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organic matter (e.g., Stevens, 19971' Krumholz, 2000;
Amend and Teske, 2005).

In the absence of light, reactive rock surfaces and
mineral-rich groundwater provide a wide assortment of
potential energy sources that microbial c'ltemolitltoauto-
trophs (translated loosely as rock-eating self-feeder) can
use to gain cellular energy while making organic carbon
molecules from inorganic carbon (i.e. CO2, HCO3-).
Chemolithoautotrophs are distinguished from photosyn-
thetic organisms based on whether the energy source is
from inorganic chemicals (litlto-) or from light @lrcto-).
Conversefy, lteterotrophs use organic carbon for cellular
energy and as a carbon source, and cltemoorganotroplts
use organic compounds for a carbon source and obtain
cellular energy from chemical transformations. Chemo-
lithoautotrophs are important to global biogeochemical
cycles and ecosystem-level processes because they can
cycle various elements simultaneously while generating
considerable amounts of organic carbon and serving as
the base of ecosystem food webs. Some researchers have
hypothesized that subsurface chemolithoautotrophic pri-
mary productivity may surpass the activity of photosyn-
thetic organisms on the Earth's surface (e.g., Stevens,
t997).

Prior to the 25th anniversary issue of the Bulletin of the
National Speleological Society in 1966, and in the years
that followed, the concept that chemosynthesis could
sustain subsurface ecosystems was not commonly accepted
(nor understood), as chemolithoautotrophic activity was
considered insufficient to support ecosystem-level pro-
cesses (e.g., Schreiber, 1929; Wolters and Schwartz, 1956;
Barr, 1966, 1967; Caumartin, 1963; Poulson and White,
1969; Ginet and Decou, 1977). The discovery of chemo-
lithoautotrophically-based ecosystems at the deep-sea
hydrothermal vents in the late 1970s (e.g., Jannasch,
1985; Deming and Baross, 1993) toppled the dogma that
all l i fe on earth was dependent on sunlight. In 1986,
another important breakthrough further changed percep-
tions of life in the continental subsurface, and of cave
ecosystems in general; that discovery was the uniquely
diverse chemolithoautotrophically-based ecosystem from
the hydrogen sulfide-rich (suffidic) groundwater associated
with the Movile Cave, Romania (Sarbu, 1990; Sarbu et al.,
1996).

Sulfur. as the 14th most abundant element in the
Earth's crust, is biogeochemically important because
proteins and other cellular components of all life are
comprised of at least 0.5-l% sulfur by dry weight
(Zehnder and Zinder, 1980). Nearly all organisms get
their required sulfur either from consuming organic sulfur
compounds or from assimilatory sulfate reduction. Sulfur
exists in a variety of valence states, from the most
reduced form as hydrogen sulfide (H2S) to the most
oxidized form as sulfate (SO+2-). Changes in valency are
attributed to the geochemically reactive nature of the
various sulfur compounds (e.g., Mil lero et al., 1987
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Megonigal  et  aI . ,2005),  and prokaryotes ( f rom t : r .
domains Bacterie and Archeea) can gain energ\ :

transforming one valence state to another. Many of t:,
transformations within the sulfur cycle are catalr z:-
almost exclusively by microorganisms. and biologi...
sulfur cycling must be tightly coupled with oxidatio:
reduction (redox) reactions to out-compete the abirr: -
reactions (for a review, see Megonigal et al., 2005). T: .
relationship between the metabolic requirements r
sulfur and oxygen (O2) causes many sulfur-depende:
microbes to occupy interface, or gradient, habitats rr::
a range of 02 concentrations from highly-oxygenut,'.
(aerobic) to O2-deprived (unuerobic).

Chemolithoautotrophic ecosystems have been identil l ;.
from marine sediments (e.g., D'Hondt et al., 2002; Anr.':...
and Teske, 2005), continental aquifers (e.g., Stevens u:r..
McKinley, 1995; Stevens. l99l; Amend and Teske, 2[)l- '
and other caves and karst settings (e.g., Pohlman et . '
1997; Vlasceanu et al., 2000; Engel et a1.,2004a).In str:: .
deep, isolated continental aquifers, chemolithoautotropi: -
methanogenic microbial communities are supported br r: -
geochemical production of molecular hydrogen ( I I
(Stevens and McKinley, 1995; Amend and Teske, 2()(tj
No higher trophic levels, including microscopic euk.,:-
yotes, have been reported to date from these microb:.-
ecosystems; this starkly contrasts with the trophic diver:::
found at the deep-sea vents and from sulfidic karst syste::r '
where sulfur compounds are exploited by chemolithoau'l
t rophs (e.g. ,  Jannasch,  1985;  Sarbu et  a l . ,  1996;  Eng. '
2005).

Here I explore the biodiversity of sulfidic cave and kl:.
ecosystems. The motivation for this review was to evtrlur,:,
the relationships among ecosystem productivity, biodirc:,
sity (as the number and types of species), and habitat ar:-
ecosystem stresses with respect to ecosystem stabil itr. t r
the known locations for sulfidic karst (Fig. l), therc ..
generally a clumped distribution of systems in Nor:.
America and Europe. This could relate to the abundancc ,
(bio)speleologists on these continents, but also to ti.-
geologic and hydrostratigraphic history of the karst. Ir -

l ikely that more sulfidic karst systems are distributc;
worldwide: as such. considerable adventures await. Th..
review concludes with a perspective on the directions . :
future work.

Onrcru oF SuLFrDrc Ceve nNo Kansr Sysrlns

The classic speleogenesis model invokes carbonic ae:J
dissolution of carbonate rocks, usually at shallow deptL.
and rarely far below the water table (e.g., Palmer, l99l
The alternative karstification process of sulfuric acr.:
speleogenesis was initially proposed by S.J. Egemeier lir)n:
work in Lower Kane Cave, Wyoming (Egemeier, l98l
where groundwater bearing dissolved sulfide discharges r,-
springs into the cave passage. Hydrogen sulfide g:.
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sulfate reduction is commonly associated with petroleum
reservoirs, and basinal brine solutions naturally associated
with petroleum often have high concentrations of H2S; the
gas will migrate updip from reservoirs and dissolve into
groundwater. Stable sulfur isotope ratio analysis has
established that the source of sulfide for many cave and
aquifer systems can be attributed to microbial sulfate
reduction (e.g., Rye et al., 1981; Stoessell et al., 1993; Hil l,
1996). When karst is proximal to volcanic terranes,
volcanism gives off H2S and other gases. Groundwater
discharging as geysers, hot springs, or underwater vents
will often have high dissolved sulfide content. For
example, the source of H2S and other gases was evaluated
by analyzing the N2/He and He/Ar content and He
isotopes of the springs discharging into Cueva de Villa
Luz (also known as Cueva de las Sardinas), Mexico
(Spilde et a1., 2004). The dissolved gases were found to
have an upper mantle origin that could be related to El
Chichon volcano -50 km to the west of the cave system
(Spilde et al.,2004).

MrcRostet- Drvpnsrrv wrrHrN rHE Sur-r'uR Cvclp

Some of the earliest microbiological research regarding
chemolithoautotrophic metabolism was done in the late
1880s with sulfur bacteria from sulfidic springs (e.g.,
Winogradsky, 1887). Much later, the microbiology of
sulfidic caves was observational and predominately in-
volved microscopy and culturing (e.g., Caumartin, 1963;
Symk and Drzal, 1964; Hubbard et al., 1986, 1990;
Thompson and Olson, 1988; Grubbs, 1991; Stoessell et
al., 1993; Brigmon et al., 1994; Sasowsky and Palmer, 1994;
Matt ison et  a l . ,  1998;  Ul r ich et  a l . ,  1998;  Humphreys,  1999;
Latella et a1., 1999b). Because cell morphology does not
accurately determine species identity, and because most
microbes in nature have not been grown in laboratory
cultures, especially autotrophs (it has been estimated that
<lok of known microbes are culturable; Amann et al.,
1995), researchers have turned to genetic studies (culture-

independent methods; Amann et al., 1990; Amann et al.,
1995) involving the characterization and comparison of
(predominately) l6S rRNA gene sequences and their
evolutionary relationships. Recently, Barton (2006) sum-
marized some culture-independent genetic methods that
have been used to describe microbes from caves. Moreover,
to understand the microbial metabolic pathways and the
consequences of microbial metabolism on ecosystem
function, stable and radiolabelled isotope ratio analyses
of the habitat (water, rocks, air, etc.) and the microbial
biomass have been done (e.g., Langecker et al., 1996; Sarbu
et al., 1996; Airoldi et a1.,7997; Pohlman et al., 1997:
Humphreys, 1999; Porter, 1999; Vlasceanu et al., 2000;
Engel et aL.2004a; Hutchens et al.2004).

The use of genetic methods has signifrcantly expanded our
knowledge of the microbial diversity in active sulhdic cave
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and karst systems (Vlasceanu eI al.,1997; Angert et al..
Vlasceanu et a1.,2000;Engel et a1.,2001; Holmes et al . - ,

Brigmon et a1.,2003;Engel et a1.,2003a; Engel et al.. I '-

Hutchens et a1., 2004: Barton and Luiszer, 2005; Her't'':

al., 2005; Meisinger et a1., 2005; Macalady et al.. I '  ,

Evaluation of 165 rRNA gene sequences retrieved :'
microbial mats from active sulfidic karst systems :: :

a diverse range of microorganisms. Available l65 rR\.-\ -.
sequences were compiled from various sources and p.. *

databases (e.g., GenBank <http://www.ncbi.nih.gor'/>,
file consists of 345 partial and full-length sequencc.
of May 2006) and is provided as supplemental dal.,
future analytical work <http://geol.lsu.edu/Facult\iF-::-.
geomicrobiology-publications.htm>. A simple comp.1:
of the available sequences indicates that members o:
BacteriodeteslChlorobi and Proteobacteria phyla, and .. ,.

cially bacteria associated with the gamma and epsi[r:]:
teobacterial classes, have been identified from all o:
studied, active sulfidic caves (Table 1). It is noted, horr:.
that none of the caves have been exhaustively samplr-
verify that a microbial group is truly absent fror::
ecosystem. Moreover, the simple retrieval of gene SeQUi: . r
from a particular habitat does not necessarily mean that t::
microbes are active in a community. Similarly, metiil'
function of uncultured microorganisms is only cauti.'...
assumed from close genetic affiliation to cultured orgatri.:'

To place the microorganisms that have been ident:: .
from sulfidic caves and karst systems into the conte\:
the sulfur cycle, an overview of the metabolic diversit,'
organisms follows. It is not my intention to exhausti" -
cover each sulfur cycle transformation pathway here .,:
the reader is guided to excellent recent reviews for nr, '

information (e.g., Amend et al., 2004; Brimblecon::,-
2005; Canfield et al., 2005; Megonigal et al., 2ttt :
Figure 2 i l lustrates the sulfur cycle in the context of ot::.
elemental cycles, including the carbon, nitrogen. . i: .
oxygen cycles.

SulpuR Oxtn.q,rtoN
Despite the fact that high concentrations of reducc'

sulfur compounds, l ike H2S gas or elemental sulfur (S"). i i :-
toxic to most organisms (e.g., Somero et al. l9f"
Megonigal et al., 2005), these compounds serve as electr..::
donors for microbial metabolism, such as in H2S oxidatirr::
02 is the electron acceptor in this reaction:

H u S f  2 O z * S O l  + 2 H +  t - r

For the purposes of this review, any microbe capable o:
oxidizing any reduced sulfur compound will be generalll
referred to as a sulfur-oxidizer. For a vast majority of thc
sulfur-oxidizing microbes, sulfate is the end product (e.g..

Canfield et al. 2005). For others, intermediate product:
may form, like sulfite (SO.t ), thiosulfate (S2O3r r
(Equation 4), tetrathionate (SaO62-), and S0 as intra- or

I

i
I
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Figure 2. Schematic of integrated biogeochemical cycling in microbial ecosystems related to the sullur, oxygen, carbott.
nitrogen elemental cycles.

Reccnt rescarch demonstrates that sulfur-oxidizing
bactcrial cornmunities in cave microbial r.nats clcpcnd or.t
re lat ive ly  s table O1 concentrat ions ancl  avai labi l i ty  (E,ngcl  et
al.. 2004a). althou-eh sorre species can tolclate. and r.nay
evcn pref'er. extremely low concentrations of O. (< I n.rg L I

dissolveci O:) for prolonged periods of t ime (e.g.. Takai et
a l . ,  2003).  I f  the concentrat ior . r  o l -  02 is  too low Ib l  growth,
ruitrate can be used as an electror.r acceptor (e.g., Sayana et
a l . .  2005);  depending on the rnetabol ic  pathway,  c i ther  N2
(Equat ion 7)  or  arurnoniLrm (NHa*)  can form (Equat ion 8) :

5 H r S  +  8 N O 1  *  5 S O r -  +  4 N r  *  4 H : O  +  2 H -  ( 7 )

HrS + NOl + H]O *  SO; + NHr+ (8)

Sonre rricrobes. such as Beggiutou spp.. fornt S" fiom the
oxidat ion of  HzS wi th n i t rate (Equat ion 9) .  which can be
fur ther  ox id ized wi th n i t rate (Equat ion 10)  (e. -u. ,  Sayama et
a l . ,  2005):

4HrS + NO: + 2H- *  4So + NH+- + 3HrO (9)

3No i  +  4S0  +  7H2O *  3NH1+  +  So i  +  2H+  (10 )

Because rnany fresh watel systems ale nit logen-limited, the
nitrate-redr.rcing sulfirr-oxidizing bacteria (NRSOB) gener-
ate nitro-een colnpounds that other organisms in the
ecosystem can use (e.g.. NH*a). thereby l inking tl-re sulfur'
cycle to the nitrogen cycle (trig. 2). NRSOB have been

l92.Jounul o.l'Cura uttd Karst Stuilie.s, April 2007

identif icd fror.n several cave and karst aquifcrs
Lawrence aucl  Foster ' .  1986;  Mat t ison et  a l . .  l99f i  t .
these organisnls uray exteucl the depths to which sull irr ' .
conseqr. rent ly  carbon ancl  r t i t rogen,  arc cyc led i t t  or r - .
depletecl watcrs of sull lcl ic karst aqLril 'ers (E,ngel cl
2004b).

Tlre prescncc of t:-protaobut' lcriu in all of the strl:

caves stLrd ied thus far  is  exc i t ing.  A recent  s l t tc l r  , '
proteobu( let ' ia  by Campbcl I  e t  a l .  (2006).  t rs ing i r  . .

dataset of geographic, genetic. and ecological infot'tnrit
reveals that t lembers of this class are trot ot-tly itt strl l ' .
caves. br.rt also nul-nerous other sulflr-rich habi:.
includin-q r.t.rat' ine wzlters attcl sedirueuts. deep-sea hr.:
thermal-vent  s i tes and vetr t -associated ani ruals .  grot tnt i

ter associated with oilf ields. and 1l'on-r terrestrial ..
r larine sull ldic springs. Thc best studied terrestt ' ial sr:t-
where e-7rrolcobucteriu have been described is Lower K..

Cave (Campbell et al.. 2006). Qr.rantif ication of cli l ' l t 'r-
microbial -qroups usin-u genetic approacl.res reveals thitt
to 100'2, ol sot.ne san.rples is comprised of t-proteohtrtt,
making Lower Kane Cave the first t.tott-maline tlttL.'
system knowu to be driven by the activity of f i lamentotr.
proteobat'tu' ia (Engel et al.. 2003a). The rlajority of thc i '  '

rRNA sequences could be assigned to two lineages clisti: -

a t  the genus level .  LKC group I  and LKC group I I  (En5-

e t  a1 . ,2003a :  Enge l  e t  a1 . . 2004a ) ,  and  LKC g roup  l l  r r .

lound to be predominately responsible lor sulfut' ic i i . '

compound oxidation
sror'-
SO'z - j

NHr* HCO3- t CHo

?oglorutnn >S'O.,-

€ :"{ -t

- - t \ , t - t ^ tv r t -

resDtrailon \ a
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complete darkness; however, Chloroflerus spp. have been
described from Lower Kane Cave (Meisinger et al., 2005)
and the Frasassi Caves (Grotta Grande del Vento-Grotta
de Fiume-Grotta Sulfurea), Italy (Macalady et al., 2006)
(Table 1), and may be present in Cueva de Vil la Luz
(Cueva de las Sardinas), Mexico (Hose et al., 2000). It is
suspected that these species may be able to grow in the
dark using alternative pathways for energy and carbon
fixation (e.g., Canfield et al., 2005).

Generally, abiotic conditions influence the types of
organisms that a habitat can support. Most sulfur-
oxidizers require neutral pH conditions to buffer metabolic
acidity (Ulrich et al., 1998; Brimblecombe, 2005), and the
buffering capacity of dissolving carbonates may be one
reason why sulfur-oxidizers are prevalent in karst. Yet,
some sulfur-oxidizers (e.9., Acidothiobacil lus) thrive in low
pH environments as acidophiles (acid-lovers). In active
sulfidic caves, such as in Cueva de Vil la Luz, extremely low
pH habitats have been described, especially on subaerial
cave-wall surfaces. Biofi lms on subaerial. cave-wall sur-
faces (also described as snottites, mucotites, microbial
draperies, or cave-wall biofi lms by different investigators
over the years) have been described from active sulfidic
caves and mines (Johnson, 1998; Vlasceanu et al., 2000;
Engel  et  a l . ,2001;  Engel  et  a l . ,2003b).  In  Cueva de Vi l la
Lr-rz, for example, measured cave-wall pH associated with
'snottites'was 0 (Hose et al., 2000). Culture-dependent and
cr,rltr"rre-independent studies revealed diverse populations of
Thiobuc'illus, Sulfobacillus, Aciclimic'robiunt, and other
groups, such as the Firntit 'utes (Hose et al., 2000; Vlasceanu
e t  a1 . ,2000 ;  Enge l  e t  a1 . , 2001 ;  Enge l  e t  a1 . , 2003b ) .

Sulparp REnucrroN aNo SulpuR DrspRoponrroNATroN
Reduced sulfur compounds originate from several

sources, including abiotic processes (e.g., volcanism), the
degradation of organics (e.g., proteins), or dissimilatory
sulfate reduction whereby oxidized compounds (e.g.,
SOqt ) serve as electron acceptors under anaerobic
conditions; elemental sulfur can also be reduced to H2S
(Fig. 2). Sulfate (or S") can be reduced using H2 as the
electron donor (Equation l3) or using organic compounds,
such as acetate (Equation 14) or lactate (although
numerous organic compounds can be used):

4Hz + SO]-  + H+ *  4H2O + HS (13)

cH3coo + soi * 2HCoi * H:S (14)

The utilization of organic compounds by sulfate-reducers,
either as complete oxidation (e.g., acetate) to COz or the
incomplete oxidation of other compounds, again links the
sulfur and carbon cycles.

Molecular investigations of some sulfidic aquifers,
including those associated with oilfields, have documented
sulfate-reducers (Voordouw et a1., 1996; Ulrich et a1.,

l.94.Journal oJ Cave and Karst Studies, April 2007

1998); thus far, studies identifying these organisms in act.
sulfidic caves have been limited to Lower Kane Cave a:.
the Frasassi Caves (Engel et al., 2004a: Meisinger et .,
2005; Macalady et al., 2006). A genetically varied gror.rp
miclobes are known to carry out dissimilatory sull'.
reduction, but the sulfate-reducers that have been founri
sulfidic karst systems predominately fall wrthin :
\-proteobac:teria class (Table 1). The other groups
sulfate-reducers grow at 70 to 105 'C (Brimbleconr-.
2005; Canfield et al., 2005), well above the temperature.
currently explored, active sulfidic cave and deep aqu::.
systems.

Another recently recognized, environmentally sigr:.
cant sulfur transformation pathway is disproportionrrt
(e.g., Brimblecombe, 2005; Canfield et al., 2005). Dur
disproportionation, intermediate sulfur compounds t: '
were produced during incomplete oxidation, such as S
S.O.2- (Equation 15), form both reduced and oxicii, -
forms of sulfur (Fig. 2):

SzO i  *H :O*H2S+3SOi

Several groups of microbes disproportionate sulfur e,
pounds, including anoxygenic phototrophs, some sull.,
reducers (e.g., Desulfovibrio and DesulJobulbu,r spp.). .,
sulfate-reducing bacteria that perform sulfur disprol'
t ionation as their sole metabolism (e.g., DesulJbtupsu ;1 '. '

In general, charucterization of sulfate- and S"-reducinr
sr"rlfur-disproportionating microbes from sulfidic cavc: ..
aquifers has not been thoroughly done, although Dt,'r,
t'ttpsu thio:ynToxenes has been found in Lower Kane' ( ..
and the Frasassi Caves (Engel et al., 2004a: Meisin-ccr .
al., 2005; Macalady et al., 2006). Where 02 can abiotic.r
oxidize reduced sulfur compounds, the reductive r,:
disproportionation pathways generate supplemental suli
that sulfur-oxidizing bacteria within the microbial mats .
use (Engel et a1.,2004a).

FauN,qr- INvENroRrEs

The fauna of cave and karst aquifer ecosystems h.,
not been exhaustively sampled nor characterized (i.e. lr i: '--.
conspicuous animals are easy to see and describe). r,:
obligate cave fauna have been inadequately identified tc --
Culver et al., 2004). Similarly, microscopic eukaryotes {t '  -:
fungi, molds, protozoa) and micro-invertebrates {c .
copepods) are almost virtually unknown for most ...-
terranean systems, despite the extensive work done
microbes involved in sulfur cycling and descriptions ol':
chemolithoautotrophic microbial communities (see p:-
vious section of text) (e.9., Angert et al., 1998; Engel et .,
2004a; Hutchens et a1.,2004; Barton and Luiszer. :(r '

Macalady et al., 2006) (Table 1). Nevertheless, Culver .,: '
Sket (2000) i l lustrate that some of the most biologic.,
diverse karst ecosystems (based on the numbers of spec:,
exclusively) are associated with sulfidic waters, especr.:
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numerous families (Holsinger, 1980). Several descriptions
of stygobitic amphipods indicate that some species, such as
Artesia subteruqnea Holsinger 1980, were retrieved from
warm mineral water from artesian wells (Holsinger, 1966,
1980), which may be taken to mean that the species was
retrieved from a sulfidic well. This phenomenal crustacean
diversity deserves attention, and verification is needed if
any of these species are living in the sulhdic portion of the
aquifer.

Superclass Hexapoda
The types of hexapods described from sulfidic cave and

karst systems include collembolans and insects, and the
group is dominated by terrestrial species (Table 2). Among
the species described, endemic troglobites have been
reported from Movile Cave (e.g., Decu and Georgescu,
1994) and the Frasassi Caves (Sarbu et al., 2000).
Numerous hexapods, particularly among collembolans
and hymenopterans, have been inventoried from Cueva
de Villa Luz as part of thesis research (Estrada, 2005;
Pastrana, 2006). Although considered a terrestrial taxon,
the larva stage of chironomid midge is found in high
abundance in the sulfidic waters in Cueva de Villa Luz
(Lavoie and Evans, 2002). Many hexapods are considered
to be grazers in the cave food webs, predominantly
consuming microbial biofilms; some may also be omniv-
orous. One notable heteropteran is the endemic, stygobitic
water scorpion, |ttrepa anophthalma Decu et al. 1994, from
Movile Cave (Decu et al., 1994); Nepa cinerea Linnaeus
1758 has been identified from Grotta di Fiume Cooerto
(Latella et al., 1999a).

Vr,nrEsRA.rEs
Among the organisms found in caves, perhaps the

vertebrates have elicited the most attention, even though
many are accidental in caves (from birds to skunks). Bats are
frequent visitors to sulfidic caves with entrances to the
surface, such as Cueva de Villa Luz and the Frasassi Caves
(Hose et a1., 2000; Sarbu'et al., 2000) (a species list is
provided in the supplement at <http://geol.lsu.edu/Faculty/
Engel/geomicrobiology_publications.htm>, but not in
Table 2). For this review, only aquatic vertebrates are
described in detail.

Class Osteichthyes
Two different families of fishes have been described

from sulfidic karst settings. Poecilia mexicana Steindachner
1863 (the cave molly, family Poecilidae) is prevalent in the
sulfidic waters of Cuvea de Villa Luz and nearby sulhdic
springs (Langecker et al., 1996; Hose et al., 2000; Tobler et
al., 2006). This small fish, having reduced eye size and pale
coloration compared to surface-dwelling populations, is
the center of attention for the ritual celebration of native
villagers (Langecker et al., 1996; Hose et al., 2000). For
probably a thousand years, kilograms of fish are sacriflrced
annually during the ceremony, but the population appears
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to be robust (Tobler et a1.,2006). The sources of food lo:
the fish are considered to be microbial mats and
chironomid larvae (Langecker et a1., 1996; Lavoie anc
Evans, 2002).

The deep sulfidic waters of the Edwards Aquifer her::
the two endemic blind catfishes, T. pattersoni and 5
eurystomus (both from family Ictaluridae), whose origrc
has been traced back to the Pliocene or Miocenr
(Langecker and Longley, 1993). Both fish show remarkabls
adaptations to the deep aquifer, having been retrieved frt r
over 400 m water depth, including the lack of pigment. h,r.,.
of eyes and pineal organs, and the lack of the swim-bladdcl
(which is typical for deep-sea fishes). Each of the aquite:
species also has unique morphological features that arc
attributed to their respective ecological niches. T. patters,,n,
has a suckerlike mouth distinct from any other species rr:
the family that is suggestive of grazing (Langecker anc
Longley, 1993), and Longley and Karnei (1978) repor:
partially degraded fungus in the gut. The catfish s;l'
probably full of sulfur-oxidizing bacteria instead of fungu'
as the bacteria form extensive biofilms on the aquifer uall'
(Grubbs, 1991; Randall, 2006) (Fig. 3C). In contrast. .S
eurystomus had gut contents resembling stygobites (e.g .
amphipods), suggesting that it was probably a predattrr
(Langecker and Longley, 1993).

Class Anguilliformes
Hundreds of well-preserved, 30-70 cm long, adult ee:

fossils (Anguilla anguilla) have been found in the Frasasr:
caves, -5 m above the present day water table (Mariani cr
aL,2004).Isotopic comparisons between the eels and rir.-r
and cave animals indicated that the eels were not endemrc
to the sulfidic cave waters, but instead to the surface rirer
Reconstructed lac ages were consistent to the car e
paleolevels, dating back as far as 9,000 years ago. An ec'.
has been reported from Cueva de Villa Luz (Hose et al .
2000), although it is unclear whether it is endemic or
accidental.

Tsr, RorB or CnnruourHoAuTorRopHy rN SHeprNc tHt
Broorvsnsrry oF SuLFrDrc KARSr Ecosvsrnus

As previously discussed, the major energy and ford
sources in most cave and karst aquifers are from
photosynthetically-produced organic matter that i'
brought into the system from the surface by air, water.
or animals. Prolonged periods of limited to no food can
cause widespread starvation (e.g., Hiippop, 2005), which
undoubtedly results in stress (see discussion belou r
(Howarth, 1993). Accordingly, individuals who are stressed
may expend greater energy for survival and would require
more food in order to cope with habitat-induced pressur*
(e.g., Howarth, 1993, Hiippop, 2005; Parsons, 2005). For
sulfidic systems, one of the consequences of chemolithoau-
totrophic primary productivity is an increase in the qualirl
and quantity of organic carbon (Poulson and Lavoie, 200[t.
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1 4C-bicarbonat6 14C-l6ucin€

Figure 5. (A) Set-up for radiolabelled-isotope experiment in the Frasassi Caves, Italy. (B) Sampling in Cesspool Care,
Virginia; arrow pointing to mats. (C) Floating microbial mats (arrow) in Movile Cave, Romania. Grid is -10 cm on a side. (D)
Sampling stream mats in the Frasassi Caves,Italyl arrows pointing to mats. (E) Comparison between cave microbial mats fa
laC-bicarbonate and rac-leucine incubations to estimate chemolithoautotrophic primary productivity and heterotrophic
productivity, respectively (Porter, 1999). Autotrophic productivity only was estimated for Grotta Azzur4ltaly (ND : no datl
for leucine test) (Mattison et al., 1998).
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were highest for the Movile Cave and lowest for Cesspool
Cave, but in all of the caves examined, autotrophic
productivity was significantly greater (from one to five
times) than heterotrophic activities (Porter, 1999; Engel et
al., 2001). Similar rates of autotrophic productivity were
estimated for microbial mat's from the submarine cave,
Grotta Azzura, at Cape Palinuro, Italy (Mattison et al.,
1998). Microbial heterotrophic processing of autotrophic
biomass was low, with heterotrophs processing a minor
fraction of the available autotrophic productivity (Porter,
1999; Engel et al., 2001). For Lower Kane Cave, the
estimate is -30% of the autotrophic productivity is
processed through heterotrophy in Lower Kane Cave,
which compares well with estimates of -2040% of
autotrophic productivity processing by heterotrophy for
the open oceans (Porter, 1999).

The consequences of a rich and abundant food source
relate to biodiversity (as the number of species), ecosystem
function, and food web dynamics. First, nutritional stress
may simply be negligible because members of the
ecosystem do not need to rely on outside food or energy

200.Journal of Cave and Karst Studies, April2007

(e.g., Howarth, 1993). Organisms consuming the chemo-
lithoautotrophically-produced food may also have a greater
ability to endure habitat stresses, such as low 02 and high
H2S (see discussion below). Moreover, the low C:N ratios
and low heterotrophic productivity indicate that there is
a limited microbial detrital loop and that nutritional
quality of the biomass is high. These factors should
correlate to a high number of grazers and other trophic
levels that could be supported by microbial mat consump
tion (Engel et al., 2001). However, one argument asserts
that a rich and plentiful food source may increase
functional redundancy at various trophic levels (thereby
increasing the total number of species in an ecosystem; e.9..
Wohl et al., 2004; Hooper et al., 2005), if the food can not
be accessed by high trophic levels. Another argument
suggests that the stability of the overall habitat and the rich
food source may support lower diversity (Gibert and
Deharveng, 2002; Wohl et a1.,2004), especially if there is
a limited influx of surface organisms to replenish the gene
pool or to increase competition (e.g., Barr and Holsinger.
1985; Hooper et al., 2005). As is apparent in the preceding
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(e.g., Culver,1976; Barr and Holsinger, 1985; Jones et a1.,
1992). With continual isolation from the surface, organ-
isms disperse and migrate, and populations can become
separated from each other and speciation can occur. For
non-sulfidic karst systems, it has been estimated that >50%
of obligate cave-adapted species can be found in <lok of
the land, at least for the United States (Culver et al., 2000).
For sulfidic habitats, local geological and hydrostrai-
graphic controls (e.g., Christman and Culver, 2001) will
impact the distribution of organisms endemic to sulfidic
systems, as conditions that lead to sulfide production are
needed. Consequently, the distribution of species in sulfidic
karst aquifers may be even more restricted. How does one
actually measure the spatial distribution of an animal
whose potential habitat is a 100 km2 aquifer? Is this a small
distribution, or a large distribution?

Although it is evident that the intimate dependence of
subsurface ecosystems on surface-derived nutrients and
energy has catalyzed the mandatory protection of many
karst systems from above-ground, usually anthropogenic,
disturbances (van Beynen and Townsend, 2005), sulfidic
ecosystems may not rely on surface-derived organics and
may be potentially buffered from such disturbances. To
attempt to understand more fully the vulnerability, man-
agement, and sustainability challenges facing these systems,
as well as the potential that these systems may have
a monetary value, the amount of future work is consider-
able. I suggest that exciting avenues for future research will
not only be in the exploration of new systems, but in the re-
discovery of old systems. We have known about some of the
sulfidic caves and karst aquifers for nearly 100 years, but we
still must shed light on many outstanding questions,
including: what is the true nature of species diversity and
distribution, how are the ecosystems structured, what are the
ecological functions of organisms within the system, how do
species adapt to habitat stresses, how does habitat stress
affect ecosystem diversity and structure, and what are the
roles of geochemistry and geology on habitat development
and modification of these subterranean sulfidic ecosystems?
Uncovering the answers to these questions will certainly
provide years of fruitful study.
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