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SUMMARY

1. With few exceptions, copepods dominate over other crustacean and non-crustacean

invertebrate groups in ground water. They have colonised a vast array of habitats in

continental ground waters, where they are represented by over 1000 species in six orders:

Platycopioida, Misophrioida, Calanoida, Cyclopoida, Harpacticoida, Gelyelloida. How-

ever, members of only the last four orders entered genuine fresh ground water.

2. Stygobiotic copepods show a wide range of morphological and physiological

adaptations to different groundwater habitats. They frequently exhibit simplifications in

body plans, including reductions in appendage morphology, which is regarded as a result

of paedomorphic heterochronic events.

3. Copepod distributions at small spatial scales are most strongly affected by habitat type

and heterogeneity, with sediment grain size and availability of organic matter being

important habitat characteristics. Large-scale spatial distributions (biogeographical) are

mainly related to past geological, climatic and geographical processes which occurred over

medium to long time scales.

4. Such processes have affected colonisation patterns and diversification of copepods in

ground water, leading to a number of phylogenetic and distributional relicts and a high

degree of endemism at different taxonomic levels. This is reflected in the composition of

groundwater copepod communities characterised by distantly related species in the

phylogenetic tree.

5. Copepods dominate the species richness of groundwater fauna in all regions and on all

continents where more than cursory surveys have been carried out, i.e. in Europe, North

and Latin America as well as in Australia.

6. Species-specific microhabitat preferences, high proportions of local endemics, high

proportions of phylogenetic and distributional relicts, and higher-level taxonomic

diversity are all factors suggesting that copepods are a useful indicator group of overall

species richness for defining conservation priorities in ground water.
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Introduction

Crustaceans represent about 10% of the total number

of invertebrate species known from fresh water

world-wide (Balian et al., 2008). Copepoda with 2814

described species (Boxshall & Defaye, 2008),

Ostracoda with about 1936 species (Martens et al.,

2008) and Amphipoda with some 1870 species

(Väinölä et al., 2008) are by far the most species-rich

crustacean groups. The extensive taxonomic diversi-

fication of crustaceans in surface fresh water is

paralleled in ground water, where copepods are
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represented by around 1000 species and subspecies,

amphipods by about 950 species and ostracods by

approximately 300 species, collectively outnumbering

all other invertebrate groups living in this environ-

ment. As a result, some 40% of the European

crustacean fauna is represented by stygobiotic species

(Danielopol, Pospisil & Rouch, 2000), i.e. species that

are strictly confined to ground water and hence

complete their life cycle in this environment and have

evolved specific morphological and physiological

adaptations to cope with the environmental condi-

tions in groundwater habitats.

Copepods have colonised many different subterra-

nean habitats. Their substantial diversity in body

morphology and degree of adaptation to life in

groundwater suggests that copepods may be good

indicators of habitat heterogeneity. They show marked

differences in microhabitat preference (Galassi, 2001;

and references therein) and sensitivity to anthropo-

genic disturbance, including human-induced altera-

tions in water chemistry and hydrological regime of

ground water (Dole-Olivier et al., 1994; Dole-Olivier,

Marmonier & Beffy, 1997; Rundle & Ramsay, 1997;

Malard, Reygrobellet & Laurent, 1998; Paran et al.,

2005). Additionally, copepods may serve as useful

biological indicators of subsurface-surface water con-

nectivity (Malard et al., 1994; Di Lorenzo et al., 2005b)

and provide information on past geological, climatic

and geographical events (Galassi, 2001; Castellarini

et al., 2007). Although their ecological functions in

ground water are imperfectly known, copepods may

play significant roles in groundwater food webs and

ecosystems (Gibert & Deharveng, 2002). These include

(i) decomposition of organic matter through feeding

on particulate organic matter (POM) and bacterial

biofilms, (ii) provision of food for macroinvertebrates

and meiofauna (i.e. early-instar chironomid larvae,

hydrachnidians, Hydra spp., turbellarians), and (iii)

promotion of nutrient flow between surface and

subterranean environments.

The aim of this contribution is to summarise

information on (i) copepod adaptations to life in

ground water, (ii) their distribution in various

groundwater habitats, (iii) the multiple evolutionary

origins of groundwater copepod lineages, (iv) their

high taxonomic diversity in ground water, and

(v) their value as indicators in setting conservation

priorities in ground water.

Adaptations to life in ground water

The colonisation of subterranean environments by the

generally small-sized copepods did not always re-

quire drastic alterations of their ancestors’ body plans.

This pre-adaptation probably explains in part the

success of copepods in ground water. However, their

great morphological diversification observed in con-

trasting groundwater habitats and illustrated in Figs 1

& 2 is also partly attributable to heterochrony, i.e.

changes in the timing and ⁄or rates of processes

underlying the ontogenetic formation of morpholog-

ical traits.

Heterochrony in groundwater copepods

Appendage reductions, character losses and minia-

turisation (i.e. the evolution of extremely small

adults) are common denominators of the ‘darkness

syndrome’ of many stygobionts. Stygobiotic copepods

frequently exhibit simplifications in body plans,

including reductions in appendage morphology,

which can be regarded as the result of paedomorphic

heterochronic events, i.e. truncated development

or underdevelopment in descendant adults: post-

displacement (i.e. delayed onset of growth or other

developmental processes), progenesis (i.e. early ces-

sation of development) and neoteny (slowed or

delayed development resulting in the retention of

traits by adults that are normally restricted to juve-

niles) (Valentine, 2004).

Post-displacement is possibly the primary mecha-

nism in the regressive evolution of groundwater

copepods, affecting body and limb segmentation and

sexual dimorphism. For instance, in some groundwa-

ter lineages, post-displacement has caused the loss of

entire appendages that are usually expressed in

advanced stages of ontogeny. In the canthocamptid

Stygepactophanes jurassicus Moeschler & Rouch and the

parastenocaridid genus Simplicaris the development of

the fifth legs is suppressed in both sexes (Galassi & De

Laurentiis, 2004a). In the two described species of the

Gelyelloida, post-displacement is even more extreme,

resulting in the complete loss of legs 4–6 (Huys, 1988).

In several groundwater Ameiridae, adult females lack

the genital double-somite typically expressed in other

copepods. Fusion of the genital and first abdominal

somite normally occurs at the moult from copepodid V
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Fig. 1 Body plans of groundwater copepods (Harpacticoida: 1. Neomiscegenus indicus Karanovic & Reddy, 2. Rangabradya indica

Karanovic & Pesce, 3. Stygepactophanes jurassicus Moeschler & Rouch, 4. Morariopsis dumonti Brancelj, 5. Nitocrellopsis rouchi Galassi,

De Laurentiis & Dole-Olivier, 6. Phyllognathopus bassoti Rouch, 7. Inermipes humphreysi Lee & Huys, 8. Parastenocaris fontinalis

Schnitter & Chappuis, 9. Remaneicaris analuizae Corgosinho & Martı́nez Arbizu, 10. Stygonitocrella sequoyahi Reid, Hunt & Stanley,

11. Simplicaris lethaea Galassi & De Laurentiis, 12. Schizopera depotspringsi Karanovic, 13. Nitocrella obesa Karanovic, 14. Pseudectinosoma

janineae Galassi, Dole-Olivier & De Laurentiis, 15. Parapseudoleptomesochra karamani Karanovic, 16. Nitocrella trajani Karanovic,

17. Hirtaleptomesochra bispinosa Karanovic, 18. Haifameira pori Karanovic. Cyclopoida: 19. Itocyclops yezoensis (Ito), 20. Acanthocyclops

rebecae Fiers & Ghenne, 21. Acanthocyclops agamus Kiefer, 22. Metacyclops kimberleyi Karanovic, 23. Diacyclops lewisi Reid, 24. Diacyclops

dimorphus Reid & Strayer, 25. Graeteriella unisetigera (Graeter), 26. Rheocyclops carolinianus Reid, 27. Reidcyclops imparilis (Monchenko),

28. Allocyclops consensus Karanovic, 29. Goniocyclops uniarticulatus Karanovic, 30. Diacyclops biceri Boxshall, Evstigneeva & Clark, 31.

Teratocyclops cubensis Plesa, 32. Haplocyclops gudrunae Kiefer. Calanoida: 33. Stygodiaptomus petkovskii Brancelj, 34. Hadodiaptomus

dumonti Brancelj. Gelyelloida: 35. Gelyella droguei Rouch & Lescher-Moutoué.
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to adult, but as a result of post-displacement it is

delayed beyond the final moult in the genera Psammo-

nitocrella, Neonitocrella and several species of Nitocrella

and Nitocrellopsis (Galassi, De Laurentiis & Dole-

Olivier, 1999a; Galassi, Dole-Olivier & De Laurentiis,

1999b; Lee & Huys, 2002). The functional significance

of this paedomorphic change is unknown, but it is

conceivable that the extra somitic articulation enhances

(a) (b)

(d)(c)

(f)(e)

Fig. 2 Scanning electron micrographs of stygobiotic harpacticoids. (a) Phyllognathopus bassoti Rouch, (b) Pseudectinosoma sp.,

(c) Ectinosomatidae gen. 1., sp. 1.; (d) Nitocrella pescei Galassi & De Laurentiis, (e) Elaphoidella sp., (f) Parastenocaris amalasuntae Bruno

& Cottarelli.
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the wriggling ability in at least some female ground-

water copepods, either in their search for food or as

part of mate location.

The great majority of segmental and setal reduc-

tions in appendages of groundwater copepods are

attributable to progenesis or neoteny. Examples

include the segmental reductions encountered in the

swimming legs of many stygobiotic Ameiridae and

Canthocamptidae in the Harpacticoida, the Speodiap-

tominae in the Calanoida, various cyclopid genera in

the Cyclopoida and both species of the Gelyelloida

(legs 1–3). It should be noted, however, that without

knowledge about the ontogenetic trajectories of the

descendants and the ancestors (Ferrari & Dahms,

2007), it is impossible to determine whether progen-

esis or neoteny (or a combination of both) is

responsible for the expression of juvenile traits in

the adult descendant.

Miniaturisation is widespread in groundwater co-

pepods and likely to be the result of sequential

progenesis during which a number of (or all) stages

in a multiphasic ontogeny are affected in the same

way, i.e. by shortening the period spent in each stage.

The moulting sequence and morphological expression

of the moult in arthropods is under endocrine control.

Changes in the timing of induction of the deposition

of the new cuticle will affect the degree of intermoult

morphological development. Thus, if cuticle deposi-

tion occurs precociously (i.e. soon after the previous

moult), body size increase will be significantly

reduced and certain morphological features will

appear in an intermediate stage of development (such

as incomplete boundaries between swimming leg

segments in some groundwater cyclopoids, e.g.

Acanthocyclops agamus Kiefer). The incomplete expres-

sion of urosomal boundaries in some marine intersti-

tial genera (e.g. Leptopsyllus, Apodopsyllus) and the

flaccid nature of somatic cuticles in many ground-

water lineages (Parastenocarididae, various ameirid

genera, Gelyelloida) can be interpreted as the result of

perturbations of the moulting cycle, enhancing

their ‘worm-like’ locomotory ability in interstitial

environments.

Competition and heterochrony

Marcotte’s (1983) study on two salt-marsh harpactic-

oids provided evidence that heterochrony can mini-

mise competition between closely related species,

determining changes in mouthpart morphology and

allowing trophic niche partitioning in sympatric,

closely related species. Among groundwater

copepods, Nitocrella pescei Galassi & De Laurentiis

and N. kunzi Galassi & De Laurentiis occur sympat-

rically in the Presciano Spring (Italy) (Galassi, 2001)

but differ in mouthpart morphology, suggesting that

heterochrony facilitated partitioning of food resources.

Preadaptation versus adaptation

The widely accepted notion that stygobiotic copepods

originated from surface ancestors living either in

marine, freshwater or semiterrestrial environments

raises the question whether paedomorphosis pre-

ceded the transition from epigean to groundwater

habitats (pre-adaptation) or evolved as colonisation of

the latter occurred (adaptation) (cf. Westheide, 1987).

It is clear that different evolutionary pathways lie at

the base of the diversification of the stygobiotic fauna

(Galassi, 2001), and even at family level different

scenarios may apply to different phyletic lineages. For

example, many of the paedomorphic traits displayed

by the hyper-speciose Parastenocarididae are mor-

phological attributes inherited from the common

epigean ancestor shared with the marine interstitial

Leptopontiidae. A similar pre-adaptation to ground-

water life is shown by the stygobiont Diacyclops charon

(Kiefer), which, except for depigmentation and ano-

phthalmy (i.e. absence of eyes), does not differ

markedly from its epigean relative, D. bicuspidatus

(Claus). However, D. charon (and also other cyclopids,

see Lescher-Moutoué, 1973; Fiers et al., 1996) exploited

only karstic pools and subterranean lakes that lack

significant spatial constraints, requiring minimal

adaptation to small spaces (Galassi, 2001), although

adaptation to darkness still must have occurred.

Conversely, some harpacticoid genera such as

Pseudectinosoma and Rangabradya (Ectinosomatidae)

colonised minute fractures of karstic aquifers without

further reduction in size or morphological complexity

relative to their marine allies.

Several stygobiotic lineages show dissociated pro-

genesis, retaining the adult design in mouthpart

structure but undergoing considerable juvenilisation

in the postcephalic appendages. The harpacticoid

family Chappuisiidae displays primitive mandibles,

maxillae and maxillipeds but also numerous reduc-

tions in the swimming legs. Huys & Iliffe (1998)
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indicated a possible relationship between the

Chappuisiidae and the marine Tisboidea, noting that

this family may represents a specialised lineage of

relicts that diverged early in the evolution of the

superfamily and subsequently radiated in groundwa-

ter habitats in Central Europe. Within the Calanoida,

the stygobiotic genera belonging to the Speodiaptomi-

nae show profound reductions in the segmentation of

the swimming legs compared to their epigean diap-

tominid relatives. These changes are the result of

progenetic development, not neoteny as claimed by

Bowman (1986) and Brancelj (2005). The enigmatic

order Gelyelloida presents another stygofaunal exam-

ple of adaptation via progenesis and post-displace-

ment. Although the precise origin of this lineage is as

yet unknown, the primitive facies of some cephalic

appendages suggests that colonisation of groundwa-

ter habitats by the Gelyelloida preceded that of the

Cyclopoida. Gelyelloids probably descended from a

misophrioid-like ancestral marine stock but their

small size, their reduced somatic chitinisation and

genital-field morphology, and their truncated swim-

ming-leg development (offset of legs 1–3, late onset of

legs 4–6) may be paedomorphic traits for adaptation

to a very special environment.

Spatial distribution of copepods in ground water

The subclass Copepoda currently includes eight

orders (Huys & Boxshall, 1991; Boxshall & Halsey,

2004; Huys et al., 2007), six of which (Platycopioida,

Calanoida, Misophrioida, Cyclopoida, Harpacticoida,

Gelyelloida) contain stygobiotic representatives.

Current knowledge suggests that platycopioids and

misophrioids were unable to cross the salinity bound-

ary and never entered fresh ground water, being

restricted to anchialine and marine subterranean

habitats. Gelyelloida are exclusively known from

fresh ground water, comprising only two European

species, both being confined to the saturated karst; no

published records are available from surface habitats.

Calanoida are rare in fresh ground water, represented

only by 10 species in the family Diaptomidae, all of

which lead a planktonic mode of life in subterranean

lakes (Brancelj & Dumont, 2007).

Cyclopoida and Harpacticoida are the groundwater

copepods par excellence, the former being represented

by over 330 stygobiotic species in the family

Cyclopidae, and the latter containing some 640 truly

freshwater stygobionts belonging to at least five fam-

ilies. Within the Harpacticoida, the families Canthoc-

amptidae, Parastenocarididae and Ameiridae have

radiated very successfully in groundwater habitats.

Sporadically, members of the predominantly marine

Ectinosomatidae and Miraciidae (formerly Diosacci-

dae) are recorded from fresh ground water. The

Chappuisiidae are only known from Europe, being

exclusively found in alluvial aquifers and in the

hyporheic habitat. The Phyllognathopodidae are occa-

sionally found in ground water.

Although some degree of habitat partitioning can

be detected at the ordinal level, i.e. between calanoids,

cyclopoids and harpacticoids, habitat preferences in

groundwater copepods are frequently species-

specific. Calanoids are predominantly planktonic.

Cyclopoids can be planktonic in subterranean lakes

and pools, benthic or reside in interstitial habitats. In

the last case, they generally prefer sediment of

medium-coarse grain size, in slow-current sectors of

subterranean and surface streams, in springs, or in

pools and trickles in the karst. Harpacticoids domi-

nate the benthos, and no records are as yet available

from plankton in ground water. They can either be

benthic, or, more frequently, interstitial, irrespective

of grain size composition. Gravel and sand are the

preferred substrata for most species, with diversity

being higher in well-sorted sediments, whereas

poorly sorted or clogged sediments show a drastic

decrease in species diversity.

The environmental features influencing copepod

distributions have received significant attention dur-

ing the last two decades. Given their prevalence in

freshwater meiofauna, most of the pertinent studies

dealing with ‘microcrustaceans’ specifically focussed

on copepods (Dole-Olivier et al., 2000; Galassi, 2001;

Galassi et al., 2002; Malard et al., 2003; Paran et al.,

2005; and references therein), and results indicated

that copepods are sensitive to the hydraulic habitat

conditions and geomorphological features of the

environment (Robertson, 2002). In the hyporheic

habitat, spatial patterns of copepod diversity have

been analysed at spatial scales ranging from river

floodplains to microhabitats. Because hyporheic com-

munities are composed of both epigean and stygobi-

otic species, different species-specific responses to

habitat patchiness are expected as a result of differ-

ences in microhabitat preferences, life-history and

dispersal ability. Although ecological information is

696 D. M. P. Galassi et al.

� 2009 Blackwell Publishing Ltd, Freshwater Biology, 54, 691–708



becoming available for epigean cyclopoids and har-

pacticoids in the hyporheic habitat (Ward & Voelz,

1994, 1997), very little is known about how stygobiotic

species of the hyporheic communities respond to

variation in environmental factors (Galassi, 2001 and

references therein). A longitudinal gradient in cope-

pod diversity was observed by Malard et al. (2003) in

the hyporheic zone of a glacial stream in the Alps,

where Parastenocaris glacialis Noodt was uniformly

distributed along the longitudinal gradient, being

more abundant in the upwelling sectors of the

streambed. This observation can be explained by the

broad ecological tolerance of this species and its

dispersal ability, as reflected by its wide geographical

distribution (Enckell, 1969; Pesce, Galassi & Cottarelli,

1995). At the gravel-bar scale, Dole-Olivier &

Marmonier (1992a,b) observed a greater abundance

of Parastenocaris fontinalis Schnitter & Chappuis in

upwelling sectors of the River Rhône, France. At the

floodplain scale, Pseudectinosoma janineae Galassi,

Dole-Olivier & De Laurentiis was restricted to the

floodplain margins and to deep phreatic habitats

along this river (Galassi et al., 1999a,b), whereas

Nitocrellopsis rouchi Galassi, De Laurentiis & Dole-

Olivier preferred the phreatic zone, in the transition

zone from coarse to fine sediments, a storage zone for

organic matter and site of greatest bacterial activity

(Galassi et al., 1999a,b). The abundance of Elaphoidella

leruthi leruthi Chappuis varied along an environmen-

tal gradient defined primarily by hydrogeological

features (aquifer permeability and thickness of the

vadose zone) in the alluvial aquifer of the Forez plain

(Loire River catchment, France), whereas Parastenoca-

ris meridionalis Rouch was uniformly distributed

along the same gradient (Paran et al., 2005). At the

microspatial scale, stygobionts show marked differ-

ences in microhabitat preferences, as observed for

Elaphoidella bouilloni Rouch, which prefers sites dom-

inated by fine sand, whereas Parapseudoleptomesochra

subterranea (Chappuis) and Parastenocaris palmerae

Reid prefer coarse sediments (Rouch, 1991; Palmer

et al., 1995).

Another vast groundwater habitat is the karstic

environment, where the environmental factors affect-

ing copepod distribution are less well known. Two

hydrological zones of the karst are distinguishable:

the unsaturated karst (i.e. the epikarstic and vadose

zones) and the saturated karst, the latter being

macroscopically divided into capacitive (where water

percolates in medium- and small-sized fractures in

branching anastomoses, often adjacent to the main

drainage system) and conductive (i.e. the main

drainage system of a karstic aquifer, with great

hydraulic conductivity and high-water velocity) sub-

systems (Gibert et al., 1994). In general, the spatial

constraint imposed by karst is much less than in

interstitial habitats, but the higher water flow, espe-

cially in the conductive subsystem, is potentially

detrimental for most invertebrates, including cope-

pods. Copepods avoid the conductive subsystem and

are mostly spread out in the adjacent capacitive zone,

where water flow is lower and retention of organic

matter higher. Moreover, microhabitat diversity is

noticeable in the large network of interconnected

fractures, where pools and puddles contain silt, clay,

sand and organic material percolating from the

surface. Habitats characterised by low water velocities

are colonised by free-swimming cyclopoids (e.g.

Acanthocyclops agamus), and interstitial or crevicular

(i.e. species living in small fractures of fissured

aquifers) harpacticoids (Ceuthonectes gallicus Chap-

puis, Nitocrella gracilis Chappuis, Pseudectinosoma sp.,

Parastenocaris orcina Chappuis) (Gibert et al., 2000;

Galassi & De Laurentiis, 2004b; Di Lorenzo et al.,

2005a, and references therein).

A peculiar groundwater system exists in the Pre-

sciano spring in Italy, where limestone is partially

covered by Quaternary alluvial deposits. In this

spring, a clear gradient was observed in stygobiotic

copepod distribution along both horizontal and ver-

tical profiles (Fiasca et al., 2005). Diversity varied with

hydraulic conductivity and grain-size composition of

the sediments at the site scale: truly karstic sites

harboured virtually monospecific communities (up to

90% Nitocrella pescei), whereas porous sites had more

species and a rather even distribution of N. pescei,

Elaphoidella mabelae Galassi & Pesce, Parastenocaris

lorenzae Pesce, Galassi & Cottarelli, and Diacyclops

paolae Pesce & Galassi.

A growing body of evidence suggests that epikarst

is the groundwater habitat showing the highest

diversity of stygobiotic copepods (Brancelj, 1991;

Stoch, 1997, 2000; Pipan & Brancelj, 2004; Pipan,

2005; Pipan & Culver, 2005). The network of fractures

that characterises epikarst provides a multitude of

microhabitats. Fractures are not always hydrologically

interconnected, leading to a high degree of isolation

among microhabitats. Together, habitat heterogeneity
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and isolation of microhabitats thus appear to be the

major determinants of copepod diversity in terms of

species richness, endemism and higher-level taxo-

nomic diversity. Typical stygobiotic taxa of the epi-

karst include most species of the harpacticoid genera

Lessinocamptus and Paramorariopsis, some Parastenoca-

ris spp. and the cyclopid Speocyclops infernus (Kiefer).

Origin and evolution of groundwater copepods

According to Purvis et al. (2000), the ‘‘hierarchical

nature of phylogenies means that random extinction

of species affects a smaller fraction of higher taxa, and

so the total amount of evolutionary history lost may

be comparatively slight’’. Analysis of phylogenetic

diversity (i.e. how distantly related species are in the

phylogenetic tree) versus relatedness (how closely

related species are in the phylogenetic tree) may

generate clues as to whether this generalisation can be

extended to groundwater fauna, and in particular to

stygobiotic copepods.

Copepods originated in the marine environment,

and apparently entered fresh water through multiple

colonisation waves. Boxshall & Jaume (2000) identi-

fied 22 independent colonisations of inland waters

within six orders, only four of which were further able

to enter ground water. The order Calanoida is

represented in subterranean habitats by members of

the Diaptomidae, the largest and most widespread

family in fresh water. Seven of the 60 genera are

known to inhabit groundwater habitats, but their

phylogenetic relationships are still under debate.

Pending a phylogenetic analysis of the family, an

independent colonisation of ground water has been

postulated for at least the subfamily Speodiaptominae

(Brancelj, 2005). The order Cyclopoida is represented

in fresh ground water only by the Cyclopidae, which

supposedly colonised fresh water through a single

colonisation event. Individual lineages descending

from surface ancestors subsequently and indepen-

dently entered ground water.

Colonisation of subterranean habitats is often the

result of multiple invasions, frequently followed by

radiation through niche diversification (e.g. for the

genera Diacyclops and Acanthocyclops). This evolution-

ary trajectory has typically led to cryptic biodiversity

and the sympatric occurrence of morphologically very

similar congeners at a single groundwater site (e.g.

Galassi, 2001; Stoch, 2001; Reid, 2004). Harpacticoida

entered fresh water on multiple occasions and

invaded ground water via different pathways. Most

taxa crossed the saline boundary during an initial

surface freshwater phase before entering ground

water; examples include most Canthocamptidae and

some Ameiridae, Miraciidae, Phyllognathopodidae

and Ectinosomatidae (Rouch, 1986; Galassi, 2001).

Alternatively, some harpacticoid lineages bypassed

the surface water phase and may have colonised

ground water directly (e.g. the ectinosomatid genus

Pseudectinosoma, and the ameirid genera Nitocrella,

Parapseudoleptomesochra, Nitocrellopsis, Stygonitocrella,

Psammonitocrella, Inermipes and Neonitocrella). The

family Parastenocarididae, currently accommodating

over 250 species, is primarily restricted to interstitial

freshwater habitats, although it has also been re-

corded from semi-terrestrial and surface freshwater

habitats, especially in the Southern Hemisphere.

However, parastenocaridids most often occur,

world-wide, in unconsolidated sediments (i.e.

hyporheic and phreatic habitats). The Canthocampti-

dae are very speciose in ground water, rivalling the

Parastenocarididae. Some canthocamptid genera are

found in both surface and groundwater environ-

ments, while others are strictly confined to ground

water (e.g. Antrocamptus, Paramorariopsis, Lessinocamptus,

Australocamptus).

Species of some copepod genera show different

habitat preferences along latitudinal gradients. They

are predominantly hypogean in the Northern

Hemisphere and mostly epigean in the Southern

Hemisphere, particularly in tropical and subtropical

areas. This difference may be the legacy of Quaternary

glaciation, which led to massive extinction of surface

faunas in northern countries, whereas in the tropics

they were able to survive in their ancestral surface

habitats. Accordingly, geographical areas strongly

affected by Pleistocene glaciations show fewer

endemic stygobiotic copepods than non-glaciated

areas (Strayer & Reid, 1999; Rundle et al., 2002; Lewis

& Reid, 2007). Fully glaciated areas were probably

subjected to massive extinctions, not only affecting

epigean species but also stygobiotic taxa. Generalist

species, such as Speocyclops demetiensis (Scourfield),

Elaphoidella bidens (Schmeil) and E. gracilis (Sars), may

have reinvaded surface waters during post-glacial

periods; however, the greater isolation of groundwa-

ter habitats in conjunction with their low dispersal

ability prevented most stygobiotic copepods from
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recolonising ground water in previously fully glaci-

ated areas. There are a few remarkable exceptions,

such as Elaphoidella elaphoides (Chappuis) and Graete-

riella unisetigera (Graeter), which assume a wide

distribution in European ground waters, possibly

resulting from both active and passive dispersal. In

this light, the hypothesis that stygobionts are more

wide-ranging than troglobionts (i.e. cave-dwelling

organisms), because of the hydrological continuum

of the groundwater environment (Lamoreaux, 2004),

should be reconsidered for at least some taxonomic

groups.

A striking feature of copepods in ground water is

their higher-level taxonomic diversity. Taxa are fre-

quently only distantly related to each other, and most

of them can be considered phylogenetic relicts (i.e.

taxa with no close living relatives, unique remnants of

formerly diversified taxonomic groups) or distribu-

tional relicts (i.e. taxa with close counterparts trace-

able in disjunct geographical areas) (Holsinger, 1988;

Humphreys, 2000). An example of such distributional

relicts is the order Gelyelloida, until recently known

only from karstic systems and springs in southern

France and Switzerland. The recent discovery of a

new gelyelloid in North American ground water

(J. W. Reid, unpubl. data) lends credence to the

ancient colonisation of ground water by this group,

which probably pre-dated the opening of the Atlantic

Ocean in the Late Cretaceous or Early Tertiary.

Numerous copepod genera, known exclusively from

ground water, occur in restricted geographical areas

(strict endemics). Others can show wide disjunct

distributions (e.g. Galassi, 2001), with groundwater

localities occurring in the Caribbean, the Mediterra-

nean, and sometimes the Australasian region, fitting

the ‘Tethyan track’ of distribution, which runs along

major Tertiary orogenic belts formed during the

disappearance of the Tethys Sea (Michaux, 1989).

Diversity of groundwater copepods

Europe

The PASCALIS project was aimed at analysing and

comparing the stygobiotic fauna at the European

scale (Malard et al., 2009). The Copepoda were the

dominant group of stygobionts in the PASCALIS

data set (Table 1). A total of 110 copepod species

was collected, with Harpacticoida and Cyclopoida

almost equally represented (Table 1). Within indi-

vidual regions, copepods also consistently outnum-

bered all or most other taxonomic groups, although

there were some regional differences. The relative

importance of Cyclopoida and Harpacticoida also

varied between regions (Table 1). At the extreme,

only seven stygobiotic copepods were found in the

Walloon Karst, all belonging to the order Cyclopoida

(Table 1). In the Lessinian Mountains and the Krim

Massif, harpacticoids were more diverse than cyclo-

poids, whereas in the remaining regions the number

Table 1 Species richness of stygobiotic copepods in comparison to species richness of other stygobiotic invertebrates in six

different European regions. Data were derived from the PASCALIS database (Dole-Olivier et al., 2009). Species whose classification as

stygobionts was uncertain were omitted

Taxon

Cantabria

(Spain)

French Jura

(France)

Krim Massif

(Slovenia)

Lessinian

Massif (Italy)

Roussillon

(France)

Walloon Karst

(Belgium) All

Copepoda, Calanoida 0 0 1 0 0 0 1

Copepoda, Cyclopoida 10 11 13 12 11 7 50

Copepoda, Harpacticoida 10 9 18 24 7 0 59

Polychaeta 0 0 0 1 0 0 1

Oligochaeta 12 4 21 15 8 3 58

Gastropoda 2 6 14 2 5 1 29

Cladocera 0 1 0 0 1 1 2

Ostracoda 5 10 11 7 4 5 33

Isopoda 3 7 4 2 10 3 26

Amphipoda 6 10 9 12 10 9 45

Syncarida, Bathynellacea 13 2 5 6 7 0 33

Thermosbaenacea 0 0 0 1 0 0 1

Acari 6 0 8 7 4 5 23

Coleoptera 0 1 0 0 0 0 1
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of species was almost evenly distributed between the

two orders.

At the level of different kinds of aquifers (karstic

versus porous), copepod species richness in karstic

aquifers ranged from 5 in the Walloon Karst to 26 in

the Lessinian Massif, and accounted for 20–42% of the

total stygobiotic species richness (Fig. 3). In porous

aquifers, copepod species richness varied from 5 to 24,

accounting for 17–44% of total species richness. The

same situation was observed when evaluating cope-

pod species richness in saturated aquifers (7–20

species, representing 22–50% of the total richness)

and upper karstic and porous aquifers (3–31 species,

representing 17–41% of the total richness) among

regions. The higher copepod diversity observed in

unsaturated karst and in hyporheic habitats of Italy

and Slovenia (Fig. 3) is probably the result of high

habitat heterogeneity, and also reflects the ancient age

of the areas in which these aquifers are located.

Moreover, the Quaternary glaciation in the southern-

most parts of the PASCALIS study area was less

important than farther north, allowing for the survival

of more species than in the glaciated areas of the

French Jura or the Walloon Karst. The number of

copepods was lower in the saturated karstic and

porous aquifers compared to hyporheic and unsatu-

rated karstic habitats (Fig. 3), most probably due to

sampling bias and lower organic matter availability

(Dole-Olivier et al., 2009; Stoch et al., 2009).

On the Italian peninsula and nearby islands, 353

stygobiotic species have been recorded. The stygobi-

otic Copepoda are represented by 160 species and

greatly outnumber other crustacean and non-crusta-

cean taxa (Ruffo & Stoch, 2005). The stygobiotic

copepod distribution reflects that observed for surface

freshwater, from which some 160 species have been

recorded in Italy. Consequently, 50% of the Italian

copepod fauna is represented by stygobiotic species,

suggesting that speciation in ground water accounts

for a significant proportion of the total copepod

species richness (Table 2). In France, Ferreira et al.

(2007) listed 380 stygobiotic species and subspecies,

65% of which are crustaceans. Copepods amounted to

43% of the recorded crustacean species, of which 33%

belonged to Cyclopoida (35 species) and 63% to

Harpacticoida (68 species). Subterranean waters of

Slovenia have been the subject of intensive sampling

for a long time. Here, the Copepoda represent some

19% of the total number of stygobiotic species, being

outnumbered only by the Malacostraca (Sket,

1999a,b).

To evaluate the intrageneric diversity of stygobiotic

copepods in ground water, further analyses were

carried out at the regional scale, as exemplified in the

Lessinian Massif of Italy. Stygobiotic copepods were

unevenly distributed among genera, with the cyclo-

poid Diacyclops (nine species) and the harpacticoid

genera Parastenocaris (six species), Lessinocamptus (five
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Fig. 3 Copepod species richness in different habitats of six

European regions: (a) karstic and porous upper aquifers

versus saturated aquifers; (b) karstic versus porous aquifers;

(c) saturated porous versus hyporheic versus saturated karst

versus unsaturated karst. Can = Picos de Europa, Cantabria,

Spain; Jur = Jura Massif, France; Krim = Krim Massif, Slovenia;

Les = Lessinian Massif, Italy; Rous = Têt Massif, Roussillon,

France; Wal = Walloon Karst, Belgium. UpPKA = porous and

karstic upper aquifers, Sat = saturated aquifers, K = karstic

aquifers, P = porous aquifers; Ku = unsaturated karst,

Ks = saturated karst, Ph = hyporheic, Ps = saturated porous.
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species) and Elaphoidella (four species) being the most

speciose. All the other genera were represented by

only one or two species. Diacyclops and Parastenocaris

were mostly represented in the hyporheic habitat,

with a high incidence of sympatric species. This

suggests that microhabitat diversity might have been

the primary factor promoting radiation, generating a

high level of cryptic diversity in these genera (Reid,

1992; Boxshall & Evstigneeva, 1994; Rouch, 1995;

Pospisil & Stoch, 1999; Galassi, 2001). The highest

species richness was found again in the hyporheic

habitat and in the epikarst, with 21 and 15 stygobiotic

copepod species, respectively. The epikarst also had

the highest ratio of exclusive copepod species (eight of

15 species), whereas only seven of 21 stygobiotic

copepods were exclusive to the hyporheic habitat.

The Americas and Australia

In North America, very few regional inventories of

subterranean aquatic invertebrates are available, and

most of these either do not include copepods or the

records listed do not reflect targeted sampling for

copepods (e.g. Reddell, 1965, 1970; Holsinger & Peck,

1972; Holsinger & Culver, 1988; Culver et al., 2000;

Lewis et al., 2003). Exceptions are the reports by

Reeves (2000) for caves of a small karst region within

the Great Smoky Mountains National Park, eastern

Tennessee; by Bruno, Reid & Perry (2005) for the

Everglades; and by Lewis & Reid (2007) for karstic

regions in the Interior Low Plateaus. In Mexico, the

best-known stygobiotic fauna is that of karstic hab-

itats on the Yucatan Peninsula (Suárez-Morales &

Reid, 2003) (Table 3). Most copepod species found in

these studies are widespread and common stygox-

enes (i.e. epigean species which enter ground water

accidentally) or stygophiles (i.e. species with incipi-

ent adaptation to groundwater life, being able to

live in both surface and subsurface environments)

(Table 3).

Recent estimates of stygobiotic species richness in

cave waters of the U.S.A. returned surprisingly low

numbers of copepods (Culver et al., 2000; Pipan, 2004;

Pipan & Culver, 2005; Lewis & Reid, 2007), a result

possibly biased by undersampling of meiofauna in

North American caves and unconsolidated sediments.

Despite the low number of copepods found in cave

waters, sampling in other habitats has led to remark-

able new discoveries. These include the ameirid genus

Psammonitocrella, the cyclopoid genus Rheocyclops, a

large number of stygobiotic Diacyclops, Elaphoidella

and Parastenocaris species, and the Gelyelloida

(Strayer & Reid, 1999; Reid, 2004). In general, com-

parisons between copepod distribution in surface

versus groundwater habitats in the U.S.A., Canada

(McLaughlin et al., 2005) and Mexico (Suárez-Morales

& Reid, 1998, 2003) did not follow the trend observed

in Europe: copepod diversity in surface waters was

significantly higher than in ground water (Table 4).

In Central and South America, only very few cave

systems have been thoroughly sampled for copepods.

Except for a few records of canthocamptid harpactic-

oids, which may be stygophiles, the known true

stygobiotic fauna consists mainly of the Parastenoc-

arididae. Clearly, the stygobiotic copepods of Central

and South America are so incompletely known that it

is difficult to perceive general patterns. Recent sam-

pling in Australia has revealed an ‘unfolding plethora

of stygal biodiversity’ (Humphreys, 2001), and the

number of known stygobiotic copepod species on this

Table 2 Number of described freshwater invertebrate species in

surface water and ground water of Italy. The species listed for

ground water are genuine stygobionts (n.a. = data not available,

undescribed species not included). Data were derived from

Ruffo & Stoch (2005)

Taxon

Surface

water

Ground

water

Platyhelminthes

Turbellaria 190 4

Annelida

Polychaeta 0 1

Oligochaeta 93 16

Hirudinea 23 0

Mollusca

Gastropoda 101 34

Bivalvia 25 0

Crustacea

Cladocera 111 1

Ostracoda n.a. 9

Copepoda

Calanoida 26 1

Cyclopoida 99 53

Harpacticoida 195 106

Isopoda 54 32

Amphipoda 94 79

Mysidacea 0 2

Thermosbaenacea 0 4

Syncarida 0 7

Acari

Hydrachnidia 380 5

Insecta �2500 0

Copepod diversity in ground water 701

� 2009 Blackwell Publishing Ltd, Freshwater Biology, 54, 691–708



continent has exponentially increased in recent years

(Karanovic, 2004, 2006; Eberhard, Halse & Humph-

reys, 2006). This suggests that even moderate sam-

pling efforts on other continents and in other regions

are very likely to result in the discovery of many more

species.

Copepods and groundwater biodiversity

assessment and conservation

Efforts towards biodiversity conservation start with

an assessment of species richness and population

sizes. However, comprehensive assessments are time-

consuming, especially when large areas are surveyed,

and almost always economically and practically

unattainable (Balmford et al., 2005). As a result,

biodiversity assessments rarely consider the entire

assemblage at a given site. Several alternative

approaches for measuring biodiversity are currently

in use (Magurran, 2004). They are often based on

subsets of taxa that have been shown or are assumed

to be surrogates that capture biodiversity as a whole

(Magurran, 2004). The most common and feasible

procedure involves selection of a focal group. This

requires reliable species identification, adequate rep-

resentation of the chosen group in samples, and a

certain degree of taxonomic and functional diversity,

including feeding habits and species-specific micro-

habitat preferences. In practice, these prerequisites

make it difficult to identify a single subtaxon that

would be fully satisfactory as a focal group. Faced

with this obstacle, Hammond (1995) recommended

the use of what he called a ‘shopping basket’ of

subtaxa that together serve as composite focal group,

covering a wider range of niches and functional roles

than single groups and thus ensuring better perfor-

mance as surrogates for entire assemblages.

Rank-order multiple-regression analyses have

proved useful to extract combinations of such com-

posite focal group in European ground water (Stoch

et al., 2009). These analyses showed in all cases that

copepod species richness, variously combined with

that of other taxonomic groups, led to accurate

prediction of the residual species richness in different

Table 4 Species richness of freshwater copepods in surface water (SW) and ground water (GW) in Europe, Mexico and North

America (SW = surface water, GW = ground water). The species listed for ground water are genuine stygobionts. Data were derived

from Sket (1999b), Ferreira et al. (2007), Ruffo & Stoch (2005), Suárez-Morales & Reid (1998, 2003) and McLaughlin et al. (2005)

Taxon

Slovenia France Italy Mexico

U.S.A. and

Canada

SW GW SW GW SW GW SW GW SW GW

Calanoida 10 1 24 1 26 1 21 1 94 0

Cyclopoida 33 19 31 35 99 53 54 13 105 27

Harpacticoida 29 18 35 68 195 106 15 4 72 16

Gelyelloida 0 0 0 1 0 0 0 0 0 1

Total 72 38 90 105 320 160 90 18 271 44

Table 3 Copepod species richness in groundwater habitats in several regions of the U.S.A. and Mexico (SX = stygoxene,

SP = stygophilous; SB = stygobiont). Data were derived from Lewis & Reid (2007), Reeves (2000), Bruno et al. (2005) and

Suárez-Morales & Reid (2003)

Taxon

Interior Low

Plateaus, U.S.A.

Great Smoky

Mountains

National Park,

TN, U.S.A.

Everglades, FL,

U.S.A.

Yucatan

Peninsula,

Mexico

SX-SP SB SX-SP SB SX-SP SB SX-SP SB

Calanoida 2 0 0 0 1 0 8 0

Cyclopoida 25 14 1 0 27 0 26 13

Harpacticoida 8 1 1 0 2 10 2

Total 35 15 2 0 28 2 44 15
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European regions (Stoch et al., 2009). This predictive

power may be due, to a large extent, to the regular

dominance of copepods in ground water in terms of

both abundance and species richness. Recent esti-

mates of copepod species richness in the Americas

and Australia support this hypothesis (Strayer & Reid,

1999; Reeves, 2000; Karanovic, 2004, 2006; Reid, 2004;

Eberhard et al., 2006).

Communities sharing the same number of species

and pattern of species abundances but differing in the

phylogenetic relatedness of the constituent species

may be considered different in their conservation

priorities, if higher-level taxonomic diversity is as-

signed greater value (Faith, 1992; Clarke & Warwick,

1999; Faith & Baker, 2006). The protection of ‘evolu-

tionarily significant lineages’ (i.e. phylogenetic or

distributional relicts; see Posadas, Miranda Esquivel

& Crisci, 2001; Faith, Reid & Hunter, 2004; and

references therein), which, once lost, cannot be recov-

ered, is a central question in conservation biology,

although its relevance for establishing priorities has

been questioned (Purvis et al., 2000; Woodruff, 2001).

The extinction risk of taxonomically isolated lin-

eages is extreme in groundwater environments. Even

if species richness and abundances in ground water

are relatively low, especially in deep ground water,

the phylogenetic diversity may be very high, as

observed at different spatial scales in various biogeo-

graphical regions (Rouch & Danielopol, 1997; Galassi,

2001; Danielopol, Rouch & Baltanás, 2002). Effective

temporal isolation in ground water facilitated estab-

lishment and survival of a large number of indepen-

dent phylogenetic lineages, while their surface

counterparts were more likely to become extinct

during drastic climatic changes in the Tertiary (e.g.

Messinian salinity crisis in Mediterranean, and other

marine regressive ⁄ transgressive phases) and the Qua-

ternary glaciations in the Northern Hemisphere.

Although Nee & May (1997) postulated that losing

90% of the species on Earth would reduce global

phylogenetic diversity by less than 20%, it is debat-

able whether this assumption holds for groundwater

communities. Ground water is, in this respect, a

reliquary, its communities being frequently composed

of strictly endemic taxa, confined to single sites and

representing the only survivors of groups once

distributed more widely.

The value of a taxon as an indicator group for

defining conservation priorities is likely to depend not

only on its higher-level taxonomic diversity, but also

on high proportion of local endemics and biogeo-

graphical concordance with co-occurring species

(Moritz et al., 2001). Copepods meet this criterion

(Rouch, 1986; Stoch, 1995; Galassi, 2001). They can

serve as indicators of microhabitat conditions, since

their species-specific requirements are reflected in

clear microhabitat preferences, and they can serve as

‘historical’ indicators of both ancient and recent

evolutionary events. Such events can be ‘frozen’ in

the primitive body plan of some taxa, which entered

ground water in ancient times (e.g. Gelyelloida,

Chappuisiidae, Pseudectinosoma, Rangabradya, Nito-

crella, Nitocrellopsis, Parapseudoleptomesochra). Alterna-

tively, as a result of more recent events, they may

represent the sole remnants of lineages surviving

exclusively in ground water within limited geograph-

ical areas (e.g. the cyclopoids Speocyclops, Graeteriella

and Rheocyclops, and the harpacticoids Paramorariopsis,

Lessinocamptus, Australocamptus and Antrocamptus).

Taken together, the widespread occurrence and

high abundance of groundwater copepods in different

biogeographical regions, their high diversity, includ-

ing at higher taxonomic levels, high proportions of

local endemics and of phylogenetic and distributional

relicts, and species-specific preference for different

microhabitats suggest that the Copepoda, in combi-

nation with other invertebrate groups such as the

Amphipoda (Stoch et al., 2009), are likely to be useful

groups for Hammond’s (1995) ‘shopping basket’ to

assess groundwater biodiversity as a whole.
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Balian E.V., Segers H., Lévêque C. & Martens K. (2008)

The freshwater animal diversity assessment: an over-

view of the results. Hydrobiologia, 595, 627–637.

Balmford A., Bennun L., ten Brink B. et al. (2005) The

convention on biological diversity’s 2010 target. Sci-

ence, 307, 212–213.

Bowman T.E. (1986) Copepoda: Calanoida. In: Stygofauna

Mundi – A Faunistic, Distributional and Ecological Syn-

thesis of the World Fauna Inhabiting Subterranean Waters

(Including the Marine Interstitial) (Ed. L. Botosaneanu),

pp. 295–298, E. J. Brill, Leiden, The Netherlands.

Boxshall G.A. & Defaye D. (2008) Global diversity of

copepods (Crustacea: Copepoda) in freshwater. Hyd-

robiologia, 595, 195–207.

Boxshall G.A. & Evstigneeva T.D. (1994) The evolution of

species flocks of copepods in Lake Baikal: a prelimin-

ary analysis. Archiv für Hydrobiologie Beihefte Ergebnisse

der Limnologie, 44, 235–245.

Boxshall G.A. & Halsey S.H. (2004) An Introduction to

Copepod Diversity. The Ray Society, London.

Boxshall G.A. & Jaume D. (2000) Making waves:

the repeated colonization of fresh water by cope-

pod crustaceans. Advances in Ecological Research, 31,

61–79.

Brancelj A. (1991) Paramorariopsis anae gen. n., sp. n. and

the female of Ceuthonectes rouchi Petkovski, 1984 – two

interesting harpacticoids (Copepoda: Crustacea) from

caves in Slovenia (NW Yugoslavia). Stygologia, 6,

193–200.

Brancelj A. (2005) Hadodiaptomus dumonti n. gen., n. sp., a

new freshwater stygobiotic calanoid (Crustacea: Cope-

poda: Calanoida) from Vietnam (South Asia) and a

new member of the subfamily Speodiaptominae

Borutzky, 1962. Hydrobiologia, 534, 57–70.

Brancelj A. & Dumont H.J. (2007) A review of the

diversity, adaptations and groundwater colonization

pathways in Cladocera and Calanoida (Crustacea), two

rare and contrasting groups of stygobionts. Fundamen-

tal and Applied Limnology, 168, 3–17.

Bruno C., Reid J.W. & Perry S. (2005) A list and

identification key for the freshwater, free-living cope-

pods (Crustacea) of Florida (U.S.A.). Journal of Crusta-

cean Biology, 25, 384–400.

Castellarini F., Malard F., Dole-Olivier M.-J. & Gibert J.

(2007) Modelling the distribution of stygobionts in the

Jura Mountains (eastern France). Implications for the

protection of ground waters. Diversity and Distribu-

tions, 13, 213–224.

Clarke K.R. & Warwick R.M. (1999) A taxonomic

distinctness index and its statistical properties. Journal

of Applied Ecology, 35, 523–531.

Culver D.C., Master L.L., Christman M.C. & Hobbs H.H.

III (2000) Obligate cave fauna of the 48 contiguous

United States. Conservation Biology, 14, 386–401.

Danielopol D.L., Pospisil P. & Rouch R. (2000) Biodiver-

sity in groundwater: a large-scale view. Trends in

Ecology and Evolution, 15, 223–224.

Danielopol D.L., Rouch R. & Baltanás A. (2002) Taxo-

nomic diversity of groundwater Harpacticoida (Cope-

poda, Crustacea) in southern France. A contribution to

characterise hotspot diversity sites. Vie et Milieu, 52,

1–15.

Di Lorenzo T., Cipriani D., Bono P., Rossini L., De

Laurentiis P., Fiasca B., Pantani P. & Galassi D.M.P.

(2005a) a) Dynamics of groundwater copepod assem-

blages from Mazzoccolo karstic spring (central Italy).

Meiofauna Marina, 14, 97–103.

Di Lorenzo T., Stoch F., Fiasca B., Gattone E., De

Laurentiis P., Ranalli F. & Galassi D.M.P. (2005b)

Environmental quality of deep groundwater in the

Lessinian Massif (Italy): signposts for sustainability. In:

World Subterranean Biodiversity, Proceedings of an Inter-

national Symposium (Ed. J. Gibert), pp. 115–125, Uni-
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M. & Martin D. (1994) Interstitial fauna associated with

the alluvial floodplains of the Rhône river (France). In:
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France. Verhandlungen der Internationalen Vereinigung

für Limnologie, 26, 1590–1594.

Malard F., Galassi D.M.P., Lafont M., Dolédec S. & Ward
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