Chapter 13
Management of Groundwater Species
in Karst Environments

William F. Humphreys

Abstract Carbonate karst is characterized by subterranean drainage and contains
the most biodiverse groundwater faunas globally. These faunas, which include a
suite of higher taxa largely restricted to karst subterranean waters, comprise species
that characteristically are narrow range endemics. They typically possess a suite of
adaptations to subterranean life that render them especially vulnerable to anthropo-
genic disturbance. Most such faunas depend on imported energy, largely in the form
of dissolved organic carbon, or on chemoautotrophic energy in particular circum-
stances. Karst is especially vulnerable to surface inputs at both local and broad
scales owing to the absence of, or thin soil cover, and by the presence of open con-
duits that can transport materials such as sediments, pollutants, or nutrients to the
deep subterranean waters without amelioration. Management actions — such as sus-
taining water supply, control of pollution and nutrification, regulating resource
extraction, catchment surface management to sustain recharge and prevent siltation,
and control of human access — may need to be applied at very different scales, rang-
ing from a small cave, or extending to an entire catchment which may comprise
extensive areas outside the karst itself.

13.1 Introduction

Karst is characterized by the predominance of subterranean drainage, the fauna of
which this chapter is concerned. Karst is renowned for hosting obligate subterra-
nean species (stygobionts) and the first such species described was the Olm, Proteus
anguinus Laurenti, 1768, a blind, depigmented, salamander inhabiting cave streams
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in the classical Kras (karst) area of Slovenia, believed in mediaeval times to be the
dragon larvae. Stygobionts often comprise ancient relictual lineages isolated under-
ground millions of years ago, but this is not always the case. So, the evolution of
subterranean life is a continuing process and the movement of fauna or the flow of
genes between surface and subterranean populations needs to be maintained.
Consequently, the thresholds to the subterranean world, including springs, caves,
and sinkholes, are important elements in the management of groundwater fauna in
karst. For the purpose of this chapter, I group all underground waters inhabited by
fauna within the term groundwater although drips, pools, underground rivers, and
streams within caves are not typically referred to as groundwater.

The last two decades have seen the recognition of groundwater as a significant
source of biodiversity (Danielopol et al. 2000) that warrants protection both in its
own right (Danielopol 1998) and also for the provision of environmental services of
direct bearing on human well being (Boulton et al. 2008). The karst areas of the
world support the most diverse assemblages of subterranean aquatic species (var.
stygofauna, stygiofauna) and this chapter raises issues pertinent to their manage-
ment and conservation.

Groundwater ecosystems have been recognized as dynamic systems comparable in
complexity to surface ecosystems (Rouch 1977; Gibert et al. 1994), although they
lack primary production. Although within cave species richness (o.-diversity) is not
especially great (Culver and Sket 2000), the great change in species composition
between systems/karst areas (-diversity) results in a high species richness in larger
regions (y-diversity). In some areas, the species richness of groundwater fauna exceeds
that in surface waters, an increased knowledge that has arisen through both greater
research effort and as a result of molecular analyses showing that there are many cryp-
tic species in groundwater (Bradford et al. 2010). Consequently, previously wide-
spread species are recognized to comprise an array of species each more circumscribed
geographically, that is endemic to quite small areas (Proudlove and Wood 2003; Page
et al. 2008; Trontelj et al. 2009; Zaksek et al. 2009). Elsewhere, it has arisen as a result
of research in areas previously considered lacking in groundwater fauna, such as in
Australia where more than 750 species of groundwater fauna were reported within
about a decade (Humphreys 2008). The Balkan Peninsula is the longest most thor-
oughly researched karst region with more than 650 stygobiont species (plus 975
species of troglofauna; Sket et al. 2004) and Slovenia has the highest density of stygo-
bionts with 114 species (Culver et al. 2004). Whereas six European countries (Belgium,
France, Italy, Portugal, Slovenia, Spain) combined harbor 1059 stygobiont species
(Michel et al. 2009), only 269 species of stygobiont are known from the 48 contiguous
states of USA (Culver et al. 2003), with no more than 80 species in any karst region.
Strategies for conservation of cave fauna on a regional basis, beyond the scope of this
chapter, are addressed elsewhere (Culver et al. 2001; Ferreira et al. 2007; Gibert and
Culver 2009; Malard et al. 2009; Michel et al. 2009).

The management of groundwater species in karst environments typically invokes
images of cave streams and pools, and sometimes springs, but it requires consider-
ation of a far wider range of subterranean habitats to encompass the entire karst
ecosystem (Rouch 1977), and at a much larger scale, the extent of which may extend
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far beyond the karst system itself. The nature of karst, its past and present climatic,
altitudinal, geomorphic, cultural, and developmental contexts vary widely both
within and between biogeographic regions and nations. Consequently, it is not
appropriate here to prescribe management practices but rather to raise some general
principles and issues pertinent to the karst manager when contemplating the man-
agement of groundwater fauna in their particular circumstance and what needs to be
considered and what questions need positing of researchers. Thus, it is not intended
to provide a comprehensive coverage of the management issues, rather, to provide a
guide to the issues of which managers needs to be aware and to provide pointers to
where the information may be found or what direction research may need to take to
address the management issues.

The management of each karst basin faces a unique set of circumstances for
which it is not possible to be generally prescriptive. Humphreys (2002) identified
three needs for groundwater fauna — a place to live, food, and oxygen — in order to
focus attention on essential general elements of groundwater ecology without pre-
scription. He further developed a string of issues that were known to impact ground-
water fauna generally, or that may be expected so to do by extrapolation from
surface waters or general ecological principles (Humphreys 2009).

The European PASCALIS project, comprising the karst rich nations of Belgium,
France, Italy, Portugal, Slovenia, and Spain, is the first international attempt to
assess groundwater fauna with a view to optimizing conservation planning (Michel
et al. 2009). The general issue of conservation of subterranean fauna at a regional,
national, and global scale is not covered here but is addressed in Culver and Pipan
(2009) with leads to the pertinent literature.

To provide background to the conservation of karst aquatic fauna, there are many
books and manuals dealing with the details of karst and water management at vari-
ous levels of detail. Exemplar texts are, by topic: caves (biology — Culver and Pipan
2009; entity — Gillieson 1996); encyclopaedias (caves — Culver and White 2005; caves
and karst — Gunn 2004; biospeleology, Juberthie and Decu 1994, 2000, 2001); fauna
(Botosaneanu 1986); groundwater biology (Gibert et al. 1994; Griebler et al. 2001);
hydrogeology (Ford and Williams 2007); mapping (Culver et al. 2001); protection
and management (Watson 1997; Tercafs 2001; Jones et al. 2003); subterranean eco-
systems (Wilkens et al. 2000; Culver and Pipan 2009); dedicated journal issues
(Humphreys 1993b; Humphreys and Harvey 2001; Austin et al. 2008; Gibert and
Culver 2009); dedicated journals (Subterranean Biology, formerly Mémoires de
Biospéologie parts of International Journal of Speleology); and publications of the
Karst Waters Institute, USA.

13.2 The Nature of Groundwater Fauna

Subterranean aquatic fauna comprise elements dependent to differing degrees on
groundwater. They include stygobionts (var. stygobites) that are obligatorily depen-
dent on groundwater throughout their life cycle, stygophiles that spend only part
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of their life cycle in groundwater, and stygoxens that opportunistically inhabit
subterranean waters (Gibert et al. 1994). These degrees of dependence are reflected
in the extent of their adaptation to subterranean life, being most marked in stygo-
bites that characteristically lack visual and body pigments and so appear white and
eyeless, are commonly translucent, and often vermiform permitting passage through
small voids. They also exhibit behavioral adaptations that compensate, amongst
others, for lack of vision (review: Langecker 2000; Parzefall 2000), and physiologi-
cal adaptations such as low metabolic rate to compensate for the scarcity of food
(review: Coineau 2000; Langecker 2000). Subterranean species typically have no
resting life stage, exhibit a K-selected or A(adversity)-selected life history strategies
and respond to environmental scarcity with delayed maturation, delayed reproduc-
tion, and lowered fertility (sensu Greenslade 1983; Southwood 1988). For example,
tiny Bathynellacea (Antrobathynella stammeri and Bathynella sp.) may produce,
but a single egg and take 9 months to mature (Coineau 2001; Giere 2009: 99).

Stygobionts typically occupy a very small geographic extent and are numerically
rare, both factors that increase their vulnerability to extinction through stochastic
environmental and population events, and genetic inbreeding. In the USA, 44% of
stygobionts were limited to a single county (Culver et al. 2000), while in Western
Australia, groundwater calcrete formations each harbor an endemic fauna, rich in
diving beetles and crustaceans (Humphreys 2008). Aspects of rarity are discussed
by Rabinowitz et al. (1986) and developed in the context of subterranean animals,
together with population estimations, by Culver and Pipan (2009).

These attributes of groundwater animals have various management implications.
The differing degree of dependence on groundwater means that some part of the
fauna may require connection with the water surface even the air above, to complete
the life cycle and that this connectivity is a prerequisite to maintain the faunal
assemblage. For example, stygobiont diving beetles (Dytiscidae) breath at the water
surface while stygobiont crustaceans in the same system respire within the water; so
the crustaceans, but not beetles, could potentially disperse through subterranean
water lacking contact with the air. Conversely, stygobiont species, typically long-
lived and lacking resting stages, are dependent on the permanent presence of
groundwater. Attributes such as low metabolic rate that adapt stygiobionts to the
low food environment make them susceptible to competitive displacement by surface
species if subterranean food energy is increased through pollution.

Stygobionts overwhelmingly comprise crustaceans belonging to many higher
taxa, including those with broad ecological and geographical distributions (such as
Copepoda, Ostracoda, Amphipoda, Isopoda, and Decapoda) (Fig. 13.1), and those
with narrow ecological and geographical affinities, entirely or largely restricted in
their distribution to subterranean waters (such as Bathynellacea, Remipedia,
Thermosbaenacea, and Spelacogriphacea) (Botosaneanu 1987). Many other higher
taxa are represented amongst stygiofauna, including vertebrates (fishes, amphibians),
meiofauna, hydroids, sponges, flatworms, nematodes, segmented worms, snails,
mites, and beetles. Although this chapter focuses largely on visible fauna, there is a
plethora of smaller meiofauna (Giere 2009) barely studied in groundwater sediments,
and microbiota (Bacteria, Archaea) (Chapelle 2001; Griebler and Lueders 2009).
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Fig. 13.1 Examples of stygobiontic animals. (a) Eleotrid cave fish Milyeringa veritas and
synbranchid eel, Ophisternon candidum, from Cape Range, Western Australia; (b) thermosbaen-
acean Halosbaena tulki from anchialine system, Cape Range, Western Australia; (¢) Allocrangonyx
pellucidus from Oklahoma, USA; (d) isopod Monolistra (Monolistra) monstruosa Sket from
western Bosnia and Herzegovina. (a) and (b) are associated with an anchialine ecosystem. Photo
credits: (a and b) Douglas Elford, Western Australian Museum; (¢) courtesy of John Holsinger;
(d) Boris Sket

Subterranean habitats can be very old and groundwater fauna may survive under
extreme conditions and in isolated subterranean habitats through geological eras
(Longley 1986; Wilson 2008) and consequently through major changes in climate
and geological context (Humphreys 2000b, 2008). It used to be thought that stygo-
bites were largely a phenomenon in karst terrains in temperate regions; however,
over the last two decades, it has been recognized that stygobites occur widely, both
in terms of geology and climate. Speciose stygal communities occur in the tropics
(Deharveng and Bedos 2000; Humphreys 2008) but are largely absent in areas
closer to the poles. However, stygobites occur below the Pleistocene ice sheet in
Iceland inhabiting water-kept liquid by geothermal heat (Bjarni et al. 2007).
Groundwater fauna occurs in aquifers formed within a wide variety of substrates,
such as fractured rock, alluvial gravels, sandstone, and lava (Humphreys 2008), but
it is most widespread and prolific in karst systems. Groundwater fauna is known
from fresh, marine, and inland hypersaline waters (Humphreys et al. 2009), from
thermal springs (Monod 1924), and from beneath the ice sheets (see above). It is
known from both unconfined and confined aquifers — artesian systems to depths of
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up to 1 km in Morocco (Essafi et al. 1998) and widely in systems dependent on
non-tradition energy sources (Engel 2005), such as chemotrophic systems in
Edwards Aquifer, USA (Longley 1992), Movile Cave, Romania (Sarbu 2000),
Frasassi Cave, Italy (Sarbu et al. 2000), Ayyalon Cave, Israel (Por 2007), and the
anchialine system in Mayan Blue Cenote, Mexico (Pohlman etal. 2000). Accordingly,
most undisturbed saturated karst systems outside the polar regions are expected to
support groundwater fauna.

Stygal species often represent ancient phylogenetic and geographical relictual
lineages (review: Humphreys 2000) that have been isolated underground for many
millions of years (e.g., Leys et al. 2003; Wilson 2008). However, under certain
conditions, a lineage may independently invade the subterranean realm on numer-
ous occasions, such as with the development of regional aridity (Leys et al. 2003;
Cooper et al. 2008). Other stygal species are recent invaders with close surface
relatives, or species that still have both surface and subterranean populations, both
amongst vertebrates (Strecker et al. 2003, 2004) and invertebrates (Carlini et al.
2009). Thus, colonization of the subterranean realm is a continuing process and so
it is not just those species markedly adapted to subterranean life, which often attract
most attention, but also putative colonizers that deserve protection, together with
the gateway to and from the subterranean realm, be it a resurgence or sink. There
are hints, also, of subterranean lineages recolonizing the surface (Prendini et al.
2010; Kornicker et al. 2010).

‘Connectivity is a primary process influencing ecosystem function and the distri-
bution, abundance and persistence of all biota’ (Lindenmayer et al. 2008). Surface
and underground streams may both provide avenues of connectivity within a karst
basin (Verovnik et al. 2004; Carlini et al. 2009) and so need to be considered as a
whole in karst management, as in other systems. Conversely, cave populations
inhabiting subsurface basins may be quite disconnected from spring resurgences
because individuals of a species may be too large to traverse interstitial channels in
phreatic sediments and porous rock where conduits confining the cave stream pass
below the water table (Ford and Williams 2007), as was noted for Gammarus minus
(Carlini et al. 2009) and Niphargus virei (Malard et al. 1997). Even meiofauna, such
as Parabathynellidae, may be unable to traverse fine phreatic sediments between
calcrete aquifer “islands” in a desert landscape (Guzik et al. 2008). In contrast, at
karst outcrop areas, the spring ecotone may not modify the population structure of
the drifting population and consequently sampling at springs proved to be an effec-
tive way to study the population dynamics of the amphipod Niphargus virei within
the aquifer (Malard et al. 1997). It is widely recognized that vegetation provides the
organic carbon that forms the basis of subterranean food webs but its role in con-
nectivity is often overlooked. Roots may penetrate karst to a depth of at least 50 m
(Gillieson 1996). Roots transport organic matter directly to the groundwater, both
by growth and by the movement of sap and so provide a direct connection between
the photosynthetic tissue and groundwater. Secondly, roots provide connection
between groundwater and plant transpiration and this affects groundwater levels.
One consequence is that tree plantations may lower groundwater levels and threaten
cave invertebrate faunas (Jasinska and Knott 2000).
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The degree of local endemism in karst subterranean fauna is unparalleled. Most
stygal species are considered to occur over short distances, few more than 200 km
and many very much less (e.g., Leys et al. 2003; Finston et al. 2007, 2009; Cooper
et al. 2008; Page et al. 2008; Eberhard et al. 2009; Trontelj et al. 2009), commonly
restricted to single caves (Iliffe and Bishop 2007). This constraint may be further
strengthened as many cryptic taxa are being found further restricting the range of a
given putative species (Page et al. 2008; Trontelj et al. 2009). Short range endemism
makes the persistence of a species vulnerable to local scale impacts, such as quarry-
ing, draining, or impoundments. Similarly, they may be vulnerable to loss through
hybridization or by competitive exclusion by mixing of faunas through flooding by
impoundments, or tunnelling to manage water supply or as a bypass for engineering
and mining projects (Humphreys 2008).

The total species richness in subterranean water is difficult to determine because,
as is generally the case (May 1976), most species are rare. The task of evaluating the
diversity is compounded by limited access to an environment that, unlike the deep
ocean, does not yield readily to technological solutions. Despite intense sampling,
subterranean systems typically yield additional species for prolonged periods and
species accumulation curves analyzed using various algorithms are used to estimate
total species richness of a system, examples of which are found for the PASCALIS
project (Dole-Olivier et al. 2009). Additional species are still being found in
Vjetrenica (Bosnia & Hetzegovina) and Mammoth (USA) caves after 150 years of
sampling (Luci¢ and Sket 2003). An exception to this is sampling at a very small
spatial scale, by which means Pipan and Culver (2007a) were able readily to sample
a full complement of species of copepods from epikarst drip water.

13.3 Scale

Scale affects most aspects of karst management, such as practicality of manage-
ment, susceptibility to disturbance, temporal lags in hydrology, dispersal and vicari-
ance of fauna, and intrinsic stability. Karst groundwater fauna are dependent on
subterranean water-filled voids that may vary in scale through several orders of
magnitude (Boulton 2001), from the spaces between particles in alluvia to massive
caves and conduits in some karsts such as the longest known underground river, the
180 km long Ox Bel Ha cave system that links 130 cenotes (QRSS 2009) on the
Yucatan Peninsula, Mexico. In addition, groundwater fauna occurs extensively in
the smaller voids of carbonate deposits, even in the absence of overt karstification at
the surface (Humphreys 2001a). Within these systems, the physicochemical attri-
butes of karst groundwater also vary, from the redox gradients around sediment
particles through finely structured vertical gradients in anchialine waters (Seymour
et al. 2007), to the wide range of temporal and spatial scales enshrined in aquifer
flowpaths (Morgan 1993). Groundwater residence time is a significant factor in the
hydrogeochemical evolution of groundwater, the properties of which are important
to aquifer ecology. For example, changed flow affects the flux of organic carbon in
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Table 13.1 Karst recharge (After Smart and Worthington 2004a: 396)

Recharge Autogenic Allogenic
Origin of water On karst Outside karst
Chemical concentration Enriched Dilute

Flow Steady Variable
Sediment transport No Carried

groundwater that has a significant influence on the physicochemical variables such
as pH and redox (Eh) (Pérez del Villar et al. 2004).

Although most karst fauna is collected in caves, most fauna probably occurs in the
much more extensive void space in the leads and fissures far too small for people to
enter. One approach to examine this has been to filter the entire drainage from a karst
system (Rouch 1977, 1986) but it could be tested by having a cavernous area with
many boreholes to enable sampling of both means of access within the same karst.
However, multiple bores are rarely present in areas with accessible caves. Culver et al.
(2009) surmounted this by sampling from individual cave drips (1-1,000 m) effec-
tively obtaining point source diversity of the epikarst fauna. They demonstrated that
frequency of occurrence of stygobiont copepods at these very small scales could pre-
dict occurrence of stygobiont species at one to two orders of magnitude of larger
scales and argued that this supported dispersal at these scales. Conversely, Shabarova
and Pernthaler (2010) sampled three cave pools, between 722 and 913 m below the
entrance of Birenschacht cave, Switzerland, and showed very high microbial diversity
but minimal overlap, the pools sharing only one of 150 taxa (OTUs). They suggested
that this may partly be the result of habitat filtering by different hydrochemical proper-
ties but largely due to hydrological properties with vadose pools serving as static col-
lector of microbial diversity, while epiphreatic pools served as ephemeral habitat
during the passage of bacteria between terrestrial habitats and rivers or estuaries.

The source of recharge water, whether from within (autogenic) or from outside
(allogenic) the karst basin, has a great influence on the natural properties of the
water (Table 13.1) and on the potential for influx of contaminants and nutrients.
Allogenic karst may require that landscape-scale management has, of necessity, to
extend upstream into non-karst landscape to provide adequately for the protection
of the karst aquatic fauna.

The genetic variation in populations of stygobionts may vary widely in spatial
scale. Guzik et al. (2009) demonstrated significant genetic structuring within popu-
lations of three sympatric species of subterranean diving beetles (Dytiscidae) within
3.5 km? of a superficial karst in Western Australia. This study indicated that the
three sister species had different population histories with episodes of population
expansion, various degrees of spatial heterogeneity in the distribution of genetic
variation, isolation by distance and coalescence. Conversely, in anchialine karst and
pseudokarst such as lava, genetic structuring may be strong between adjacent areas
in the same region (Cape Range Australia, Page et al. 2008; Hawaii, Santos 2006),
or negligible within and between islands throughout the Hawaiian archipelago
(Russ et al. 2010). Spatial scale has temporal scale consequences in karst.
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For example, groundwater “ages’ with distance along its flowpath and so has different
properties, typically being more nearly carbonate saturated with time (distance) and
depleted of oxygen by microbial and eukaryote respiration, while excretion changes
the chemical and redox conditions. The degree of change will depend in part on the
duration of the biological and geochemical impacts (Humphreys 2008), and by the
buffering effect reducing the temporal variation in flow rate.

13.4 Nature of Karst and Karst Hydrogeology

A succinct authoritative account of karst hydrogeology is provided by White (2005),
and a fuller account by Ford and Williams (2007).

The development, structure, and hydraulic properties of karst affect the suitabil-
ity of karst for groundwater fauna and the range of habitats available. Karst is char-
acterized by the presence of a water-filled network of fractures in carbonate rocks
(limestones, dolostones, and metacarbonates) but that part of the karst pertinent to
groundwater ecology is not necessarily obvious. As water infiltrates to groundwater
(saturated zone), it traverses many different pathways with varying velocities and so
there are varying degrees of storage in the vadose (unsaturated) zone (Fig. 13.2).
This epikarst is the site of significant biodiversity containing short range endemics,
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Fig. 13.2 Schematic section of karst showing how the subterranean voids are variously intercon-
nected both internally and externally facilitating or impeding the movement of energy, materials,
and organisms. Other subterranean habitats have similar attributes working at different temporal
and spatial scales but largely lacking open conduit flow (From Eberhard and Humphreys 2003,
reproduced with permission from University of New South Wales Press and S.M. Eberhard)
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especially of micro-crustaceans (Culver et al. 2009; Pipan and Culver 2007a, b;
Pipan et al. 2006). Conversely, conduits are known from a depth of more than
1,000 m and deep aquifers may contain rich (Edwards Aquifer, Texas; Longley
1992) or sparse stygobiont faunas (Plaine de Fes, Morocco; Essafi et al. 1998).

Although most karst hydrology has been developed from studies in caves and
resurgences, there are many areas (e.g., buried karst) where only bores (wells) can
provide access for both hydrogeological (Smart and Worthington 2004a) and bio-
logical sampling (Humphreys 2001a; Allford et al. 2008). In karst, boreholes typi-
cally intercept a few small conduits (<1 cm) that represent fractures that have
been greatly enlarged by solution and which can be further enlarged if a bore is
used for water extraction (Smart and Worthington 2004b). Poorly maintained or
poorly constructed bores can become routes for contamination of the groundwater
due to downward leakage of surface water, or upward leakage of groundwater
from deeper aquifers, along the wall of the bore. While this can clearly have
implications for subterranean fauna, both by mixing separate faunas and changing
water quality, bore construction protocols are typically a regulatory issue that the
karst manager needs to ensure that they are compliant throughout the catchment
of the karst.

It is the dissolution of bedrock (karstification) that results in carbonate rocks
becoming productive aquifers (Smart and Worthington 2004a), as well as suitable
habitat for a range of stygiofauna with different lifestyles. However, matrix poros-
ity is commonly two orders of magnitude greater than fracture and channel porosity
(Smart and Worthington 2004a) and, although the small voids of the matrix make
it unimportant as living space for groundwater fauna, the matrix porosity may sup-
port stable autochthonous microbial endokarst communities (Farnleitner et al.
2005) thereby affecting water quality. Conversely, seasonality/variation in water
level due to temporal effects is important as it allows the deposition of sediments/
clays, which are prime sites for biogeochemical activity, and organic carbon which
is the basis of food on which stygiofauna ultimately rely (general account:
Humphreys 2009). Hydraulic conductivity increases by 10'-10? times from matrix
to fracture, and from fracture to conduit domains (Worthington 1999). In conse-
quence, the draining of karst following periodic recharge may occur in distinct
phases as the different karst domains and pondings unload their water (Fig. 13.3)
and this has consequences for the fauna. For example, sampling the fauna flushed
from a spring draining an entire karst enabled understanding of the different
domains within the karst. The rapid transit of water through open conduits (Mangin
1975) carried with it a groundwater fauna distinct from that found in the long resi-
dence time water of the karst matrix (Rouch 1977, 1986), an example whereby
stygobionts can also be a tool to understand and monitor attributes of karstic
groundwater (Malard et al. 1994; Humphreys 2009; Bonacci et al. 2009). However,
recent work has suggested that these distinct phases of drainage may be due to the
draining of ponded water behind constrictions in conduits (Eisenlohr et al. 1997;
Covington et al. 2009).

The lack of light in subterranean waters means that primary production is lacking
(the “truncated ecosystem” of Gibert and Deharveng 2002) and so energy input is
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Fig.13.3 Hydrographs showing asynchronous changes in physico-chemical parameters in Stemler
Cave, St Clair County, Illinois, over a period of 10 days through a major flood event (17-19
January) (From Taylor and Webb 2000a)

generally imported (allochthonous) from the surface. Consequently, depth below
the surface and lateral distance from inflow are issues of importance because they
are related to the coupling of the groundwater physicochemical and biotic variables
with the surface environment, both in terms of flux and temporal lags. For example,
organic carbon flux decreases with depth below the soil surface and with distance
along the groundwater flow path (review: Humphreys 2009). The duration of flow
within an aquifer affects the chemical composition of the water (e.g., carbonate
saturation), and is inversely related to the dissolved oxygen and organic carbon
concentration that are utilized by the microbiota and fauna (cf Humphreys 2009).
Thus, pertinent information on fauna management may be found in the hydrogeo-
chemistry of karst aquifers, informing on the degree of connectivity of its different
parts, the heterogeneity of the aquifer matrix, anisotropy — the time course of
recharge and discharge events, and the chemical evolution of the groundwater.

13.5 Where Groundwater Fauna Occur in Karst

Understanding of the integration of biological and hydrological processes in karst,
sometimes termed ecohydrology, is at an early stage, but Bonacci et al. (2009) pro-
vide background discussion and a framework for progress, a subject that overlaps
with hydrogeoecology, an emerging discipline that encompasses all groundwater
(Hancock and Boulton 2009). Karst aquatic biodiversity is partitioned between a
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number of different major habitats that may need to be managed separately. The
cave streams and lakes, that are the dominant feature in many caves and the focus of
most work on karst stygiofauna, may contain only a fraction of the fauna, both in
terms of numbers of species and numbers of individuals. Most of the void space in
karst is of dimensions far too small to access by people and in these areas, probably
most of the fauna live — variously termed crevicular or mesocavernous voids (FiSer
and Zagmajster 2009) —, but there are also rarer elements such as gour (rimstone)
pools, permanent sheet flow down vertical walls (cave hygropetric, Sket 2004),
meiofauna within sediments (Giere 2009) within the karst, and drips from epikarst,
and others (Culver and Pipan 2009). They have been variously sampled by hand
collecting, netting resurgences, boreholes or epikarst, or by baiting to attract such
fauna to larger voids (sampling methods, Camacho 1992).

Although diverse stygal communities do occur in some deep confined aquifers,
stygobites are most abundant and speciose in shallow unconfined aquifers. Gibert
(1986) studied the entire 10.5 km? Dorvan-Cleyzieu karst drainage basin in the Jura
Mountains, eastern France from where water drains primarily through the Grotte du
Pissoir. She determined the evapotranspiration, runoff, and infiltration to derive the
hydrological budget for the entire karst. Most carbon infiltrating the epikarst as dis-
solved organic carbon (DOC) rather than particulate carbon (POC), a result that is
in accord with the later work of Simon et al. (2007). Although large numbers of
animals enter karst from the surface (Rouch 1991), or via the epikarst (Pipan 2005),
and carbon also enters the karst water as drift in cave streams, their combined total
is small compared with DOC. Despite the great insights such a study provides on
the functioning of the karst system, this study is still unique. This demonstrates
the importance of connectivity (Lindenmayer et al. 2008) with the surface, and
elsewhere, as a prime issue in karst management.

13.6 Threats to Karst Groundwater Fauna

Small scale endemism places stygobionts at risk through stochastic processes (Sket
1999) and from single land use changes. It is difficult to assess the degree of threat
to groundwater fauna generally because in most places there is, or has been until
recently, a lack of information on subterranean systems. Lack of information is
highlighted in Australia where at least 750 species of groundwater fauna were found
mostly in the 10 years to 2008, and largely in areas where no stygiofauna had previ-
ously been recorded (Humphreys 2008). There are, nonetheless, records of species
loss and it is certain that local populations of invertebrates, fishes, and salamanders
have been extirpated and some species probably lost (Veni 1987; Elliott 1993, 1994).
Since some species are endemic to a single cave or a small cluster of caves, and
many caves have been disturbed, filled, quarried, mined, submerged, drained, or
polluted (Table 13.2), it is probable that some species have disappeared recently
without our knowledge (Lewis 1996). Culver and Pipan (2009:10.4) provide many
examples of threats to subterranean faunas in general (Fig. 13.4).
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Table 13.2 Human activity threats to karst groundwater habitats (Partly after Jones et al. 2003:
Table 5; Notenboom 2001; Humphreys 2003, Humphreys 2009)

Surface activities

Range of effects on groundwater

Construction and earth moving

Logging

Agriculture

Factory farming

Urban and industrial activities
(exacerbated by tourism)

Tourist development

Cave visitation

Quarrying and mineral
extraction

Water extraction

Water infiltration

Artificial injection for storage
of water, waste, thermal
capacity, other products
(both liquid and gas)

Oil and gas drilling

Greenhouse climate drivers
(gases, vapours, particulates)

Sedimentation, increased storm runoff, flooding, petroleum
spills. Compaction of superficial karst changing drainage
pathways

Increased storm runoff, soil loss and sedimentation, slash
and debris inputs

Water extraction for irrigation lowers water table; increased
nutrient and bacterial loads, increased storm runoff and
sediment load, diffuse and point source pollution by
agricultural chemicals (fertiliser, pesticides, persistent
metabolic products), sinkhole dumping

Demand for water; disposal of waste products, especially
NO_; eutrophication of waterways

General decline in quality of recharge water (nutrients,
heavy metals, organic chemicals), change in amount of
recharge, water level and periodicity of flow; septic
system failure; over pumping gives water drawdown and
decline in spring discharge; sewage; domestic, transport
and industrial waste (heavy metals, hydrocarbons, salts);
polluting leachates from landfill, and illegal or irregular
dumping

Water level decline, salt water intrusion, sewage discharge
to marine groundwater and its circulation, increased cave
visits

Sediment disturbance and compaction, trampling fauna,
removal of fauna, change in microclimate

Mobilisation of fine material leads to occlusion of voids and
smothering of surfaces. Removal of matrix below the
water table results in open pits converting groundwater
to surface water; short circuiting hydrogeochemical
evolution using bypass circuits. Alters groundwater
levels and changes flow paths, changes physicochemical
conditions, pollution with mining spoil (including
clogging of voids), pollution by metals and
petrochemical products

Lowers water table, changes flow vectors, alters physico-
chemical conditions, saltwater intrusion, mixing of
chemically stratified water, mixing of different aquifers

Pollutants, nutrient enrichment, sediments

Change water level, physicochemical conditions and
hydraulic gradients; contaminants and void occlusion

Contamination by lost drilling fluids and by hydrocarbons
from spills or leaks from well casings, storage tanks or
from pipelines, petroleum and salt contamination by
disposal of produced water

Water recharge, discharge, erosion cycle, residence time,
hydrogeochemical evolution, temperature




Fig. 13.4 Schematic diagram of a karst system (/), with an enlargement (2) of a section of a
subterranean stream (/8), depicting some routes of connectivity that may be managed to protect and
or restore invertebrate communities. A stream flows onto the karst (3) from non-limestone region
(allogenic) and descends underground at a sinkhole (4) forming a subterranean stream of river (5)
which leaves the karst system via a vauclusian spring (6). The characteristics of the allogenic water
is determined by the geology and land use in the catchment (7), and this is modified by passage
through the karst and allogenic recharge (9) that together determine suitability for subsequent users,
including human (8). Nutrients and pollutants in rain (9) and from arable and pastoral cropping
(10) percolate to the groundwater through the thin soil cover typical of karst, or more directly from septic
systems and sewage injection (/7). Plantations increase evapotranspiration by intercepting rainfall
and draw water from shallow groundwater (/2). Deep roots may penetrate up to 50 m depth drawing
on water, and providing carbon to the subterranean fauna by root growth and sap flow (/3), some-
time forming mats at the water surface providing habitat (/9). The underground river conduit (5) passes
below and above the regional water table (/4) which is freshwater but overlies a saline layer (green).
The saline layer is up-coning through the Ghyben-Herzberg effect in the downstream regions as a
result of overdrawing of water from the aquifer (15), or as a result of seawater intrusion from the
coast (not depicted). Upward and downward meanders in the river conduit serve as traps for high
density (/6) and low density non-aqueous phase liquids (/7) that can consequently accumulate
within the karst system from both allogenic and autogenic sources and smother sediments and
conduit walls, and the organisms, including biofilm. Within a small part of the karst (/8) enlarged
(2) the underground river (5) flows through a conduit cut through the matrix of the limestone (24) which
forms the majority of the water storage capacity of the karst and which connects with the conduit
through fractures (23) which also provide access for roots (/3). The sediments and gravel banks
(22), both below the water and periodically flooded, provide habitat for fauna and substrate for
biofilms, and may be destabilised through trampling by people. Some fauna is specialised to inhabit
sheet water flows on walls, (20) or amongst the floor speleothems (cave formations). Dripping sta-
lactites (217) provide effective sampling sites for epikarst fauna, and stalagmites growth using palae-
oclimate methods provides information on the history of the cave and local climate, sometimes into
deep history. For geochemical aspects refer to Fig. 3 in Humphreys (2009)
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Poulson (1968) attributed the present rarity of the cave fish Amblyopsis spelaea
in the Mammoth Cave System to silting and flooding associated with deforestation,
forest fires, and water engineering projects. Groundwater fauna are largely threat-
ened by changes in water level (Longley 1992; Rouch et al. 1993) and water quality,
the removal of matrix (Humphreys 2009), and sedimentation smothering surfaces
(Eberhard 1999; Hamilton-Smith and Eberhard 2000), and clogging voids although
the activity of stygobionts may counteract this (Nogaro et al. 2006).

13.6.1 Pollution

There are many texts dealing with the issue of karst contamination (e.g., introductory —
Schindel et al. 2004; major text — Fetter 2001; dispersed — Boyer 2004; point source —
Schindel and Hoyt 2004; remediation — Schindel et al. 2004; protection — Drew and
Dunne 2004; karst contamination in a USA — Elliott 2000; nitrates — Katz 2005;
chlorinated solvents — Wolfe and Haugh 2001).

Pollution is the contamination of groundwater with substances not naturally
present or changing the concentration of substances naturally present outside the
natural range which may be harmful to life. Subterranean waters are typically poor
in organic energy and subterranean fauna generally have low metabolic rates and
other physiological adaptation to this low energy environment (Coineau 2000). An
increase in energy input into the groundwater as a result of pollution (Fig. 13.5)
may permit the successful invasion of surface forms into a previously oligotrophic
environment (Notenboom et al. 1994; Malard et al. 1994).

While surface waters are more readily ameliorated by photodegradation and by
the high oxic conditions, once pollutants enter groundwater, remediation is rarely
practicable, typically very difficult and often impossible. Thus, the focus needs to
be on prevention of contamination, and this is especially the case in karst environ-
ments that are highly vulnerable to pollution from both solid and liquid sources.
This arises because karst typically lacks deep soil and from the rapid water flow
through a conduit network, produced by karstification, that enables rapid transport
of contaminants to the water table with little natural remediation (Ray 2005). In
many cases, a diffuse network of conduits, such as those of the Dinaric Karst, makes
tracking and prediction of pollution difficult (Sket 2005).

Acid mine drainage can become a pervasive issue for karst management. For
example, the Rand goldfields on South Africa are overlain by compartmentalized
dolomitic karst that was partly, but widely, drained to enable mining. For over a
century, mine workings have penetrated the karst, including the continental drain-
age divide. When mines are depleted and pumping stops, sulfide rich water rises to
the surface, is oxidized, and the resulting acid water, rich in uranium, decant to both
sides of the continental drainage, divides and adversely affects both groundwater
and surface water quality (Winde 2006).

As outlined by Webb et al. (1994), contaminants in solution, such as salts, acids,
and endocrine mimics, will largely follow the dynamics of the water movement and
the impact on the fauna will be determined by their physical and chemical properties.
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Fig. 13.5 Artificial exposure of groundwater ecosystems in groundwater calcrete bodies in
Australia. (a), Road quarry with sinkhole development, an unusual feature in calcrete (Mt Padbury
Station, WA); (b), Road quarry used for cattle watering, Lake Way Station, WA; c, specially con-
structed stock (cattle) watering point (Napperby Station, NT) (Photo: W.F. Humphreys). Such
opening eliminate stygal habitat by making lakes of groundwater, increase nitrification of ground-
water, and increases salinity by enhanced evaporation

Hydrophobic pollutants, especially non-aqueous phase liquids (NAPLs), are a
particular concern as they are transported relatively rapidly within the aquifer,
depending on groundwater velocity and conduit morphology, where they may
smother matrix surfaces, including biofilm. Dense NAPLSs sink to the bottom and
smother surfaces, mix with the benthos and are incorporated in sediments, whereas
low density NAPLs rise to the water surface preventing gaseous exchange and
may accumulate in elevated parts of conduits. Consequently, both phases may
lead to persistent pollution from a single point source pollution event (Schindel
and Hoyt 2004).

Webb et al. (1994) provide a clear exposition of contaminant issues in Illinois in
respect of groundwater fauna. Lewis et al. (1983) and Lewis (1996) reconstruct
the processes that led to the elimination, as a result of sewage and heavy metal
pollution, and the restoration of the subterranean fauna of Hidden River (Horse)
Cave, Kentucky, which included Typhlichthys cavefish, Orconectes crayfish, and
Caecidotea isopods. In this case, following rehabilitation, the fauna repopulated the
cave from relatively unpolluted, upstream tributaries. Such dramatic examples
should not mask awareness that even sublethal concentrations of insecticides in
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water may provide significant environmental stress, as indicated by fluctuating
asymmetry on larval development (Chang et al. 2009) and behavioral abnormalities
(Sandabhl et al. 2004).

Toxicological studies of groundwater fauna are problematic as many stygobionts
are naturally rare and are difficult to maintain in the laboratory. This has prompted
the use of proxies in an attempt to address this problem (Hose 2005), but not with-
out dissent (Humphreys 2007; Hose 2007). Meiofauna population densities are
substantially greater than the mesofauna that is typically used in studies and offer
potential to allow statistically robust toxicological experiments on groundwater
species. However, as with other faunal categories, meiofaunal elements are dif-
ferentially affected by pollutants, for example, atrazine was lethal to about 70%
of several species of harpacticoid copepods but barely affected nematodes
(Bejarano et al. 2005).

Special mention should be made of anchialine systems — near coastal groundwa-
ter affected by marine tides but lacking surface connection with the sea, typically
markedly stratified with freshwater overlying seawater — not least because they are
home to a remarkable diversity of higher taxa, especially crustaceans (Fig. 13.1),
globally confined to this ecosystem and considered to be tethyan in distribution
(Sket 1996). The most spectacular systems are in the karst platforms of the Bahamas
Banks (Daenekas et al. 2009), and on the Yucatdn peninsula, Mexico (Iliffe 1993;
[liffe and Bishop 2007) where a ring of cenotes surrounds the Chicxulub meteorite
impact site — that arguably caused the end Cretaceous mass extinction — intercon-
nected by caves including the Ox Bel Ha system (180 km). Although they may be
extreme environments (Sket 1986; Humphreys 2001b), anchialine systems are con-
sidered especially vulnerable to pollution (Iliffe et al. 1984), those in Quintana Roo
being polluted by sewage disposal by injection into the seawater underlying the
freshwater layer (Beddows 2004).

13.7 Anthropogenic Changes to Water Regime

Although karst aquifers are a major source of water for human use, little is known
about the impacts of water abstraction on ecosystems within aquifers (Rouch et al.
1993), especially deep aquifers (Longley 1992). Rouch et al. (1993) conducted a
high discharge pumping test in a sinkhole to investigate its effect on the movement
of stygiofauna out of the saturated zone of the Baget karst (Ariege, France). The
water in the sinkhole was lowered by 21 m on three occasions over 4 days, and as a
result, the micro-crustacean drift (mainly harpacticoid copepods) from the karst
increased and the site had not recovered after 1 year. The diverse groundwater fauna
of the Edwards Aquifer, Texas, which includes both vertebrate and invertebrate
stygobites with both marine and freshwater affinities, is under threat from over-
extraction of water which remove almost all of the natural recharge. The adverse
effects are caused by loss of spring flow, dewatering of parts of the karst, and saltwater
intrusion (Longley 1992). The Texas blind salamander, Typhlomolge rathbuni, inhabits
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the artesian part of the aquifer and is threatened by over-pumping (Elliott 2000). The
use of Valdina Farms Sinkhole, Texas, as arecharge well for the Edwards Underground
Water District appears to have extirpated the only known population of the salaman-
der, Eurycea troglodytes, which is now probably extinct (Elliott 2000).

Owing to growing human demand on water resources, to enhance water storage,
natural or treated waters are increasingly being used to artificially recharge aqui-
fers but the effects on subterranean fauna are seldom studied. While this may seem
a slight insult compared to industrial waste disposal, the impacts may be substan-
tial. Injection in a sinkhole of 12,000 m?* day~' of treated wastewater water had
marked effects on the occurrence of stygobiont species in fractured limestone in
Nardo (southern Italy). In the Castro subregion alone, seven stygobionts, eight
stygophile, and eight stygoxene species were not collected after the injection of
reclaimed water started in 1991. However, the response differed between species
and some omnivores, such as the stygobiont mysid Spelaeomysis bottazzii, were
favored (Masciopinto et al. 2006).

Floods, and other large scale disturbances, can be important drivers of ecosystem
and landscape processes (Lindenmayer et al. 2008). Increases in water level may
also affect karst systems, the most overt being impoundments which may change
the hydrodynamics and sediment transport within the karst as well as changing the
water levels. Impoundments are commonly on the surface, but there is an increasing
promotion and use of subterranean impoundments (Mengxiong 1987; Milanovi¢
2004a) to utilize the storage capacity of karst areas while preserving surface utility
and, important in hotter and arid climates, where the water is not lot by evaporation.
Impoundments can have negative effect on both surface and subsurface water
regimes. The plugging of river beds and ponors with cement to allow impound-
ments endangered the Olm, Proteus anguinus, by blocking connections between
karst channels and surface, and it was also at rick by flushing during reservoir oper-
ations (Milanovi¢ 2004b).

Mammoth Cave, Kentucky, at 591 km, the world’s longest cave system, has been
well documented ecologically. The Green River, which naturally back-flooded the
cave, was dammed in 1906 resulting in higher than natural flooding of the cave.
Further impoundments in the 1970s reduced flood height but extended the period of
flooding. These changes have had wide ranging ecological consequences with docu-
mented changes to Palaemonias ganteri (Kentucky blind shrimp), the cavefish
Amblysoma spelaea, the crayfish Orconectes pellucidus, and two species of
Caecidotea isopods, probably as a result of siltation, rather than the increase in
toxins or organic enrichment (Poulson 1996). This detailed study may have more
general implications because global climate change models on some aquifer sys-
tems predict changes in the amount of rainfall and in the seasonality of floods and
low water (Scibek et al. 2008).

Changes, such as urbanization, that increase the magnitude or intensity of flood
peaks in cave streams, may increase scouring of sediments. Wicks et al. (2010)
found that the critically endangered pink planarian, Macrocotyla glandulosa, in
Devils Icebox cave system, Missouri, occurred mainly in areas where numerical
simulation of flow indicated stable sediment not prone to scouring.
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13.8 Cave Visitors

Globally, caves and hot springs within caves, cenotes, and anchialine passages are
visited by people for research, recreation, medical, spiritual needs, and mass tourism.
Although they impact on a minor part of karst systems, they can have detrimental
impacts on stygiofauna and each would require impact specific management. For
example, the mass tourism in Waitomo Caves is renowned for the spectacular light
display of the New Zealand Glowworm (Pugsley 1984; Broadley and Stringer
2002), and metal pollution from coins in the tourist section of the La Corona lava
tube, Lanzarote, Canary Islands (Iliffe and Bishop 2007). The Yucatin is also a
major centre for cave diving tourism and marine fish follow divers’ lights into the
caves and eat the anchialine fauna. This can be prevented by the simple expedient of
divers turning off their lights while entering the cave from the sea.

Sediment banks are important locations of fauna in cave waters as they are areas
of deposition and therefore of concentrations of organic matter which nourishes the
biofilm (Dickson 1979) on which the fauna depend. Cavers following stream pas-
sages through caves may trample sediment banks, destabilize them, mix the contents,
and disrupt the fauna. Caving protocols may reduce such impacts generally, and
route marking and/or closures to entry of significant passages may protect them.

13.9 Inventory

A major impediment to protection and management of subterranean fauna is lack of
knowledge of their current status, even of their presence — see the above example of
Western Australia, a highly mineraliferous region, where a rich subterranean fauna
occurred unknown until recently — exacerbated in some regions by a culture, now
largely past, of secrecy amongst speleologists. However, in some places, this may
be replaced by consultants who may retain information to protect some perceived
advantage. A prime requirement for the management and conservation of cave fauna
and the ecosystems in which they occur is an inventory to permit mapping of the
distribution of the fauna in space and time to determine the species richness and
assessment of their ecological status and vulnerability (Schneider and Culver 2004).
This argument, generally applicable, is especially pertinent to karst subterranean
aquatic systems which have exceptionally demanding requirements owing to diffi-
culties of access, the hydrogeological complexities of the karst milieu, the perceived
high level of vulnerability of the fauna (Box 13.1), and the exceptional degree of
species endemism.

Inventory can occur at many levels of detail largely reflecting the financial and
human resources available; a detailed study is shown in Fig. 13.6 and Box 13.2 in
relation to the habitat of an endangered species. While major resources for long-
term inventory of fauna may be available to inform the management of karst aquatic
fauna in affluent and karst aware jurisdictions, this is a minority position. Even in



302 ‘W.F. Humphreys

Box 13.1 Case Study: Coastal Stygiofauna of Cape Range, Australia

Cape Range comprises a low limestone range (to 330 m) in Western
Australia forming a peninsula that projects northward about 100 km into
the Indian Ocean. When there was still little knowledge of the stygiofauna
— it contained the only two species of cave fish in Australia and two sym-
patric species of atyid shrimps — and before the anchialine nature of the
groundwater was recognized, in order to inform large scale development
planning, it was necessary, rapidly, to develop elementary understanding of
the groundwater ecosystem on the surrounding coastal plain — did the fauna
extend throughout the peninsula in a freshwater lens, or was it restricted to
a linear peripheral system around the coastal plain? The approach adopted
was to sample the few known sites for fauna and conduct an allozyme
study, the results of which pointed to a strong disjunction across the penin-
sula but a linear system extending along the coastal plain, including spe-
cies level variation (Humphreys and Adams 1991; Adams and Humphreys
1993), a finding that has since been extended and confirmed in a DNA
study (Page et al. 2008).
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Fig. 13.6 Average number of animals per m?> (N=7 samples/month/cave) for all taxa in cave
stream substrate of Fogelpole Cave, Monroe County, Illinois. The four identified Amphipoda are
Gammarus troglophilus, G. acherondytes, Crangonyx forbesi and Bactrurus brachycaudus (From
Taylor and Webb 2000b, with permission)
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Box 13.2 Endangered Species — [llinois Cave Amphipod

Venarsky et al. (2007) undertook a study, using non-lethal methods, of the
U.S. Federally listed Illinois Cave Amphipod, Gammarus acherondytes and
were able to demonstrate that basic life history information obtained via non-
lethal sampling in Reverse Stream Cave, Illinois, U.S.A, could provide man-
agers with the information required to develop conservation strategies for
endangered species. They recommended to reduce cave visitation during the
major phases of recruitment to aid recovery of the population and suggested
the establishment of a laboratory population for reintroduction.

industrial countries, the sampling for inventory work is often largely the province of
capable amateur speleologists, with professionals involved only for specialist iden-
tification, and taxonomic and systematic development. In many, perhaps most, parts
of the world, inventory, if at all, is elementary and the province of intermittent ama-
teur and perhaps professional speleological expeditions is often associated with
institutes devoted to taxonomy and systematics.

Nonetheless, there are useful guidelines to follow whatever level of inventory is
possible for a given karst. This may range from a one-off collection establishing a
minimum species occurrence baseline, through to the routine monitoring of the dis-
tribution and abundance of the cave fauna that will permit the detection of subtle
changes in conditions and allow for the possibility of remedial action in the face of
adversity. Hence, a basic requirement of management is to have an inventory of
spatial information on the fauna and, as a minimum, to record what is where, when, in
what, how and by whom were the data gathered. Each category can be expanded as
human and financial resources and knowledge improvement (Table 13.3). A specimen
progressively becomes a formally described species located in a phylogeny and
placed in an historical biogeographic context. The aquatic habitat can later be
expanded to include the hydrological and physicochemical properties of the water
and its variation. An individual’s field notes may progressively develop to become a
compilation of multivariate data through time in a GIS system. But it is the mini-
mum level of data that provides an essential baseline against which to start to make
management assessment. This is often lacking for specific areas and even across
major regions before profound changes to the landscape were made, for example in
Australia (Hamilton-Smith and Eberhard 2000) and North America (Elliott 2000:
685). There are few areas of the world where subterranean fauna are a specific
requirement for environmental impact assessments; Western Australia is one among
them (EPA 2003). Although US research infers for management that groundwater
quality is best protected by protecting the ecosystem (Job and Simons 1994), only
in Switzerland has the maintenance of functioning aquifer ecosystems enshrined in
ordinance (GSchV 1998).

Generally, most species cannot be identified from field photographs and so speci-
men collection, and arrangement for their long term preservation, storage, and data
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base, is an essential corollary of inventory work. The long term storage, particularly
of the type material from which new species have been described, is best handled by
institutions maintained to manage and research fauna collections, typically state
museums — voucher material to aid local identification can be maintained at the
laboratories involved with research in a particular karst region. Although sparsely
utilized, taxonomic expertise is essential in all ecological studies (Bortolus 2008),
but is especially important where high B-diversity results from the very short range
endemism characteristic of subterranean fauna. Once the fauna of a particular cave
or karst is well characterized, then conservation strategies can be supported by non-
lethal life history sampling (Venarsky et al. 2007).

Data derived from karst fauna management are essentially field data ultimately
derived from all scales of biological organization, spanning orders of magnitude of
temporal and spatial scale, and which is very heterogeneous in format and content.
The protocols established for the Resource Discovery Initiative for Field Station
(RDIFS) in the USA (Brunt and Michener 2009) provide a valuable framework on
which to establish both a karst specific data collection and management, and the
means of intergenerational and between karst region sharing of research and train-
ing and management information to better monitor their own responsibility and to
establish a broad research base on which to undertake the management of karst
aquatic fauna. RDIFS is focused on enabling cross jurisdictional exchange of data
by promoting consistent terminology, standard field methods, and quality assurance
and control of data.

13.10 Management in Faunistic Ignorance

Although the subterranean biodiversity warrants protection in its own right and this
is best achieved by the application of ecology to cave and karst management
(Whitten 2009), the protection of the quality and quantity of human water supply
provides the strongest avenue indirectly to aid the protection of stygiofauna. Real
protection of karst waters depends on protection of the entire catchment and so, as
mentioned above, landscape management may need to extend beyond the jurisdic-
tion of the karst manager (Jones et al. 2003: 36). At its most basic, but rarely possible,
the area and the catchment can be maintained in its original, unaltered state.
However, global fallout of anthropogenic products negates pristine areas especially
as even sub-lethal concentrations involved may induce developmental (Chang et al.
2009) and behavioral abnormalities (Sandahl et al. 2004). Boulton (2009) consid-
ered that the “biggest challenge as aquatic conservationists is to increase (and sustain)
public and political awareness of the importance of groundwaters and GDEs, how
they are threatened, and the need for applied research on groundwater processes and
response functions to help managers assess groundwater resource use.” At the local
level, effective engagement by the karst manager with those responsible for water
quality for human consumption is advocated, as they often have authority over
the water and are better resourced for effective action if they are persuaded of the
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synergy between water quality and aquatic ecosystems. Such linkage could be
explored between the studies of Masciopinto et al. (2006) and Masciopinto et al.
(2007) of the Salento peninsula, southern Italy.

13.11 Education and Protection

Danielopol and Pospisil (2004) emphasized reasons for protection of groundwater
fauna that are useful in educational programs for the protection of karst, including
scientific, moral, and practical economic arguments to protect groundwater organ-
isms and prevent deterioration of the environment. Management of karst groundwa-
ter can be implemented only if the occupiers of the land, both within the karst and
the upstream catchment, and visitors, are made aware of the properties of karst
systems that make their groundwater fauna particularly vulnerable to anthropogenic
disturbance. In consequence, any management of stygiofauna will, of necessity, be
part of an integrated and sustained educational effort of comprehensive karst man-
agement, a topic that is extensively developed elsewhere (Watson et al. 1997; Tercafs
2001). “A major emphasis on education is crucial if we are to effectively implement
changes in land-use practices associated with urbanization and agricultural activi-
ties in ..... [southwestern Illinois], and changes that help sustain the aquatic cave
community will also improve the quality of life for ..... residents in this karst area”
(Taylor and Webb 2000a). The value of cave species to the public, often, is consid-
ered low, but cave species have potential scientific, practical, and educational value.
For example, they may serve as “indicator species” in karst areas as a natural alarm
for regulators and public health agencies to groundwater contamination, and they
may provide ecosystem services by contributing to maintaining groundwater qual-
ity or aquifer porosity. Interestingly, a survey showed that visitors were willing to
pay an increased entry fee (ca. 30%) to Yanchep National Park, Western Australia,
to support a recovery plan for a root mat ecosystem containing a cryptic fauna
threatened by groundwater drawdown (Perriam et al. 2008).

There is a substantial literature on the legislative approach to species and com-
munity protection, that includes subterranean fauna, in many countries (e.g., Elliott
2000; Hamilton-Smith and Eberhard 2000; Juberthie 2000) and this is reflective of
the increased consideration for groundwater protection to maintain biodiversity
(Danielopol et al. 2004). Although groundwater fauna are included in various inter-
national treaties and conventions, aquifer ecosystems, generally, are specifically
protected at a national scale only in Switzerland by the Water Protection Ordinance
that defines both water quality standards and ecological goals, “groundwater bio-
cenosis [ecosystem] should be in a natural state adapted to the habitat and charac-
teristics of water that is not or only slightly polluted” (GSchV 1998).

Awareness of the vulnerability of species and communities may be raised by inclu-
sion of sites in listing of threatened fauna at local, national, and international levels,
such as a Ramsar site (Beltram 2004) or Redbook listing (IUCN 2008). The listing of
species under national endangered species legislation typically requires a level of
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scientific knowledge that is unavailable for rare subterranean species (but see Box 13.2).
Where possible, despite the rather haphazard and arbitrary listing processes, listed
species may protect associated unlisted species by proxy (Elliott 1990), particularly
pertinent to karst groundwaters that often contain short range endemic species.

13.12 Some Management Actions

Alteration of land use practice is probably one of the principle factors affecting
subterranean waters in karst because changes to or removal of vegetation changes
water quality and flow regimes. The increased water yield exacerbates flooding in
caves, while the more rapid run-off from cleared land increases peak discharge to
cave streams and so previously permanent streams may become periodic. Four short
examples of management actions on stygiofauna are given here, all from Australia.

(1) In south-western Australia, root mats develop in water table caves and they and
the associated fungi are grazed by a rich stygiofauna (Jasinska and Knott 2000),
and these root mat communities are listed under both Western Australian and
Australian Commonwealth fauna protection legislation. Groundwater levels
are declining, at Yanchep, north of Perth, as a result of excessive water extrac-
tion from the Gnangara Mound aquifer (Perriam et al. 2008), and, at Jewel
Cave, Augusta, from unknown causes, hypothesized to be due to reduced rain-
fall infiltration as a result of increased understorey growth in the karri forest
resulting from a change in fire frequency (Eberhard 2004). Stranded root mats
and associated invertebrate communities are dying and, considerable efforts
have been made to maintain artificially from bores the water supply at Yanchep,
but with poor success, owing to iron rich water (Venn 2008).

(2) The operations of a limestone quarry at Ida Bay, Tasmania, caused adverse
impacts on aquatic cave fauna as a result of sedimentation, eutrophication, and
toxins that resulted in the extinction of fauna in Chesterman Cave (Eberhard
1995). In Exit Cave, the sedimentation restricted the distribution of hydrobiid
snails, and while the quarry was operational, snail abundance was significantly
lower in sediment affected streams than in control streams. A rehabilitation
program was initiated after closure of the quarry to prevent further environmen-
tal degradation by restoring natural in-flow regimes and limiting further influx
of sediment. Subsequently, snail populations were similar in control and sedi-
ment affected sites (Eberhard 1999).

(3) Barrow Island comprises a low limestone anticline on the shallow North West
Shelf, Australia, and was declared an A-class reserve in 1910, the highest level
of conservation protection in Western Australia. Since 1961, it has been a pro-
duction oilfield requiring disposal of ever increasing volumes of oil contami-
nated “produced water”. From 1968—1979 and 1987-1994, produced water was
discharged nto superficial karst to “B Block caves” and “F Block caves” respec-
tively. In 1996 alone, this amounted to 2.3 x 10° m? of hypersaline water (4045 g
L' TDS) disposed with an residual oil content of 100-2,000 ppm (Wapet 1996),
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that is between 230 and 4,600 m? of oil. Neither the anchialine nature of the
ecosystem (Humphreys 2001b), nor the existence of a high conservation value
groundwater fauna were recognized until the 1990s (Humphreys 1993b) and
now known to include endemic species of crustaceans and fish. Although dis-
posal of produced water in the superficial karst was subsequently stopped, in
favor of disposal to deeper geological formations, the lack of pre-impact surveys
of subterranean fauna precludes complete assessment of any impact of oil field
operations on the original stygiofauna of this A-class reserve.

Cryptic species generally are increasingly being exposed with the aid of molec-
ular methods (Bickford et al. 2007; Bradford et al. 2009). It is commonly found
that isolated populations of stygiofauna (Fig. 13.7), especially amongst the
various amphipod families, show deep phylogenetic divergences based on DNA
although they cannot easily be separated using morphological criteria (Finston
et al. 2004, 2007; Cooper et al. 2007). The discovery of stygobiont fauna in a
groundwater calcrete deposit near a new iron ore mine, Ore Body 23, at
Newman, Western Australia, resulted in delay in commissioning of the mine. The
initial diversity assessment was made on stygiobiont paramelitid amphipods — a
group that has proven to be intractable to morphological study (Cooper et al.
2007) — which indicated 14 species of amphipod were present (Bradbury 2000),
making it a global hotspot for amphipods. Molecular analysis was eventually
commissioned which suggested a much lower diversity of amphipods (Finston
and Johnson 2004; Finston et al. 2004), although the local endemism of other
stygobiontic taxa was ultimately found (Karanovic 2006; Finston et al. 2007;
Reeves et al. 2007). Subterranean fauna was previously unknown from this
region, but it was later recognized to contain a globally significant subterranean
biodiversity (Humphreys 2008); procedures introduced to ensure subterranean
fauna were included in the environmental assessment process (EPA 2003), and
a broad scale regional assessment of the stygiofauna was undertaken by the
fauna authority (Eberhard et al. 2009; Karanovic 2006, 2007).
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13.13 Conclusions

There are about 126,000 described freshwater animal species representing 9.5% of
the total number of animal species recognized globally. As surface freshwaters cover
only about 0.01% of the total surface of the globe, freshwater ecosystems support a
disproportionately large fraction of the world’s total biodiversity (Balian et al. 2008b)
that is disproportionately threatened (37% of freshwater fish species are threatened;
TUCN 2009). Despite increased awareness of inland waters in many regions and
innumerable restoration projects, the biodiversity and biological resources of inland
waters face a major crisis related to water resource integrity that is linked with the
essential ecosystem services provided by aquatic ecosystems (Balian et al. 2008a).
Freshwater systems are being destroyed at an increasing rate as a result of extraction
of water for domestic use, for industry and irrigation, by draining and infilling, and
by gross contamination by industrial and agrochemical pollutants and salination.
Constrained in distribution by its milieu, freshwater fauna globally is consequently
under immense pressure. While these influences are apparent in surface waters, they
are well hidden in groundwater which comprises 97% of all liquid freshwater
resources on earth (L’ Volich 1974) and about 25% of the world’s population is sup-
plied largely or entirely by karst waters (Ford and Williams 2007).

Knowledge of the biodiversity within all types of groundwater is rapidly increas-
ing and untangling the ecosystem services it provides has commenced (Boulton
et al. 2008; Hancock and Boulton 2009); but the task is challenging and new chal-
lenges emerge, such as climate change. Karst systems provide the more dynamic
and accessible groundwater systems but also those most readily contaminated and
through which contaminants can most rapidly spread. Maintenance of the biodiver-
sity within karst waters is the default option in the absence of empirical evidence of
what constitutes key components of these simplified ecosystems.
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