J. 2009. Towards an optimal sampling strategy to assess groundwater biodiversity: 
852 comparison across six European regions. Freshwater Biology, 54(4), 777-796 
853 DOI:10.1111/j.1365-2427.2008.02133.x.
854 Durlet C, Bichet V, Buoncristiani JF, Matou�ková �,  P, Bondon N. 2024. Discovery of 
855 the world�s longest known intra-till cave (Jura Mountains, France): age and formation processes. 
856 Geomorphology 461:109319 DOI: 10.1016/j.geomorph.2024.109319.
857 ESRI Inc. 2025. ArcGIS  Pro 3.4.3, Redlands, California. 
858 Fattorini S, Fiasca B, Di Lorenzo T, Di Cicco M, Galassi DMP. 2020. A new protocol for 
859 assessing the conservation priority of groundwater0dependent ecosystems. Aquatic 

860 Conservation: Marine and Freshwater Ecosystems 30(8):148301504 DOI:10.1002/aqc.3411.
861 Ferreira RL, Berbert-Born M, Souza-Silva M. 2023. The Água Clara cave system in 
862 Northeastern Brazil: The richest hotspot of subterranean biodiversity in South America. Diversity 
863 15(6): 761  DOI:10.3390/d15060761.
864 Fiasca B, Stoch F, Olivier M, Maazouzi C, Petitta M, Di Cioccio A, Galassi DMP. 2014. The 
865 dark side of springs: what drives small-scale spatial patterns of subsurface meiofaunal 
866 assemblages? Journal of Limnology 73:e848 DOI: 10.4081/jlimnol.2014.848.

PeerJ reviewing PDF | (2025:07:122852:0:0:NEW 24 Jul 2025)

Manuscript to be reviewed



867 Ficetola GF, Canedoli C, Stoch F. 2019. The Racovitzan impediment and the hidden biodiversity 
868 of unexplored environments. Conservation Biology 33(1): 214-216 DOI: 10.1111/cobi.13179.
869 Fiers F, Ghenne V. 2000. Cryptozoic copepods from Belgium: diversity and biogeographic 
870 implications. Belgian Journal of Zoology 130(1):11-20.
871 Fi�er C, Borko �,  T, Kos A, Premate E, Zagmajster M, Zak�ek V, Altermatt F. 2022. The 
872 European Green Deal misses Europe�s subterranean biodiversity hotspots. Nature Ecology & 

873 Evolution 6:1403�1404 DOI: 10.1038/s41559-022-01859-z.
874 Fi�er C, Zagmajster M, Jemec Kokalj A, Mali N, �umrada T, Glavan M, Hose G, Schwartz B, Di 
875 Lorenzo T, Griebler C,  R. 2025. Toward sustainable irrigation practices safeguarding 
876 groundwater biodiversity and ecosystem services. Bioscience: biaf016 
877 DOI:10.1093/biosci/biaf016.
878 Ford D. 2004. Karst. In: Gunn J, ed. Encyclopedia of Caves and Karst Science. New York: 
879 Taylor & Francis, 473-475 DOI: 10.4324/9780203483855.
880 Gallão JE, Ribeiro DB, Gallo JS, Bichuette ME. 2023. There and back again � the Igatu hotspot 
881 siliciclastic caves: expanding data for subterranean fauna in Brazil. Diversity 15(9):991 DOI: 
882 10.3390/d15090991.
883 Galassi DMP, De Laurentiis P. 2004. Little-known cyclopoids from groundwater in Italy: re-
884 validation of Acanthocyclops agamus and redescription of Speocyclops italicus. Vie et Milieu 
885 54:203-222.
886 Galassi DMP, De Laurentiis P, Fiasca B. 2011. Systematics of the Phyllognathopodidae 
887 (Copepoda). ZooKeys 104:1-65 DOI: 10.3897/zookeys.104.763,
888 Galassi DMP, Fiasca B, Di Lorenzo T, Montanari A, Porfirio S, Fattorini S. 2017. Groundwater 
889 biodiversity in a chemoautotrophic cave ecosystem: how geochemistry regulates 
890 microcrustacean community structure. Aquatic Ecology 51:75-90 DOI: 10.1007/s10452-016-
891 9599-7.
892 Galassi DMP, Huys R, Reid JW. 2009. Diversity, ecology and evolution of groundwater 
893 copepods. Freshwater Biology 54:691-708 DOI: 10.1111/j.1365-2427.2009.02185.x.
894 Galassi DMP, Stoch F, Fiasca B, Di Lorenzo T, Gattone E. 2009. Groundwater biodiversity 
895 patterns in the Lessinian Massif of northern Italy. Freshwater Biology 54:830-847 DOI:  
896 doi:10.1111/j.1365-2427.2009.02203.x.
897 Galmarini E, Vaccarelli I, Fiasca B, Di Cicco M, Parise M, Liso IS, Piccini L, Galassi DMP, 
898 Cerasoli F. 2023. Regional climate contributes more than geographic distance to beta diversity of 
899 copepods between caves of Italy. Scientific Reports 13(1):21243 DOI: 10.1038/s41598-023-
900 48440-7.
901 Getis A, Ord JK. 1992. The analysis of spatial association by use of distance statistics. 
902 Geographical Analysis 24(3):189-206 DOI: 10.1111/j.1538-4632.1992.tb00261.x.
903 Gibert J, Culver DC. 2009. Assessing and conserving groundwater biodiversity: an introduction. 
904 Freshwater Biology, 54(4): 639-648 DOI: 10.1111/j.1365-2427.2009.02202.x.
905 Giere O. 2008. Meiobenthology: The Microscopic Motile Fauna of Aquatic Sediments. Berlin: 
906 Springer DOI: 10.1007/978-3-540-68661-3.

PeerJ reviewing PDF | (2025:07:122852:0:0:NEW 24 Jul 2025)

Manuscript to be reviewed



907 Griebler C, Avramov M. 2015. Groundwater ecosystem services: a review. Freshwater Science 
908 34(1):355-367 DOI: 10.1086/679903.
909 Griebler C, Lueders T. 2009. Microbial biodiversity in groundwater ecosystems. Freshwater 

910 biology 54(4): 649-677 DOI: 10.1111/j.1365-2427.2008.02013.x.
911 Haidar S, Déverchère J, Graindorge D, Arab M, Medaouri M, Klingelhoefer F. 2022. Back0arc 
912 dynamics controlled by slab rollback and tearing: a reappraisal of seafloor spreading and 
913 kinematic evolution of the Eastern Algero0Balearic basin (western Mediterranean) in the 
914 Middle0Late Miocene. Tectonics 41:e2021TC006877 DOI: 10.1029/2021TC006877.
915 Hernández-Lozano A, González-Zamora A, Baena ML, Perroni-Ventura Y, Juanz-Aguirre DG, 
916 Huesca-Domínguez I. 2024. Mountain caves of the central region of Veracruz: a vertebrate 
917 biodiversity reservoir in a Neotropical hotspot. PLoS ONE 19:e0306105 DOI: 
918 10.1371/journal.pone.0306105.
919 Howard JK, Dooley K, Brauman KA, Klausmeyer KR, Rohde MM. 2023. Ecosystem services 
920 produced by groundwater0dependent ecosystems: a framework and case study in California. 
921 Frontiers in Water 5:1115416 DOI: 10.3389/frwa.2023.1115416.
922 Huang S, Wei G, Wang H, Liu W, Bedos A, Deharveng L, Tian M. 2021. Ganxiao Dong: a 
923 hotspot of cave biodiversity in northern Guangxi, China. Diversity 13:355 DOI: 
924 10.3390/d13080355.
925 Hutchins BT. 2018. The conservation status of Texas groundwater invertebrates. Biodiversity 

926 and Conservation 27:475-501 DOI: 10.1007/s10531-017-1447-0.
927 Iannella M, Fiasca B, Di Lorenzo T, Biondi M, Di Cicco M, Galassi DMP. 2020a. Jumping into 
928 the grids: mapping biodiversity hotspots in groundwater habitat types across Europe. Ecography 
929 43(12):1825-1841 DOI: 10.1111/ecog.05323.
930 Iannella M, Fiasca B, Di Lorenzo T, Biondi M, Di Cicco M, Galassi DMP. 2020b. Spatial 
931 distribution of stygobitic crustacean harpacticoids at the boundaries of groundwater habitat types 
932 in Europe. Scientific Reports 10(1): 19043 DOI: 10.1038/s41598-020-76018-0.
933 Iannella M, Fiasca B, Di Lorenzo T, Di Cicco M, Biondi M, Mammola S, Galassi DMP. 2021. 
934 Getting the �most out of the hotspot� for practical conservation of groundwater biodiversity. 
935 Global Ecology and Conservation 31: e01844 DOI: 10.1016/j.gecco.2021.e01844.
936 Jenks GF. 1967. The data model concept in statistical mapping. International Yearbook of 

937 Cartography 7:186-190.
938 Jurkov�ek B, Biolchi S, Furlani S, Kolar-Jurkov�ek T, Zini L, Jez J, Tunis G, Bavec M, Cucchi 
939 F. 2016. Geology of the Classical Karst region (SW Slovenia�NE Italy). Journal of Maps 
940 12:352-362 DOI: 10.1080/17445647.2016.1215941.
941 Karanovic T, Djurakic M, Eberhard SM. 2016. Cryptic species or inadequate taxonomy? 2D 
942 geometric morphometrics for delimitation of copepod taxa. Systematic Biology 65(2):304-327 
943 DOI: 10.1093/sysbio/syv088.
944 Kuniansky EL, Taylor CJ, Williams JH, Paillet F. 2022. Introduction to Karst Aquifers. Guelph: 
945 The Groundwater Project DOI: 10.21083/978-1-77470-040-2.

PeerJ reviewing PDF | (2025:07:122852:0:0:NEW 24 Jul 2025)

Manuscript to be reviewed



946 Lamoreaux J. 2004. Stygobites are more wide-ranging than troglobites. Journal of Cave and 

947 Karst Studies 66(1):18-19.
948 Lazarev S, De Leeuw A, Stoica M, Mandic O, Van Baak CGC, Vasiliev I, Krijgsman W. 2020. 
949 From Khersonian drying to Pontian �flooding�: late Miocene stratigraphy and 
950 palaeoenvironmental evolution of the Dacian Basin (Eastern Paratethys). Global and Planetary 

951 Change 192:103224 DOI: 10.1016/j.gloplacha.2020.103224.
952 Li XQ, Xiang XG, Jabbour F, Hagen O, Ortiz RDC, Soltis PS, Soltis DE, Wang W. 2022. Biotic 
953 colonization of subtropical East Asian caves through time. Proceedings of the National Academy 

954 of Sciences 119(34): e2207199119 DOI: 10.1073/pnas.2207199119.
955 Macêdo RL, Toutain M, Reid JW, Soto I, Haubrock PH, Cuthbert RN, Rocha O. 2024. 
956 Substantial unrealised global biodiversity of continental microcrustaceans. Journal of Plankton 

957 Research 46(3):3380347 DOI: 10.1093/plankt/fbae020.
958 Malard F. 2022. Groundwater metazoans. In: Mehner T, Tockner K, eds. Encyclopedia of Inland 

959 Waters. 2nd ed. Amsterdam: Elsevier, 474-487 DOI: 10.1016/B978-0-12-819166-8.00176-6.
960 Mammola S. 2018. Finding answers in the dark: caves as models in ecology fifty years after 
961 Poulson and White. Ecography, 42(7): 1331-1351 DOI:10.1111/ecog.03905.
962 Mammola S, Altermatt F, Alther R, Amorim IR,  RI, Borges PAV, Brad T, Brankovits D, 
963 Cardoso P, Cerasoli F, Chaveau CA,  T, Di Lorenzo T, Faille A, Fi�er C, Flot JF, Gabriel 
964 R, Galassi DMP, Garzoli L, Griebler C, Konecny-Dupré L, Martínez A,Mori N, Nanni V, 
965 Ogorelec �, Pallarés S, Salussolia A, Saccò M, Stoch F, Vaccarelli I, Zagmajster M, Zittra C, 
966 Meierhofer MB, Sánchez-Fernández D, Malard F. 2024. Perspectives and pitfalls in preserving 
967 subterranean biodiversity through protected areas. npj Biodiversity, 3(1): 2 DOI: 
968 10.1038/s44185-023-00035-1.
969 Mammola S, Brankovits D, Di Lorenzo T, Amorim IR, Bancila RI, Bellvert A, Bernard E, 
970 Blomberg AS, Borges PAV, Cappelletti M, Ferreira RL, Gabriel R, Galassi DMP, Garzoli L, 
971 Gerovasileiou V, Hose GC, Korbel KL, Martino S, Miller AZ, Mori N, Nanni V, Nicolosi G, 
972 Saccò M, Sakihara TS, Souza-Silva M, Tamalavage AE, Zagmajster M, Chávez E, Griebler C, 
973 Cardoso P, Martínez A. 2025. Subterranean environments contribute to three-quarters of 
974 classified ecosystem services. EcoEvoRxiv preprint. DOI: 10.32942/X2JM0S.
975 Mammola S, Cardoso P, Culver DC, Deharveng L, Ferreira RL, Fi�er C, Galassi DMP, Griebler 
976 C, Halse S, Humphreys WF, Isaia M, Malard F, Martínez A, Moldovan OT, Niemiller ML, 
977 Pavlek M, Reboleira ASPS, Souza-Silva M, Teeling EC, Wynne JJ, Zagmajster M. 2019a. 
978 Scientists' Warning on the Conservation of Subterranean Ecosystems. BioScience. 69(8):641�
979 650. DOI: 10.1093/biosci/biz064.
980 Mammola S, Meierhofer MB, Borges PAV, Colado R, Culver DC, Deharveng L,  T, Di 
981 Lorenzo T, Dra�ina T, Ferreira RL, Fiasca B, Fi�er C, Galassi DMP, Garzoli L, Gerovasileiou V, 
982 Griebler C, Halse S, Howarth FG, Isaia M, Johnson JS,  A, Martínez A, Milano F, 
983 Moldovan OT, Nanni V, Nicolosi G, Niemiller ML, Pallarés S, Pavlek M, Piano E, Pipan T, 
984 Sánchez-Fernández D, Santangeli A, Schmidt SI, Wynne JJ, Zagmajster M, Zak�ek V, Cardoso  

PeerJ reviewing PDF | (2025:07:122852:0:0:NEW 24 Jul 2025)

Manuscript to be reviewed



985 P. 2022. Towards evidence-based conservation of subterranean ecosystems. Biological Reviews 
986 97(4):1476-1510 DOI: 10.1111/brv.12851.
987 Mammola S, Piano E, Cardoso P, Vernon P, Domínguez-Villar D, Culver DC, Pipan T, Isaia M. 
988 2019b. Climate change going deep: The effects of global climatic alterations on cave 
989 ecosystems. The Anthropocene Review, 6(1-2): 98-116  DOI:10.1177/2053019619851594. 
990 Mermillod-Blondin F. 2011. The functional significance of bioturbation and biodeposition on 
991 biogeochemical processes at the water�sediment interface in freshwater and marine ecosystems. 
992 Journal of the North American Benthological Society, 30(3): 770-778 DOI:10.1899/10-121.1.
993 Mermillod-Blondin F, Hose GC, Simon KS, Korbel K, Avramov M, Vander Vorste R. 2023. 
994 Role of invertebrates in groundwater ecosystem processes and services. In Groundwater ecology 

995 and evolution: 263-281. Academic Press. DOI: 10.1016/B978-0-12-819119-4.00008-1.
996 Me�trov M. 1962. Un nouveau milieu aquatique souterrain: le biotope hypotelminorheique. 
997 Compte Rendus Academie des Science 254: 2677-2679.
998 Methner K, Campani M, Fiebig J, Löffler N, Mulch A. 2020. Middle Miocene long-term 
999 continental temperature change. Scientific Reports 10(1):7989 DOI: 10.1038/s41598-020-64743-

1000 5.
1001 Moldovan OT,   Halse S. 2018. Cave Ecology. Basel: Springer. DOI: 10.1007/978-3-
1002 319-98852-8.
1003 Moeschler P, Rouch R. 1984. Un nouveau genre de Canthocamptidae des eaux souterraines de 
1004 Suisse. Revue Suisse de Zoologie 91(4):959-972.
1005 Mori N,  T,  Slabe M, Brancelj A. 2015. Groundwater drift as a tracer for 
1006 identifying sources of spring discharge. Groundwater 53(S1):123-132 DOI: 
1007 10.1111/gwat.12314.
1008 Moutaouakil S, Souza-Silva M, Oliveira LF, Ghamizi M, Ferreira RL. 2024. A cave with 
1009 remarkably high subterranean diversity in Africa and its significance for biodiversity 
1010 conservation. Subterranean Biology 50: 1-28 DOI:10.3897/subtbiol.50.113919.
1011 Niemiller ML, Helf K, Toomey RS. 2021. Mammoth Cave: a hotspot of subterranean 
1012 biodiversity in the United States. Diversity 13(8):373 DOI: 10.3390/d13080373.
1013 Oliveira MPA, Ferreira RL. 2024. Extending beyond individual caves: a graph theory approach 
1014 broadening conservation priorities in Amazon iron ore caves. PeerJ 12:e16877 DOI: 
1015 10.7717/peerj.16877.
1016 Peresani M, Sauro U. 2024. Palaeolithic cave deposits and karst evolution in the Venetian Pre-
1017 Alps. Geological Field Trips and Maps 16(2):1-40 DOI:10.3301/GFT.2024.06
1018 Petrovová V,  P,  V,   2024. Biodiversity of a temperate karst 
1019 landscape � ice cave collapse doline supports high  of the soil mesofauna. Scientific 

1020 Reports 14(1):22205 DOI: 10.1038/s41598-024-72738-9.
1021 Pipan T, Culver DC. 2007. Epikarst communities: biodiversity hotspots and potential water 
1022 tracers. Environmental Geology 53(2):265-269 DOI: 10.1007/s00254-007-0640-y.
1023 Pipan T, Culver DC, Papi F, Kozel P. 2018. Partitioning diversity in subterranean invertebrates: 
1024 the epikarst fauna of Slovenia. PLoS ONE 13(5):e0195991 DOI: 10.1371/journal.pone.0195991.

PeerJ reviewing PDF | (2025:07:122852:0:0:NEW 24 Jul 2025)

Manuscript to be reviewed



1025 Pipan T, Deharveng L, Culver DC. 2020. Hotspots of subterranean biodiversity. Diversity 
1026 12(5):209 DOI: 10.3390/d12050209.
1027 Ponta GM, Onac BP. 2018. Cave and karst systems of Romania. Springer. DOI: 10.1007/978-3-
1028 319-90747-5.
1029 Popa I, Brad T, Vaxevanopoulos M, Giurginca A, Baba SC, Iepure S,  R, Sarbu S. 2019. 
1030 Rich and diverse subterranean invertebrate communities inhabiting Melissotrypa Cave in Central 
1031 Greece. Travaux de l�Institut de Spéologie Emile Racovitza 58:65-78.
1032 Rohde MM, Albano CM, Huggins X, Klausmeyer KR, Morton C, Sharman A, Zaveri E, Saito L, 
1033 Freed Z, Howard JH, Job N, Richter H, Toderich K, Rodella AS, Gleeson T, Huntington J, 
1034 Chandanpurkar Ha, Purdy AJ, Famiglietti JS, Bliss Singer M, Roberts DA, Stella JC. 2024. 
1035 Groundwater-dependent ecosystem map exposes global dryland protection needs. Nature 
1036 63(8023):101-107 DOI: 10.1038/s41586-024-07702-8.
1037 Saccò M, Mammola S, Altermatt F, Alther R, Bolpagni R, Brancelj A, Brankovits D, Fi�er C, 
1038 Gerovasileiou  V, Griebler C, Guareschi S, Hose GC, Korbel K, Lictevout E, Malard F, Martínez 
1039 A, Niemiller ML, Robertson A, Tanalgo KC, Bichuette ME, Borko �, Brad T, Campbell MA, 
1040 Cardoso P, Celico F, Cooper SJB, Culver D, Di Lorenzo T, Galassi DMP, Guzik MT, Hartland 
1041 A, Humphreys WF, Ferreira RL, Lunghi E, Nizzoli D, Perina G, Raghavan R, Richards Z, 
1042 Reboileira ASPS, Rohde MM, Fernández DS, Schmidt SI, van der Heyde M, Weaver L, White 
1043 NE, Zagmajster M, Hogg I, Ruhi A, Gagnon MM, Allentoft ME, Reinecke R. 2024. 
1044 Groundwater is a hidden global keystone ecosystem. Global Change Biology 30(1):e17066 DOI: 
1045 10.1111/gcb.17066.
1046 Sánchez-Fernández D, Galassi DMP, Wynne JJ, Cardoso P, Mammola S. 2021. Don�t forget 
1047 subterranean ecosystems in climate-change agendas. Nature Climate Change 11:458-459 DOI: 
1048 10.1038/s41558-021-01057-y
1049 Scheibner C, Speijer RP. 2008. Late Paleocene�early Eocene Tethyan carbonate platform 
1050 evolution: a response to long0 and short0term paleoclimatic change. Earth-Science Reviews 90(3-
1051 4):71�102 DOI: 10.1016/j.earscirev.2008.07.002.
1052 Siegel L, Goldscheider N, Petitta M, Xanke J, Bartolomé A, Bakalowicz M, Barberá JA, 
1053 Bouhlila R, Burh A, Doummar J, Ezzine I, Fernández-Ortega J, Ghanmi M, Jourde H, Marín AI, 
1054 Mhimdi A, Pipan T, Ravbar N,  AM,  Z. 2023. Distribution, threats and 
1055 protection of selected karst groundwater0dependent ecosystems in the Mediterranean region. 
1056 Hydrogeology Journal 31(8):223102249 DOI: 10.1007/s10040002300271109.
1057 Souza-Silva M, Ferreira RL. 2016. The first two hotspots of subterranean biodiversity in South 
1058 America. Subterranean Biology 19:1-21 DOI: 10.3897/subtbiol.19.8207.
1059 Sket B. 1999. The nature of biodiversity in hypogean waters and how it is endangered. 
1060 Biodiversity and Conservation 8:1319-1338 DOI:10.1023/A:1008916601121.
1061 Souza0Silva M, Cerqueira RFV, Pellegrini TG, Ferreira RL. 2021. Habitat selection of 
1062 cave0restricted fauna in a Neotropical hotspot of subterranean biodiversity. Biodiversity and 

1063 Conservation 30:422304250 DOI: 10.1007/s10531002100230208.

PeerJ reviewing PDF | (2025:07:122852:0:0:NEW 24 Jul 2025)

Manuscript to be reviewed



1064 Stoch F, Galassi DMP. 2010. Stygobiotic crustacean species richness: a question of numbers, a 
1065 matter of scale. Hydrobiologia, 653(1): 217-234 DOI: 10.1007/s10750-010-0356-y.
1066 UNESCO, World Heritage Convention. 2015. Classical Karst (in Slovene language: Klasicni 
1067 kras). 
1068 Vaccarelli I, Cerasoli F, Mammola S, Fiasca B, Di Cicco M, Di Lorenzo T, Stoch F, Galassi 
1069 DMP. 2023a. Environmental factors shaping copepod distributions in cave waters of the 
1070 Lessinian unsaturated karst (NE Italy). Frontiers in Ecology and Evolution 11:1143874 DOI: 
1071 10.3389/fevo.2023.1143874.
1072 Vaccarelli I, Colado R, Pallarés S, Galassi DMP, Sánchez-Fernández D, Di Cicco M,  
1073 Meierhofer MB, Piano E, Di Lorenzo T, Mammola S. 2023b. A global meta-analysis reveals 
1074 context-dependent effects of climate change on subterranean ecosystems. One Earth 6(11):1510-
1075 1522 DOI: 10.1016/j.oneear.2023.09.001.
1076 Wilson EO. 1999. The diversity of life. WW Norton & Company.
1077 Wynne JJ, Howarth FG, Mammola S, Ferreira RL, Cardoso P, Di Lorenzo T, Galassi DMP, 
1078 Medellín R, Miller B, Sánchez-Fernández D, Bichuette ME, Biswas J, Blackeagle C, 
1079 Boonyanusith C, Amorim I, Borges PAV, Boston PJ, Cal RN, Cheeptham N, Deharveng L, Eme 
1080 D, Faille A, Fenolio D, Fi�er C, Fi�er �,   Gon III SM, Goudarzi F, Griebler C, 
1081 Halse S, Hoch H, Kale E, Katz AD,  L�, Lilley TM, Manchi S, Manenti R, Martínez A, 
1082 Meierhofer MB, Miller AZ, Moldovan OT, Niemiller ML, Peck SB, Giovannini Pellegrini T, 
1083 Pipan T, Phillips-Lander CM, Poot C, Racey PA, Sendra A, Shear WA, Souza-Silva M, Taiti S, 
1084 Tian M, Venarsky MP, Pakarati SY, Zagmajster M, Zhao Y. 2021. A conservation roadmap for 
1085 the subterranean biome. Conservation Letters 14:e12834 DOI: 10.1111/conl.12834.
1086 Zagmajster M, Culver DC, Christman MC, Sket B. 2010. Evaluating the sampling bias in 
1087 patterns of subterranean species richness: combining approaches. Biodiversity and Conservation 
1088 19(11):3035-3048 DOI: 10.1007/s10531-010-9873-2
1089 Zagmajster M, Eme D, Fi�er C, Galassi DMP, Marmonier P, Stoch F, Cornu JF, Malard F. 2014. 
1090 Geographic variation in range size and beta diversity of groundwater crustaceans: insights from 
1091 habitats with low thermal seasonality. Global ecology and biogeography, 23(10): 1135-1145 
1092 DOI:10.1111/geb.12200
1093 Zagmajster M, Polak S, Fi�er C. 2021. Postojna�Planina cave system in Slovenia, a hotspot of 
1094 subterranean biodiversity and a cradle of speleobiology. Diversity 13(6):271 DOI: 
1095 10.3390/d13060271.
1096 Zerga B. 2024. Karst topography: Formation, processes, characteristics, landforms, degradation 
1097 and restoration: A systematic review. Watershed Ecology and the Environment 6, 252-269 DOI: 
1098 10.1016/j.wsee.2024.10.003.
1099

PeerJ reviewing PDF | (2025:07:122852:0:0:NEW 24 Jul 2025)

Manuscript to be reviewed



1100 Figure captions

1101

1102 Figure 1: Examples of European karst GW habitats. (A, B) GW-fed stream (Slovenia). (C) 
1103 Basal spring (Peninsular Italy). (D) Dripping pools in cave (Slovenia). (E) Subterranean lake in 
1104 cave (Peninsular Italy). (F) Subterranean stream in cave (Slovenia). Photo credit: Fig. 1E Andrea 
1105 Massagli.

1106 Figure 2: Results of Getis-Ord Gi* statistics (HSA). Gi* z-scores: (A) European karst areas, 
1107 and (B) caves within karst areas (natural-break classes). Statistically significant (orange patches: 
1108 p-value  0.05; red patches: p-value  0.01) hotspots of species richness: (C) karst areas, and (D) 
1109 caves within karst areas.  Seven main hotspot areas are detected from western to eastern Europe 
1110 for both karst areas and caves: (1) the Cantabrian Mountains, the Pyrenees and Hérault Massif; 
1111 (2) the Jura Massif and south-western German uplands; (3) the central�southern Apennines; (4) 
1112 Sardinia Island; (5) the eastern Alps together with the Lessinian Prealps, the Slovenian Dinarides 
1113 and the External Dinarides extending from Croatia to Albania; (6) the Carpathians, and (7) the 
1114 Balkan Mountains.   

1115
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1116 Tables 

1117 Table 1: 

1118 Total extension of each hotspot macro-area, the spatial overlap between karst hotspots and 

1119 cave-derived hotspots, and the percentage of cave hotspot coverage within the respective 

1120 karst 

1121 hotspot 

1122 area.  

1123

1124

1125

1126

1127

1128

1129

1130

1131

1132

1133

1134

1135

1136

Hotspot macroarea
Area � 

Karst (km2)

Area � Cave 

(km2)

Cave hotspot 

area within 

Karst hotspot

Percentage of 

Cave hotspot 

area within 

Karst hotspot

Cantabria - Pyrenees 

Mountains - Hérault 

Massif

(Spain, France)

45,952.977 45,299.349 43,043.16 93.73%

Jura Massif

(France)
33,137.313 22,543.574 22,360.153 67.48%

Island Sardinia

(Italy)
259.274 259.274 259.274 100%

Central Apennines 

(peninsular Italy)
12,455.544 4,574.677 4,574.677 36.73%

Eastern Alps - Lessinian 

Prealps - Dinarides

(Italy, Slovenia, Croatia to 

Albania)

68,819.635 65,487.251 65,190.859 94.73%

Carpathians Mountains

(Slovakia, Romania)
99,978.230 56,508.573 56,508.573 56.52%

Balkans Mountains

(Serbia, Bulgaria)
54,130.760 52,783.354 51,690.844 95.49%
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1137 Table 2:  

1138 The total number of species defining the karst-based and cave-based hotspots and 

1139 distribution across the four copepod orders. The last column reports the percentage ratio 

1140 between cave-hotspot species and karst-hotspot species.

1141

1142

Karst hotspot species Cave hotspot speciesHotspot macroarea

T
ot

al

C
al

an
oi

da

C
yc

lo
po

id
a

G
el

ye
ll

oi
da

H
ar

pa
ct

ic
oi

da

T
ot

al

C
al

an
oi

da

C
yc

lo
po

id
a

G
el

ye
ll

oi
da

H
ar

pa
ct

ic
oi

da

% Cave species/

Karst species

Cantabria - 

Pyrenees 

Mountains - 

Hérault Massif

(Spain, France)

88 1 35 1 51 75 1 33 0 41 85.22%

Jura Massif

(France)
29 0 15 1 13 23 0 13 0 10 79.31%

Island Sardinia

(Italy)
10 0 5 0 5 9 1 2 0 6 90%

Central Apennines 

(peninsular Italy)
24 1 4 0 19 9 0 5 0 4 37.50%

Eastern Alps - 

Lessinian Prealps - 

Dinarides

(Italy, Slovenia, 

Croatia to Albania)

11
4

3 41 0 70 94 3 32 0 59 83.10%

Carpathians 

Mountains

(Slovakia, 

Romania)

30 0 15 0 15 29 0 15 0 14 96.66%

Balkans Mountains

(Serbia, Bulgaria)
54 0 21 0 33 46 0 22 0 24 84.90%

PeerJ reviewing PDF | (2025:07:122852:0:0:NEW 24 Jul 2025)

Manuscript to be reviewed



Figure 1
Examples of European karst GW habitats. (A, B) GW-fed stream (Slovenia). (C) Basal
spring (Peninsular Italy). (D) Dripping pools in cave (Slovenia). (E) Subterranean lake
(Peninsular Italy). (F) Subterranean stream (Slovenia). Photo credit: Fig. 1E An

(A, B) GW-fed stream (Slovenia). (C) Basal spring (Peninsular Italy). (D) Dripping pools in cave
(Slovenia). (E) Subterranean lake (Peninsular Italy). (F) Subterranean stream (Slovenia).
Photo credit: Fig. 1E Andrea Massagli.
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Figure 2
Results of Getis-Ord Gi* statistics (HSA). Gi* z-scores: (A) European karst areas, and (B)
caves within karst areas (natural-break classes). Statistically signiûcant (orange
patches: p-value f 0.05; red patches: p-value f 0.01) hotspots of species richn

Gi* z-scores: (A) European karst areas, and (B) caves within karst areas (natural-break
classes). Statistically signiûcant (orange patches: p-value f 0.05; red patches: p-value f
0.01) hotspots of species richness: (C) karst areas, and (D) caves within karst areas. Seven
main hotspot areas are detected from western to eastern Europe for both karst areas and
caves: (1) the Cantabrian Mountains, the Pyrenees and Hérault Massif; (2) the Jura Massif and
south-western German uplands; (3) the central3southern Apennines; (4) Sardinia Island; (5)
the eastern Alps together with the Lessinian Prealps, the Slovenian Dinarides and the
External Dinarides extending from Croatia to Albania; (6) the Carpathians, and (7) the Balkan
Mountains.
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Table 1(on next page)

Total extension of each hotspot macro-area, the spatial overlap between karst hotspots
and cave-derived hotspots, and the percentage of cave hotspot coverage within the
respective karst hotspot area.
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1 Table 1:

2 Total extension of each hotspot macro-area, the spatial overlap between karst hotspots 

3 and cave-derived hotspots, and the percentage of cave hotspot coverage within the 

4 respective karst hotspot area.

Hotspot macroarea
Area � Karst 

(km2)
Area � Cave 

(km2)

Cave hotspot area 
within Karst 

hotspot

Percentage of 
Cave hotspot area 

within Karst 
hotspot

Cantabria - Pyrenees 
Mountains - Hérault Massif

(Spain, France)

45,952.977 45,299.349 43,043.16 93.73%

Jura Massif

(France)
33,137.313 22,543.574 22,360.153 67.48%

Island Sardinia

(Italy)
259.274 259.274 259.274 100%

Central Apennines 

(peninsular Italy)
12,455.544 4,574.677 4,574.677 36.73%

Eastern Alps - Lessinian 

Prealps - Dinarides

(Italy, Slovenia, Croatia to 

Albania)

68,819.635 65,487.251 65,190.859 94.73%

Carpathians Mountains

(Slovakia, Romania)
99,978.230 56,508.573 56,508.573 56.52%

Balkans Mountains

(Serbia, Bulgaria)
54,130.760 52,783.354 51,690.844 95.49%
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Table 2(on next page)

The total number of species deûning the karst-based and cave-based hotspots and
distribution across the four copepod orders. The last column reports the percentage
ratio between cave-hotspot species and karst-hotspot species.
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1 Table 2� 

2 The total nn���� of species defining the karst-based and cave-based hotspots and 

3 distribnd��� across the fon� copepod orders. The last coln�� reports the percentage 

4 ratio between cave-hotspot species and karst-hotspot species.

Karst hotspot species Cave hotspot speciesHotspot macroarea
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% Cave species/
Karst species

Cantabria - Pyrenees 
Mountains - Hérault 

Massif

(Spain, France)

88 1 35 1 51 75 1 33 0 41 85.22%

Jura Massif

(France)
29 0 15 1 13 23 0 13 0 10 79.31%

Island Sardinia

(Italy)
10 0 5 0 5 9 1 2 0 6 90%

Central Apennines 

(peninsular Italy)
24 1 4 0 19 9 0 5 0 4 37.50%

Eastern Alps - 

Lessinian Prealps - 

Dinarides

(Italy, Slovenia, 

Croatia to Albania)

11

4
3 41 0 70 94 3 32 0 59 83.10%

Carpathians 

Mountains

(Slovakia, Romania)

30 0 15 0 15 29 0 15 0 14 96.66%

Balkans Mountains

(Serbia, Bulgaria)
54 0 21 0 33 46 0 22 0 24 84.90%
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