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Abstract Species richness in ground water is still
largely underestimated, and this situation stems from
two different impediments: the Linnaean (i.e. the
taxonomic) and the Wallacean (i.e. the biogeograph-
ical) shortfalls. Within this fragmented frame of
knowledge of subterranean biodiversity, this review
was aimed at (i) assessing species richness in ground
water at different spatial scales, and its contribution to
overall freshwater species richness at the continental
scale; (ii) analysing the contribution of historical and
ecological determinants in shaping spatial patterns of
stygobiotic species richness across multiple spatial
scales; (iii) analysing the role of S-diversity in shaping
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patterns of species richness at each scale analysed.
From data of the present study, a nested hierarchy of
environmental factors appeared to determine stygobi-
otic species richness. At the broad European scale,
historical factors were the major determinants in
explaining species richness patterns in ground water.
In particular, Quaternary glaciations have strongly
affected stygobiotic species richness, leading to a
marked latitudinal gradient across Europe, whereas
little effects were observed in surface fresh water.
Most surface-dwelling fauna is of recent origin, and
colonized this realm by means of post-glacial dis-
persal. Historical factors seemed to have also operated
at the smaller stygoregional and regional scales, where
different karstic and porous aquifers showed different
values of species richness. Species richness at the
small, local scale was more difficult to be explained,
because the analyses revealed that point-diversity in
ground water was rather low, and at increasing values
of regional species richness, reached a plateau. This
observation supports the coarse-grained role of trun-
cated food webs and oligotrophy, potentially reflected
in competition for food resources among co-occurring
species, in shaping groundwater species diversity at the
local scale. Alpha-diversity resulted decoupled from
y-diversity, suggesting that f-diversity accounted for
the highest values of total species richness at the spatial
scales analysed.
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Introduction

Ground water has long been considered a special,
unfavourable milieu, where few, highly specialized
species (the stygobionts) took refuge; for this reason,
several generations of ecologists considered the
subterranean domain very poor in species richness
(Danielopol, 1992). This paradigm gave rise to many
debates, mainly dealing with models of colonization
of subterranean waters and their role as refugia
(Rouch & Danielopol, 1987; Boutin & Coineau,
1990; Botosaneanu & Holsinger, 1991; Notenboom,
1991; Stoch, 1995). Contrary to the traditional view
of ground water as species-poor environment, an
emphasis on their unexpectedly high species richness
has been given in several contributions (e.g. Daniel-
opol & Rouch, 1991; Stoch, 1995; Rouch & Dani-
elopol, 1997; Galassi, 2001; Gibert & Deharveng,
2002). These higher estimates of stygobiotic species
richness probably reflected the broad spatial scales at
which species richness has been examined (Sket,
1999b; Culver & Sket, 2000). Indeed, the number of
stygobionts in a single groundwater site is low, if
compared at least to surface freshwater diversity. On
this regard, Culver & Sket (2000) defined a subter-
ranean diversity hotspot as a site containing 20 or
more stygobiotic and troglobiotic species, a number
that is exceeded in even the most species-poor
surface aquatic sites (Malard et al., 2009).

Paradigm or matter of fact, few attempts have been
made to give an answer to the basic fundamental
question that an ecologist can ask (Tilman, 1982),
paraphrasing Hutchinson’s (1959) “Homage to Santa
Rosalia”: why are there so few species in ground
water?

Unfortunately, species richness in ground water is
still largely unknown and the way in which it is
distributed only sketchily understood (Gibert &
Deharveng, 2002; Culver, 2005; Galassi et al.,
2009a; Gibert & Culver, 2009). This situation stems
from the low level of knowledge of groundwater
biodiversity as a whole, as well as from lack of
contributions focused on the analysis of the hierar-
chical partitioning of groundwater diversity at differ-
ent spatial scales (Culver, 2005; Ferreira et al., 2005;
Pipan & Culver, 2005; Deharveng et al., 2009;
Malard et al., 2009).

That biodiversity is sensitive to scale is an
empirical observation, widely proved from the largest
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global scale, through the assessment of biodiversity
hotspots (Myers et al., 2000), and the latitudinal
Rapoport (1982)’s rule, to the local scale (Hutchin-
son, 1959). According to the different spatial scales
under which biodiversity can be examined, a hierar-
chy of environmental factors appears to determine
such a biodiversity, although the basic dichotomy lies
in the distinction between ecological and historical
factors (Whittaker et al., 2001; Colwell et al., 2004).
The spatial-scale dependence in analysing patterns
and processes leading to a given biodiversity in fresh
water has been largely emphasized and extended to
groundwater ecosystems by Gibert et al. (1994) and
Wilkens et al. (2000).

Although it is widely recognized that both evolu-
tionary processes and real-time ecological constraints
(e.g. Gibert & Deharveng, 2002; Castellarini et al.,
2005; Galassi et al., 2009b; Martin et al., 2009) give
rise to groundwater biodiversity patterns, how they
interact is far from being known. Until now, spatial
patterns of groundwater biodiversity have been
basically interpreted under an ecological perspective.
Only occasionally have patterns been explained by
also evaluating the role of historical events (e.g.
Stoch, 1995; Wilkens et al., 2000; Galassi et al.,
2009b; Martin et al., 2009).

Within this fragmented frame of knowledge of
subterranean biodiversity, this contribution is aimed at
(i) assessing species richness in ground water at
different spatial scales, and its contribution to overall
freshwater species richness at the continental scale;
(ii) analysing the contribution of historical and
ecological determinants in shaping spatial patterns
of stygobiotic species richness across multiple spatial
scales; (iii) analysing the role of f-diversity in shaping
patterns of species richness at each scale analysed.

Methods
Species richness assessment

Groundwater species richness was analysed by
examining the total number of freshwater inverte-
brates presently recorded worldwide (Freshwater
Invertebrate Assessment: Balian et al., 2008) and in
European water bodies, as listed in the Fauna
Europaeca Web Service (2004). Crustacea were
selected as the target group, and stygobiotic species
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were separated from surface ones. The Crustacea
were selected not only on the basis of their high
representation in ground water, but especially
because there is relatively good information available
on their ecological preferences, distribution data at
the species level and a validated checklist (Dehar-
veng et al., 2009) constructed under the PASCALIS
(Protocols for the Assessment and Conservation of
Aquatic Life In the Subsurface) project at the
European scale (Gibert & Culver, 2009).

Data were assembled by integrating the different
data sets with check lists available at the broad
European scale (Limnofauna Europea: Illies, 1978;
Stygofauna Mundi: Botosaneanu, 1986) and the
PASCALIS data set (Deharveng et al., 2009), criti-
cally revised to assess the ecology of the species and
update species lists using recent literature.

Spatial scales

Following a hierarchical spatial criterion (Whittaker
et al., 2001), the groundwater Crustacea data set was
analysed at four spatial scales: the continental scale
(following the bioregion concept adopted in the EU
Water Framework Directive), the stygoregional scale
(i.e. a biogeographical unit, according to Hahn,
2009), the regional scale (i.e. a relatively large area
that experienced a set of similar historical events,
according to Malard et al., 2009), the local scale,
ranging from aquifer units, to the smaller hydrogeo-
logical zones (unsaturated and saturated zones into
the aquifer unit) and, finally, to the single sampling
site (Malard et al., 2009).

Europe was selected as test-area at the continental
scale; the data set derived from Fauna Europaea Web
Service (2004) was used for geostatistical analyses.
Data from European Russia were discarded (except
for the Kaliningrad Region included among the
European countries), due to poor information avail-
able on groundwater fauna for that area. The analysis
suffered from the limits imposed by the use of
political geographical units of the European continent
(Whittaker et al., 2005); unfortunately, limnofaunistic
regions (as defined in Limnofauna Europaea by Illies,
1978) and stygobiological regions (as proposed in
Stygofauna Mundi by Botosaneanu, 1986) do not
match with each other, making comparisons among
epigean fresh water and ground water almost
impossible.

Within the European scale, the stygoregional scale
was represented by the eastern Alpine area in Italy
(Stoch, 2008). Eight karstic areas were selected in the
pre-Alpine longitudinal band from the eastern Italian—
Slovenian border to Piedmont. The data set was
obtained from the CKmap database (Ruffo & Stoch,
2006), enriched by additional species records assem-
bled by one of us (F. Stoch, unpublished). Within the
eastern Alpine stygoregion, the regional scale was
represented by the Lessinian massif, where patterns of
stygobiotic species richness were analysed into the
PASCALIS project (Gibert & Culver, 2009). The data
set was the same used by Galassi et al. (2009b). At this
spatial scale, karstic and porous aquifers, as well as
subsurface and deep saturated hydrogeological zones,
were selected at the successively lower spatial scales.
Finally, caves and single sites in alluvial sediments
(hyporheic samples and wells) within the aquifers were
selected as the smallest spatial scale.

Statistical analysis

Data sets were stored in MSAccess 2000 and Excel
databases; maps at the three spatial scales were
obtained using ArcMap version 9.1. Statistical analy-
ses were performed using GeoDa™ version 0.9.5i
(Anselin, 2005) and SAM (Rangel et al., 2006)
geostatistical software. The statistical significance of
global and local (LISA, i.e. Local Indicators of Spatial
Association) autocorrelation measurements (Moran’s
I) was assessed by 1,000 Monte Carlo permutations.

At the European scale, species richness for each
country was corrected for the area effect, applying
Heino’s (2002) correction, where: SR, = SR, /A"
where SR is the raw species count for each country,
A is the area, and z is the constant in a typical species—
area relationship. Since z value has been found to vary
between 0.12 and 0.17 in continental environments,
the intermediate value of 0.15 was selected for this
study, according to Heino (2002). The palaeoecolog-
ical data set used applied the mean annual temperature
condition during the Last Glacial Maximum (LGM,
~21000 years BP) following the CCSM model
(Braconnot et al., 2007).

At the stygoregional, regional, and aquifer scales,
sample-based rarefaction curves (Gotelli & Colwell,
2001) were calculated to compare species richness
across the different areas, to minimize the effect of
sampling effort. The software EstimateS version 8.02
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(Colwell, 2005) was used for calculation of accumu-
lation curves; Chao2 and Michaelis—Menten estima-
tors of species richness were selected (Colwell, 2005),
and mean dissimilarities between and within areas
using the Sorensen’s index were calculated as well.
Hierarchical additive partitioning of species rich-
ness (Crist et al., 2003) was used for dissecting species
diversity into individual components. The total diver-
sity (y) has been partitioned into the average diversity
within sampling units («) and among samples (ff) so
that y = a + f. To extend across multiple hierarchi-
cal spatial scales (i = 1, 2, 3... n hierarchical levels),
a-diversity was calculated for each level as the average
diversity within the spatial units, being o; and f3; the
additive partitioning of total species richness within
level i < n; at each sampling level y; = «;,; and
B = a;41 — o then, the additive partition of total
diversity was: y = oy + X,f,. Partition software (Crist
et al., 2003) was used to assess the statistical
significance of species richness partition.

Results

Stygobiotic crustacean species richness

Crustacean species richness of European fresh water
(Table 1) amounts to 2,285 species described so far;

1,111 species are epigean, while 1,174 (i.e. 51.4%) are
stygobiont. Moreover, the number of stygobiotic

species may be highly underestimated. Plotting the
number of European surface and stygobiotic crusta-
cean species discovered per year (Fig. 1a), it can be
observed that most stygobiotic species were described
after 1930, when more than one half of the epigean
species was already known. Cumulative species counts
(Fig. 1b) demonstrated that the description rate of
epigean species remained unchanged after 1850, while
the cumulative curve for stygobiotic species become
steeper after 1930, and the discovery rate was rapidly
increasing up to the present. There was no evidence of
any asymptote, suggesting that we are far from having
described the whole European crustacean fauna, and
that the number of stygobiotic species could be
dramatically higher than that of epigean ones.

Species richness at the European scale
Patterns of species richness

By mapping the distribution of the 2,285 freshwater
crustaceans across European countries (Fig. 2a), it is
observable that species richness values were almost
evenly distributed, with lower species densities in
northern Europe and in the easternmost European
countries. Being the number of data stored in the
database clearly dependent on the area of each country
(log-transformed values, Pearson’s r = 0.754, P <
0.001), they were corrected applying Heino’s (2002)
transformation. The distribution of surface crustacean

Table 1 Distribution of major invertebrate groups in fresh water (including all habitat types) and in ground water, in both terms of

total number of species and percentage of total species richness

Freshwater Freshwater species

Stygobiotic species

invertebrate groups

World Europe World Europe

Species % Species % Species % Species %
Rotifera 1,948 1.8 1,288 7.6 49 1.0 36 2.0
Nematoda 1,890 1.7 622 37 33 0.7 24 1.3
Annelida 1,761 1.6 612 3.6 78 1.6 70 39
Mollusca 4,998 4.5 809 4.8 350 73 279 15.5
Crustacea 11,990 10.8 2,285 13.5 3,400 71.2 1,174 65.0
Acari 6,149 5.6 1,028 6.1 650 13.6 100 55
Insecta 75,874 68.5 9,681 57.0 18 0.4 2 0.1
Other groups 6,109 5.5 654 39 197 4.1 120 6.6
Total 110,719 16,979 4,775 1,805

For species count in ground water only stygobiotic species were considered. Data were derived from Fauna Europaea Web Service
(2004), Balian et al. (2008), Botosaneanu (1986), integrated herein of recent data updated to 2009
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Fig. 1 Number of species discovered per year against year (a)
and cumulative species count against year of description (b) for
European surface and stygobiotic crustaceans

species richness at the European scale did not follow a
significant latitudinal gradient (n = 43 countries;
r = 0.195; P = 0.419), nor displayed a significant
global spatial autocorrelation (Moran’s [ = 0.043,
P = 0.28). European countries were classified using
LISA into two significantly different (P < 0.05)
spatial clusters of countries with similar species
richness (Fig. 2b). The Central-European, species-
rich cluster displayed a species density of epigean
crustaceans more than double than that of species-
poor countries. In sharp contrast with the observed
trends for epigean crustaceans, stygobiotic crustacean
species richness, classified into three spatial clusters
(Fig. 2¢), showed a strong latitudinal gradient (+* =
0.700; P < 0.001).

The most species-rich countries (France, Spain,
Italy and part of the Balkan Peninsula) may be
considered as ‘hot areas’ of stygobiotic species rich-
ness; conversely, ‘cold areas’ were located in northern

and north-eastern European countries (including Scan-
dinavia and Iceland). The clusters of countries
included in ‘hot’ and ‘cold’ areas, respectively
(Fig. 2c), were statistically significant (LISA analysis,
P < 0.05). Such a distribution of stygobiotic species
follows the palaeoclimatic conditions during the Last
Glacial Maximum (Fig. 2d), along an increasing
gradient of species richness from the northern area
covered by the ice cap, passing through the permafrost
zone and finally reaching the not-glaciated areas to the
South. Differences in species richness between the
three latitudinal bands were dramatically high; ‘cold
areas’ in northern Europe harbour 11 stygobiotic
species (approximately 0.04 species/km?), against
210 species known for intermediate countries (0.8 spe-
cies/km?) and 956 species known for the ‘hot” southern
countries (3.9 species/km?).

Species turnover and additive partitioning
of species richness

Average species richness per country, f-diversity and
total species diversity were calculated for each
latitudinal band using additive partitioning of stygo-
biotic species richness. Beta-diversity at the conti-
nental level (i.e. changes of diversity among different
latitudinal bands) decreased from southern to northern
latitudes, indicating a high species turnover across
Europe. Hierarchical additive partitioning of stygobi-
otic crustacean species richness at the European scale
(Fig. 3) revealed that f-diversity accounted for the
most part of the overall species richness in Europe
(64.7%), reflecting the high dissimilarity observed
among latitudinal bands. Stygobiotic f-diversity at the
country level (31.5%) was approximately one half of
p-diversity at the continental level. The contribution
of each spatial level (latitudinal bands and countries)
to total species richness increased with its relative
size.

The stygoregional scale

Patterns of species richness

The eight unsaturated karstic aquifers analysed in the
stygoregion of north-eastern Italy were distributed
along the E-W pre-Alpine band (Fig. 4a). Most of the

study area was not covered by the ice sheet during the
Last Glacial Maximum, as showed in Fig. 4a. Seventy
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Fig. 2 Distribution of crustaceans at the European scale:
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Fig. 3 Hierarchical additive partitioning of stygobiotic crus-
tacean species richness at the European scale. Bars show the
percentage of total species richness explained by o- and
p-components at two spatial hierarchical levels: countries and
latitudinal bands. Observed f-diversities significantly differ
from a random distribution of species richness among countries
and latitudinal bands (Partition software, P < 0.01)

stygobiotic crustacean species were collected from 138
caves of this stygoregion. Michaelis—Menten estimator
was used to compare species richness among different
aquifers, because regional-species accumulation
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curves (i.e. cumulative species richness vs. number
of sites sampled within an aquifer) did not reach an
asymptote in any region. No relationships have been
observed between average local species richness
(LSR) and distance from the eastern stygoregional
border (r = 0.609, P = 0.14), while aquifer species
richness (RSR) decreased from East to West (Fig. 5a).
The second-order polynomial model provided a better
fit than the linear model, with the second-order term
statistically significant (P < 0.05), suggesting a max-
imum of species richness in the eastern part of the
stygoregion or immediately outside its border, in
Slovenia.

A significant correlation (r = 0.783, P = 0.02)
between RSR and the number of exclusive species (i.e.
strict endemics within an aquifer) indicated that the
eastern aquifers host a higher number of regional
endemics, along with higher species richness values.
The southern border of the Wiirmian glaciers, together
with the southernmost extension of the karstic areas,
marked by the interface between limestone and
alluvial sediments of the Padanian Plane, resulted
strictly related to the high level of endemicity among
stygobiotic crustaceans, as exemplified in Fig. 4b. The
distributional pattern exhibited by the sphaeromatid
isopod genus Monolistra 1is mirrored by the
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Fig. 4 The stygoregion of
north-eastern Italy.

a Distribution of the karstic
areas analysed in the
stygoregion and
dendrogram based on
average dissimilarity (scale
on the right). Grey areas
represent karstic areas;
dotted line represents the
southern border of Alpine
ice sheet during the Last
Glacial Maximum.

b Influence of the LGM on

the recent distribution of the

isopod genus Monolistra in
the same stygoregion
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distribution of several other genera and species-groups
of stygobiotic crustaceans (Ruffo & Stoch, 2006).

Species turnover

The high degree of endemicity suggests a high species
turnover following the E-W pre-Alpine ridge. In fact,
the dissimilarity in species composition among aqui-
fers of the stygoregion markedly increased from the
eastern aquifer close to the Slovenian border to the
westernmost ones (Fig. 5b). The Michaelis—Menten
model (©* = 0.948, P < 0.001) revealed a steep slope

in dissimilarity values in the first 100 km from the
eastern aquifer; dissimilarity values close to 1 were
maintained in the remaining aquifers located at the
western part of the stygoregion. Values of species
dissimilarity among aquifers were used to perform a
cluster analysis that identified strong dissimilarities
between regional crustacean assemblages (Fig. 4a).
However, the lowest dissimilarity coefficient between
two aquifers was everywhere very high in the stygo-
region, never below 0.5. The relationship between
species dissimilarity and geographic distance was
statistically significant (a second-order polynomial
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regression representing the best fit, with > = 0.385
and P < 0.001); however, the relationship between
RSR and average dissimilarity among caves within an
aquifer (Fig. 6a) was statistically not significant
(* = 0.070, P = 0.73), confirming a high species
dissimilarity among caves within the same aquifer
independently of its RSR.

Local versus regional species richness relationship

LSR of the unsaturated karstic aquifers did not
increase linearly with their RSR (Fig. 6b). The linear
correlation was statistically not significant (log-
transformed values, 2= 0.291, P = 0.167), while
the second-order polynomial model provided a better
fit (¥ = 0.707, P < 0.05). Both the first- and second-
order terms were statistically significant (P < 0.05).
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The fitted curve suggested a maximum of LSR within
the observed range of RSR.

Additive partitioning of species richness

Species diversity of stygobiotic crustaceans at the
smallest spatial scales analysed in the whole stygo-
region (mean RSR = 17.4 species) was considerably
lower than among habitats-diversity measured at the
same spatial scale (52.6), which made by far the
highest contribution to total species richness (75.2%),
reflecting the high dissimilarity observed among
regional aquifers. Beta-diversity at the cave level
(13.8) was considerably higher than o-diversity at the
same level (mean LSR = 3.6). The contribution of
each spatial level of the north-eastern stygoregion in
Italy (aquifers and caves) to total species richness
increased with its size (Fig. 7).
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From the regional to the local scale
Patterns of species richness

A total of 64 stygobiotic species of crustaceans are at
present known from ground water of the Lessinian
massif region (Fig. 8). Differences in species richness
among the four hydrogeological zones, namely:
(1) unsaturated and (2) saturated karstic aquifers (with
29 and 28 species, respectively), (3) hyporheic zone of
the porous aquifer (with 28 species) and (4) saturated
porous zone (with 20 species), were slight.

Species richness was higher in the karstic aquifer
of the region (57 species) than in the porous one
(48 species). Species richness estimates using species
rarefaction curves showed that Chao2 estimator

T T T 1

5 10 15 20 25 30 35
Regional speciesrichness

stabilized in both aquifers after approximately 20
sampling sites (Fig. 9). After the same number of
sampling sites, the uniques (i.e. the number of species
found in a single site) decreased as well, indicating a
similar sampling efficiency in both aquifers. For this
reason, the observed difference in species richness
cannot be attributed to sampling bias.

Patterns of point-species richness at the Lessinian
regional scale are presented in Fig. 8. The spatial
distribution of sampling sites was not uniform across
the study area. Karstic sites rather followed the
aggregate topology of the karst, whereas alluvial sites
showed a clumped distribution, reflecting the location
of upwelling stream bed sectors. Point-species rich-
ness showed a statistically significant (Moran’s
I =0.132, P < 0.001) global autocorrelation.
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differs from random distribution of samples (P < 0.01)

Additive partitioning of species richness

Point diversity of stygobiotic crustaceans was quite
low (2.3 & 1.8; 4.1% of total species richness), much
lower than p-diversity at the same spatial scale

Fig. 8 Distribution of '
stygobiotic crustaceans
along sampling sites within
the Lessinian region (north-
eastern Italy). Circle sizes
proportional to point-
species richness

-

(23.2%). Beta-diversity at the hydrogeological-zone
level was quite low (8%), while f-diversity at the
aquifer level (27.5%) highly contributed to total
species richness (Fig. 10).

Discussion

Species richness in ground water: a question
of numbers

Currently, as far as fresh water is concerned, inverte-
brates are represented by approximately 111,000
species worldwide (Balian et al., 2008); among them,
insects are the dominant group in surface fresh water,
with about 76,000 species followed by crustaceans,
with 12,000 species.

By comparing the taxonomic composition of
species richness at the World and European scales,
insects dominate everywhere in surface fresh water
(from approximately 76,000 in World fresh water to
about 9,700 in European fresh water, accounting for
68.5 and 57% of total species richness—TSR,
respectively). They are followed by the crustaceans
(from 12,000 species to 2,285, accounting for 10.8
and 13.5% of TSR, respectively), all the remaining
groups representing only a small fraction of TSR
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Fig. 9 Species accumulation curves for stygobiotic crusta-
ceans in the Lessinian ground water at increasing sample size:
a karstic aquifer; b porous aquifer. S,,, species rarefaction
curves of observed species richness (Mau Tau, mean values of
100 randomizations); Uniques curve of the number of uniques,
i.e. species present in a single sample (mean values); Chao2
estimated species richness using Chao2 formula (mean values;
error bars represent standard errors)

(Table 1). The Crustacea are mostly represented in
fresh water by the Copepoda, with approximately
2,800 species (Boxshall & Defaye, 2008), the Ostra-
coda, with about 2,000 species (Martens et al., 2008),
and the Amphipoda, with some 1,800 species
(Viinola et al., 2008).

Species richness of crustaceans in subsurface
environments may be higher or comparable at least
to that observed in surface fresh water (Stoch, 1995;
Rouch & Danielopol, 1997; Galassi et al., 2009a).
The high radiation and subsequent diversification of
crustaceans in ground water are indisputable. Their
taxonomic diversification in surface fresh water
parallels that in groundwater, where they are the
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Fig. 10 Hierarchical additive partitioning of stygobiotic crus-
tacean species richness at the regional scale (Lessinian massif).
Bars show the percentage of total species richness explained by
o- and f-components at three hierarchical spatial levels:
sampling sites, hydrogeological zones (hzones: unsaturated
zone of karstic aquifers; saturated zone of karstic aquifers;
hyporheic zone of porous aquifers; saturated zone of porous
aquifers) and aquifers (karstic and porous). Observed richness
of - and f-components significantly differ from random
distribution of samples (P < 0.01)

most species-rich group. Sket (1999a, b) stated that
stygobiotic diversity is mainly crustacean diversity.
In ground water, the Crustacea contribute to about
70% of the overall species richness and are predom-
inantly represented by the Copepoda, the Amphipoda
and, to less extent, by the Ostracoda, collectively
outnumbering all remaining invertebrate groups
living in this environment (Galassi et al., 2009a;
Stoch et al., 2009) (Table 1).

Among stygobiotic crustaceans, there are some
taxonomic groups which are exclusively known from
ground water, lacking any surface representative, or
being exceptionally represented in surface fresh
water. The Syncarida (with 240 stygobiotic species)
are almost completely absent from surface fresh
water, suggesting that the stygobisation process may
have started at the origin of their evolutionary history,
as hypothesized also for the harpacticoid copepod
family Parastenocarididae (Schminke, 1981). The
Spelaeogriphacea are exclusively known with four
stygobiotic species. A similar situation is observable
within the Thermosbaenacea with 18 stygobiotic
species (Jaume, 2008) and in the copepod order
Gelyelloida with only two stygobiotic species pres-
ently known; just to list few representative examples.
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Basically, there is robust ground to infer that
crustacean stygobiotic species richness is still largely
underestimated, in part for sampling incompleteness,
in part as consequence of the Linnaean and the
Wallacean shortfalls (i.e. inadequacies in taxonomic
and distributional data) (Lomolino et al., 20006),
which operate together, firstly, in species richness
underestimation, and secondly, in creating artefacts is
species distribution. This bias is the inexorable
product of the alarming decline of taxonomy (Crisci,
2006) that has profound implications for assessing the
extent of groundwater biodiversity (how many
stygobiotic species are there) and understanding the
geographical distribution of species (where a stygo-
biotic species is present and how large is its
geographical range). The Linnaean shortfall clearly
emerged examining the discovery rate of epigean
versus hypogean crustaceans; the increase in species
discovery among stygobionts is far from having
reached a plateau and the rate of species description
shows several lag-phases in the recent history.

In spite of the poor overall LSR in ground water,
why are there so many crustacean species in this
environment? Several arguments have been presented
(Stoch, 1995; Danielopol et al., 2000; Gibert &
Deharveng, 2002) for explaining the success of the
Crustacea in ground water, all advocating the lack of
competition, due to the absence of insects (Sket,
1999b; Culver & Sket, 2000; Ferreira et al., 2007).
Being dependent upon air for breathing or reproduc-
ing, aquatic insects are extremely rare in ground
water (Danielopol et al., 2000). The absence of
insects leaves many habitats and potential niches
empty.

Arguments to explain the lower species richness in
ground water revolve around the fact that the
underground environment has been colonized by
those epigean surface populations able to cope with
the different selective pressures in ground water by
means of morphological and physiological preadap-
tive and exaptive traits; moreover, this environment is
characterized by a ‘truncated food web’ (Gibert &
Deharveng, 2002), because primary productivity is
missing, determining low-energy food webs and the
assumed low turnover in community composition,
with a few exceptions represented by chemoautotro-
phic groundwater ecosystems (Engel, 2007), where
stygobiotic diversity may be higher than in the
heterotrophic ground water.

@ Springer

Indeed, it is almost impossible to explain the
crustacean dominance in ground water by interpreting
the radiation and adaptation processes at the wide
subphylum taxonomic rank. For instance, not all the
crustacean taxa successfully colonized ground water.
As a matter of fact, some groups have never entered
ground water or, alternatively, are known from this
environment with only a few specialized species.
This is the case of the Cladocera, with 10 stygobiotic
species worldwide (Brancelj & Dumont, 2007),
mostly belonging to the genus Alona, out of a total
of 620 species (Forro et al., 2008), and the Copepoda
Calanoida, with 9 stygobiotic species known (Bran-
celj & Dumont, 2007) out of a total of 552 freshwater
species (Boxshall & Defaye, 2008). The poor taxo-
nomic diversification of these crustacean groups in
ground water is in sharp contrast with their relatively
high diversity in surface fresh water and may be
explained by their preference for the planktonic
habitats. The planktonic life style allows them to
colonize almost exclusively the saturated karst (e.g.
subterranean lakes), and habitat availability for these
species is strictly dependent on the degree of
development of the saturated karst in different
geographical areas, and, no less important, on the
degree of connection between surface standing waters
and the limnic ground water. Moreover, their high
potential for dispersal, also by means of resting stages
(Shurin et al., 2009), may prevent isolation and then
speciation by vicariance.

Other crustacean groups (Copepoda Cyclopoida
and Harpacticoida, Ostracoda, Isopoda and Amphi-
poda) have supremacy in fresh ground water situa-
tions. Not unlikely, the predominant benthic and
inbenthic life styles, together with the widespread
heterochrony observable in these groups (Coineau,
2000; Galassi et al., 2009a), may represent the basic
explanation for their success in ground water. The
diverse array of structural plans observed in stygo-
biotic copepods and amphipods, and, to less extent, in
ostracods and isopods, is attributable to their intrinsic
phylogenetic disparity, which has offered the oppor-
tunity to answer the different selective pressures
exerted by the heterogeneous ground water.

Many stygobiotic copepods, amphipods, isopods
and syncarids exhibit reductions in body plan and
appendage morphology, which can be regarded as the
result of a number of paedomorphic heterochronic
events: post-displacement, progenesis and neoteny.
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The recurrent heterochrony observable in the evolu-
tionary history of the Crustacea may have favoured
miniaturization and consequently a high potential to
enter small fissures of karstic aquifers, survive in the
capacitive subsystems or in small and large pools and
trickles of the epikarst, or stably colonize the
interstitial voids in subsurface alluvial sediments,
which all represent the major routes for entering the
true groundwater realm.

Species richness in ground water: a matter
of scale

From the European scale to the stygoregional
scale

An exhaustive explanation of the diversity patterns
should cover a wide range of phenomena, at various
scales of analysis, and cannot be expressed in a single
argument. In particular, a top-down, global-to-local,
macro-to-micro scale approach is necessary to mod-
elling richness variations (Whittaker et al., 2001,
2005; Willis & Whittaker, 2002).

At the European scale, the distribution pattern of
stygobiotic crustaceans differs from that of surface
freshwater species, the latter being almost homoge-
neously distributed along the latitudinal gradient.
This fact may be explained by considering that
several surface crustacean species are limnic (Hof
et al., 2008); and especially planktonic microcrusta-
ceans show high aptitude to dispersal (Shurin et al.,
2009). They may have re-colonized the water bodies
at northern latitudes in the last 20000 years (Hewitt,
1999), following the strong gradient of limnicity
(ratio of total lake area over total country area)
(Lehner & Doll, 2004). In Europe, limnicity ranges
from over 9% in Nordic countries, such as Sweden, to
less than 0.5% in Greece (UNEP/IETC, 2000). A
weak and less steep latitudinal gradient of species
richness in fresh water has also been observed by
Hillebrand (2004), and, more importantly, signifi-
cantly weaker gradients were found in lakes than in
streams in Europe. For example, in northern and
central Europe, most of the crustacean diversity is
built up by planktonic cladocerans and copepods,
and, to less extent, by amphipods (Hof et al., 2008). It
is not a case that in these areas there is also the
highest value of limnicity. Hof et al. (2008) demon-
strated that the correlation between widespread,

limnic species richness and latitude is not linear,
showing a maximum at intermediate latitudes and
dropping down towards both northern cold and
southern warm and more arid countries, denoting a
strong influence of current climatic conditions.

On the contrary, the strong latitudinal gradient
displayed by groundwater species may be explained
using climate simulations for the Last Glacial Max-
imum; i.e. past climatic conditions. Quaternary
glaciations have led to massive extinctions of crus-
taceans in the Northern Hemisphere; stygobiotic
species survived in the less drastic climatic condi-
tions offered in southern Europe, in the more
protective ground water. While the epigean survivors
re-colonized the water bodies to north by means of
post-glacial dispersal, this ‘occasion’ was denied to
most stygobionts, due to the fragmented and isolated
nature of the groundwater habitats (Rundle et al.,
2002; Castellarini et al., 2007; Galassi et al., 2009b;
Malard et al., 2009; Martin et al., 2009).

Aratjo et al. (2008) found that the distribution of
narrow-ranging species of amphibians and reptiles is
markedly constrained by the mean annual freezing
conditions in the Last Glacial Maximum, whereas
widespread species are more constrained by current
mean annual freezing conditions. This holds true for
crustacean as well, considering the small species range
of most stygobiotic crustaceans, mainly due to the high
degree of endemicity in subterranean waters (Gibert
etal., 1994; Wilkens et al., 2000; Lefébure et al., 2007,
Galassi et al., 2009a, b; Trontelj et al., 2009).

Even at the stygoregional scale, the distribution of
narrow-ranging stygobiotic species is markedly con-
strained by the mean annual freezing conditions in
the LGM, and not by current mean annual freezing
conditions. Species distribution clearly follows the
ice sheet border of Last Glacial Maximum, whereas
the current mean 0°C isotherm lies at higher altitudes
on the Alps (Aragjo et al., 2008). The prevailing role
of historical factors in shaping stygobiotic crustacean
diversity at the stygoregional scale examined is
clearly demonstrated by several other evidences:
(a) the decrease of species diversity among aquifers
along a gradient from the species-rich Slovenian
aquifers (hotspot of European stygodiversity after
Deharveng et al., 2009) to the poorer western
aquifers, more heavily influenced by Wiirmian gla-
ciations and more peripheral to the main karstic areas
of the eastern part; (b) the steep increase of species
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dissimilarity (i.e. higher species turnover) among
aquifers within the same stygoregion; (c) the fact
that species-rich aquifers also host the highest
number of endemics, supporting evidences for long-
term isolation among aquifers which may have led to
independent evolutionary histories of the aquifer
assemblages.

From the regional to the local scale: the relationship
between local and regional species richness

Our results revealed that at whatever value of species
richness measured at regional scale, the local diver-
sity (here interpreted as point-diversity) attained a
ceiling (plateau), with low values of LSR measured at
each cave. This fact suggests that LSR reached its
maximum and did not follow the increase of regional
species richness, contrasting the general tendency of
a linear relationship (type I relationship described by
Gaston, 2000). Similar results were obtained by
Malard et al. (2009) at a larger scale in Europe,
demonstrating that local (aquifer) species richness did
not always increase with regional species richness;
however, in this case, historical factors may have
shaped this local versus regional species richness
relationship (Malard et al., 2009). On the contrary, a
linear relationship between local and regional species
richness holds true for surface zooplankton (Shurin
et al., 2000), characterized by high dispersal ability.

Historical factors seem to have operated at the
stygoregional scale as well as at the regional scale,
here exemplified by the Lessinian massif, where
karstic and porous aquifers, differing in their relative
geological history, showed different values of species
richness. If aquifer species diversity seems to be
mainly determined by historical events, point-species
diversity saturation (or pseudosaturation) could
require different explanations. Winkler & Kampich-
ler (2000) argued the difficulty of distinguishing
between true saturation and pseudosaturation. In
particular, if saturation may be subject to local biotic
and abiotic rules, pseudosaturation may be the
reflection of stochastic equilibrium, high local extinc-
tion rates, endemicity, regional heterogeneity or
inadequate sampling. In ground water, the high rate
of endemicity and the high regional heterogeneity are
undeniable (Gibert & Deharveng, 2002; Gibert &
Culver, 2009), while high local extinction rates are
unlikely in this conservative environment (if we
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exclude the effects of anthropogenic disturbance).
Therefore, larger regions are expected to include
more landscape features and, correspondingly, more
specialists and endemics. Hence, regional species
richness may include species not adapted to a given
local habitat, originating pseudosaturation of point-
diversity (Cornell, 1993). Moreover, low species
turnover and supposed empty niches (Stoch, 1995;
Sket, 1999a, b) may reinforce the observed pattern.
However, the role of endemicity in pseudosaturation
remains controversial; on the contrary, the high
number of rare, locally endemic species (Gibert &
Deharveng, 2002), as well as the high incidence of
cryptic species (Lefébure et al., 2007; Trontelj et al.,
2009) is certain, and may lead to an underestimation
of regional species richness and not of point-species
richness. Finally, spurious asymptotes can derive
from methodological artefacts. Caley & Schluter
(1997) emphasized the importance of adapting local-
ity size, as well as sample size, to the range of the
study areas. If area increases, constant sampling
effort will likely detect a decreasing part of the total
number of species at the point-site scale (Dole-
Olivier et al., 2009a).

Even if pseudosaturation cannot be ruled out as an
explanation of the observed patterns, instead of true
saturation, the low point-species richness at the local
scale, compared to the high regional species richness,
remains unquestionable (Deharveng et al.,, 2009;
Malard et al., 2009).

Dissecting spatial diversity at different
spatial scales

The hierarchical additive partition of stygobiotic
crustacean diversity performed at the European,
stygoregional and regional scales, respectively,
clearly confirmed that most of y-diversity is explained
by f-diversity, whereas a-diversity contributed to
total diversity from 2.5% (at the regional and local
scales) to 5.1% (at the stygoregional scale). The high
values of f-diversity may seem a paradox in species-
poor groundwater assemblages. However, at the
macro-scale, the high fS-diversity has been explained
by considering the effects of historical determinants
(Malard et al., 2009). The high level of endemicity
(linked to habitat fragmentation and isolation) and the
low dispersal ability of stygobionts are the major
responsible of the high values of y-diversity and the
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high species turnover among aquifers and regions;
i.e. f-diversity appeared to be more important than
o-diversity in shaping y-diversity. For this reason, the
contribution of f-diversity increased with the size of
the hierarchical levels analysed (aquifer, region,
stygoregion and continent).

At local scale, the value of f-diversity was high at
the sampling-site level as well. In addition to
arguments about the potential pseudosaturation
discussed above, which may have accounted for
low a-diversity values, we must admit that theoretical
positions on the expected relationships between
o- and f-diversities are conflicting (Jost, 2007).
Previous analyses at the local scale support the
contention that, although not unlikely ecological
factors may play some role in building species
richness at local scale, differences in water chemistry
and other environmental parameters analysed in the
Lessinian area (Galassi et al., 2009b) seemed to have
not affected point-species richness in ground water
(Dole-Olivier et al., 2009b; Malard et al., 2009). In
theory, food and spatial niche availability in the
truncated food webs (Gibert & Deharveng, 2002)
may be explanatory variables accounting for differ-
ences in species richness observed between different
areas of highly heterogeneous aquifers; i.e. they may
explain the low levels of measured point diversity.
The high spatial heterogeneity was demonstrated for
both karstic (Brancelj, 2002; Pipan et al., 2006) and
porous (Rouch, 1988, 1991, 1992, 1995; Rouch &
Lescher-Moutoué, 1992) aquifers. These statements
were confirmed by Galassi et al. (2009b), who
demonstrated a strong habitat segregation of stygo-
biotic fauna in the Lessinian massif, and by the
present study, which evidentiated a high species
dissimilarity among caves within the same aquifer in
the eastern Alpine stygoregion, independent of
regional species richness.

At the local site-scale, the relationship between food
availability and species richness is still open to
question, and unfortunately this argument alone cannot
satisfactorily explain the values of point-species rich-
ness. For instance, an increase in organic matter
availability in ground water leads to an increase in
allocthonous species (i.e. the stygoxenes) along with
the decrease in stygobiotic species richness (Malard
et al., 1994; Paran et al., 2005). Conversely, in other
situations, stygobiotic species (especially bacterial
biofilm-feeders) resulted concentrated in local patches

at the cm?-scale, corresponding to habitats with the
highest microbial activity (Galassi et al., 1999). For
this reason, the role of the main ecological determi-
nants of the low point-diversity in ground water
remains poorly understood.

Conclusion

Being the Crustacea the dominant group in ground
water, in this contribution the spatial distribution of
their species richness across a range of spatial scales
has been examined. From data of the present study, a
nested hierarchy of historical and ecological factors
appears to determine stygobiotic species richness. At
the continental and regional scales, historical factors
are the major determinants of species richness in
ground water. Quaternary glaciations have strongly
affected the distribution of stygobiotic species rich-
ness; however, additional historical factors probably
affected stygobiotic species richness among not
glaciated areas, differing in palacogeographical and
palaeogeological features. For instance, differences in
the age of the underlying geological formations into
the same stygoregion may be reflected in different
magnitudes of long-term vicariant events and poten-
tial retention of multiple disjunct refugia, which may
have led to comparatively higher species richness in
some geographical compartments (Deharveng et al.,
2009). Historical factors seem to have operated also
at the smaller regional scale, where different karstic
aquifers, located in the same stygoregion, but differ-
ing in paleogeographical and palaeoclimatic condi-
tions, showed different values of species richness.
At the local scale, results are less clear. The almost
widespread truncated food webs in ground water
(Gibert & Deharveng, 2002), together with different
habitat preferences of stygobiotic species, may rep-
resent the coarse-grained explanations of the crucial
question governing this contribution: why are there
so few species in ground water? This answer may
apparently be in line with classic community assem-
bly theories which are synthetically focused on
interspecific competition and niche differentiation
among species which built up the community (Gotelli
& Graves, 1996; Losos, 2008). The analysis of
patterns of species richness at the local scale may
hypothetically suggest that some (if not all) of the
groundwater habitats may offer a small range of
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successful strategies (Cornwell et al., 2006; Ulrich
et al., 2009), which, together with oligotrophy, may
led to poor species assemblages, composed by
phylogenetic related species. Only a further approach,
dealing with analysis of the functional diversity
(Stegen & Swenson, 2009) in groundwater commu-
nities, together with the evaluation of phylogenetic
diversity within and among groundwater assemblages
(Hardy & Senterre, 2007; Graham & Fine, 2008;
Ricklefs, 2008), will clarify the more significant
ecological processes responsible for the observed
patterns of point-species richness.
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