


organic matter (e.g., Stevens, 1997; 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 chemolithoauto-
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 (litho-) or from light (photo-).
Conversely, heterotrophsuse organic carbon for cellular

energy and as a carbon source, and chemoorganotrophs
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,

1997).

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 life 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 (sulfidic) 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 0.5–1% 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 (SO4
2� ). Changes in valency are

attributed to the geochemically reactive nature of the

various sulfur compounds (e.g., Millero et al., 1987;

Megonigal et al., 2005), and prokaryotes (from the

domains Bacteria and Archaea) can gain energy by

transforming one valence state to another. Many of the

transformations within the sulfur cycle are catalyzed

almost exclusively by microorganisms, and biological

sulfur cycling must be tightly coupled with oxidation-

reduction (redox) reactions to out-compete the abiotic

reactions (for a review, see Megonigal et al., 2005). The

relationship between the metabolic requirements for

sulfur and oxygen (O2) causes many sulfur-dependent

microbes to occupy interface, or gradient, habitats with

a range of O2 concentrations from highly-oxygenated

(aerobic) to O2-deprived (anaerobic).
Chemolithoautotrophic ecosystems have been identified

from marine sediments (e.g., D’Hondt et al., 2002; Amend

and Teske, 2005), continental aquifers (e.g., Stevens and

McKinley, 1995; Stevens, 1997; Amend and Teske, 2005),

and other caves and karst settings (e.g., Pohlman et al.,

1997; Vlasceanu et al., 2000; Engel et al., 2004a). In some

deep, isolated continental aquifers, chemolithoautotrophic

methanogenic microbial communities are supported by the

geochemical production of molecular hydrogen (H2)

(Stevens and McKinley, 1995; Amend and Teske, 2005).

No higher trophic levels, including microscopic eukar-

yotes, have been reported to date from these microbial

ecosystems; this starkly contrasts with the trophic diversity

found at the deep-sea vents and from sulfidic karst systems

where sulfur compounds are exploited by chemolithoauto-

trophs (e.g., Jannasch, 1985; Sarbu et al., 1996; Engel,

2005).

Here I explore the biodiversity of sulfidic cave and karst

ecosystems. The motivation for this review was to evaluate

the relationships among ecosystem productivity, biodiver-

sity (as the number and types of species), and habitat and

ecosystem stresses with respect to ecosystem stability. Of

the known locations for sulfidic karst (Fig. 1), there is

generally a clumped distribution of systems in North

America and Europe. This could relate to the abundance of

(bio)speleologists on these continents, but also to the

geologic and hydrostratigraphic history of the karst. It is

likely that more sulfidic karst systems are distributed

worldwide; as such, considerable adventures await. This

review concludes with a perspective on the directions of

future work.

ORIGIN OF SULFIDIC CAVE AND KARST SYSTEMS

The classic speleogenesis model invokes carbonic acid

dissolution of carbonate rocks, usually at shallow depths

and rarely far below the water table (e.g., Palmer, 1991).

The alternative karstification process of sulfuric acid

speleogenesis was initially proposed by S.J. Egemeier from

work in Lower Kane Cave, Wyoming (Egemeier, 1981),

where groundwater bearing dissolved sulfide discharges as

springs into the cave passage. Hydrogen sulfide gas
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volatilizes from the groundwater to the cave atmosphere1

and is oxidized to sulfuric acid on moist subaerial surfaces:

H2S � 2O2 < H2SO4 � 1�

The acid reacts with and replaces carbonate with gypsum

(CaSO4�2H2O),

CaCO3 � H2SO4 � H2O < CaSO4
� 2H2O � CO2 � 2�

This speleogenetic process has been suggested to explain

the formational history of active cave systems globally

(Hubbard et al., 1990; Sarbu et al., 1996; Galdenzi and

Sarbu, 2000; Hose et al., 2000; Sarbu et al., 2000), ancient

caves like Carlsbad Cavern, New Mexico (Hill, 1996;

Polyak and Provincio, 2001), and some continental karst

aquifers at or just below the water table (Hill, 1990, 1995;

Schindel et al., 2000). Lowe and Gunn (1995) suggest that

sulfuric acid may be important for all nascent subsurface

carbonate porosity generation, and Palmer (1991, 1995)

further speculates that sulfuric acid speleogenesis is more

important for the evolution of carbonate-hosted petroleum

reservoirs than it is for the origin of caves, as the process

has been linked to the karstification of reservoirs, e.g., the

Lisburne field in Prudhoe Bay, Alaska (Jameson, 1994;

Hill, 1995).

Various biological, geologic, and hydrostratigraphic

parameters generate H2S. As all life generates small

amounts of H2S from the breakdown of sulfur-containing

organic compounds (e.g., proteins), H2S is produced

during the decay and decomposition of organic matter,

such as in swamps. Microbial reduction of sulfate-bearing

minerals, such as gypsum, or dissolved sulfate in marine or

fresh water generates H2S (see discussion below). Microbial

1 A Safety Note: Cave explorers and researchers working in active sulfidic caves are

exposed to harsh conditions, including toxic gases and the possibility of reduced

oxygen levels. Hydrogen sulfide is a colorless flammable gas that can cause

headaches, dizziness, nausea, and irritability with prolonged, low-level exposure. The

rotten eggs odor (detectable to 0.5 ppbv in air) is not a good indicator of the

atmospheric concentration; exposure dulls the sense of smell. At higher exposure

levels, this desensitization can lead to coma and death. Above 20 ppmv, H2S causes

eye and mucous membrane irritation, and pulmonary edema in few cases. In some

caves, concentrations exceeding 100 ppmv have been reported (e.g., Hose et al.,

2000). It is recommended that cave air be monitored for H2S and oxygen, as well as

other gases (CH4, CO) using a multigas monitor (e.g., PhD Ultra Atmospheric

Monitor, Biosystems, Middleton, CT) at all times while working in active sulfidic

caves. Although the concentration of H2S may be less than both the OSHA and

NIOSH short term exposure limit (STEL) of 10 ppmv for 10 min, acute irritation is

possible. Level-C respiratory protection, such as a half-face air-purifying gas mask

with organic/acid vapor cartridges (H2S escape), should also be worn. Such masks

are effective for SO2, organosulfur gases, and radon, but have only short term

protection against high H2S. At high levels, a full-face mask should be used to

protect the eyes and facial mucous membranes. Cartridges should be changed

regularly when working in sulfidic conditions. H2S gas negatively affects the

sensitivity of oxygen sensors, and any air monitoring device should be checked

periodically. Ambient air contains approx. 20.8% oxygen; under no circumstances

should anyone enter a cave or passage when oxygen concentrations are � 19.5%

unless they have supplied oxygen available to them. According to OSHA, physical

work at oxygen levels � 19.5%, even with no toxic gases, is impaired due to reduced

coordination, dizziness, irritability, and possibly poor circulation. At oxygen levels

� 10%, vomiting, mental failure, and unconsciousness occur. Concentrations � 6%

for 8 min can cause respiratory failure and death.

Figure 1. Approximate locations for sulfidic caves and karst aquifers reported in the literature. Some of the sites are discussed
in detail herein.
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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; Hill,

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 al., 2004). The dissolved gases were found to

have an upper mantle origin that could be related to El

Chichón volcano ,50 km to the west of the cave system

(Spilde et al., 2004).

MICROBIAL DIVERSITY WITHIN THE SULFUR CYCLE

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;

Mattison et al., 1998; Ulrich et al., 1998; Humphreys, 1999;

Latella et al., 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

� 1% 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) 16S 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 al., 1997; 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 significantly expanded our

knowledge of the microbial diversity in active sulfidic cave

and karst systems (Vlasceanu et al., 1997; Angert et al., 1998;

Vlasceanu et al., 2000; Engel et al., 2001; Holmes et al., 2001;

Brigmon et al., 2003; Engel et al., 2003a; Engel et al., 2004a;

Hutchens et al., 2004; Barton and Luiszer, 2005; Herbert et

al., 2005; Meisinger et al., 2005; Macalady et al., 2006).

Evaluation of 16S rRNA gene sequences retrieved from

microbial mats from active sulfidic karst systems reveal

a diverse range of microorganisms. Available 16S rRNA gene

sequences were compiled from various sources and public

databases (e.g., GenBank � http://www.ncbi.nih.gov/� ); this

file consists of 345 partial and full-length sequences (as

of May 2006) and is provided as supplemental data for

future analytical work � http://geol.lsu.edu/Faculty/Engel/

geomicrobiology_publications.htm� . A simple comparison

of the available sequences indicates that members of the

Bacteriodetes/Chlorobiand Proteobacteriaphyla, and espe-

cially bacteria associated with the gamma and epsilonpro-

teobacterial classes, have been identified from all of the

studied, active sulfidic caves (Table 1). It is noted, however,

that none of the caves have been exhaustively sampled to

verify that a microbial group is truly absent from an

ecosystem. Moreover, the simple retrieval of gene sequences

from a particular habitat does not necessarily mean that those

microbes are active in a community. Similarly, metabolic

function of uncultured microorganisms is only cautiously

assumed from close genetic affiliation to cultured organisms.

To place the microorganisms that have been identified

from sulfidic caves and karst systems into the context of

the sulfur cycle, an overview of the metabolic diversity of

organisms follows. It is not my intention to exhaustively

cover each sulfur cycle transformation pathway here and

the reader is guided to excellent recent reviews for more

information (e.g., Amend et al., 2004; Brimblecombe,

2005; Canfield et al., 2005; Megonigal et al., 2005).

Figure 2 illustrates the sulfur cycle in the context of other

elemental cycles, including the carbon, nitrogen, and

oxygen cycles.

SULFUR OXIDATION

Despite the fact that high concentrations of reduced

sulfur compounds, like H2S gas or elemental sulfur (S0), are

toxic to most organisms (e.g., Somero et al. 1989;

Megonigal et al., 2005), these compounds serve as electron

donors for microbial metabolism, such as in H2S oxidation.

O2 is the electron acceptor in this reaction:

H2S � 2O2 < SO2�
4 � 2H� � 3�

For the purposes of this review, any microbe capable of

oxidizing any reduced sulfur compound will be generally

referred to as a sulfur-oxidizer. For a vast majority of the

sulfur-oxidizing microbes, sulfate is the end product (e.g.,

Canfield et al. 2005). For others, intermediate products

may form, like sulfite (SO3
2� ), thiosulfate (S2O3

2� )

(Equation 4), tetrathionate (S4O6
2� ), and S0 as intra- or
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Recent research demonstrates that sulfur-oxidizing

bacterial communities in cave microbial mats depend on

relatively stable O2 concentrations and availability (Engel et

al., 2004a), although some species can tolerate, and may

even prefer, extremely low concentrations of O2 (� 1 mg L� 1

dissolved O2) for prolonged periods of time (e.g., Takai et

al., 2003). If the concentration of O2 is too low for growth,

nitrate can be used as an electron acceptor (e.g., Sayama et

al., 2005); depending on the metabolic pathway, either N2

(Equation 7) or ammonium (NH4
� ) can form (Equation 8):

5H2S � 8NO3 < 5SO2�
4 � 4N2 � 4H2O � 2H� � 7�

H2S � NO�
3 � H2O < SO2�

4 � NH�
4 � 8�

Some microbes, such as Beggiatoaspp., form S0 from the

oxidation of H2S with nitrate (Equation 9), which can be

further oxidized with nitrate (Equation 10) (e.g., Sayama et

al., 2005):

4H2S � NO2�
3 � 2H� < 4S0 � NH�

4 � 3H2O � 9�

3NO�
3 � 4S0 � 7H2O < 3NH�

4 � SO2�
4 � 2H� � 10�

Because many fresh water systems are nitrogen-limited, the

nitrate-reducing sulfur-oxidizing bacteria (NRSOB) gener-

ate nitrogen compounds that other organisms in the

ecosystem can use (e.g., NH�
4), thereby linking the sulfur

cycle to the nitrogen cycle (Fig. 2). NRSOB have been

identified from several cave and karst aquifers (e.g.,

Lawrence and Foster, 1986; Mattison et al., 1998), and

these organisms may extend the depths to which sulfur, and

consequently carbon and nitrogen, are cycled in oxygen-

depleted waters of sulfidic karst aquifers (Engel et al.,

2004b).

The presence of e-proteobacteria in all of the sulfidic

caves studied thus far is exciting. A recent study of e-

proteobacteria by Campbell et al. (2006), using a large

dataset of geographic, genetic, and ecological information,

reveals that members of this class are not only in sulfidic

caves, but also numerous other sulfur-rich habitats,

including marine waters and sediments, deep-sea hydro-

thermal-vent sites and vent-associated animals, groundwa-

ter associated with oilfields, and from terrestrial and

marine sulfidic springs. The best studied terrestrial system

where e-proteobacteriahave been described is Lower Kane

Cave (Campbell et al., 2006). Quantification of different

microbial groups using genetic approaches reveals that up

to 100% of some samples is comprised of e-proteobacteria,
making Lower Kane Cave the first non-marine natural

system known to be driven by the activity of filamentous e-

proteobacteria(Engel et al., 2003a). The majority of the 16S

rRNA sequences could be assigned to two lineages distinct

at the genus level, LKC group I and LKC group II (Engel

et al., 2003a; Engel et al., 2004a), and LKC group II was

found to be predominately responsible for sulfuric acid

Figure 2. Schematic of integrated biogeochemical cycling in microbial ecosystems related to the sulfur, oxygen, carbon, and
nitrogen elemental cycles.
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dissolution of the cave host limestone (Engel et al., 2004b).

Certain e-proteobacterial groups correlated to high dis-

solved sulfide and low dissolved O2 content in the cave

streams, suggesting that some species prefer different
geochemical conditions (Engel et al., 2004a).

Another diverse group of microbes that use H2S (or H2)

as an electron donor during anoxygenic photosynthesis

includes the purple sulfur bacteria (e.g., Chromatium,

Thiocapsa, Ectothiorhodospira), the purple nonsulfur bac-

teria (e.g., Rhodobacter), the green sulfur bacteria (e.g.,

Chlorobium, Pelodictyon), the green nonsulfur bacteria

(Chloroflexus, Oscillochloris), and the Heliobacteria (e.g.,
Brimblecombe, 2005; Canfield et al. 2005). Some of the

species oxidize reduced sulfur completely to sulfate

(Equation 11), while others form intermediate sulfur

compounds (Equation 12), where CH2O represents organic

carbon compounds made during photosynthetic CO2

fixation:

3CO2 � H2S � 2H2O < 2CH2O � SO2�
4 � 2H� � 11�

CO2 � 2H2S < CH2O � H2O � 2S0 � 12�

These organisms have been found in sulfidic springs (e.g.,

Elshahed et al., 2003; Barton and Luiszer, 2005) and

cenotes (e.g., Stoessell et al., 1993; Humphreys, 1999; Gary

et al., 2002; Herbert et al., 2005) (Fig. 3D), and are likely to

be significant contributors to ecosystem sulfur and carbon

cycling in those habitats. Because of the need to

photosynthesize, these groups should not be found in

Figure 3. (A) Filamentous and rod-shaped microbial cells of sulfur-oxidizing bacteria. Arrow, sulfur globules. Scale is 10
microns. (B) White microbial mat in sulfidic stream, Lower Kane Cave, Wyoming. (C) Arrows pointing to white filaments
suspended in sulfidic water of an open-hole well in the Edwards Aquifer. Field of view is ,6 inches. Number at upper left refers
to well depth in feet (183.5 m) from the surface (image digitally captured from video provided by the Edwards Aquifer
Authority, San Antonio, Texas). (D) Biofilm of purple sulfur bacteria covering carbonate rock in La Pilita cenote, of the
Sistema Zacatón, Mexico.
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when considering systems with a high number of endemic

populations. Such systems include the Movile Cave, the

Edwards Aquifer in Texas, and the anchialine Washing-

ham Caves in Bermuda. Most notable on their list is the

chemolithoautotrophically-based ecosystem of the Movile

Cave, with 30 terrestrial species (24 are cave-adapted and

endemic) and 18 aquatic species (9 cave-adapted and

endemic) (Sarbu et al., 1996; Culver and Sket, 2000).

However, not all sulfidic caves or aquifers are known for

high species numbers, as is the case for Lower Kane Cave

with only four identified species (Porter, unpublished data)

(Table 2). Part of this difference in the number of higher

trophic level species in sulfidic cave and karst systems may

be attributed to the invasion history of animals in the

region (e.g., Christman and Culver, 2001) and the age of

the system, as Lower Kane Cave is likely to be quite young

geologically (e.g., Stock et al., 2006) compared to the other

caves (e.g., Longley, 1986; Oetting et al., 1996; Engel, 1997;

Groscehen and Buszka, 1997; Sarbu et al., 2000).

For the purpose of this review, the known faunal

inventories for some sulfidic caves and karst aquifers

are provided (Table 2); the compiled lists of species

numbers (available at � http://geol.lsu.edu/Faculty/Engel/

geomicrobiology_publications.htm� ) result from combing

through the literature, the World Wide Web (� http://

www.karstwaters.org/kwidata.htm� ), and by personally

contacting individual research groups. To my knowledge,

no summary like this has been previously assembled for

sulfidic cave and karst aquifer systems. A note of caution:

these lists are not inclusive and they likely contain errors

because they were compiled from many different, including

previously unpublished, sources. Although the biodiversity

of some submarine caves has been studied (e.g., Grotta

Azzura; Mattison et al., 1998), the focus of the next section

is limited to continental systems.

In short, sampling caves is tricky work, but sampling

sulfidic caves is definitely more complicated (see footnote

1). Similarly, sampling groundwater can also be difficult

(e.g., Ghiorse and Wilson, 1988; Krumholz, 2000).

Therefore, sampling biases may have caused the incomplete

and inaccurate picture of species richness and distribution

for sulfidic systems (e.g., Culver et al., 2004; Schneider and

Culver, 2004; van Beynen and Townsend, 2005). Certainly,

the novelty of the Movile Cave ecosystem may have

prompted the years of investigations (e.g., Plesa, 1989;

Sarbu, 1990; Georgescu and Sarbu, 1992; Decu and

Georgescu, 1994; Decu et al., 1994; Georgescu, 1994;

Poinar and Sarbu, 1994; Weiss and Sarbu, 1994; Sarbu et

al., 1996; Vlasceanu et al., 1997; Manoleli et al., 1998;

Porter, 1999; Vlasceanu, 1999; Hutchens et al., 2004).

Moreover, in some faunal descriptions, organisms were

only characterized to the family or order levels, and some

genus- and species-level identifications have changed over

the years due to more detailed systematics and molecular

phylogenetics. Future work should concentrate on com-

pleting and verifying the list because these issues obviously

inhibit a thorough statistical comparison of sulfidic karst-

system biodiversity and presently hinder any evaluation of
the possible economic value of these systems (e.g., Fromm,

2000; Gibert and Deharveng, 2002; van Beynen and

Townsend, 2005).

MICROSCOPIC EUKARYOTES

The diversity of the microbial eukaryotes (e.g., fungi,
protists, etc.) in sulfidic cave and karst aquifers has been

poorly measured, despite the importance of these organ-

isms to ecosystem function. Several fungal groups have

sulfur-based metabolism, like sulfur gases consumption

and production, and fungi also play a role in concrete

corrosion associated with methanethiol (CH3SH) con-

sumption. These studies suggest that fungi may be an

overlooked part of the sulfur cycle in these systems, and
may be important to limestone dissolution (e.g., Burford et

al., 2003). Fungi, ciliated protozoa, and rotifers have been

described from the sulfidic waters in Grotta di Fiume

Coperto, Italy (Latella et al., 1999a; Maggi et al., 2002)

(Tables 1 and 2). Not shown in Table 2, however, are the

results from a survey from the Sulphur River passage of

Parker’s Cave, Kentucky, which identified 13 genera of

protozoa (from eight orders), including species common to
sulfidic habitats and associated with grazing (Thompson

and Olson, 1988). Fungi and rotifers (also unclassified)

have been reported from Movile Cave (Sarbu, 1990).

INVERTEBRATES

Phylum Platyhelminthes
Although the diversity of the flatworms is high in non-

sulfidic subterranean settings, only Dendrocoelumsp. has

been reported from Movile Cave (Sarbu, 1990). Flatworms
have also been observed in Lower Kane Cave and Cueva

de Villa Luz, but no identification was done.

Phylum Nematoda
Several new species of stygobitic nematodes have been

described from sulfidic karst aquifers (e.g., Moravec and
Huffman, 1988; Poinar and Sarbu, 1994). Although

Chronogaster troglodytessp. n. from Movile Cave is

bacterivorous, Rhabdochona longleyisp. n. from the

Edwards Aquifer was found infecting the intestines of the

two blind catfishes, Trogloglanis pattersoniHubbs & Bailey

1947 and Satan eurystomusEigenmann 1919 (Moravec and

Huffman, 1988).

Phylum Annelida
This group is represented by aquatic worms and leeches,

both of which have been described from just two sulfidic

cave systems (Table 2). Most notable is Haemopis caeca
Manoleli, Klemm & Sarbu 1994, the cave leech endemic to
Movile Cave and the surrounding sulfidic karst aquifer

(Manoleli et al., 1998). Annelids have been reported from

the Sulphur River passage of Parker’s Cave, but no details

are given (Thompson and Olson, 1988). Tubificid worms
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numerous families (Holsinger, 1980). Several descriptions
of stygobitic amphipods indicate that some species, such as

Artesia subterraneaHolsinger 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 sulfidic 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, Nepa anophthalmaDecu et al. 1994, from

Movile Cave (Decu et al., 1994); Nepa cinereaLinnaeus

1758 has been identified from Grotta di Fiume Coperto

(Latella et al., 1999a).

VERTEBRATES

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 al., 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 mexicanaSteindachner

1863 (the cave molly, family Poecilidae) is prevalent in the

sulfidic waters of Cuvea de Villa Luz and nearby sulfidic

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 sacrificed

annually during the ceremony, but the population appears

to be robust (Tobler et al., 2006). The sources of food for

the fish are considered to be microbial mats and

chironomid larvae (Langecker et al., 1996; Lavoie and

Evans, 2002).

The deep sulfidic waters of the Edwards Aquifer host

the two endemic blind catfishes, T. pattersoni and S.
eurystomus(both from family Ictaluridae), whose origin

has been traced back to the Pliocene or Miocene
(Langecker and Longley, 1993). Both fish show remarkable

adaptations to the deep aquifer, having been retrieved from

over 400 m water depth, including the lack of pigment, loss

of eyes and pineal organs, and the lack of the swim-bladder

(which is typical for deep-sea fishes). Each of the aquifer

species also has unique morphological features that are

attributed to their respective ecological niches. T. pattersoni
has a sucker-like mouth distinct from any other species in
the family that is suggestive of grazing (Langecker and

Longley, 1993), and Longley and Karnei (1978) report

partially degraded fungus in the gut. The catfish was

probably full of sulfur-oxidizing bacteria instead of fungus,

as the bacteria form extensive biofilms on the aquifer walls

(Grubbs, 1991; Randall, 2006) (Fig. 3C). In contrast, S.
eurystomushad gut contents resembling stygobites (e.g.,

amphipods), suggesting that it was probably a predator
(Langecker and Longley, 1993).

Class Anguilliformes
Hundreds of well-preserved, 30–70 cm long, adult eel

fossils (Anguilla anguilla) have been found in the Frasassi

caves, ,5 m above the present day water table (Mariani et
al., 2004). Isotopic comparisons between the eels and river

and cave animals indicated that the eels were not endemic

to the sulfidic cave waters, but instead to the surface river.

Reconstructed 14C ages were consistent to the cave

paleolevels, dating back as far as 9,000 years ago. An eel

has been reported from Cueva de Villa Luz (Hose et al.,

2000), although it is unclear whether it is endemic or

accidental.

THE ROLE OF CHEMOLITHOAUTOTROPHY IN SHAPING THE

BIODIVERSITY OF SULFIDIC KARST ECOSYSTEMS

As previously discussed, the major energy and food

sources in most cave and karst aquifers are from
photosynthetically-produced organic matter that is

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., Hüppop, 2005), which

undoubtedly results in stress (see discussion below)

(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 pressures
(e.g., Howarth, 1993; Hüppop, 2005; Parsons, 2005). For

sulfidic systems, one of the consequences of chemolithoau-

totrophic primary productivity is an increase in the quality

and quantity of organic carbon (Poulson and Lavoie, 2000;
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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 mats 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 ,20–40% 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

(e.g., Howarth, 1993). Organisms consuming the chemo-

lithoautotrophically-produced food may also have a greater

ability to endure habitat stresses, such as low O2 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.g.,

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 al., 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

Figure 5. (A) Set-up for radiolabelled-isotope experiment in the Frasassi Caves, Italy. (B) Sampling in Cesspool Cave,
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, Italy; arrows pointing to mats. (E) Comparison between cave microbial mats for
14C-bicarbonate and 14C-leucine incubations to estimate chemolithoautotrophic primary productivity and heterotrophic
productivity, respectively (Porter, 1999). Autotrophic productivity only was estimated for Grotta Azzura, Italy (ND � no data
for leucine test) (Mattison et al., 1998).
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faunal inventories, more thorough descriptions of the

functional roles of the organisms in sulfidic karst systems

are needed to address these arguments fully.

THE ROLE OF HABITAT STRESS IN SULFIDIC

KARST ECOSYSTEMS

Subsurface environments can be highly stressful habi-

tats for life, with stress defined as a potentially damaging

condition in the biological system (e.g., Howarth, 1993).

The ability of subterranean organisms to tolerate, adapt,

and evolve under stressful habitat conditions has been the
subject of recent research (e.g., Howarth, 1993; Hüppop,

2005). For most organisms, stress avoidance is probably

the first line of defense (e.g., Badyaev, 2005; Parsons,

2005). However, obligate troglobites and stygobites have

conspicuous adaptations to subsurface conditions (i.e.

darkness, limited food, etc.), including the reduction in

and loss of structures (eyes, pigments, wings, etc.), loss of

time-keeping abilities (and circadian rhythm), slower

metabolic rates, and reduced fecundity, but also the

elongation of appendages, enhanced sensory structures,

etc. Organisms living in the sulfidic conditions not only

manifest similar morphological, behavioral, and physio-

logical adaptations compared to non-sulfidic subsurface

animals, but they also must deal with different environ-

mental stresses, such as toxic levels of gases like H2S, CO2,

and CH4, and variable pH.

Excluding nutritional stress, one of the most significant
stresses for organisms living in sulfidic habitats is hypoxia

(dissolved O2 concentrations � 2.0 mg L� 1) (Hervant et al.,

1997; Malard and Hervant, 1999; Hervant and Malard,

2005). Note: the solubility of oxygen is complicated by

temperature, pressure, elevation, and salinity, but in

general the solubility decreases with increasing temperature

and salinity; so in mesothermal (� 10 uC) waters that are

common for continental sulfidic systems, dissolved O2

levels can be � 0.01 mg L� 1, or considered anoxic. Because

darkness precludes photosynthesis, O2 is not produced in
situ, and abiotic and biotic consumption, particularly if

organic carbon is plentiful, can rapidly diminish the

concentration of O2. Moreover, slow to negligible air

exchange with groundwater, or limited air circulation in

cave passages, not only results in atmospheric stagnation,

but also causes the accumulation of noxious gases, such as

CO2, CH4, and H2S. Utilization of O2 as an electron

acceptor for metabolic processes (e.g., through sulfur
oxidation or heterotrophy) would also keep the concen-

tration of dissolved O2 exceedingly low. Therefore,

microbial communities play a fundamental role in main-

taining habitat physicochemistry, such as possibly causing

and maintaining hypoxia in sulfidic aquifers.

Although it seems that microbes can easily and readily

adapt to extreme habitat conditions, and that chemo-

lithoautotrophy provides a rich and plentiful energy source

for animals, one question remains: how do higher

organisms live in such a harsh habitat? Much like the

dogma that all life on earth is dependent on sunlight, there

has been an ecological tenet that all life on earth requires

O2, and a lot of it, to live. Clearly, the biological diversity

of groundwater systems in general, and sulfidic cave and

karst habitats specifically (Table 2), points toward the fact

that life certainly has adaptive strategies to living in these

extreme environments (e.g., Howarth, 1993; Badyaev,

2005; Parsons, 2005).

Numerous studies have shown that groundwater

crustaceans can live and grow under hypoxic conditions

for several months and can survive anoxia for � 48 hr. This

is in stark comparison with surface-dwelling crustaceans

who could survive for only a few hours to one day (Malard

and Hervant, 1999; Hervant and Malard, 2005). Moreover,
Bishop et al. (2004) found that the respiration rates of

seven orders of stygobitic crustaceans living at dissolved O2

levels of � 0.6 mg L� 1 in anchialine caves were lower than

surface-dwelling organisms or similar to organisms living

at slightly higher O2 levels. Metabolic strategies and

adaptations have been examined for stygobites and

troglobites (e.g., Hervant and Malard, 2005), whereby the

activity of various enzymes, and specifically high levels of

malate dehydrogenase, indicate that some stygobites are

poised for anaerobic metabolism (Bishop et al., 2004). The

research also demonstrates that organisms rapidly recover

from prolonged hypoxia by efficient removal of lactate and

other anaerobic waste products (Hervant et al., 1999a;

Hervant and Malard, 2005). Similar results have been

reported for deep-sea vent organisms, in that those animals

use anaerobic metabolism to support activity at low O2

levels, while regulating O2 consumption, and maintaining

efficient circulatory systems and high-affinity hemoglobin.

Despite these adaptations, however, living at hypoxia

still brings noxious gases, such as H2S, into an organism’s

body. Tolerance of, and survival in, high H2S concentra-

tions for cave animals in sulfidic settings (such as anchia-

line caves) have not been studied in detail. For some

organisms, like those at the deep-sea vents, symbiosis with

microbes may be an evolutionary mechanism to deal with

high H2S levels (e.g., Somero et al., 1989). However, some

studies of polychaete tube worms demonstrate the animals

can survive up to four days when they switch to anaerobic

metabolism under anoxic conditions with high sulfide (up

to millimolar levels), which may be aided by special

epidermal tissue structures independent of bacterial sym-

biosis (Hourdez et al., 2002; Menon et al., 2003).

CLOSING REMARKS

Cave-adapted organisms have the potential to be some

of the rarest and most threatened species on Earth (e.g.,

van Beynen and Townsend, 2005). Subterranean bio-

diversity is quite high globally (Gibert and Deharveng,

2002), and is considered to be strongly linked to the

(hydro)geologic age and permanence of the karst setting
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