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Cave Biology

Biospeleology, the study of organisms that live in caves, has a tremendous poten-
tial to inform many aspects of modern biology; yet this area of knowledge
remains largely anchored in neo-Lamarckian views of the natural world in
both its approaches and jargon. Written for graduate students and academic
researchers, this book provides a critical examination of current knowledge and
ideas on cave biology, with emphasis on evolution, ecology, and conservation.
Aldemaro Romero provides a historical analysis of ideas that have influenced
biospeleology, discusses evolutionary phenomena in caves, from cave coloniza-
tion to phenotypic and genotypic changes, and integrates concepts and knowl-
edge from diverse biological viewpoints. He challenges the conventional wisdom
regarding the biology of caves, and highlights urgent questions that should be
addressed in order to get a better and more complete understanding of caves as
ecosystems.

ALDEMARO ROMERO is Chair and Professor in the Department of Biological
Sciences at Arkansas State University. He has authored more than 500 publica-
tions and his interests lie in questions in science that require an interdisciplinary
approach.
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Preface

Let me say from the outset that this book will challenge much of the
conventional wisdom regarding the biology of caves. There are several
reasons for that. As the reader will perceive throughout the text, biospele-
ology has tremendous potential to inform many aspects of modern
biology, yet this area of knowledge remains largely anchored in non-
neo-Darwinian views of the natural world in both its approaches and its
jargon. Therefore the ideas I present here are likely to create controversy
in some quarters, but that is one of the approaches of science: to generate
discussions that hopefully will illuminate many aspects of the workings
of nature.

The reader should not expect an attempt to condense everything
known about cave biology; this book is not written with an encyclopedic
mindset. What this book is all about is a critical examination of our
current knowledge and ideas regarding cave biology, with an emphasis
on the areas of evolution, ecology, and conservation. To that end I have
selected material for the discussion that is central to those topics while
taking a critical thinking approach to what is considered conventional
wisdom in this subject.

The book begins with a historical analysis of ideas that have influenced
biospeleology and that have been generated by researchers working in that
area. Thus the aim of Chapter 1 is to give the historical and philosophical
background to why I think cave biology has yet to reach its full potential.

Chapter 2 deals with the biodiversity of hypogean organisms (both
cave and phreatic). This chapter has three main objectives: (1) to show
the enormous diversity of cave organisms, which goes well beyond the
ones that have been categorized by many authors as ‘true cavernicoles’;
(2) to update the reader on the progress that has been made in the study of
those groups; and (3) to highlight some of the most interesting biological
phenomena among the hypogean biodiversity that will be discussed later
in the book.
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Chapter 3 deals with evolutionary phenomena in caves, from cave
colonization to phenotypic and genotypic changes. Here, I advance ideas
that, although well known in mainstream biology, have been, in my
opinion, overlooked by many practitioners of biospeleology.

Chapter 4 has to do with the ecology of caves. My approach to
this topic also aims to integrate concepts and knowledge from diverse
biological viewpoints. I do not devote much space to aspects of the
physical environment (autoecology) unless they are directly related to
the discussion at hand. For that, the reader should refer him/herself to
some of the literature cited in the book. Therefore the scope of the
book is in the area of ecology defined as, “the biology of ecosystems”
(sensu Margalet 1974). Because there have been so few modern ecological
studies carried out in caves, a great deal of the discussion in this chapter
is theoretical in nature while trying to point out the major areas in which
we need more research.

Chapter 5 deals with conservation of the cave environment and its
biota. Here, I present an integrated approach to the issue by using multiple
examples from around the world with the underlying message that caves
are both unique and fragile natural laboratories whose biota is being
rapidly modified by humans.

I finish the book with an epilogue in which I try to point out some
of the most urgent questions I think we should address in order to attain
a better and more complete understanding of caves as ecosystems.

I have also added an appendix with a glossary of terms frequently
employed in biospeleology. The reader not familiar with the biospeleol-
ogy literature will find that cave biologists have developed a vocabulary
that 1s hard to understand; in many ways, this reflects the typological and
epistemological confusion that dominates biospeleology.

I hope you will enjoy the book. I certainly enjoyed researching for it
and putting together the ideas presented here.
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1 - A brief history of cave biology

Some specialist books include a short introduction or brief chronology
of the major historical events related to the branch of knowledge they
cover. In this book there is an entire chapter on the history of biospele-
ological ideas. This is because it is essential to explain why biospeleology
as a science in general, and our understanding of cave biology in partic-
ular, lags so far behind in mainstream organismal biology, particularly in
terms of evolution and ecology. In fact, the author argues that this is
so because many biospeleologists have failed to understand the histori-
cal framework in which this science has developed. This has led many
to uncritically accept both concepts and lexicons that are inconsistent
with current biological thought. Thus, this chapter provides a historical
explanation of the ideological framework surrounding the majority of
biospeleological research. This chapter also contains a number of illus-
trations (Figs. 1.1-1.5) related to the historical narrative presented here;
more illustrations on this topic may be found in Romero (2001b).

1.1 Conceptual issues

An understanding of the history of any particular area of scientific
inquiry is essential in order to really appreciate the significance of current
knowledge and the voids that need to be filled. Most scientists are not
particularly interested in pursuing such a task because the history of
science is influenced by philosophy, politics, religion, and other expres-
sions of human activities whose comprehension requires interdisciplinary
approaches that go beyond what scientists have been normally trained
for in universities. Yet, the history of science has demonstrated again and
again that errors, fashion, and conceptual inertia have often delayed the
development of certain areas of knowledge (Horder 1998). This chapter
demonstrates that biospeleology is a perfect example of that.

There are two major ways to present the history of a particular branch
of science: one is simply an uncritical chronological narrative, and the
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other is a critical examination ofideas that influenced the development of
that area of study. Here, the second route is taken, because an appreciation
of the historical background in which biospeleological ideas developed is
necessary to understand why the full incorporation of modern biological
thought in biospeleology has been delayed. As Ernst Mayr put it “When
scientists concentrate on the study of isolated objects and processes they
seem to operate within an intellectual vacuum.” (Mayr 1982, pp. 66-7).
Evidence is also provided that geography and religion played a major
role in how this science evolved, first in the Protestant USA, and later in
Catholic France.

To date there is still no comprehensive published history of biospele-
ology: Vandel (1964, pp. xxiii—xxiv) outlined a few historical facts; Barr
(1966) wrote a brief history of biospeleology in the United States; Bellés
(1991) wrote a largely chronological and anecdotal narrative on the
subject; Shaw (1992) in his treatise on the history of speleology provided
little information on biospeleology per se, and Romero’s (2001b) article
on hypogean fish research dealt mostly with the history of evolutionary
ideas.

This chapter demonstrates that the most important issue regarding cave
biology has been and continues to be the origin and evolution of cave
fauna. Because of that, Darwinism is a central event in the development
of biospeleology as a science but not for the reasons most people would
assume. In fact, we can say that the history of biospeleology can hardly be
depicted as another triumph of Darwinism as an idea. As will be shown,
Charles Darwin, who was the first scientist who really tried to provide a
scientific explanation about the origin of cave fauna and the phenomenon
of what he called ‘rudimentation’ in the form of reduction and/or loss
of the visual apparatus, espoused a rather neo-Lamarckian stance on the
topic, to the point that his explanations were not fully Darwinian in the
modern sense of the word. Furthermore, because of this and the fact
that biospeleology developed mostly in France, where Lamarckism and
its philosophical allies were very strong, not even the modern synthesis
seriously changed the interpretation that most biospeleologists had of
biological phenomena in caves.

Therefore, the following is a history of biospeleology focusing on five
particular historic, intellectual, and/or geographic areas, each character-
ized by the dominance of a particular idea or set of ideas and mostly
overlapping chronologically. These are: (1) pre-Darwinian thought
(before 1859), (2) Darwinism and American neo-Lamarckism (1859—
1919), (3) European selectionism and the death of the controversies
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(1880-1921); (4) biospeleological ideas in France and elsewhere in conti-
nental Europe (1809-1950); and, (5) the impacts of the modern synthesis
(1936—1947). There then follows a discussion of the roots of current
intellectual inertia. This outline does not follow a strict chronological
order but rather expresses the influence of culture on the development
of'ideas as delineated by geographic and intellectual boundaries. In order
to make the narrative more fluid, this chapter contains a number of
footnotes, which provide some biographical information on the major
actors mentioned in the main text as well as explanations of philosophical
terms so the reader can better appreciate the context in which many of
these developments took place.

As the author explains the major ideas that have influenced biospele-
ology, he argues that many of those ideas by themselves do not represent
paradigms in the Kuhnian sense of the word (Kuhn 1970, p. 10). They
were never original ideas, but borrowed in both form and substance from
neo-Lamarckism,and at the same time they ignored the pre-eminence
of natural selection as an effective mechanism for the explanation of
the evolution of cave organisms. Because of their restrictive nature and
their incompatibility with the neo-Darwinian framework, these neo-
Lamarckian ideas provide little opportunity for further elaboration and
development.

1.2 Pre-Darwinian thought (before 1859)
1.2.1 From prehistory to mythology

Caves have been of human interest since prehistoric times, serving both as
a shelter and as a source of artistic expression (Morgan 1943; Shaw 1992;
Cigna 1993a; Romero 2001b). The earliest known human representation
of cave fauna dates back to ¢. 22,000 YBP (years before the present)
(Upper Paleolithic). It is a carved drawing of a wingless cave cricket,
Tioglophilus sp., on a bison (Bison bonasus) bone found in the Grotte
des Trois Freres (Three Brothers Cave) in the central Pyrenees, France
(Chopard 1928) (Fig. 1.1).

From the beginning of history humans have developed a close mythic—
religious association among caves, the underworld, and death. Burials in
caves have been common among many cultures (see, for example, Watson
1974; Stone 1995; Clottes 2003). The underworld or Hades (Adn¢) in
Greek mythology was believed to be the ‘Kingdom of the Dead’ to which
one could gain access via caves (Mystakidou ef al. 2004). Not surprisingly,
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Figure 1.1 The earliest known human representation of cave fauna dates back to

¢. 22,000 YBP (years before the present) (Upper Paleolithic). It is a carved drawing
of a wingless cave cricket, Troglophilus sp., on a bison (Bison bonasus) bone found in
the Grotte des Trois Fréres (Three Brothers Cave) in the central Pyrenees, France
(Chopard 1928). Line drawing by Amy Awai-Barber from a photograph of the
original. (See Plate 1.)

ideas about cave creatures were, from the beginning, a mixture of myth
and reality. Dragons and other imaginary beasts had been described by
many authors since before the invention of the printing press.

Such views of cave life survived up to the seventeenth century. For
example, in 1665 a polymath Jesuit priest, Athanasius Kircher,' published
what might be considered as the first book whose title gave the impression
of being devoted solely to caves: Mundus Subterraneus (Kircher 1665). This
was a gigantic, two-volume, folio-sized tome totaling 892 pages, whose
second edition, published in Amsterdam in 1678, contained lengthy
additions about caves in Switzerland, Austria, Italy, and the Greek Islands.
This latter edition would be the one that achieved more popularity and
became the standard geology text in the seventeenth century. Despite
its title, Kircher dealt with many more topics than just caves, such as
alchemy, chemistry, and metallurgy, among others.

Unfortunately, this was an extremely uncritical book full of inaccura-
cies and odd explanations of how water circulated underground (Fig. 1.2).
It also contained descriptions of supposed cave fauna that included
dragons, unicorns, and giants (he even provided illustrations of such
alleged creatures). However, no blind and/or depigmented creature was
included. Kircher was an uncritical repeater of other people’s tales.

! b, Geisa, Germany, 2 May 1602; d. Rome, 28 November 1680.
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Figure 1.2 Tlustration of ‘hydrophylacy’ from Kircher’s Mundus Subterraneus (1665).

However, he was a very popular author because of his position as profes-
sor of the Collegio Romano (the Vatican’s University), his reputation
for being able to read 16 languages, having published 44 books (most of
them huge in size, in large print and with impressive illustrations) on a
great array of topics, and having written more than 2,000 manuscripts
and letters (that have survived) (Romero 2000).

However, there is very little in Kirchers work of any value and his
book is only a footnote in the history of biospeleology. The first real
contributions would take place during the Renaissance in Europe and at
the peak of ancient Chinese civilization.

1.2.2 European Renaissance and Ming Dynasty

Both the Renaissance (c. 1450-1650) in Europe and the Ming Dynasty
(1368-1644) in China were characterized as eras of exploration. They
provided the first significant contributions to our knowledge of the world
fauna since antiquity. In Europe that was particularly true for animals that
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were new to the ones mentioned in the Bible or by ancient Greek and
Roman authors.

The first written record of a true cave organism was in the form
of a letter dated in 1537 written by the Venetian poet and philologist
Giovanni Giorgio (GianGiorgio) Trissino.” In that letter he mentioned a
cave amphipod (‘gamberetti picciolini’, probably Niphargus costozzae) from
Monti Berici, Veneto, northern Italy. That letter was later reported by
the Dominican friar and historian Leandro Alberti’ in his most famous
book, Descrittione di Tutta Italia (1550, pp. 471-2) in which he portrayed
numerous Italian caves in detail (Hill 1974).

The first known written account of a cave fish came from China just
three years after Trissino’s letter. It was a travel report written in 1540 by
Yi Jing Xie," a local government official. This never published report was
found in the records of Luxi County in 1905 by Ying Huang, the local
governor, who had it engraved as an inscription on a stele (Y. Zhao, pers.
comm.). In this document Xie referred to the hyaline fish(Sinocyclocheilus
hyalinus) from the Alu caves, Yunnan, China. This fish was not collected
for scientific purposes until 1991 and was not scientifically described
until 1994 (Chen et al. 1994).

That these two discoveries took place almost simultaneously in Europe
and China is not totally surprising since, as mentioned above, both
cultures were experiencing their golden age of geographic discover-
ies. For China the sixteenth century, which coincided with the first half
of the Ming Dynasty, was a century after the Chinese had embarked
on impressive maritime explorations. However, by that time, the Yang
Ming system of thought established by Shouren Wang” had replaced that
of Xi Zhu.” Whereas Zhu, the most significant Confucian rationalist,
insisted on the importance of observation and that learning should be
based on reason and the ‘investigation of things’ (see his Four Books),
Wang believed in the ‘learning of the mind,” through intuition. This
was, unfortunately, a reverse of the change in thought that occurred in
Ancient Greece when the idealism of Plato,” based on the recognition

2 b. Vicenza, Republic of Venice [today Italy], 8 July 1478; d. Rome, 8 December 1550.

3 b, Bologna, Italy, 1479; d. Bologna, 1552? * Xie, Yi Jing (b. 25 d. ?).

5 Wang, Shouren (Yangming) (b. Yuyao, Zhejian Province, China 1472; d. Nan’an,
Jiangxi, China, 1528).

% Zhu, Xi (b. Yuxi, Fujian Province, China, 18 October 1130; d. China, 23 April 1200).

7 b. Athens [?], 427 BC; d. Athens, 348/347 BC.
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of tangible objects via individual perceptions was replaced by the logic
based on observation by his student Aristotle.”

Aristotle’s legacy would have a tremendous importance because it
helped to establish one of the fundamental tenets of Western science
(particularly in biology) after the Renaissance: knowledge via obser-
vation, not pure speculation. On the other hand, Chinese civiliza-
tion declined owing to internal factors and invasions by Mongols and
Westerners.

Thus, new scientific discoveries would continue to take place mostly
in Europe instead of elsewhere, even when some of those discoveries
represented unconfirmed findings and false starts. That was the case of
the French engineer and inventor Jacques Besson,” who reported alleged
underground little eels (pefites anguilles) somewhere in Europe. In his
book, Besson (1569) did not indicate the locality nor give a description
of the fish in question. He did not mention the fish as being blind and/or
depigmented (these would have been extraordinary characteristics to
even the casual observer). Thus it is unclear whether Besson observed
true hypogean fish, actual eels (Anguilla anguilla), or European freshwater
fishes with eel-like bodies that are sympatric with the areas in which he
traveled (France and Switzerland). Those possible fish families include
Petromyzonidae, Cobitidae, Siluridae, and Clariidae (Blanc ef al. 1971).
Therefore, this description remains unconfirmed (Romero and Lomax
2000).

Another example of an unconfirmed report of underground fauna was
that of Marc-René Marquis de Montalembert,'’ a French general and
military engineer famous for devising simplified polygonal designs for
fortresses that became the standard blueprint for European fortifications
until the nineteenth century. Montalembert reported a blind, subter-
ranean fish in a spring at Gabard, Angoumois, near one of his estates in
southwestern France (Montalembert 1748). No specimen was preserved,
and his description remains unconfirmed (Romero 1999a).

These casual reports (whether they were confirmed or not) were
typical of the natural history of the R enaissance epitomized by ‘bestiaries’
and were later replaced by a more rigorous view of science.

8 p. Stagira, Macedonia, [in today’s northern Greece] 384 BC; d. Chalcis, Greece,
322 BC.

 b. Colombiéres, France, 1530?; d. Orléans, France, 1573.

10, Angouléme, Charente, France, 16 July 1714; d. Paris, France, 29 March 1800.



8 - A brief history of cave biology
1.2.3 Modern science (c. 1650-1800)

Unconfirmed reports and mythical tales typical of the Renaissance were
followed in the seventeenth century by the flourishing of what has been
termed ‘modern science’, characterized by direct observation and exper-
imentation. During that time, in which precision in description and
illustration of the natural world improved considerably, we see some
good examples of new accounts of underground biota.

The first of those contributions was the earliest published refer-
ence to an underground fungus by the physician and naturalist Martin
Lister,'" (Lister 1674; Carr 1973). Lister received samples of this fungus
from a Mr Jessops and called it ‘ Fungus subterraneus’; it was found in a mine
known as ‘Old Man’ in Castleton, Derbyshire, central England. Lister
was part of the first generation of English naturalists extremely inter-
ested in describing and illustrating natural objects, particularly animals
and rocks (Unwin 1995).

The next important contribution came from the Spanish Capuchin
monk and missionary Francisco de Tauste.'” He was the first to publish
a reference to a cave bird, the oilbird (Steatornis caripensis). Tauste wrote
his report based on his study of costumes and languages of the Chaimas,
an ethnic group of Native Americans of northeastern Venezuela where
these birds inhabit the Cueva del Guicharo (Oilbird Cave); (Tauste 1678;
Longras Otin 2002). This species, which had been exploited for many
years by the Chaimas for its oil (Anonymous 1833), was not scientifically
described until 1817 by the German polymath, explorer, and, above
all, holistic naturalist Alexander von Humboldt,'? based on a specimen
he collected in 1799 (Humboldt 1817). Humboldt’s other contributions
to our knowledge of hypogean biota include the first description of
underground plants in the mines of Freiberg (Humboldt 1793) and a
description of a freshwater species of catfish, which he claimed originated
from an underground volcano in Ecuador (Humboldt 1805) (Fig. 1.3),
yet this claim remains unsubstantiated (Romero 2001a; Romero and
Paulson 2001d).

The earliest species of cave animal that underwent intense and continu-
ous scientific study was the first species of cave salamander ever described:

. Radclive, Buckinghamshire, England, April 1639; d. Epsom, Surrey, England,
2 February 1712.

12 ¢ Miguel Torralba de Rada; b. Tauste, Zaragoza, Spain, 1626; d. Santa Maria de Los
Angeles del Guicharo, Venezuela, 11 April 1685.

13 p. Berlin, Germany, 14 September 1769; d. Berlin, 6 May 1859.
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Figure 1.3 Tllustration of the alleged subterranean fishes from a volcano in Ecuador
by Humboldt (1805). (See Plate 2.)

Proteus anguinus from a region known then as Carniola, in today’s Slove-
nia. This blind amphibian was originally identified as a ‘dragon’s larva’
by the traveler and naturalist Janez Vajkard Valvasor'* (Valvasor 1689).
P. anguinus was later described scientifically by the Austrian natural-
ist Josephi Nicolai Laurenti'® (Laurenti 1768) in the first post-Linnean
description of a cave organism.

1.2.4 First professional studies before Darwin (1800-59)

The period between 1800 and 1859 is characterized by three major
events. The first two were circumstantial in nature. One was the begin-
ning of biology as a formal discipline and gave rise to the first generation
of professional biologists; in fact, the term ‘biology’ began to be used
around 1800 (McLaughlin 2002). The second was the discussions on
evolution including the loss or rudimentation of organs such as eyes and
pigmentation, a phenomenon common (but not unique) among many

4 . Ljubljana, Carniola (today Slovenia), 28 May 1641; d. Ljubljana, 19 September
1693.
15 p. Vienna, Austria, 4 December 1735; d. Austria, 17 February 1805.
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cave organisms. The third event was the scientific exploration of two
of the most important cave systems in the world: the one occupying
the southeastern regions of the United States epitomized by Mammoth
Cave, and the other in what is now known as Slovenia. These factors
combined to make the discussion on the biology of cave organisms an
important aspect of the biological dialectic from Darwin until the end of
the nineteenth century.

All this began with the first scientific description of the cave salaman-
der, Eurycea lucifuga (Rafinesque 1822). This description was made by the
French—American Constantine Samuel Rafinesque'® (Fig. 1.4) when he
was professor of botany and natural history at Transylvania University
in Lexington, Kentucky, between 1819 and 1826. Rafinesque had been
exploring the caves of that state since 1818 (Rafinesque 1832) and so
was probably the first professional scientist to study them. He encoun-
tered a salamander that the locals called ‘cave puppet’ in 1821 in caves
near Lexington. Kentucky encompasses a great deal of karst formations
including large and complex cave systems. Although he did not provide
too many details about the exact location, not only of the cave but
in what portion of it he found this amphibian, this is one of the cave
organisms most frequently encountered because it is usually seen near
cave entrances. Thus, finding this salamander does not require in-depth
exploration of cave systems. This discovery in itself was not particularly
striking to the scientific community at that time for two reasons: first, the
cave salamander is neither blind nor depigmented, so it was not particu-
larly remarkable to the casual observer; second, Rafinesque had a poor
reputation as a scientist due to his lack of critical thinking and his almost
compulsive behavior in naming species (more than 6,700), many of them
previously described by others or just varieties of the same one. Yet, his
discovery of the cave salamander was the first indication that the biota of
caves in that part of the United States was worth looking at (Ewan 1975;
Warren 2004).

Rafinesque’s explorations included Mammoth Cave, which since the
1830s had rapidly become a great tourist attraction. Used by Native
Americans for about 4,000 YBP, this cave was first reported by people of
European descent in 1797 (Goode 1986). Mammoth Cave and its fauna
became famous thanks, mainly, to the exploratory work performed by

16 b. Galata, near Constantinople, Turkey, 22 October 1783; d. Philadelphia, Pennsylva-
nia, USA, 18 September 1840.



1.2 Pre-Darwinian thought (before 1859) - 11

Figure 1.4 Contemporary portrait of Constantine Samuel Rafinesque from the
frontispiece of his Analyse de la Nature (1815).

Stephen Bishop.'” Bishop was born and died in slavery. He was acquired
by the lawyer Franklin Gorin'® when Stephen was about 13 years old.
Gorin purchased Mammoth Cave in 1838; Bishop soon became a guide

17" b, Kentucky, USA?, 1821?; d. Kentucky, 1857.
18 p. Barren County, Kentucky, USA, 3 May 1798, d. Glasgow, Kentucky, 10 December
1877.
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Figure 1.5 Nineteenth-century illustration on a postcard of Bottomless Pit at
Mammoth Cave by an anonymous artist. (See Plate 3.)

and explorer of the cave. Although by that time the most accessible parts
of Mammoth Cave had been visited, explored, and mapped, a major
obstacle remained for the expansion of its exploration: Bottomless Pit
(Fig. 1.5). Bishop is consistently credited with having suspended either
a pole or a log pole ladder across Bottomless Pit, and thus was able
to significantly expand the known area of the cave (Anonymous 1981;
Barr 1986; Anonymous 1992) and collect its fauna, which were given as
curiosities to visitors (mostly tourists from the northeastern United States)
who, in turn, took those specimens to the museums in New England
where they were studied by local biologists (Romero and Woodward
2005).

About the same time the Postojna Cave in Carniola (today Slovenia)
was being explored. This and other caves in the area had been known for



1.2 Pre-Darwinian thought (before 1859) - 13

a long time. Ancient Greek and Roman authors such as Strabo, Virgil,
and Pliny had mentioned them, and so did Kircher (1665) and Valvasor
(1687). In 1818 Luka Cet"” (Lukas Tschesch in the German spelling),
an assistant to a lamplighter, discovered new passages, which notably
expanded the known area of the cave (which, with about 20km of
passages, is the largest in Europe). This was a feat similar to that of Bishop
in Mammoth Cave. Just as Bishop did, Cet was able to collect new species
of cave fauna in the newly discovered areas and in September 1831 found
the first species of blind cave beetle ever reported. Cet donated the speci-
men to the Earl Franz Josef Hannibal Graf von Hohenwart,”” the district
governor, who in turn presented it for study to the Austrian businessman
and amateur entomologist Ferdinand JoZef Schmidt.”! In 1832 Schmidt
published its description as a new genus and species, Leptodirus hohenwarti,
with the Carniolian name drobnovratnik (the ‘narrow-necked-one’). Since
the holotype had been damaged, Schmidt offered 25 florins for a new
one; it took many years until other explorers found more specimens,
as well as other fauna, which included springtails, pseudoscorpions, and
crustaceans (Mader 2003; Novak et al. 2003; Juzni¢ 2006).

The crustacean Gammarus puteanus (today Niphargus puteanus) was
described by C. L. Koch in either 1835 or 1836 (the publication was
not dated so we are not sure) from wells in Regensburg, Germany. The
description of ‘Gammarus puteanus Koch’ published by Panzer in Faunae
Insectorum Germanicae Initia in 1836 is the first unambiguous record of a
Niphargus. A year later Koch (the author of the species) published the
identical description and drawings in Deutschlands Crustaceen, Myriapoden
und Arachniden. The genus Niphargus was established 13 years later when
Schiddte re-examined his own description of Gammarus stygius from the
Postojnska jama (Postojnska Cave) in Slovenia.

Another example of a species discovery in the region was that of
the science teacher and political activist Emil Adolf Rossmissler.”” He
described the first species of cave mollusk: a cave snail, Carychium
spelaeum, (today Zospeum spelaeum), from the Postojnska Cave
(Rossmissler 1838-1844). Rossmissler, a great admirer of Humboldt
and who believed in the importance of popularizing science, discovered
the cave mollusk in one of his many scientific trips in the 1830s.

19" b. Postojna, Carniola (today Slovenia), 11 October 1785; d. Postojna, 31 July 1836.
20 b, Laibach (today Ljubljana, Slovenia), 24 May 1771, d. Laibach, 2 August 1844.

b. Odenburg, Sorpon, Hungary 20 February 1791, d. Ljubljana, Carniola (today
Slovenia), 16 February 1878.

22 . Leipzig, Germany, 3 March 1806; d. Leipzig, 9 April 1867.
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These discoveries elicited a great deal of interest for cave fauna and
the caves of the karst system of Carniola. Although initially most of the
published works from both Carniola and the USA were descriptions
of new species, European and American scientists had divergent inter-
ests beyond purely taxonomic ones. Whereas the European researchers
showed more consideration in grouping cave organisms based on ecology
and habits, their American counterparts (some of whom were European-
born) tried to explain the archetypical or unique morphology (blind-
ness and depigmentation) of many cave organisms via the influence of
environmental factors on development.

In Europe, besides Schmidt, other pioneer researchers of the cave
system in Carniola included the Danish entomologist Jergen Matthias
Christian Schiédte™ and the Austrian entomologist Ignaz Rudolph
Schiner.”* Schiédte was particularly interested in the correlations
between anatomical characters and the biological conditions under which
organisms live; however, he went further by providing the first classifica-
tion of cave animals (shade animals, twilight animals, animals in the dark
zone, and animals living on stalactites) (Schiodte 1849). This catego-
rization, however, was abandoned and replaced by the one proposed
by Schiner (1854), who classified cave organisms according to their
degree of dependence toward the underground environment as troglo-
bites, troglophiles, and ‘occasional cavernicoles’ (trogloxenes), terms still
in use today. See Table 1.1 for a summary of historical events.

In pre-Darwinian times American researchers were not only involved
in species descriptions, like their European counterparts, but seemed to
be fixated on issues of functional morphology and how that morphology
could be used to explain the ‘types’ and development of those organisms.
Virtually all of the research was being conducted in Mammoth Cave and
began in the 1840s. Of all the organisms discovered in that cave none
attracted more attention than the first description of a blind cave fish,
Amblyopsis spelaca, by James DeKay” (DeKay 1842).

Dekay, originally trained as a physician, was an amateur natural histo-
rian and friend of writers that represented the American Romantic
Movement. He was hired by the Geological Survey of New York and put
in charge of the ‘zoological productions.” Applying his own Romantic

2 b. Slaegt, Denmark, 20 April 1815; d. Copenhagen, Denmark, 12 January 1884.

2 b. Fronsburg, Horn, Austria, 1813; d. Vienna, Austria, 6 July 1873.

% ). Lisbon, Portugal, 12 October 1792; d. Oyster Bay, Long Island, New York, USA,
21 November 1851.
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Table 1.1 A summary of major events in the development of biospeleology
before Darwin’s publication of the first edition of the Origin of Species by
Means of Natural Selection (1859)

This shows that the development of biospeleology was characterized by
chance or random discoveries, false starts, and uncritical tales about
cave fauna, and ultimately most of these early events were largely
inconsequential to the development of later ideas on cave biology.

Date Fact Source(s)
20,000 YBP Knowledge of the cave cricket, Chopard (1928)
Troglophilus sp.
AD 1537 First written report of a cave organism: a Trissino (1537)
cave amphipod (probably Niphargus)
1540 First written (but unpublished) reference to  Xie (1540); Chen
a hypogean fish, Sinocyclocheilus hyalinus. et al. (1994)
This species was not scientifically
described until 1994
1550 The first confirmed published record of a Alberti (1550)
cave creature: a cave amphipod (probably
Niphargus) in northern Italy
1569 Obscure mention of underground little eels  Besson (1569);
(petites anguilles) somewhere in Europe Romero and
Lomax (2000)
1665 Publication of Mundus Subterraneus, the first  Kircher (1665);
speleological treatise Romero (2000)
1674 First published reference to underground Lister (1674)
fungi
1678 First published reference to a cave bird Tauste (1678);
Humboldt (1817)
1689 First published reference to a cave Valvasor (1689);
salamander, Proteus anguinus Laurenti (1768)
1748 An unconfirmed report of a hypogean fish Montalembert
(a ‘pike’) in France (1748);
Romero (1999a)
1793 First description of underground plants in Humboldt (1793)
the mines of Freiberg
1805 Description of a freshwater species of catfish ~ Humboldt (1805)
allegedly originating from an
underground volcano in Ecuador
1817 Scientific description of the guacharo or Humboldt (1817)
oil-bird, Steatornis capipensis
1822 First scientific description of a cave Rafinesque (1822)

salamander, Eurycea lucifuga, for the
American continent

(cont.)
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Table 1.1 (cont.)

Date Fact Source(s)

1832 First scientific description in print of a cave ~ Schmidt (1832)
insect, Leptodirus hohenwarti, a blind beetle

1835-1836  First scientific description of a hypogean Koch (1835-6)
crustacean: Niphargus puteanus

1839 Published mention of a second cave fish for ~ Zheng (1839)
China

1839 First description of a cave mollusk, Zospeumn — Rossmissler
spelaeum from Slovenia (1838—44)

1842 First scientific description of a blind cave DeKay (1842);
fish, Amblyopsis spelaeus, from Mammoth Romero (2002b)
Cave, Kentucky

1849 First cave species survey for an entire region  Schiodte (1849)

(Slovenia) in Specimen Faunae subterraneae.
The author provides first ecological
classification of cave organisms (shade
animals, twilight animals, animals in the
dark zone, and animals living on
stalactites)
1854 The terms troglobites, troglophiles, and Schiner (1854)

accidentals are introduced

ideas, he included in his relation of the fauna of New York species of
fauna that were far away from that state, such as the northern cavefish
from Mammoth Cave (Amblyopsis spelaea), which became the first blind
cave fish to be described in the scientific literature in the post-Linnean
era. Although his scientific work was criticized by many of his fellow
naturalists as being shallow, his description of this cave fish attracted a
great deal of attention and generated a lot of research and speculation
until the American Civil War interrupted the efforts from scientists in
the North to visit and collect at Mammoth Cave, which was in the South
(Romero 2002a).

Unlike papers describing species being found elsewhere, the reports
on species from Mammoth Cave generated a lot of speculation about
the origin of such fauna. That is surprising because the authors of those
papers published before Darwin’s Origin were still creationists and not
inclined to believe in evolution, or ‘transformism’ as it was then called.
Most of the discussions concerned the question of why these animals
were blind and depigmented in the first place. The first to engage in
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this type of debate was Jeffries Wyman.”® Wyman studied under George
Cuvier’” and Richard Owen”® (Gifford 1967), both staunch creationists.
Because of that influence and also because he was a very modest man
who, like Cuvier, avoided sweeping generalizations, Wyman essentially
stuck to purely anatomical studies. For example, in his first paper on the
blind cave fish A. spelaea, he reported, ‘On the most careful dissection
no traces of eyes were found’ (Wyman 1843, p. 96). Later he wrote
that

The optic lobes existed (sic); according to the general rules of physiology these
should not exist; as they bare strict relation to the sense of sight, which receives
its nerve from them (...) Here the optic lobes were not so large as the allied
fishes, but yet they were of good size, and nearly as large as the cerebral lobes.
(Wyman 1851, p. 349)

He later re-examined three specimens of this fish species and found
imperfect eyes covered by tissue, which explained to him why the fish
were unable to see. He proposed that this imperfection of the eyes ‘might
be owing to a want of stimulus through a series of generations’, and
though the organ of vision was imperfect, ‘it is more like the eyes of
other vertebrates’ (Wyman 1854a, p. 19). The phrase ‘want of stimu-
lus’ is a Lamarckian term (see below) that probably had a developmental
meaning for Wyman, i.e. the organ did not develop because the environ-
mental stimulus was not there. In any case, he wondered about numerous
structures without obvious functions, organs that were of morphological
rather than physiological value (Wyman 1854b). He later produced very
detailed drawings of the internal anatomy of A. spelaea (Wyman 1872),
but by that time he had embraced evolution as a natural phenomenon
(see below) (Romero 2001a).

26 p. Chelmsford, Middlesex, Massachusetts, 11 August 1814; d. Bethlehem, New
Hampshire, 4 September 1874.

27 b. Montbéliard, France, 23 August 1769; d. Paris, France, 13 May 1832. He was one
of the most influential biologists of his time, a brilliant comparative anatomist who
believed in the Great Chain of Being and that the only changes that had occurred
on earth were due to natural catastrophes after all species had been created by God
(Coleman 1964; Bourdier 1971; Rudwick 1997).

28 b, Lancaster, England, 20 July 1804; d. Richmond Park, London, England, 18 Decem-
ber 1892. He was a comparative anatomist and one of the early critics of Darwin’s
evolutionary ideas. He criticized Putnam’s interpretation of the optic lobes in blind
cave fishes in that their optic lobes are not reduced because they serve other functions
beyond sight (based on Wyman’s ideas). Owen believed that the lobes were atrophied
owing to lack of light.
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Another example of a naturalist interested in taxonomy and morphol-
ogy of the Mammoth Cave fauna was the German physician August
Otto Theodor Tellkampf”’ (Romero 2001b). He apparently developed
an interest in cave fauna from visiting Mammoth Cave in October 1842
(Tellkampf 1844a,b), after which he described several species of inverte-
brate. He also made contributions to the study of the cave fish A. spelaea
and concluded that its eyes and those of blind cave crayfishes had become
rudimentary as a result of disuse:

While it is true, in general, that all animals retain their essential form, and that
no species passes over into another by transformation, we know that less material
changes of form are produced by external influences such as changes in climate
or food, lasting through many generations of the same species.

In other words, he had the idea that disuse led to rudimentation while
negating the possibility of evolution above the species level, despite the
fact that he could not find the unmodified form that gave rise to the
blind and depigmented one. For him, the relationship of the blind fauna
to unmodified species could not be settled until ‘such species, corre-
sponding with them in all essential points, are found’ (Tellkampf 1844b,
p. 393).

To elucidate this issue, Jean Louis Rodolphe Agassiz,” America’s most
famous naturalist of his time, intervened. The son of a minister, Agassiz
studied medicine in universities of Switzerland and Germany. His teach-
ers included Lorenz Oken,’' Ignaz von Déllinger,”” and Georges Cuvier.
The first two were followers of Naturphilosophie. This was a German
Romantic philosophy that sought metaphysical correspondences and
interconnections within the world of living things. This philosophy was
developed in early-nineteenth-century Germany by Friedrich Schelling

2 b. Heinde, Germany, 27 April 1812; d. Hanover, Germany, 7 September 1883.

30" b, Motier-en-Vuly, Switzerland, 28 May 1807; d. Cambridge, Massachusetts, USA,
14 December 1873.

31 b, Bohlsbach bei Oftenburg, Baden, Germany, 1 August 1779; d. Zurich, Switzerland,
11 August 1851. Although a physician by training, Oken championed Naturphiloso-
phie with metaphysical abstractions and mystical speculations about science (particu-
larly biology) and Romanticism, despite his scientific background and his rigor as a
comparative anatomist. He believed that imagination and feeling should play a part in
scientific understanding and in progressive complexity, with humans at the zenith.

32 b, Bamberg, Germany, 27 May 1770; d. Munich, Germany, 14 January 1841. A
professor of physiology and general pathology; one of his students was Lorenz Oken.
He went beyond the typical Naturphilosophie approach to natural sciences by insisting
on the importance of observation and experimentation (Risse 1971).
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and G. W. E Hegel, who followed Plato’s idealism. Despite its apparent
scientific mantra, Naturphilosophie ideals inundated philosophical postures
and the literary movement while opposing the materialistic and mecha-
nist views of modern science. Naturphilosophie viewed both mind and
body as designed by God and as equally important. Many naturalists that
opposed Darwin were followers of Naturphilosophie.

Agassiz studied comparative anatomy under Cuvier and developed his
ideas along the lines of natural theology, that is, to prove the existence of
God through the study of nature. Agassiz became professor of natural
history at Harvard (1847-73), where he established the Museum of
Comparative Zoology in 1859, combining research, teaching, and public
outreach while securing large amounts of funds both public and private
to support such endeavors.

During the 5 October 1847 meeting of the American Academy of Arts
and Sciences, Agassiz proposed a ‘Plan for an investigation of the embry-
ology, anatomy and eftect of light on the blind-fish of the Mammoth
Cave, Amblyopsis spelaeus’ (Agassiz 1847, p. 180). In this plan he suggested
that by studying this fish ‘there was an opportunity to settle, by actual
experiment, the extent of physical influences in causing organized beings
to assume their peculiar and distinctive characteristics in relation to the
media in which they live.” Agassiz, the unrepentant creationist, was not
proposing to study the eftects of the environment on evolution, but
rather the effects of the environment on development. He proposed to
raise individuals of A. spelaea under different light conditions (darkness,
moderate, and intense light) and see whether ‘there is an eye formed
in the dark to ascertain when and how (the pigmentation) disappears,
as it 1s entirely wanting in the full-grown individuals, and again notice
the differences in this respect between specimens growing under the
influence of light’ (Agassiz 1847, p. 180).

Although Agassiz never carried out those experiments, he kept insist-
ing on the importance of A. spelaea in biological research:

You asked me to give my opinion, respecting the primitive state of the eyeless
animals of the Mammoth Cave. This is one of the most important questions
to settle in natural history, and I have several years ago, proposed a plan for
its investigation which, if well conducted would lead to as important results,
for it might settle, once for ever, the question, in what condition and where
the animals now living on the earth, were first called into existence. But the
investigation would involve such long and laborious researches, that I doubt it
will ever be undertaken. (.. .) If physical circumstances ever modified organized
beings, it should be easily ascertained here. (...) Whoever would settle the
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question by direct experiment might be sure to earn the everlasting gratitude of
men of science, and here is a great aim for the young American naturalist who
would not shrink from the idea of devoting his life to the solution of one great
question’. (Agassiz 1851, p. 255)

Agassiz’ words leave no doubt about that since he considered A. spelaea
to be an ‘aberrant cyprinodont (. . .) created under the circumstances in
which they now live’ (Agassiz 1851, p. 256) while ‘“The (rudimentary)
organ remains, not for the performance of a function, but with reference
to a plan’ (Agassiz 1859, p. 11). The latter statement shows that Agassiz
(together with Wyman) embraced so-called philosophical or transcen-
dental anatomy, i.e. the search for ideal patterns of structure in nature
(Appel 1988). That is why, for both Wyman and Agassiz, A. spelaca was
an excellent subject of study in their quest for evidence of a common
plan underlying the differences caused by immediate adaptation through
modifications during the developmental process.

Despite these challenging ideas, Agassiz’ proposals were not under-
taken because of a variety of reasons. One was the scientists’ inability then
and now to breed amblyopsid fishes in captivity. The second was Agassiz’
personality: his refusal to accept ideas other than his own diminished his
status among his colleagues as time went by. Agassiz never acknowledged
the transmutability of species and fiercely opposed Darwin’s theory of
evolution. Several of his students, including his son Alexander,showed a
great deal of interest in cave fauna, but left Harvard, and accepted the idea
of evolution (see below) (L. Agassiz 1847; E. C. Agassiz 1890; Dexter
1965, 1979; Lurie 1960, 1970; Morris 1997; Smith and Brown 2000;
Romero 2001b).

In many ways, Agassiz’ interpretation of Naturphilosophie was a deriva-
tion of the idea of the Scala Naturae, also known as the ladder of life or
‘Great Chain of Being’ with man at the top of the pyramid. This is a
concept that originated with Aristotle and the Stoics and was closely tied
to Plato’s essentialism, i.e. the idea that objects (in this case individuals,
organisms, or species) have an ideal, eternal, unchanging ‘essence’ (eidos).
These ideas in turn gave rise to the typological notion that all ‘true’ cave
animals must be blind and depigmented. Agassiz passed these ideas on to
his students at Harvard.

This was pretty much the state of things among American scientists at
the time of Darwin’s publication of the first edition of the Origin in 1859:
a mixture of creationist views, intriguing questions about environmental
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effects on development, and an explicit endorsement of the typological
(essentialist) view of life.

1.3 Darwinism and American neo-Lamarckism
(1859-1919)

It may be surprising that Darwin is mentioned before Lamarck in this
analysis of biospeleological ideas, since the latter preceded him by more
than half a century. The reasons are two-fold: first, Lamarck never
mentioned cave fauna in his evolutionary writings; second, Lamarck-
ism or neo-Lamarckian ideas for explaining biological phenomena in
caves did not become popular until after Darwin’s publication of his
Origin of Species. Furthermore, it is here argued that Darwin was largely
responsible for some (but not all) of the neo-Lamarckian views on cave
biota that have survived in both perception and substance to this day.

Although Charles Darwin” never studied cave fauna himself, he was
interested in the topic, particularly as it related to two issues. The first
concerned cave colonization and the similarities between cave fauna and
their presumed ancestors in the surrounding areas. The second issue,
and the more attractive to him, was the cause of the phenomenon of
rudimentation or the loss of organs, i.e. the eyes. He saw this trend
as part of a larger compensatory-process issue, i.e. the enlargement
of other sensory organs, regardless of whether compensation occurred
among cave fauna or not. An analysis of Darwin’s writings, including his
notebooks and correspondence, provides insight on how intrigued he was
by these topics and how, also, he changed his opinions on these matters,
sometimes as a response to criticism and sometimes as he received new
information.

The first written documentation of Darwin’s interest in these topics
is in his notebook and is dated 8 December 1844. He wrote a few notes
after a conversation he had with Joseph Dalton Hooker,”" a distinguished
botanist and a close friend of his. Darwin wrote that ‘I see our cow, which

33 p. The Mount, Shrewsbury, England, 12 February 1809; d. Downe, Kent, England,
19 April 1882.

34 p. Halesworth, Suffolk, England, 30 June 1817; d. Sunningdale, Berkshire, England,
10 December 1911. Hooker’s initial reaction to Darwin’s theory of transmutation of
species was not very enthusiastic, but he would later change his mind. He provided
Darwin with many botanical facts, particularly in the areas of taxonomy and biogeog-
raphy (Desmond 1972; Colp 1986; Bellon 2001).
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has two abortive mammae, then these two are uniquely developed’,
adding later

Believe part, which is normally in a species abortive appears often as a rudiment-
[Hooker| Has lately seen and describe this in case of pistil of dioecious Umbel-
lieferous plant: does not know anything on Bentham’s law of variability of abortive
parts.

George Bentham’s™ ‘law of abortive parts’ was worded by Darwin
himself as follows: ‘where parts of flower are reduced from normal
number, they are apt to vary in number in individuals of same species’
(Burkhardt and Smith 1987, pp. 400-3).

However, Darwin did not develop an interest in cave fauna until early
1852, shortly after he read an article on Mammoth Cave. Beginning
in the early 1840s a number of blind and depigmented species of both
vertebrates and invertebrates were described for that locality and in 1851
Benjamin Silliman Jr.”* published an article summarizing the current
knowledge about those cave creatures (Silliman 1851). In that article,
Silliman made a number of statements that, without question, intrigued
Darwin. Silliman described several cave species of animal that were not
only blind and depigmented but that also displayed elongated antennae.
He made a special mention of the ‘cave rat,” of which he had heard that it
had large but apparently non-functional eyes, and according to Silliman,
‘By keeping them however in captivity and diffuse light they gradually
appeared to attain some power of vision.” These presumed facts defied the
basic explanation Darwin had already formulated in his mind regarding
natural selection’s role in determining morphological features of cave
organisms. After all, if the alleged cave rat had larger non-functional
eyes, that would defy the logic of natural selection.

Part of the problem was that Silliman had given a faulty account of
this organism. First of all the alleged ‘cave rat’ (Neotoma sp.) was not an
obligatory cave organism but rather a nocturnal creature found both in
and outside caves. The reason it had such large eyes was that, like those
of many other nocturnal vertebrates, its eyes were enlarged for better

3 b. Stoke, Devon, England, 22 September 1800; d. London, England, 10 September
1884. A polyglot and polymath very interested in botany who was a friend and
supporter of Darwin’s (Taylor 1970).

36 . New Haven, Connecticut, USA, 4 December 1816; d. New Haven, 14 January
1885. Silliman taught at Yale and helped his father, the founder in 1818 and first editor
of the American_Journal of Science and Arts, to edit that journal, in which a number of
articles on cave animals were published in the nineteenth century.
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night vision. No wonder Darwin had problems trying to understand the
phenomenon.

Yet, intrigued by all this, Darwin, in a letter dated 8 May 1852,
asked his friend and colleague the American naturalist James Dwight
Dana’’ whether he could receive a specimen of the ‘cave rat’ (Burkhardt
and Smith 1989, p. 92). The reason that Darwin wrote to Dana (one of
the most notable American naturalists of the time) and not Silliman was
two-fold: Darwin was acquainted with Dana, not Silliman, and Dana
was Silliman’s brother-in-law, so Darwin probably figured this was the
best way to obtain information on the subject.

In another letter to Dana, dated 14 July 1856, Darwin wrote that
he was ‘extremely much interested in regard to the blind cave animals,
described one time since in your Journal by Prof. Silliman Jun" as the
subject is connected with a work of somewhat general nature, which
[ am endevouring to draw up on variation & the origin of species,
classification & c.” (Burkhardt and Smith 1990, p. 180). In another letter
to Dana, dated 8 September 1856, he confirms that most of the species
found in Mammoth Cave are ‘American in type’ (Burkhardt and Smith
1990, pp. 215-17), meaning that they must be related to other fauna
found in adjacent areas. This was an important point for Darwin since he
had by then developed the idea that all species were derived from those
found in neighboring ecosystems. Darwin makes this point again in a
letter to Hooker dated 23 November 1856 (Burkhardt and Smith 1990,
pp- 281-4).

Apparently Darwin never obtained the ‘cave rat’ but that did not deter
him from asking more questions. Darwin received a letter from Dana
dated 8 December 1856 in which the American naturalist told Darwin
that he had confirmed with Agassiz that the blind rat of Mammoth Cave
is ‘American in type’. For Darwin this confirmed his own hypothesis that
cave animals were derived from species of the surrounding areas. In the
same letter Dana goes into a long discourse about the idea of progress.
He described progress as ‘a law which involves the expression of a type-
idea in forms or groups of increasing diversity, and generally of higher

37 b, Utica, New York, USA, 12 February 1813; d. New Haven, Connecticut, USA,
14 April 1895. Dana studied at Yale under his future father-in-law Benjamin Silliman.
Dana believed that the earth was a changing place through catastrophes (volcanism,
erosion, and subsidence) which, in turn, generated changes in forms of life toward
higher levels of complexity, an explanation he tried to reconcile with his strong
religious beliefs by saying that this was the result of God’s design (Sanford 1965;
Stanton 1971).
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elevation; always resulting in a purer & fuller exhibition of the type’ and
that ‘it is the simple before the complex’ (Burkhardt and Smith 1990,
pp- 299-300). Here we can see how strong the idea of progressionism was
in the minds of naturalists even before evolutionary ideas became a matter
of discussion and as Bowler (2005) wrote, Darwin’s ‘theory was sucked
into a wave of enthusiasm for progressionist evolutionism (. ..) which
reached its climax in later nineteenth century.” Also, Darwin is reading in
this account a message of order in nature, not necessarily an evolutionary
one, but one confirming the idea of the Great Chain of Being already
present in Plato’s and Aristotle’s writings. According to this account,
nature is characterized by richness in forms, which show continuity in
the form of gradation. Therefore the universe is filled with everything
that is possible that shares characteristics between the neighboring forms,
and because of this they can be arranged in hierarchical order from the
smallest, simplest type of existence to God himself.

Correspondence between Darwin and Dana on the subject of the
cave fauna continued; in a letter dated 14 July 1856, Darwin asked Dana
for more anatomical information about North American cave fauna,
particularly arthropods (Burkhardt and Smith 1990, p. 180). Dana replied
on 8 September 1856 with mostly systematic information (Burkhardt and
Smith 1990, pp. 215-17). On 29 September 1856, Darwin wrote back
to Dana thanking him for the information and asking for additional facts
about the ‘blind rat’ (Burkhardt and Smith 1990, pp. 235-7).

Darwin was evidently unsatistied by the mostly taxonomic and philo-
sophical answers from Dana and wrote to one other scientist for more
information on the subject. This was John Obadiah Westwood,” a
British entomologist, who replied to Darwin in a letter dated 23 Novem-
ber 1856, giving him some taxonomical and distributional information
about cave insects from both North America and Europe (Burkhardt and
Smith 1990, pp. 283—4). By 1856 Darwin was already keeping a portfolio
on abortive organs (Burkhardt and Smith 1990, pp. 253—4).

Darwin’s information about cave fauna, however, came not only from
what he read about Mammoth Cave and from his correspondence with
Dana and Westwood, but also from an article written by the Danish
naturalist Schitdte. As mentioned earlier, Schiddte was particularly

3 b. Sheffield, England, 22 December 1805; d. Oxford, England, 1 January 1893.
Entomologist, archaeologist and a superb illustrator with strong religious beliefs, who
disagreed with Darwin regarding his theory of evolution while respecting him as a
scientist.
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interested in the correlations between anatomical characters and the
biological conditions under which organisms live, and also provided the
first classification of cave animals (shade animals, twilight animals, animals
in the dark zone, and animals living on stalactites) (Schiodte 1849).
Although Schitdte’s article was originally written in Danish, Darwin
(who always struggled with foreign languages, which is the reason he
almost exclusively referred to literature that was originally written in
or translated into English) had access to the paper because it had been
translated and published in English by the Danish naturalist Nathaniel
Wallich,”” who read it at the meeting of the Entomological Society of
London on 6 January 1851 (Wallich 1851; Burkhardt and Smith 1990,
pp- 283—4).

Armed with this information, Darwin speculated in the first edition
of his Origin (1859, pp. 137-8) that ‘in the case of the cave-rat natural
selection seems to have struggled with the loss of light and to have
increased the size of the eyes; whereas with all the other inhabitants of
the caves, disuse by itself seems to have done its work.” Darwin cited
Schiodte’s paper as a reference (p. 138). At first Darwin considered the
mechanisms of both natural selection and disuse to explain blindness and
depigmentation as well as the enlargement of some sensory systems and
appendages. To Darwin, this meant a ‘contest (...) between selection
enlarging and disuse alone reducing these organs’ (Darwin 1859, p. 296).
Later Darwin noted that cave fauna were more closely related to the
fauna of the surrounding regions than elsewhere, as is the case for fauna
of other more or less isolated habitats such as islands. Thus, he argued
that the cave fauna descended from the fauna of the surrounding region,
‘the colonists having been subsequently modified and better fitted to
their new homes’ (Darwin 1859, p. 403).

Although the second edition (1860) of the Origin contains very few
substantial changes from the first, beginning with the third edition (1861),
Darwin makes major changes not only in the book as a whole but on the
explanation of the phenomenon of rudimentation of organs among cave
animals in particular. Darwin’s critics, who had a hard time accepting
the role of natural selection in general and its effect on cave animals
in particular, found in the latter ammunition for their anti-selectionist
criticisms; after all, it seemed that on the surface that Darwin himself
was providing the best argument favoring disuse over random selection
to explain the reduction and/or disappearance of organs.

% b. Copenhagen, Denmark, 28 January 1786, d. England, 28 April 1854.
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Thus, by the third edition of the Origin Darwin de-emphasized the
importance of natural selection by eliminating his discussion of a ‘contest’
between selection and disuse. In fact, in the first two editions, in the
paragraphs relative to cave animals and rudimentation, he used the words
disuse and selection seven times each; by the third edition, it was five and
two, respectively.

Yet, criticism mounted. In 1865 Carl Wilhelm von Nigeli,
and one of the rediscoverers of Mendels work, made the point that
characters considered useless could not have arisen via natural selection or

40 2 botanist

even Lamarckism for that matter. Darwin respected von Nigeli’s opinions
very much and, thus, by the sixth edition, he responded to this criticism
by significantly expanding his discussion on morphological reductions
and natural selection, although suggesting that there were mechanisms
yet to be discovered to explain this phenomenon.

Another criticism was expressed by George John Douglas Campbell,
Duke of Argyll.*! With a sort of finalistic ideology, this politician and
prolific writer attacked Darwin’s explanation of rudimentation by saying
that rudimentary organs were not remnants of useful structures but rather
incipient structures being prepared for some future use (Argyll 1867,
p- 213). Campbell’s expression may foreshadow the concept of ‘preadap-
tation’, so popular among classical biospeleologists (see Chapter 3 of this
book). Further, the Duke of Argyll did not understand how Charles
Darwin could have proposed natural selection without a ‘selector’, just as
animal breeders make selective choices. The Duke of Argyll and Richard
Owen were staunch creationists, who tried to prevent the influence of
Darwin’s ideas on British society.

Finally, in 1871 George Mivart" (who studied under Owen among
others) published his Genesis of Species, a work heralded by an article in the
Quarterly Review of the same year. Mivart articulated many criticisms of
Darwin’s ideas, criticisms to which Darwin responded in full in the sixth
edition (1872) of his Origin. One of these criticisms was that ‘Natural
selection utterly fails to account for the conservation and development

40 p, Kilchberg, Switzerland, 27 March 1817; d. Munich, Germany, 10 May 1891.

o, Ardencaple Castle, Dunbartonshire, Scotland, 30 April 1823, d. Inveraray Castle,
Scotland, 24 April 1900.

2 b. London, England, 30 November 1827; d. London, 1 April 1900. A morphologist
with a finalistic argument for design by a higher intelligence and a believer of neo-
Lamarckism. His book On the Genesis of Species (1871) was a sour and personal criticism
of Darwin’s ideas on natural selection and human evolution while disparaging the ‘bad’
influence of Darwinism on British society (Artigas ef al. 2006).
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of the minute and rudimentary beginnings, the slight and infinitesi-
mal commencements of structures, however useful those structures may
afterwards become’ (Mivart 1871, p. 23).

By the Origin’s sixth edition (the first of his famous book to use
the word ‘evolution’) Darwin remained cautious about the role that
natural selection might have played in the reduction of morphological
characters by saying that this process may have been ‘aided perhaps by
natural selection.” By now the number of times he uses the word disuse
(when discussing cave organisms and rudimentation) has risen to nine,
and selection to ten. He also added the idea that animals subjected to
darkness may develop ‘inflammations of the eyes’ and that the covering
of those organs by tissue can ‘be an advantage’ (that is, where selection
may play a role). He then made the statement that rudimentary organs are
very common among many organisms (a fact usually overlooked by the
practitioners of the ‘regressive evolution’ concept today). He supported
the statement by providing numerous examples from plants to whales.
Yet he remained fixed in his idea that ‘It appears probable that disuse
has been the main agent in rendering organs rudimentary.” Although he
mentioned the benefit derived by an organism in reducing organs that
are no longer utilized for the sake of ‘economy,” he had no explanation
for why some organs totally disappear whereas others are retained (for a
word-by-word comparison of these texts, see http://www.clt.astate.edu/
aromero/new_page_29.htm).

So, which one is the real Darwin when it comes to the evolution of
cave faunas and the phenomenon of rudimentation? Was he a selection-
ist or a Lamarckian? Essentially, Darwin’s views were neo-Lamarckian
in relation to loss or rudimentation of organs; therefore, to say that
later neo-Lamarckism was ‘anti-Darwinian’ concerning cave fauna is a
misinterpretation of the facts since Darwin himself held neo-Lamarckian
ideas. This despite the fact that Darwin wrote to Lyell on 11 October
1859, that ‘I do not know what you think about it [Lamarck’s work],
but it appeared to me extremely poor; I got not a fact or idea from it’
(E Darwin 1896, vol. 2, p. 10).

The present author’s proposition that Darwin held neo-Lamarckian
ideas when dealing with cave fauna is consistent with the interpreta-
tion that in many ways Darwin held a modified version of the Great
Chain of Being (Bowler 1983, pp. 55-9). This was a position also
championed by the Swiss entomologist Charles Bonnet™ and the French

b, Geneva, Switzerland, 13 March 1720; d. Geneva, 20 May 1793.
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philosopher—naturalist Jean-Baptiste-René Robinet.”* They both en-
dorsed the idea of organic progress (Burkhardt 1977, pp. 83—4).

For Bonnet God had a plan, but His divine role only took place at the
beginning of the universe. For Bonnet there were always intermediate
forms between species. He was a proponent of the theory of preforma-
tion, i.e. that all organisms have a preformed ‘germ’ in the female germ
cell. For him, all these preformed germs were there at the time of the
beginning of the universe. He believed that the Earth had been affected by
cataclysms (similar to Cuvier’s catastrophes) that had destroyed life several
times over but then every time the ‘germs’ were reborn into better and
more perfect (and complex) forms of life, culminating in a ‘paligenesis’
or resurrection as interpreted by the Christian gospel. Bonnet’s beliefs
were very popular, particularly in France (Pilet 1973; Anderson 1976;
Rigotti 1986). Thus, Bonnet equated the idea of progressive develop-
ment with the term ‘evolution’ meaning the unfolding of a providential
plan to replenish the earth with life (Richards 1992, 2002).

Both Bonnet and Robinet were strict Lamarckians. Lamarck argued
that organisms experience ‘needs’ (besoins) that are brought about by the
environment and that trigger fluids (including electricity) which, when
circulated in the body, enlarge or develop the appropriate organ. Accord-
ing to Lamarck, a crucial causal factor in ‘higher’ animals is the ‘inner
consciousness’ (sentiment interieur), which causes body parts to respond
and develop. This line of thought resulted in the idea of the inheritance of
acquired characters. Although Darwin was less inclined to metaphysical
interpretations than his French-speaking colleagues, he favored the idea
of inheritance of acquired characters, and his selectionist explanations
regarding cave animals were at best weak and at worst confusing.

Given this muddled state of science, the void created by Darwin
himself by his lack of a rational explanation for the phenomenon of
rudimentation was filled by orthogenesis and its related conceptions, first
in the United States and later in continental Europe.

The publication of Darwin’s Origin in 1859 stimulated American
naturalists not only intellectually but also sociologically. On the one
hand Louis Agassiz completely dismissed the idea of transmutation of
species and Darwin’s book as a whole, which he attacked unrelentingly,
particularly in academic circles (he qualified Darwin’s books as ‘poor,
very poor’; E Darwin 1896, vol. 2, p. 63); on the other Wyman (Agassiz’
colleague at Harvard) and the students of Agassiz himself (including his
son Alexander) eventually embraced the idea of evolution though they

4 b. Rennes, France, 23 June 1735; d. Rennes, 24 March 1820.
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dismissed natural selection as its main mechanism. These, together with
Alpheus Hyatt" and Edward Drinker Cope,'® were the founders of the
American neo-Lamarckian school, and they saw cave fauna as the perfect
example to support their ideas. Since Darwin himself adhered to the
explanation of disuse as a mechanism for change and had not articulated
a strong argument in favor of selection acting on cave organisms, they
did not feel they were contradicting in any significant measure the tenets
of the later editions of the Origin on this matter.

Three historical factors influenced biospeleological research in the
United States after the appearance of Darwin’s Origin: (1) the Ameri-
can Civil War (1861-1865), (2) the emergence of the Hyatt—Cope
Progressionist School (from 1864 on), and (3) the ‘Salem Secession’ of
1864.

1.3.1 The American Civil War

The onset of this conflict meant, essentially, that any field and laboratory
study of Mammoth Cave fauna stalled. The reason was very simple:
the scientists interested in the topic were in the North whereas the
Mammoth Cave was in the South. In fact, there would not be a renewal
of interest in these fauna until 1871, when, after the Indianapolis meeting
of the American Association for the Advancement of Science, many of
the participants visited Mammoth Cave and collected new specimens.
Thus for more than a decade American naturalists had to be content
to engage in speculation about the cave fauna and their origin without
the benefit of direct observation. In at least one instance, a person most
interested in the issue was kept away forever. This was Charles Frédéric
Girard.”” He had been brought to the United States by Louis Agassiz in
1847 and had worked at the Smithsonian Institution until 1860. While
there, he was given some specimens collected by a J. E. Younglove ‘from
a well near Bowling Green, Ky’. He bestowed on those specimens a
new species status, Typhlichthys subterraneus, which he included in the
family Amblyopsidae (Girard 1859). This new species seemed to have
‘characters apparently transitory’ between A. spelaea and the other species
of the amblyopsid family known at that time: Chologaster cornutus, an

S p, Washington, D.C., USA, 5 April 1838; d. Cambridge, Massachusetts, USA,
15 January 1902.

#b. Philadelphia, Pennsylvania, USA, 28 July 1840; d. Philadelphia, 12 April 1897.

#7 b, Mulhouse, France, 8 March 1822; d. Neuilly-sur-Seine, France, 29 March 1895.
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epigean species. A. spelaea lacked eyes but had ventral fins; T. subterraneus
lacked both eyes and ventral fins, whereas C. cornutus had eyes and lacked
ventral fins. Obviously, the discovery of this sort of ‘intermediate’ species
should have fueled much further discussion on the issue of evolution.
However, its discovery occurred right before the beginning of the Civil
War, so no more information could be obtained. It is quite possible
that Girard would have continued working on it, but hostilities broke
out while Girard was in Paris, and he spent most of the rest of his
life there practicing medicine. His support for the Confederate cause
(by sending drugs, medical supplies, and arms) and the animosity that
Agassiz had developed toward him (Jackson and Kimler 1999) probably
led Girard to believe that he would not be welcome back in the United
States, especially since the vast majority of his colleagues had supported
the Union. Yet, he must have maintained some interest in cave fishes
because later in life he published a number of popular articles on this
topic (e.g. Girard 1888) (Romero 2001a).

1.3.2 The emergence of the Hyatt—Cope Progressionist School

Alpheus Hyatt, a former student of Agassiz with whom he broke up, after
the ‘Salem Secession,’ (see below) and who embraced evolution (to the
dismay of Agassiz), visited Mammoth Cave in September 1859, much
earlier than his contemporary colleagues, and collected specimens of its
fauna (Bocking 1988; Romero 2001a). Hyatt’s evolutionary ideas were
based on three tenets: (1) species have, as do individuals, an inevitable life
cycle that includes decline as age advances; (2) for a species the preceding
step before extinction is ‘degeneration’ of the species (cave creatures with
their lack of eyes and pigmentation epitomized to him this degeneration);
and (3) species ‘transmutation’ is the result of the speeding (‘acceleration’)
or slowing (‘retardation’) of development, which, in turn, is caused by
use and disuse (for a summary of Hyatt’s ideas see Brooks 1909).

Hyatt’s ideas were influenced by two currents of thought: (1) the
Americanized version of Naturphilosophie that was based on Oken’s
German idealism and transcendentalism, which Agassiz had champi-
oned and passed on to his students including Hyatt himself; and
(2) progressionist ideas popularized by Ernst Haeckels™ ‘Principle of

* b, Potsdam, Prussia, Germany, 16 February 1834; d. Jena, Germany, 9 August 1919.
Haeckel studied medicine and was still practicing when he read Darwin’s Origin of
Species in 1859. That made him abandon his medical profession to study natural history
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Recapitulation’ which Hyatt used to formulate his ‘Law of Acceler-
ation.” The best compendium of Haeckel’s philosophy of progressive
evolution can be found in his 1891 Evolution of Man (Anthropogenie),
which was based on an analytical comparison of embryonic development
and evolution, better known today as the ‘Biogenic or Biogenetic Law’
(i.e. ‘ontogeny recapitulates phylogeny’) or the recapitulation theory.

Interestingly enough, although Haeckel was very impressed with
Darwin’s Origin, he was not very enthusiastic about natural selection
as the primordial mechanism and tended instead to emphasize Lamar-
ckian mechanisms. This may explain, at least in part, why Haeckel did
not like Darwin’s natural selection explanation: he was a German idealist
and transcendentalist whereas Darwin represented the best of the British
natural theology.

In other words, since Darwin himself advocated disuse as the mecha-
nism to explain the loss of phenotypic features among cave animals, for
the American neo-Lamarckians that point was not in dispute. What they
disputed was the impression of randomness and lack of direction implied
in Darwin’s ideas; therefore their point of contention with Darwin was
not a disagreement over evolution as a fact or disuse as a mechanism,
but their philosophical view of directionality in nature. This is still the
major philosophical contention that creationists have today. No wonder
the triumph of Darwinism has been called “The triumph of chance and
change’ (Greene 1959).

The other proponent of progressionism in the USA was Edward
Drinker Cope. He was a highly prolific naturalist who became a very
influential, although controversial, figure in his time. His first dealing
with alleged cave fauna took place with the description of what he
thought to be a new genus and species of troglomorphic fish, ‘Gronias
nigrilabris’, from Pennsylvania (Cope 1864, p. 231). Although he did not
present any evidence that such fish had been captured in the hypogean

at the University of Jena, where he later became a professor of comparative anatomy
and the leading German Darwinist. For him all living organisms were plasmatic bodies
diftering only in degrees of organization. This was a metaphysical view, according to
which all living matter is made of the same essence. Another notable influence on him
was the vitalist and comparative anatomist and physiologist, Johannes Miiller. Haeckel
was also influenced by Naturphilosophie and he ultimately developed pantheistic ideas.
He was also a progressionist who believed that advances in science would allow
humankind to reach new heights in rationality and morality, while civilizations that
did not adhere to these concepts were considered ‘degenerate.” He inspired many
students, among them Anton Dohrn (Uschmann 1972; Oppenheimer 1982).
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environment, he was quick to suggest that such fish ‘is supposed to issue
from a subterranean stream, said to traverse the Silurian limestone in that
part of the (sic) Lancaster county, and discharge into the Conestoga’.
Cope was known for his hasty conclusions and the superficiality of
some of his work (Romero and Romero 1999). Further studies have
shown that the specimens on which he based this description were speci-
mens of Ictalurus nebulosus that had eyes present that were asymmetrically
developed, probably as a result of a teratological condition. Unfortu-
nately his assertion concerning this fish continued to be repeated in the
literature until recently (see Romero 1999b for a full history of this
misconception).

But more important than this alleged discovery was the position that
Cope himself took about evolution in general and how that influenced
biospeleological thinking. Cope and Hyatt developed what was to be
known as the Hyatt—Cope position or school, which was based on paral-
lels drawn between embryology and phylogeny. Early in his career Cope
took a stand against natural selection, never acknowledging it as an impor-
tant evolutionary force (see, for example, Cope 1864); like the rest of his
contemporaries, he became a strong supporter of Lamarckism. However,
he extended Lamarck’s ideas by representing evolution as a phenomenon
governed by trends: “The method of evolution has apparently been one of
successional increment or decrement of parts along definite lines’ (Cope
1896, p. 24). This is what was later called orthogenesis, the view that
evolution has a life of its own that can take it in certain directions. As
Hyatt had also done, Cope proposed evolutionary principles such as the
‘Law of the Unspecialized” which when applied to cave organisms meant
that these cave creatures without eyes and pigmentation were at the end
of their phylogenetic life because they were too specialized to evolve into
something else; therefore, the next step had to be extinction (see Cope
1896, pp. 172—4). As we shall see, these ideas became the distinguishing
feature of American neo-Lamarckism, and much of the discussion on
the evolution of cave species (even today) was heavily influenced by such
views as those epitomized by the use of terminology such as ‘regres-
sive evolution’ (Cope 1864, 1872, 1896; Davidson 1997; Romero and
Romero 1999; Wallace 1999).

1.3.3 The ‘Salem Secession’

This was the breakup of professional relationships between Agassiz and
many of his students at Harvard because of a combination of disputes
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over labor issues, the ownership of collected material, the freedom
of the students to publish, economic issues created by the Civil War,
and philosophical differences. Since most of these students went to the
Peabody Academy of Sciences in Salem, Massachusetts, their departure
from Agassiz was termed the ‘Salem Secession’ by Dexter (1965). The
fact that most, if not all, of the most notable of Agassiz’ students used
cave organisms as either the subjects of their research or for purposes of
philosophical disquisitions shows how influential Agassiz was in plant-
ing interesting questions in his students’ minds. Yet, because Agassiz was
an unrepentant creationist, they distanced themselves from their former
master, sometimes more in form than in substance. Wyman, for example,
quickly converted to evolutionism (but without accepting natural selec-
tion as its mechanism) and regarded Agassiz as backward for his refusal
to accept evolution (Appel 1988); other students of his (Hyatt, Alpheus

>l and

Packard,*” Edward Morse,”” and to a lesser extent Frederic Putnam
Nathaniel Shaler™”) went on to contribute to the popularity of neo-
Lamarckism in America.

Packard, after breaking with Agassiz in the Salem Secession, went
on to become a leading figure of American neo-Lamarckism, which he
championed from his positions at the Boston Society of Natural History,
the Peabody Academy of Sciences at Salem, Massachusetts, and at Brown
University (Dexter 1965; Bocking 1988). It was Packard who coined the
term ‘neo-Lamarckism’ and called Lamarck ‘the real founder of organic
evolution’ (Packard 1901, p. v). In 1867, together with Morse and Hyatt,
Packard founded The American Naturalist, the journal that published the
most articles on American cave fauna during the nineteenth century. He
first examined Mammoth Cave specimens after the Indianapolis meeting
of the American Association for the Advancement of Science in 1871,

b, Brunswick, Maine, USA, 19 February 1839; d. Providence, Rhode Island, USA,
14 February 1905.

%0 p. Portland, Maine, USA, 18 June 1838; d. Salem, Massachusetts, USA, 20 December
1925). A naturalist, writer, and later director of the Peabody Museum of Archaeology
and Ethnology (1880-1914).

51 p. Salem, Massachusetts, USA, 16 April 1839; d. Cambridge, Massachusetts, USA,
14 August 1915.

2 p. Newport, Kentucky, USA, 22 February 1841; d. Cambridge, Massachusetts, USA,
10 April 1906. A geologist and paleontologist initially opposed to evolution out of
deference to his teacher Agassiz, but once he secured his position as Dean at Harvard
he accepted Darwin’s theory, although maintaining a neo-Lamarckian interpretation
of it.
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and published an account of the fauna that same year. Just as his former
teacher had been, he was enthusiastic about the possibilities that cave
animals offered to scientists interested in evolutionary studies: “We trust
naturalists the world over will be led to explore caves with new zeal’.
Packard saw the study of Mammoth Cave fauna as the means of fulfilling
his higher interest in the issue of evolution, i.e. the knowledge derived
from their study could impact broader evolutionary issues (Packard 1871,
p. 761). The Mammoth Cave fauna convinced him of their usefulness as
a demonstration of evolution (Packard 1871). For him and Putnam ‘The
comparatively sudden creation of these cave animals affords, it seems to
us, a very strong argument for the theory of Cope and Hyatt of creation
by acceleration and retardation which has been fully set forth in this
journal’ [American Naturalist] (Packard and Putnam 1872). He thought
that cave fauna was of very recent origin and that the loss of certain
organs was compensated by the hypertrophy of others.

In 1874, after Packard became associated with the Kentucky Geologi-
cal Survey, his interest in the fauna of Mammoth Cave and other caverns
in the midsouth USA intensified, although he never abandoned his neo-
Lamarckian views concerning cave faunas (see, for example, Packard
1888).

The other leading figure of this time was Frederic Ward Putnam. Like
Packard, Putnam studied under Agassiz and was his assistant until the
Salem Secession of 1864. He worked either as an ichthyologist or as a
vertebrate biologist for the Boston Society of Natural History, the Essex
Institute, the Peabody Academy of Science, and Harvard’s Museum of
Comparative Zoology. He was the one out of all of Agassiz’ students who
took the longest to accept evolution as a fact, and when he did (between
1872 and 1874) he appeared to do so reluctantly (Dexter 1979). In
fact, there is no clear indication that he expressively espoused the neo-
Lamarckian ideas of the Hyatt—Cope school, but there is no proof to
the contrary either, and he worked very closely with both Packard and
Shaler, whose sympathies for the American neo-Lamarckian school are
indisputable.

Of all of Putnam’s experiences, it was his position in 1874 as assis-
tant of the Kentucky Geological Survey that brought him into direct
contact with hypogean fauna, particularly fishes. Putnam also first visited
Mammoth Cave to collect fishes, crayfish, leeches, beetles, and crickets in
1871 after the meeting of the American Association for the Advancement
of Science. He returned in 1874 following an invitation from Nathaniel
Southgate Shaler, another of Agassiz’s students, who, as director of the
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Kentucky State Geological Survey, appointed Putnam as special assistant
to the Survey that year. Although less well known than Packard because
he was not very much inclined to provide grandiose generalizations or
engage in much speculation, Putnam was very critical of hasty conclu-
sions by others, particularly Cope.

Putnam carried out experiments that suggested that blind cave
crayfishes would not take food, unlike the eyed ones, and did not acquire
pigmentation in subsequent molts even when kept in sunlight (Putnam
1875). He also described a new species of amblyopsid, Chologaster agassizi
(Putnam 1872). He always had problems in accepting evolution as an
idea:

I think that we have as good reasons for the belief in the immutability and early
origin of the species (.. .) as we have for their mutability and late development,
and, to one of my, perhaps, too deeply rooted ideas, a far more satisfactory
theory; for, with our present knowledge, it is but theory on either side’. (Packard
and Putnam 1872, p. 52)

However, when dealing with specifics Putnam’s arguments always
seemed to be to the point. For example, he criticized Cope’s interpre-
tation that A. spelaea was able to survive in hypogean waters because
its

projecting under jaw and upward direction of the mouth renders it easy for the
fish to feed at the surface of the water (. . .) This structure also probably explains
the fact of its being the sole representative of the fishes of subterranean waters.
No doubt many other forms were carried into the caverns since the waters first
found their way there, but most of them were like those of our present rivers,
deep waters or bottom feeders. Such fishes would starve in a cave river, where
much of the food is carried to them on the surface of the stream. . .

Putnam then asked: where are the surface forms of the ‘surface
teeders’> Why are other surface feeders not found in caves? He did
not understand how Cope could justify the above statement when he
himself had described an alleged ‘subterranean’ fish (‘Gronias nigrilabris’)
from Pennsylvania that was a bottom feeder, and the blind cave fishes
from Cuba (discovered by Felipe Poey™ in 1858) were bottom feeders
as well. Putnam noted that studies of stomach contents in A. spelaea had

5 b La Habana, Cuba, 26 May 1799; d. La Habana, 28 January 1891. A lawyer by
training, he became the foremost Cuban naturalist and discovered two species of cave
fishes in that island, the first ones scientifically recognized outside the United States
(Romero 2007).
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shown that they eat mostly crayfish and other fishes. He asked, if blind-
ness is the direct result of darkness, as some contended, ‘how is it that
Chologaster from the well in Tennessee or the ‘mud fish’ at Mammoth
Cave are found with eyes?” (Putnam 1872, p. 24).

Putnam (1872, p. 6) also stated that

the blind fish of the Mammoth Cave has from its discovery been regarded
with curiosity by all who have heard of its existence, while anatomists and
physiologists have considered it as one of those singular animals whose special
anatomy must be studied in order to understand correctly facts that have been
demonstrated from other sources; and, in these days of the Darwinian and
development theories, the little blind fish is called forth to give its testimony,
pro or con.

He viewed the amblyopsids as former marine and saltwater estuary
fishes that were slowly trapped in that geographical area. He substantiated
this hypothesis by pointing out that the eyed amblyopsid C. cornuta was

now living in the ditches of the rice fields of South Carolina, under very similar
conditions to those under which others of the family may have lived in long
preceding geological time; and to prove that the development of the family was
not brought about by the subterranean conditions under which some of the
species now live, we have the ones with eyes living with the one without, and
the South Carolina species to show that a subterranean life is not essential to the
development of the singular characters which the family possess.

He further supported this hypothesis by mentioning that the Cuban
blind cave fishes belonged to the genera ‘with their nearest representative
in the family a marine form, and with the whole family of cods and their
allies, to which group they belong, essentially marine’.

How can we summarize, thus, the views of this generation of Ameri-
can naturalists regarding the evolution and ecology of cave fauna?
Although generalizations are always dangerous (particularly when dealing
with the ideas of people like Cope, who kept modifying his), here are
some of their views of which we are certain:

1. Disuse, not natural selection, was the major (if not the only) evolu-
tionary force behind the morphological ‘oddities’ (blindness and
depigmentation) of cave fauna. Thus, cave fauna provided excellent
evidence of the effect of the environment on the evolution of organ-
isms (Packard attributed more evolutionary importance to the direct
effect of the environment than to the effect of changes in habits).
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2. The maintenance of rudimentary (but useless) organs among the cave
fauna was explained within the concepts of Bauplane (blueprints or
archetypes), homologies, and parallelisms between embryology and
phylogeny. These ideas originated from Agassiz as a result of his own
Naturphilosophie.

3. Hypertrophy of certain organs appears as compensation for the
rudimentation of others.

4. Cave fauna represented one of the best examples of progressionism or
orthogenetic ideas. With orthogenesis comes the idea of progress; with
loss of characters, the idea of regression. Bowler (1983, p. 57) suggested
that Lamarckism and orthogenesis were allies in their war against
Darwinism. That was particularly true among American naturalists.

5. All cave fauna were of recent origin.

1.4 European selectionism and the death of the
controversies (1880-1921)

Despite the tremendous popularity of American neo-Lamarckism, some
European researchers were not satistied with the metaphysical expla-
nations for the evolution of cave fauna in particular and the general
dismissal of natural selection as the major driving force of evolution.
The main opposition came from August Weismann®* and Edward Ray
Lankester.”” Although the first did not specifically study cave organisms,
he adopted a pro-selectionist position in part because his teacher Jacob
Henle™ (a very keen observer) had encouraged him to be suspicious of
any ideas based on the idealistic Naturphilosophie. More explicit regard-
ing cave fauna was Lankester, a comparative anatomist influenced by
the German biologist Anton Dohrn”’ (a student of Haeckel’s). Lankester
wrote that a special kind of natural selection was responsible for blindness

3% . Frankfurt am Main, Germany, 17 January 1834; d. Freiburg im Breisgau, Germany,

5 November 1914. He conducted a series of experiments in which he cut off the tails
of mice for 22 generations, disproving the notion that acquired characteristics could
be inherited since the mice kept being born with tails.

% b, London, England, 15 May 1847; d. London, 15 August 1929.
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b. Fuirth, near Nuremberg, Bavaria, Germany, 19 July 1809; d. Gottingen, Germany,
13 May 1885. Henle was originally trained in medicine, studied under Johannes
Miiller, and taught biology to August Weismann (Hintzsche 1972).

b. Stettin, Germany [now Szczecin, Poland], 29 September 1840; d. Munich,
Germany, 26 September 1909. Dohrn became very enthusiastic about natural history
after reading Darwin’s Origin. His major area of interest was comparative anatomy and
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among cave animals. His ideas can be summarized as follows: (1) within
any population some animal individuals are, by chance, born with defec-
tive eyes, and occasionally a sample of both those born with normal
eyes and some born with defective eyes fall or are swept into caves;
(2) in each generation, those that have good eyes are able to see the light
and escape, so eventually only those that are blind will remain in the
cave (Lankester 1893); (3) one can find organisms degenerating ontoge-
netically and phylogenetically; ‘degeneration’ or ‘a loss of organization
making the descendent far simpler or lower in structure than its ancestor,’
is 2 widespread phenomenon (Lankester 1880; De Beer 1973). He did
not synonymize evolution with progress.

Any new set of conditions occurring to an animal which render its food and
safety very casily attained, seem to lead as a Rule of Degeneration; just as an
active healthy man sometimes degenerates when he becomes suddenly possessed
of a fortune. (...) Let the parasitic life once be secured, and away go legs, jaws,
eyes, and ears’. (Lankester 1880, p. 33)

Note here the influence of the ‘Hyatt—Cope school’ and the fact
that he was trying to draw a parallelism between parasitology and the
complacency of the British Empire at its zenith.

Despite these controversies and the rediscovery of Mendels work,
little more than speculation was added to the discussion. Hugo De
Vries,”® for example, one of the rediscoverers of Mendel’s laws, believed
that there were two types of mutation: retrogressive (leading toward the
loss of characters) and progressive (leading toward complexity). But these
were theoretical considerations without a solid experimental backing.
Notice that De Vries, despite his distaste for orthogenesis and teleologi-
cal explanations, was using the jargon of progressionists when referring to
these mutations. Lankester had also proposed that each useless character
was correlated with a useful one, an idea that found tangential support
from Thomas Hunt Morgan,”” who discovered that one gene may have

the use of embryos to establish phylogenetic relationships. He maintained an active
correspondence with Darwin (Heuss 1991).

58 b. Haarlem, The Netherlands, 16 February 1848; d. Lunteren, The Netherlands,
21 May 1935.

b, Lexington, Kentucky, USA, 25 September 1866; d. Pasadena, California, USA,
4 December 1945. A leading twentieth-century geneticist who established the fact
that genes were located in the chromosomes and made the use of fruit flies a common
feature in experimental genetics.
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multiple effects (pleiotropism). Morgan, the experimentalist, was also
speculative about cave fauna: when observing the appearance of eyeless
Drosophila in the laboratory, he proposed that blind cave animals could
be the result of a single mutation, an assertion he never tested.

The last major biologist working on cave fauna who operated more
or less under the influence of the American neo-Lamarckian school was
Carl H. Eigenmann.”’ Influenced by David Starr Jordan®' (a student of
Louis Agassiz’ son, Alexander), Eigenmann became a biologist particu-
larly interested in fishes. His first experience with blind cave fishes took
place in 1886 while at Indiana University, when he received a living blind
fish taken from a well in Corydon, Indiana. The next year he married
Rosa Smith,%” an ichthyologist in her own right, and who introduced
him to the blind goby Othonops eos (formerly Typhologobius californiensis)
found among the rocks of the California coast (see Eigenmann (1890) for
a historical account of this encounter and how much it impressed him).
In 1891 he was appointed Professor of Zoology at Indiana University, a
perfect location from which to study the blind vertebrates of the caves
in the nearby areas. This motivated him to devote a substantial part of
his scientific career to the study of blind vertebrates, most of them from
caves (Romero 1986b).

Between 1887 and 1909, much of his work was devoted to under-
standing the process by which cave vertebrates lost their visual structures.
He also described two new species of cave fish: Amblyopsis rosae from
Missouri (Eigenmann 1898) and Tiogloglanis pattersoni (Eigenmann 1919)
from the artesian waters of Texas. Eigenmann frequently visited the caves
of Indiana, Kentucky, Texas, and Missouri in search of specimens for his
work; in March 1902 he visited Cuba for the first time and secured cave
specimens for his comparative studies. He had previously been working
on fish reproduction and quickly recognized that the two species of
Cuban hypogean fish known at that time were viviparous.

" b, Flehingen, Beden, Germany, 9 March 1863; d. Chula Vista, California, USA,
24 April 1927. He arrived in the United States at the age of 16.

o1 b, Gainesville, New York, USA, 19 January 1851; d. Stanford, California, USA,
19 September 1931. Inspired by Louis Agassiz, Jordan devoted his academic research
to the study of fishes and accepted Darwinism. He believed that extreme specialization
would be followed by ‘degeneration’ as in the case of cave fishes. He taught Carl H.
Eigenmann and indirectly influenced Carl L. Hubbs (Hubbs 1964; Shor 1973).

92 p, Monmouth, Ilinois, USA, 7 October 1858; d. San Diego, California, USA,
12 January 1947.
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Eigenmann found the localities for the Cuban blind fish to be
‘monotonous’ (Eigenmann 1903), unlike Mammoth Cave, which
exhibited great diversity, not surprising given the enormous size of the
latter. From 1906 to 1907 he conducted laboratory studies in Europe,
mostly in Germany, with the Cuban specimens he had collected. From
1898 to 1905 Eigenmann published at least 39 papers and abstracts on
cave vertebrates, dealing mostly with developmental and anatomical
aspects of vision loss in fishes, salamanders, lizards, and mammals in an
attempt to understand the basic process that results in blindness among
hypogean vertebrates. He summarized all this research in his Cave
Vertebrates of North America (Eigenmann 1909).

Although a taxonomist by training, Eigenmann diligently sought
explanations for the origin and evolution of the cave fauna. Originally
a neo-Lamarckian, Eigenmann thought that the reduction or disappear-
ance of organs among many cave animals was an example of convergent
evolution. In other words, the well-defined conditions of the subter-
ranean environment facilitate the evolutionary changes that result in
blindness and depigmentation in a variety of animals. He pointed out
that lack of pigmentation had to be understood as the result of a combina-
tion of genetically fixed and epigenetically (environmentally influenced)
determined characters; in other words, even though a character may
be genetically determined, its degree of development can vary when
exposed to different amounts of light. For Eigenmann, cave evolu-
tion was essentially ‘degenerative’, and all successful cave-invaders had
to be somehow ‘pre-adapted’ to that milieu. The origin of caves and
that of the blind fauna in them were to him two distinct questions
because of his experience with the blind fish found among the rocks
of California’s coast. He insisted on a strong link between ontogeny
and phylogeny; his constant use of terms such as ‘phyletic degenera-
tion” indicates that he held orthogenetic views. He followed Herbert
Spencer’s idea that cave fauna are not the result of ‘accidents’ but rather
the product of an active process of colonization (Eigenmann 1909;
Romero 1986b).

At the same time Eigenmann was at the peak of his work on blind
vertebrates, his student Arthur Mangun Banta®’ proposed some variations
to the popular explanation of the origin of reduction/loss of phenotypic
characters. For Banta ‘degeneration’ of eyes and pigmentation was due

9 b, near Greenwood, Indiana, USA, 31 December 1877; d. 2 January 1946.
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to the influence of the environment, and such phenomena had to occur
at the embryonic level before cave colonization could take place (Banta
1921). Because such animals have already suffered ‘degeneration’ they
go ‘voluntarily’ into caves and do not return to the surface because
they are ‘unfit’ to survive in epigean conditions (Banta 1909, p. 99).
Banta, thus, was not a neo-Lamarckian in the sense that he did not
believe in disuse as the cause of rudimentation; he even acknowledged
that natural selection was the explanatory mechanism for the increased
sensory organs of some cave creatures (Banta 1909, p. 104). Although
Banta’s hypothesis as to why cave animals had colonized the hypogean
environment (and why they were blind and depigmented) never acquired
much credence, his emphasis on the notion of preadaptations became
very popular when four years later Cuénot coined the term (see
Chapter 2).

In summary, by the beginning of the twentieth century, with genetics
gaining importance, no new ideas about cave biology were proposed
even though the neo-Lamarckian explanations based on use and disuse
had been discredited. This is not surprising: even the topic of evolution
in general languished at this time, primarily because it was obvious that
no progress was being made, and ‘Morphology having been explored
in its minutest corners, we turned elsewhere’ (Bateson 1922, p. 1412).
Lankester, for example, left his professorship at Oxford to become Direc-
tor of the British Museum of Natural History (Ruse 1996, p. 239) and
Eigenmann began a general study of freshwater fish fauna of the Western
hemisphere.

Now that biospeleology was essentially dead in English-speaking
countries, this science would experience a revival in continental Europe,
particularly in France, where they had their own brand of neo-
Lamarckism and orthogenesis. How was this possible?

1.5 Biospeleological ideas in France and elsewhere in
continental Europe (1809-1950)

French and French-based researchers from Lamarck to the biospele-
ologists of the 1950s have had and continue to have a tremendous
intellectual influence on biospeleological ideas. Their way of thinking
and their terminology have been pervasive in cave biology. To under-
stand why this is so, we must (1) review the political and intellectual
environment in France previous to the publication of Darwin’s Origin;



42 - A brief history of cave biology

(2) examine how Darwin’s book was received; and (3) investigate how
and particularly why the French developed an evolutionary ideology of
their own, particularly when it came to interpreting the nature of cave
fauna.

Ideas on evolution (biological and otherwise) in pre-Origin France
abound, but all have something in common: a strong philosophical rather
than an empiric basis. Jean Baptiste Lamarck,”* a physician by training,
became first an assistant botanist at the French Royal Botanical Gardens,
an active participant of the Société d’Histoire naturelle, and was then given a
position of professor of ‘insects and worms’ at the newly created Muséum
National d’Histoire Naturelle.

Lamarck considered himself a ‘naturalist—philosopher’, and therefore
much of his narrative was colored with speculations and metaphysics
rather than facts. In addition, his evolutionary views (mostly expressed
in his 1809 Philosophie Zoologique and the 1815 supplement to the
Histoire Naturelle) were never very well formulated and even sometimes
contradictory. To make things worse, Lamarck’s writings were trans-
lated into numerous languages, but such translations were not always
accurate and some of his statements were reproduced out of context;
this contributed to the general confusion as to what Lamarck really said
(Corsi 2005). However, one thing is certain: he was an early organicist
and progressionist who viewed nature as being linearly organized and saw
today’s organisms as the result of increasing complexity (Burkhardt 1977,
pp. 58tt.).

Lamarck was the main (although not the first) advocate of the idea
of the inheritance of acquired traits and of evolution as a goal-oriented
process striving towards progressive complexity and perfection. He did
not believe in the extinction of species but rather on the constant
transformation into new ones. He described a metaphysical ‘power of
life’ leading this process of increasing complexity. That, together with
the modifying power of the environment, was responsible for the life
forms we see on Earth. Although he never wrote about cave fauna,
the case of parasites with simplified organization amused him. For this,
he had a perfect explanation: they appeared primitive because they had
been the recent product of spontaneous generation. External circum-
stances were responsible for deviations from the rule of progression,

% b. Bazentin-le- Petit, Picardy, France, 1 August 1744; d. Paris, France, 28 December
1829.
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and some contingency (e.g. the disuse of an organ) could alter the
path to complexity, generating lateral ramifications in his linear view
of progression. For him the lack of teeth in whales and of eyes in (subter-
ranean) moles were perfect examples. Lamarck had a great influence on
many scientists, not only during his own time but through the twentieth
century. The progressionist ideas of Lamarck also had a great influ-
ence not only in Europe but also in America, where a vigorous neo-
Lamarckian school developed. That school followed Lamarck’s tenets,
with the exception of those that were more mystical in nature (Burkhardt
1977).

Two of Lamarck’s contemporaries would also make their own contri-
butions to the notion of increasing complexity in nature. Cuvier, for
example, although a creationist, noticed some ‘progression’ in the succes-
sion of the geologic record. Cuvier admitted the existence of anatomical
vestiges but did not seek explanations for them. He considered vestigial
organs ‘one of the remarkable peculiarities of natural history’ (Coleman
1964, p. 154) and that is as far as he went. Geoffroy Saint-Hillaire,”” a
curator of vertebrates at the Muséum National d’Histoire Naturelle, was
a believer in evolution, progressionism, and the Great Chain of Being,
always looking for transitional forms (Bourdier 1972b; Appel 1988). He
discussed the issue of the origin of vestigial organs from a mystic—religious
viewpoint and interpreted them as ‘disgraces’ of natural beauty. Saint-
Hillaire, a protégé of Lamarck, was even less materialistic than his mentor
and added an aura of mysticism to evolutionary ideas, which in turn were
influenced largely by the Oken’s Naturphilosophie.

At this same time French philosophers were thinking along the same
lines. For example, Marie-Jean-Antoine-Nicolas de Caritat, Marquis
de Condorcet,”” a brilliant mathematician, philosopher, and political
activist, infused the idea of progress into virtually all of his historical inter-
pretations. He adopted the concept of inheritance of acquired characters
in constructing his vision for the social and organic progressive improve-
ment of humankind, an idea also espoused by other philosophers such as

05 p, Etampes, France, 15 April 1772; d. Paris, France, 19 June 1844.
% b, Ribemont, Picardy, France, 17 September 1743; d. Bourg-la-Reine, France,
28 March 1794. His book Esquisse d’un Tableau Historique des Progrés de I’Esprit Humain,
published posthumously in 1795 and translated in 1802, analyzed human history under
the view of progressiveness. For him humanity was destined to achieve an evolutionary
apex through the education of the masses. His ideas were mirrored later by Teilhard

de Chardin (Granger 1971; Leith 1989; Baker 2004).
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Herbert Spencer,”’ Friedrich Engels,”® and Lester Ward"” (see Condorcet
1793—4). These ideas strongly influenced the positivist school founded
by the French philosopher Auguste Comte’"
French philosopher, Marcel de Serres.”' The latter proposed the view
that life was a manifestation of progressive perfection.

Thus, the intellectual environment in pre-Origin France was not anti-
evolution as in other parts of Europe and the United States; actually one
can say that no well-educated French person at that time harbored any
predisposition against evolution (transformisme). In fact, in France, the
idea of progression could be traced as far back as the development of
the Modern Science period (1650-1800) at the time of the Enlighten-
ment and the French Encyclopedism. Lamarck’s contemporaries, with

and the ideas of another

7 b. Derby, England, 27 April 1820; d. Brighton, England, 8 December 1903. He was a
Lamarckian who tried to apply evolutionary ideas to support free market ideologies; he
also believed that humans were on a natural progressionist route and that the state might
create obstacles to economic progress by trying to regulate free society. He rejected
the notion of special creation and believed that species were the result of modification
of pre-existing ones. For him evolution (a term he introduced in the biological
lexicon) was change from the homogenous to the heterogeneous. He was an agnostic
who believed that science and religion were trying to answer different questions
and that even if you believed in God that was not necessarily incompatible with
the idea of evolution. He later embraced Darwinism but still believed in Lamarckian
mechanisms to explain the transformation from simple to complex structures in nature.
He believed that individuals also evolved as a consequence of learning from good and
bad experiences and that at the end the good learner survived. He introduced the
concept of ‘survival of the fittest’, and the roots of social Darwinism can be traced to
him.

b. Barmen [now part of Wuppertal|, Prussian Rhineland, Germany, 28 November
1820; d. London, England, 5 August 1895. Engels’ writings gave the philosophical
background to Marxism. His philosophy was based on a materialism that was in

68

accordance with the views of the sciences of the nineteenth century.

% . Joliet, Illinois, USA, 18 June 1841; d. Washington, D.C., USA, 18 April 1913.
One of the founders of American sociology, he advocated the intervention of the
state to humanize society by eliminating poverty. He also advocated the regulation of
competition, the establishment of equal opportunities, and cooperation. Ward attacked
the very notion of social Darwinism, the laissez-faire doctrine and determinism. By
doing so he turned against Herbert Spencer, whom he had admired earlier in his
career.

70 p. Montpellier, France, 17 January 1798; d. Paris, France, 5 September 1857. He is

considered the father of positivism in philosophy.

b. Montpellier, France, 3 November 1780; d. Montpellier, 22 July 1862. He was

a paleontologist and zoologist who believed that the pursuit of truth required the

7
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violation of artificial disciplinary boundaries.
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the exception of Cuvier, embraced some sort of transformism, although
they were not sympathetic to (and even ridiculed to a certain extent)
Lamarck’s unfounded speculations, particularly the idea that a new organ
could be produced by the ‘desire’ of an organism to create it. However,
the French were unprepared to view evolution as a materialistic, random
process that excluded any metaphysical explanation. And the way in
which Darwin’s Origin was translated into French made matters worse.
The Origin was translated into French by Clémence-Augustine
Royer.”? This polymath and feminist writer was not only a great believer
in science, but also thought that women should transform it into ‘female
science.” Royer probably first heard of Darwin’s new work on evolution
through a review of the Origin by the Geneva-based Swiss entomologist
and paleontologist Francoise Jules Pictet de la Rive’” while lecturing on
Lamarck in Geneva in 1860. Pictet was one of the first to receive a copy
of The Origin of Species directly from Darwin. As soon as Royer read
the Origin, she convinced her publisher, Guillaumin, to print the first
translation of Darwin’s work into French. According to Royer

It was then [after lecturing in Geneva] that [ translated the Origin of Species of Ch.
Darwin, which had appeared in England, during the same winter in which I had
affirmed in my course the doctrine of Lamarck. If I translated Darwin, it was
because he had brought new proofs to the support of my thesis. (Harvey 1999)

In other words, her interest in translating Darwin was not so much to
spread the Briton’s gospel, but rather to prove how important Lamarck
was as the father of evolution as an idea. And it showed.

With the advice of the French zoologist and early Darwinian enthu-
siast René-Edouard Claparéde,”* who had also enthusiastically reviewed
Darwin’s book, she translated the third edition of The Origin (which
was, in terms of explanations on rudimentation, more Lamarckian than
the first two editions), adding not only numerous footnotes, but also
a lengthy prologue in which she espoused eugenics, being probably the
first author to do so by applying Darwin’s ideas. Darwin, who had autho-
rized the move to have his book translated into French, was not happy
with Royer’s preface and footnotes. She not only changed the title of the
book, but more significantly, Royer used the word ‘election’ instead of

72 b, Nantes, Brittany, France, 21 April 1830; d. Paris, France; 6 February 1902.

75 b. Geneva, Switzerland, 27 September 1809; d. Geneva, 15 March 1872.

b. Chancy, Geneva Canton, Switzerland, 24 April 1832; d. Sienna, Tuscany, Italy,
31 May 1871.
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‘selection’, thus giving the impression that nature had a mind of its own,
directing evolutionary events in a purposeful manner.

The title of Darwin’s book in French was De I’ Origine des Espéces, ou
Des Lois de Progrés chez les Etres Organizés (The Origin of Species, or the Laws
of Progress among Organized Beings), giving the impression that Darwin
emphasized the idea of progress, a principle on which he was ambiguous
at best. Darwin himself, in his correspondence to several of his colleagues
such as Jean Louis Armand de Quatrefages,”> Charles Lyell,”” and Asa
Gray,”” made it known that he was extremely unhappy with the French
translation. Despite this version of the Origin being closer to the French
state of mind, Darwin sensed that the book had a cold reception in
France. In a letter to Quatrefages, a French naturalist who opposed
Darwin’s ideas on evolution but yet respected him, Darwin wrote

A week hardly passes without my hearing of some naturalist in Germany who
supports my view, & often puts an exaggerated value on my works; whilst in
France I have not heard of a single zoologist except M. Gaudry [Albert Jean
Gaudry’®] (and he only partially) who supports my views’. (E Danwin 1896,
vol. 2, p. 299)

b. Berthezene, near Valleraugue (Gard), France, 12 February 1810; d. Paris, France,

1892. He specialized in invertebrates and was particularly interested in the degener-

ation (dégradation) of structures among organisms, although most of his ideas in this

matter were wrong. He opposed Darwin’s evolutionary ideas (he believed in the fixity
of species) but maintained very cordial relations with him.

76 p, Kinnordy, Angus, Scotland, 14 November 1797; d. London, England, 22 February
1875. The most influential geologist of the nineteenth century. His ideas set the stage
for Darwin’s thinking that life must have been evolving on Earth as the geology of
the planet had also been changing over long periods of time. He was a close friend of
Darwin and accepted Darwin’s evolutionary ideas, one of the few who immediately
accepted the notion of natural selection as a major force of evolution (Wilson 1973).

b Sauquoit (Paris), Oneida County, New York, USA, 18 November 1810;
d. Cambridge, Massachusetts, USA, 30 January 1888. A physician who became the
leading American botanist of the nineteenth century. He embraced Darwinian evolu-
tion, corresponding extensively with Darwin, but was not enthusiastic about natural
selection as its mechanism, to say the least. He tried to reconcile Darwinism with
religion through a sort of theistic evolutionism.

78 b St.-Germain-en-Laye, France, 15 September 1827; d. Paris, France, 27 November

1908. Affected by the death of his mother when he was very young, he developed a

strong mysticism during his entire life. He worked at the Muséum National d’Histoire

Naturelle in Paris and was a great believer in the Great Chain of Being. For him

humans were the ultimate example of perfection. He later became a defender of the

idea of evolution. Yet his explanation for evolution was mystical: that it was designed
by God and that God rejoiced in his own continuous creation, in which God was the
only fixed and untransmutable being (Bourdier 1972a).
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Darwin may have not been happy with this translation; however, he
might not have any other alternatives since he had trouble finding a
publisher in France for his book anyway (Herbert 2005).

For years to come, Royer continued publishing and lecturing about
Lamarck, her personal hero. She, who was probably the first European
woman recognized as a professional anthropologist, had also been an
enthusiastic caver.

Royer’s translation of Origin was very much celebrated by Etienne
Rabaud.”” Rabaud had been a student of Alfred Girard, the first holder of
the Chair of Evolution at the Sorbonne and a rabid Lamarckian. Rabaud
became such a fanatical supporter of Lamarck’s ideas that by the 1930s he
was even questioning the value of Darwinism (see, for example, Rabaud
1941). When commenting on Royer’s preface, Rabaud was enthusiastic
because she had restored Lamarck to public attention.

Were this inaccurate translation and the current intellectual climate
the only reasons for the poor reception of Darwin’s ideas in France? Not
really. Just before the publication of the Origin, France had witnessed
one of the most public and passionate scientific controversies in history.
Between 1858 and 1859 French society was inundated with the tales of
80 and Louis Pasteur,”' that
is, between the belief in spontaneous generation and the belief that the

the dispute between Félix Archimede Pouchet

ability to beget life is an exclusive and continual property of living beings.
Although Pasteur won the argument and his was a triumph for science as
a method of inquiry, Pouchet’s sympathizers also supported agnosticism
whereas Pasteur’s were more comfortable with religious and metaphysical
ideas. Thus, despite the fact that the French were not opposed to evolu-
tion as an idea per se, the mechanism championed by Darwin, natural
selection, reminded them of the agnosticism and materialism attached to
spontaneous generation. Thus, the land that had given birth to precur-
sors of evolutionary ideas such as Georges-Louis Buffon,* Lamarck, and

7 b. 1868; d. 1956. An anti-Darwinian who taught Pierre-Paul Grassé.

80 p. Rouen, France, 26 August 1800; d. Rouen, 6 December 1872. A physician who
became the Director of the Muséum d’Histoire Naturelle in Rouen. He was a prolific
author who gained notoriety because of his dispute with Pasteur over spontaneous
generation.

b. Dole, Jura, France, 27 December 1822, d. Chateau Villeneuve—l’Etang, near Paris,
France, 28 September 1895. One of the world’s most important scientists, he was
a chemist by training. Recognized microbes as transmitters of diseases, invented
vaccines, and disproved spontaneous generation.
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82 . Montbard, Bourgogne [Burgundy], France, 7 September 1707; d. Paris, France,

16 April 1788. Well known for his 36-volume Histoire Naturelle (Natural History)
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Geoffroy Saint-Hillaire, gave Darwin the cold shoulder, and little public
controversy of the book took place.

Other political and social events further cemented the French view of
evolution as a mystical idea. One experience that generated a nationwide
feeling of disgrace was the political and military humiliation of the French
by the Prussians during the 1870-1871 War (Howard 1981). As in any
nation that has been defeated, their people found consolation in mystical
nationalistic ideas. The ideas of national destiny and historical progress
became strongly rooted in the French psyche and were reinforced through
revisions of school curricula. The Spencerian interpretation of ‘survival
of the fittest’ became very unpopular: Prussia had developed into an
imperialistic and invincible neighbor and looked like ‘the fittest’ to the
French psyche. Now French intellectuals threw themselves fully into the
arms of mysticism to explain their grand views of nature, and evolution
was at the center of all this.

It was in this intellectual atmosphere that the seeds for French neo-
Lamarckism were planted, and these seeds were sown in abundance by
French biospeleologists. The father of these neo-Lamarckian ideas in
France was Henri Louis Bergson.”™> Bergson was a philosopher and a
mathematician whose ideas on evolution were largely anti-materialistic
and maintained that organic evolution was just part of a larger, universal
cosmic evolution. He was a Lamarckian follower regarding the canon of
use and disuse and the principle that evolution was directed by an internal
force, which he called élan vital. He was fiercely patriotic and opposed
Darwinism because he did not accept the notion of an undirected mecha-
nism such as natural selection as the major force of evolution. Part of his
popularity was due to the fact that by using the notion of an élan vital, he
was allowing for a role to be played by religion in evolutionary processes
(Goudge 1973).

Bergson was familiar with the ideas of Cope and Theodor Gustav
Heinrich Eimer,”* a disciple of Rudolf Albert Kolliker, who

(1749-88). He maintained very advanced evolutionary ideas for his time (Roger
1973, 1997; Farber 1975; Sloan 1975; Eddy 1994).

83 p. Paris, France, 18 October 1859; d. Paris, 4 January 1941.

84 . Stifa, near Zurich, Switzerland, 22 September 1843; d. Tiibingen, Germany,
29 May 1898. In 1875, he became a professor of zoology and comparative anatomy
at the University of Tiibingen. He described orthogenesis as an intrinsic drive in life
towards perfection, a form of directed evolution. He dismissed natural selection as a
major force in evolution while rejecting vitalism.

8 . Zurich, Switzerland, 6 July 1817; d. Wiirzburg, Germany, 2 November 1905.
He studied under Lorenz Oken, Johannes Miiller, and E G.]. Henle and was greatly
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championed the idea of and popularized the term orthogenesis (Eimer
1887-8). This term was first proposed by the zoologist Johann Wilhelm
Haacke™ (1893). Others used different terms for essentially the same
concept: orthoevolution (Plate 1913), nomogenesis (Berg 1926), aristo-
genesis (H.E Osborn 1934), and the omega principle (T. de Chardin
1955). Bergson, an intense French patriot, proposed in 1907 the idea of
the élan vital or vital impetus (the term is so obscure that it is usually left
untranslated, but is reminiscent of Lamarck’s expression of the ‘power of
life’). He used this term to refer to a characteristic of life that, according to
him, always pushes life in the direction of complexity; this, for Bergson,
was the mechanism of orthogenesis, which moved evolution from the
domain of the divine into the natural world. Given that Bergson did not
like natural selection as an idea because of its materialistic implications,
but at the same time he could not find strong evidence supporting the
inheritance of acquired characters, élan vital was for him the answer. Of
course, and unlike natural selection or the inheritance of acquired charac-
ters, since this idea could not be tested, it could not be disproved either.
According to Bergson, both Darwinian evolution and finalism (the
idea that evolution has a sense of directedness toward an end and that
such a path has already been laid) could coexist. And what is the unifying
force behind such a possibility? It cannot be natural selection, of course,
since that is based on apparent randomness, but rather it must be a mystical
force, élan vital. These ideas may have been interpreted as Lamarckian
with a religious twist, but that is also unclear. Bergson, a man profoundly
concerned about the fate of his fellow Jews, almost became a Catholic;
it is evident therefore that his religious views were also complex.
Bergson’s ideas became extremely popular, and other philosophers
such as the French Lucien Cuénot® expanded them by arguing
that species succeed in a particular environment because they were

influenced by Naturphilosophie, being a close associate of Nigeli. He embraced evolu-
tion but opposed the role of natural selection (Hintzsche 1973).

b. Clenze, Germany, 23 August 1855; d. Luneburg, Germany, 6 December 1912.

b. Paris, France, 21 October 1866; d. Nancy, France, 7 January 1951. Cuénot was a
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brilliant scientist and the first French biologist to accept Darwinist ideas in Lamar-
ckian France, although he was not fully convinced of the all-powerful role played by
natural selection. He also pioneered genetic studies in France, which aimed to prove
Mendelian inheritance. However, he refused to completely accept neo-Darwinism
because he maintained a finalistic view of evolution. One of his most lasting influ-
ences in biospeleology was the development of his notion of preadaptation, according
to which new ecological niches were occupied by mutants that already had some
characteristics that favored them to colonize such environments (Tétry 1971b).
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‘preadapted.” The term he coined was préadaptation (Cuénot 1911,
vol. IV, p. 306), and it became an extremely popular idea among biospele-
ologists, many of whom still firmly believe in it today. Needless to say,
Cuénot espoused linear evolution, except that, in the new era of exper-
imental genetics of the early twentieth century, he believed that mutation
(sensu stricto) was the cause of it.

In summary, Bergson was a progressionist but he did not believe that
there was a necessarily pre-designed goal; rather, that final progression
would lead to a less predictable result. He was thus attempting to taint
Darwinism with the very popular idea of progression.

All of these new philosophies of life were developed at the time when
speleology in general and biospeleology in particular were becoming
sciences in their own right, and all their foundations were being laid
by French or France-based naturalists. One such was the French jurist
Edouard-Alfred Martel,™ a lawyer and a geographer by training. He was
known for his pioneer work in 1894 on the physiography and accessibility
of caves, and he coined the term speleology (in both French and English)
in the 1890s. He explored the limestone caves of Cévennes and, with
others, made descents into previously unknown caves of Europe, Asia,
and America. In 1895 he founded the Société de Spéléologie in France.
Martel was the judge of the Tribunal of Commerce in Paris from 1886
until 1899, when he became a professor of subterranean geography at
the Sorbonne (the first speleological academic post in the world); he was
appointed a member of the staff of the Department of Geological Maps
of France in 1901. He is often called ‘the father of modern speleology’
and his publication record includes more than 1,000 articles and books
on the subject. In 1904 Armand Viré,”” another Frenchman, coined the
term biospeleology (biospeleologie). Viré had written his doctoral thesis on
cave fauna in 1899 and thereafter established an underground laboratory
in the catacombs of Paris.

However, the two figures that would ultimately consolidate biospele-
ology as a science and give it many of the distinctive features that it has
today were Emil G. Racovitza”’ and René Gabriel Jeannel.”’ Racovitza,

8 . Pontoise, France, 1 July 1859; d. Chiteau de la Garde, near de Montbrison, France,

3 June 1938.

b. Lorrez-le-Bocage-Préaux, Saine-et-Marne, France, 28 January 1869; d. Moissac,
France, 15 July 1951.

% p. Iasi, Romania, 15 November 1868; d. Bucharest, Romania, 17 November 1947.
1 b. Toulouse, France, 22 March 1879; d. Paris, France, 20 February 1965.
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a Romanian-born, French-educated naturalist, started exploring caves in
the Pyrenees in 1905 together with his protégé Jeannel. Racovitza initi-
ated an extensive international research program under the umbrella of
Biospéologica (a supplement to the scientific French publication Archives de
Zoologie Experimentale et Generale), primarily intending to document and
collect cave fauna. In 1920 he founded in Cluj, Romania, the world’s first
speleological institute. He explored 1,200 caves in Europe and Africa,
collected about 50,000 specimens of cave animals, and published 66
papers on subterranean fauna totaling almost 6,000 pages (Motas 1962).
He read, and was greatly influenced by, Eimer and Cope (on ortho-
genesis), Packard (on neo-Lamarckism), and Louis Dollo”” (on general
evolutionary ideas). He had a great deal of distaste for the selectionist
Weisman (Motas 1962).

Racovitza’s two main publications dealing with biospeleological
theory were his 1907 Essai sur les Problemes Biospeologiques (Essays on
Biospeleological Problems, published at the same time that Bergson was
proposing his élan vital and considered to be the birth certificate of
biospeleology as a science) and his little known 1929 book Evolutia si
Problemele ei (Evolution and its Problems). In these publications he clearly
delineated his evolutionary thought about cave organisms, which can be
summarized as follows.

1. All cave organisms were ‘preadapted’ to the cave environment.

2. Function (or lack thereof) creates the organ (or generates its disap-
pearance). He was a strong supported of the use vs. disuse concept.

3. Natural selection is of little importance because natural variation is
virtually non-existent (he was a staunch typologist).

4. Evolution is directional as evidenced by ‘phyletic lines.’

Similar views were endorsed by his student Jeannel (Jeannel 1950,
p. 7) who studied subterranean beetles from Europe and Africa. Wlth
Racovitza he founded in 1907 the journal Biospeleologica and in 1926
published Faune Cavernicole de la France. He considered many of the
organisms found in caves as ‘living fossils’, and these ideas continue to
have a tremendous impact on biospeleologists all over the world.

92 . Lille, France, 7 December 1857; d. Bruxelles, Belgium, 19 April 1931. An engineer
turned biologist, Dollo became famous for the reconstruction of Iguanodon fossils in
Belgium and for stating ‘Dollo’s Law of Irreversibility’ according to which organisms
never return to their original state, particularly when losing complex structures.



52 - A brief history of cave biology

Although all this can be presented as a great accomplishment for
the French in terms of initiating and developing the systematic study
of caves, none of these figures ever embraced any form of Darwin-
ism, but rather different shades of neo-Lamarckism first and different
forms of finalism such as orthogenesis and organicism later. Thus, the
French biologists who embraced transformism beginning in 1880 did so
via neo-Lamarckism while strongly opposing the idea of natural selec-
tion (Grimoult 1998, p. 150). This philosophy extended well into the
twentieth century with Lucien Cuénot, Maurice Caullery,” and Jean
Rostand.”

Therefore, the utilization of cave organisms as perfect examples for
demonstrating the legitimacy of the French version of neo-Lamarckism
seemed to be inevitable, and this is exactly what happened. The main
points in common of these French intellectuals were:

1. Acceptance of evolution as a linear phenomenon (orthogenesis)
leading to a perfecting complexity in nature

2. Rejection of natural selection as a phenomenon of any relevance

3. Development of finalism, vitalism, organicism, and other expressions
of essentialism in biology

4. Utilization of cave organisms as ‘perfect’ examples of these views of
life

5. Mutual reinforcement of ideas concerning biospeleological paradigms
(blind, depigmented animals) and philosophical notions of progress
within the same country: France.

1.6 The impact of the modern synthesis (1936—47)

The modern synthesis was, without question, the major philosophi-
cal and scientific revolution that established evolution as the central
idea in biology in the twentieth century. It meant that the non-
Lamarckian Darwin was rescued; also that metaphysical ideas in biology
were abandoned, and that the typological (essentialist) views of life
were replaced by populational ones. Of all the major architects of this

% b. Bergues, France, 5 September 1868; d. Paris, France, 13 July 1958. He lectured
at the University of Paris (1903) where he taught evolution from a neo-Lamarckian
perspective (Tétry 1971a).

9 b. Paris, France, 30 October 1894; d. Ville d’Avray, France, 4 September 1977. A
biologist and philosopher who worked on developmental biology and maintained
neo-Lamarckian views of evolution.
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movement, only one specifically approached the issue of evolution of
cave organisms.

Theodosius Dobzhansky” (1970, pp. 405-7) put the issue of evolution
in caves in its right perspective, and his ideas can be summarized as
follows.

1. Evolution is opportunistic

2. Adaptation to a new environment may decrease the importance of
some organs/functions which may become vestigial and disappear

3. There are numerous examples of rudimentation and/or loss of organs
among both animals and plants

4. Acquisition/enlargement of organs can occur among organisms that
otherwise show ‘regression’ of other organs and/or functions

5. Cave animals provide some of the best examples of the phenomenon
of ‘regression’ but it is not unique or exclusive to them: some cave
organisms do not display regression, and regressions may be found
among non-cave animals

6. A great deal of variation exists for these characters even within the
same species and/or population

7. Both genes and phenotypic plasticity are responsible for troglomorphic
characters

8. Neo-Lamarckian explanation aside, two major hypotheses for explain-
ing the genetic mechanisms of rudimentation can be considered: (a)
mutation pressure (neutral mutation) if not opposed to natural selec-
tion (relaxation of selection); and (b) natural selection directly favoring
rudimentation via energy economy or ‘struggle of the parts.” Evidence
seems to support the latter, not the former.

The scientific evidence accumulated during the second half of the
twentieth century supports all these statements (except for 8, or the
‘struggle of the parts’).

The major contributions of Dobzhansky to our understanding of the
evolution of cave biota were numerous. The first one was to stress the
role played by opportunism in evolution. Opportunism is probably much
more important in natural systems than is generally appreciated (Berry

% p. Nemirov, Ukraine, Russia, 25 January 1900; d. Sacramento, California, USA,
18 December 1975. In 1927 Dobzhansky moved to the United States, where he
worked with Thomas Hunt Morgan. Although a religious person, he rejected the

idea of a god directing the course of nature or a direction in evolution (Hecht and
Steere 1970; Ayala 1971).
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1989). As proven again and again, evolution is a by-product of disrupted
communities in which brief opportunities for divergence are created
(Dimichele ef al. 1987). Opportunistic organisms can take advantage
of previous conditions (Andersson 1990) to fill empty adaptive zones
(Bronson 1979; Benton 1983; Harries et al. 1996) for feeding (Jaksi¢ &
Braker 1983), breeding (Tindle 1984), and social behavior (McKenna
1979). Opportunism has also been proven to lead to mutualism (Fiedler
2001), intraspecific parasitism (Tinsley 1990; Field 1992), and reproduc-
tion (Kasyanov et al. 1997). Opportunism has been described even at
the molecular level (Doolittle 1988; Meléndez-Hevia et al. 1996; Green
2001) and has also been identified as a major factor for colonizing species
(Martin and Braga 1994) particularly when colonizing extreme environ-
ments (Tunnicliffe 1991). As discussed in Chapter 3 of this book, these
very same statements can be made about cave organisms.

As a matter of fact, opportunism is the reason behind life being so
ubiquitous on earth: life on earth can be found at naturally extremely low
and high temperatures (from polar regions to geothermal environments),
in both high and low pH and high salinity, including but not limited
to hydrothermal vents, freshwater alkaline hot springs, acidic solfatara
fields, anaerobic geothermal mud and soils, acidic sulfur and pyrite areas,
carbonate springs and alkaline soils, the cold pressurized depths of the
ocean, and soda and highly alkaline lakes (Kristjansson and Hreggvidsson
1995; Horikoshi and Grant 1998). In fact, there is now an entire branch
of biology dealing with what are called extremophiles (a term coined
by MacElroy in 1974). The discovery of hydrothermal vents in 1977
opened the door to an entirely new set of habitats that did not need
light to be self-sustaining. In other words, life has shown an incredi-
ble ability to succeed in such a diversity of environments, leading some
to predict the occurrence of life on other planets, including some in
our solar system (Nealson and Conrad 1999). Today, life forms in caves
do not seem so ‘extreme’, nor do we need to use metaphysical expla-
nations to understand their origin and evolution. As George Gaylord
Simpson,”® another of the architects of the modern synthesis, put it, ‘The
course of evolution follows opportunity rather than plan’ (Simpson 1949,
p- 160).

The second major contribution of Dobzhansky to this issue was
to remind biospeleologists that the phenomenon of reduction and/or

% . Chicago, Illinois, USA, 16 June 1902; d. Tucson, Arizona, USA, 6 October 1984.
Simpson was one of the most prominent paleontologists of the twentieth century.
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loss of phenotypic features is not unique to cave organisms and is
actually ubiquitous throughout all animal and plant taxa. Other typical
animal examples include parasites, deep-sea creatures, and inhabitants
of murky waters. Even some parasitic plants have lost chlorophyll. In
addition, limblessness and flightlessness are common among animals
living on small islands and high mountains (Darlington 1943; Byers 1969;
Livezey and Humphrey 1986; Roft 1990; Finston and Peck 1995). The
loss of limbs among cetaceans and snakes is an example of a major
evolutionary novelty by default. Even humans have lost or reduced a
number of ancestral characters (Diamond and Stermer 1999). Thus,
troglomorphisms can be explained by using well-known evolutionary
mechanisms without the need to resort to neo-Lamarckian explana-
tions or terminology such as ‘regressive evolution.” The problem is that,
despite Dobzhansky’s pointed comments on this issue, the study of this
phenomenon has been largely neglected by mainstream evolutionary
biologists for at least two reasons: (a) the prevailing idea that evolution-
ary novelties should result from addition, not subtraction, of characters
and (b) the use of this biological phenomenon by neo-Lamarckians to
advance their own cause of either inheritance of acquired characters
or the notion that evolution has some sort of directionality, which
has made this field less attractive to modern evolutionary biologists
(Romero 2001b).

The third major contribution by Dobzhansky was to point out that
variability of reduced phenotypic characters is widespread. As shown
in Chapter 3, that is clearly the case, but more importantly, Dobzhan-
sky’s statement was a serious blow to typological or essentialist beliefs
among biospeleologists: in other words, there is not such a thing as a
characteristic ‘archetype’ for cave animals. Not all of them are blind and
depigmented; when they are, the degree to which such features (and
others) are expressed varies greatly.

The final and perhaps most important contribution by Dobzhansky,
especially from the mechanistic viewpoint, was his statement that the
loss and/or reduction of characters had a genetic basis but was also influ-
enced by phenotypic plasticity. This should not be surprising: there is a
correlation between behavioral plasticity and opportunism (Brown 1990;
Werdelin and Asa Fortelius 1999; Johnson 2000). Lefebvre and colleagues
(1997) found links between opportunism and phenotypic evolution; they
also proposed that innovation rate in the field may be a useful measure of
behavioral plasticity. These are issues that are fully explored later in this
book.
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Ernst Mayr”’ also acknowledged that ‘(the) evolutionary phenomena
dealing with regression and the loss of structures (. . . ) are entirely consis-
tent with the synthetic theory of evolution’ (Mayr 1960, p. 351). One
might think that this line of reasoning would have had a major impact on
biospeleologists as a whole, but the fact of the matter is that it did not.

For one thing, biospeleology continued to flourish in France and
struggled elsewhere. A major speleological journal, Annales de Speleologie,
was founded in France in 1946, and the first international Speleological
Congress took place in France in 1952. More importantly than that,
French evolutionists in general and biospeleologists in particular, rather
than softening their neo-Lamarckian and orthogenetic stances, hardened
them. We see this rigidity in the writings not only of Lucien Cuénot
but also of Jeannel, Maurice Caullery, Jean Rostand, and Pierre-Paul
Grassé.”® They kept espousing neo-Lamarckian explanations on heredity
despite all of the evidence to the contrary, and their firm belief in ortho-
genetic ideas had now reached an uncompromising finalism: the belief
that natural processes, especially evolution, are directed towards some
predetermined end or goal by some sort of unexplained or untested
force.

This was taken to an extreme by one of the most influential twentieth-
century biospeleologists, Albert Vandel.”” Vandel championed the idea
of organicism and orthogenesis in his writings (duly summarized in his
influential book, which was made available in both French and English;
see Vandel (1965, pp. 4711t. of the English translation). According to him,
all phyletic lines pass through successive stages: the stage of creation,
the stage of expansion and diversification, and finally the stage of
specialization and senescence. The last stage of this cycle was ‘regressive
or gerontocratic’ evolution. He considered cavernicoles good examples
of regressive evolution. The title of another influential biospeleological

97 b. Kempten, Germany, 5 July 1904; d. Bedford, Massachusetts, USA, 3 February
2005. He was a leading evolutionary biologist of the twentieth century and one of
the architects of the modern synthesis. He was a severe critic of typological thinking
and finalistic interpretations of evolution.

b. Périgueux, France, 27 November 1895; d. Paris, France, 9 July 1985. He was mostly
known as the editor of the 35-volume Tiaité de Zoologie. He did not believe in natural
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selection and/or mutation as the causes of evolution but rather on an ‘internal factor’
as the engine of evolutionary change. He claimed that such an ‘internal factor’ was
real, not mystical, and that was different from the mystical vitalism espoused by some
of his predecessors.

9}, Besancon, Jura, France, 26 December 1894; d. Toulouse, France, 11 October 1980.
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book, L’Evolution Regressive des Poissons Cavernicoles et Abyssaux (The
Regressive Evolution of the Cave and Abyssal Fishes) by Georges Thinés'"”
(1969) leaves little doubt of the orthogenetic state of mind of this and
most other biospeleologists at the time. Probably the most famous
orthogenecist of this time was the Jesuit French paleontologist Pierre
Teilhard de Chardin,'”" who believed that evolution was constantly
marching toward some sort of point of perfection (the ‘Omega point’).

How did all these distinguished French intellectuals and naturalists
remain blind to the evidence being accumulated by biologists elsewhere?
Bowler (1983, p. 108) has argued that, unlike their British, Ameri-
can, and German counterparts, French biologists of the Darwinian and
neo-Darwinian eras were rather isolated from their colleagues elsewhere
and also seemed to be content with Cuvier’s legacy, and since Cuvier
had beaten Lamarck in the argument about evolution, why bother to
discuss the ideas of a Briton in this regard? In addition, French biolo-
gists had remained closely tied to the morphological-systematic tradi-
tion of Cuvier and Geoffroy Saint-Hillaire, were totally uninterested in
other areas such as ecology or developmental biology, and maintained
a fixed, descriptive view of life. However, two other factors should be
mentioned (discussed earlier) that also contributed to the French view
of life: their feelings of nationalism and Catholic mysticism. After all, no
one prevented them from reading Dobzhansky, Mayr, Simpson, or any
other major contributor to the modern synthesis.

100 p. Liege, Belgium, 10 February 1923. An experimental psychologist, poet, and

essayist.

101 Sarcenat, France, 1 May 1881; d. New York City, New York, 10 April 1955.
Chardin was heavily influenced by Henri Louis Bergson and the Bergsonian scholar
Eduard Le Roy. His opinions carried some weight since he distinguished himself
as a paleoanthropologist. His evolutionary views, better articulated in his posthu-
mously published Le Phénoméne Humaine (The Phenomenon of Man) (1955) contended
that cosmic evolution is the process by which God brings into being a ‘fullness of
Christ’ that includes a morally and spiritually mature humanity and a fully devel-
oped natural world. For Chardin the evolutionary process is governed by a ‘law of
complexification’ according to which inorganic matter will reach ever more complex
forms, resulting in inorganic matter being followed by organic matter and organic
matter being followed by conscious life forms. He expected that at some point this
‘complexification’ in humans would enable them to attain an ‘Omega Point’ at which
Christ’s fullness would include as his ‘body’ a unified humanity that was at peace.
Chardin epitomized the mixture of mystic Catholicism and progressionist/positivist
views that have dominated many evolutionary concepts in biospeleology (Olivier
1967; Dobzhansky 1968; Gentner 1968; Potter 1968).
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It is interesting to note that the only French scientists who embraced
the new populational view of evolution were not biologists but mathe-
maticians: these rare exceptions were the population geneticists Georges
Téissier'"” and Philippe L’Heritier,'"” who, because they worked entirely
outside the realms of biology and in a field (mathematics) that did not
need metaphysics to achieve its goals, were free to pursue the mathemat-
ical population ideas of Ronald Fisher'"* and Sewall Wright'”> who so
greatly contributed to our current ideas in evolution.

How did the non-French thinkers and biospeleologists respond when
faced with the clear contrast of ideas between the modern synthesis
on one side and neo-Lamarckism and orthogenesis on the other? Not
particularly well. First of all, many philosophers of the 1920s and 1930s,

6

such as Samuel Alexander,'"® a British realist metaphysician, and Jan

7

Smuts,'’” the South African statesman, continued to support ortho-

genetic theories. The same can be said of later philosophers such as
Alfred North Whitehead'” with his theory of organisms and Mihaly
Polanyi'"” with his theory of personal knowledge.

102}y, Paris, France, 19 February 1900; d. Roscoft, France, 7 January 1972. He profoundly
influenced many French scientists including Jacques Monod.

103 . Ambert (Puy de Déme), France, 1906; d. 1990.

104 p. East Finchley, London, UK, 17 February 1890; d. Adelaide, Australia, 29 July
1962.

105 . Melrose, Massachusetts, USA, 21 December 1889; d. Madison, Wisconsin, USA,
3 March 1988.

106 . Sydney, New South Wales, Australia, 6 January 1859; d. Manchester, England, 13

September 1938. He was a philosopher that proposed the idea of ‘emergent evolution’

according to which evolution allows for the appearance of certain features such as

consciousness due to some reorganization of pre-existing features. These ideas were

an extension of Henri Bergson’s Créative Evolution (1907).

b. Bovenplaats, near Malmesbury, Cape Colony, South Africa, 24 May 1870;

d. Doornkloof, Irene, near Pretoria, South Africa, 11 September 1950. He was a

soldier, statement, and scholar who in 1926 published a book, Holism and Evolution,
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in which he proposed that nature had the tendency of creating wholes that were
greater than the parts through the process of ‘creative evolution’ by which he was
espousing an orthogenetic view of evolutions.

108 g, Ramsgate, Kent, England, 15 February 1861; d. Cambridge, Massachusetts, USA,
30 December 1947. A mathematician by training, he became very interested in
speculative metaphysics dealing with the issue of the role played by constructions of
mathematics, science, and philosophy in the nature or things.

109, Budapest, Hungary, 12 March 1891; d. Northampton, England, 22 February
1976. He was trained as a physician but worked on philosophy and social sciences.
His philosophical work was full of examples from natural sciences.
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Biospeleology in other countries was delayed and anemic and therefore
leaned heavily on French ideas and concepts in its development. In the
United States, for example, very little had been done since the early
twentieth century when Eigenmann published his 1909 book on the cave
vertebrates of America. In fact what was accomplished in the remainder
of the first half of the twentieth century was by foreign researchers such as
the Spaniard Ignacio Bolivar''” and the French Jeannel, who extensively
explored US caves in 1928 (the results were published in 1931). After
that, a few taxonomists showed sparse interest in some cave groups (see
Barr 1966) but without contributing anything to biospeleological theory.
In fact, the National Speleological Society (NSS) was not founded until
1941, i.e. 47 years after the founding of its French counterpart, and as
Barr (1966, p. 16) himself put it, ‘for the first 15 years of its existence,
the society had little eftect on cave biology.’

The first American scientist who started to look at cave organisms
from a non-orthogenetic stance was Charles Marcus Breder,''! whose
behavioral, physiological, and ecological studies on cave fishes are still
cited in the literature. However, since he was not a cave explorer, his
contributions have been largely ignored by ‘hard core’ speleologists (Barr
(1966) does not even mention him in his history of cave biology of the
USA). This is an interesting phenomenon that permeates biospeleology
to this date: on one side of the fence are the cave explorers/scientists still
strongly influenced by orthogenetic ideas on cave fauna; on the other side
we find the ‘outside’ scientists who just happen to study cave organisms
because they find them interesting, not because these scientists happen
to be spelunkers.

In fact, it was not until the 1960s that the first modern generation
of American biologists began making contributions to biospeleology
beyond a purely taxonomic level. Names such as Thomas Poulson, David
Culver, Thomas Barr, John Holsinger, and Kenneth Christiansen are the
first to come to mind, but they are not the only ones. Yet, although
they did not subscribe to Vandel’s extreme orthogenetic interpretation
of cave fauna, they were certainly ambiguous about the importance

1104 Madrid, Spain, 9 November 1850; d. Mexico City, Mexico, 19 November 1944.
He was an entomologist who described more than 1,000 species of insect, some of
them from caves.

U p, Jersey City, New Jersey, USA, 25 June 1897; d. Englewood, Florida, USA,
28 October 1983. Breder led the renaissance of the study of cave fishes by using
Astyanax fasciatus as a prime research subject. He was the dominant figure in hypogean
fish research in the 1940s and 1950s (Romero 1984b, 1986a, 2001a).



60 - A brief history of cave biology

of natural selection, heavily utilized orthogenetic concepts and jargon
such as preadaptation and ‘regressive evolution,” and rarely (if ever)
mentioned opportunism or phenotypic plasticity as mechanisms directly
involved in the evolution of cave fauna. Unfortunately, it seems that even
today biospeleology has not recovered from the distractions of its slow,
stumbling beginning and still fails to fully embrace modern evolutionary
and ecological theory.

1.7 The roots of current intellectual inertia

The effects of this intellectual inertia continue to be pervasive. In
France, natural selection has yet to become central to evolutionary
discussions; French evolutionary biologists seem to have jumped from
neo-Lamarckism right into molecular evolution. Fortunately, the French
molecular biologist and Nobel Prize winner Jacques Monod,''” one of
the best spokespeople for the latter, wrote a very strong argument against
finalism and other forms of teleology in his 1970 Le Hasard et la Necessité
(Chance and Necessity). But somehow these and other strong arguments
against metaphysical biology have yet to fully impact biospeleology, even
in Anglo-Saxon countries. As Mayr (1982, p. 516) put it: “To convince
someone who is not familiar with the evolutionary mechanisms that
the world is not predetermined and — so to speak — programmed seems
hopelessly difficult.’

Even current American biospeleologists have not escaped the shadow
of neo-Lamarckism and orthogenesis, as shown by their uncritical use of
concepts and terms such as preadaptation and ‘regressive evolution’. Not
only have such intellectual schools of thought been created in the United
States, but they also used cave organisms to epitomize these ideas. What
the French did, as true developers of biospeleology as a science, was to
color their explanations with additional metaphysical auras.

Unfortunately the belief that evolution has a direction, such as toward
complexity, is deeply rooted, although no one has proven that such is the
case (see, for example, Maynard Smith 1970 for a discussion). Biospele-
ology is a science characterized by confusion in both terminology and

12 . Paris, France, 9 February 1910; d. Paris, 31 May 1976. He read Darwin at an early
age and this motivated him to become a biologist. He was influenced by George
Teissier, among others. He was extraordinary in comparison to his fellow French
biologists in that he viewed evolution as the result of chance, not as a predetermined
phenomenon in the best of the neo-Darwinian tradition.
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concepts. In the present author’s view, this confusion is the result of
biospeleology being a science whose pioneers and major practition-
ers, having been very resistant to any neo-Darwinian ideas, espoused,
rather, neo-Lamarckian views in conjunction with the related concepts
of orthogenesis, organicism, and other forms of finalism.

Later in this book, convincing evidence is provided that although cave
organisms are extremely interesting and deserve much more attention,
biospeleological phenomena can be explained by using current biolog-
ical ideas without the need to invoke metaphysical explanations of any
kind. Does that mean that biospeleology requires a new paradigm? Not
really. All that we need to do is find explanations for the phenom-
ena that occur in caves via the scientific body of information available
in modern biology. The loss or simplification of phenotypic charac-
ters is neither unique nor exclusive to hypogean organisms; many cave
organisms represent excellent examples of natural selection by means of
phenotypic plasticity, and those hypogean organisms and their habitats
represent excellent subjects in natural laboratories for the test and expan-
sion of current and new ideas in modern biology.
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It has been conventional wisdom for many years to consider caves as
depauperate ecosystems in terms of both biodiversity and biomass. Such a
notion derives from a confluence of factors: the lack of primary producers
for the most part, the limitations of space, and the fact that most studies
have been done in temperate latitudes, in which caves are rather poor in
terms of biodiversity when compared with their tropical counterparts.
This chapter surveys the biodiversity in caves to demonstrate (a) that
there is a large array of taxa represented in these ecosystems and (b) that
the role played by many of these organisms is much more important than
previously acknowledged. Some of the biological phenomena that occur
throughout hypogean biodiversity, and that will be synthesized later on
in the other chapters of this book when dealing with issues related to
evolution, ecology, and conservation, are also highlighted.

This survey follows the conventional list of major taxa found in most
general biodiversity sources. Although the systematics of all major living
groups is always changing and subject to discussion, it is preferable to
follow a list of names that are familiar to the general reader, since phylo-
genetic discussions are beyond the scope of this book.

2.1 Bacteria (Archaeobacteria and Eubacteria)
2.1.1 Introduction

In the past all bacteria were classified under a single umbrella (prokary-
otes) but better understanding of their relationships through new molec-
ular techniques has split them into two major groups: Archaeobacteria
and Eubacteria. The former represent a distinct domain of living things,
which are chemically and genetically different from Eubacteria and can
be found in extreme environments. Eubacteria are more commonly
encountered in most environments and are better studied, owing to the
relative ease of providing suitable growth conditions and to the association



2.1 Bacteria (Archaeobacteria and Eubacteria) - 63

of some Eubacteria with plant and animal diseases. For practical reasons,
both groups are discussed together in this section.

Bacterial systematics has always been a difficult issue to tackle, for
several reasons. In addition to their asexual mode of reproduction,
bacteria come in relatively few sizes and shapes, and nuances in these
morphological features vary with environmental conditions. Morphol-
ogy may be quite unrelated to true phylogenetic relationships. Origi-
nally, classifications were based on whether or not these organisms could
be stained with a particular substance (Gram-positive, Gram-negative),
on their shape or morphotype (rod, filament, etc.) and most impor-
tantly, what ecological role they played (photosynthetic, organotrophic,
nitrogen fixer). Furthermore, these approaches can be highly decep-
tive: what appears to be a patch of uniform bacterial filaments may
in fact be a variety of filamentous species. A study done in Lower Kane
Cave, Wyoming, found four morphotypes: gray filaments, white filament
bundles, yellow and white feathery mats, and thin white web-like struc-
tures. The filamentous structures consisted of two or three different
phylotypes; the feather- and web-like structures had much higher species
richness (Engel et al. 2001).

Despite the fact that the study of bacteria in caves is very recent and
rather limited, what has been learned so far emphasizes the importance
of these organisms in the ecology of caves. There are two main ways
in which bacteria are studied: cultivation and molecular phylogenetic
analysis (Barton ef al. 2001). Because it has been estimated that as many as
99% of bacterial species in an environment are viable but non-culturable,
molecular phylogenetic analysis is the preferred method for surveys of
cave microbiota. The few surveys for bacteria in caves have yielded a
large number and abundance of them (see, for example, Northup ef al.
2003; Chelius and Moore 2004).

In many ways, the diversity of bacterial taxa in caves mirrors that of
the epigean environment. Thus, the phylum Proteobacteria is also the
one with the most representatives in caves, with members of all five of its
subdivisions found in the hypogean environment. Epsilon proteobac-
teria appear to dominate most of the microbial ecosystems. Other
groups found in caves include Actinobacteria, Bacteroidetes/Chlorobi,
Flavobacteria/Bacteroides, Firmicutus, Planctomycetes, and Nitrospira.
These bacteria can be found in all geological types of cave: limestone,
lava, or granitic.

This phylogenetic diversity is accompanied by complex associations of
these microorganisms. For example, a microbial mat may consist of sulfur
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oxidizers, nitrite oxidizers, and organotrophic bacteria, all working as a
community of organisms. Furthermore, two particular species will not
necessarily always be associated with each other, and variation can be
found not only among caves but also within the same cave (Holmes ef al.
2001; Engel ef al. 2001, 2004a; Barton and Luiszer 2005).

Engel et al. (2004b) found that bacterial species diversity increased with
the distance downstream in Lower Cane Cave, with colonies upstream
dominated by single species. They hypothesized that this was due to a
single group, epsilon Proteobacteria, taking advantage of the dissolved
sulfide produced by the upstream spring, and an increased diversity of
organisms taking advantage of the multiple compounds created by these
bacteria as they wash downstream.

2.1.2 Bacterial physiological types in caves

Heterotrophic bacteria (associated formation: carbonate)

There are two different types of heterotrophic bacterium in the cave
environment: typical epigean bacteria that are accidentally transported
into the cave either by flowing water or by the activity of animals and
humans that move in and out (see, for example, Schabereiter-Gurtner
et al. 2002) and bacteria that spend their entire life cycle in the cave (see,
for example, Simon et al. 2003).

Sulfur-oxidizing bacteria (associated formations: gypsum and carbonate)
Hydrogen sulfide is an energy-yielding substrate, so it is not surprising
that there are high densities of microbial communities associated with
its presence (Engel ef al. 2004b). Sulfur-oxidizing bacteria occur most
frequently at the redox boundary, that is, at the boundary at which
conditions change from oxic to anoxic. This is typically in areas with
sulfidic springs. Chemolithotrophic bacteria are able to gain energy by
using many sulfur molecules as electron donors. Sulfur-oxidizing bacteria
are the most commonly studied and possibly the most commonly found
type of bacteria in caves. Examples are the phototrophic sulfur reducers:
purple sulfur bacteria present at the reduction/oxidation boundary. They
are phototrophic and occur along the furthest edges of the twilight zone,
utilizing the smallest amounts of solar radiation.

Ammonia and nitrite oxidizers (associated formation: saltpeter)
Saltpeter caves are rich in nitrogen in the form of ammonium and nitrite.
Ammonia-oxidizing bacteria are able to convert ammonia into nitrite.
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The nitrite oxidizers are then able to convert this into nitrate, which is
deposited in the useful chemical form of saltpeter (Northup and Lavoie
2001).

Iron and manganese oxidation bacteria (associated formation: corrosion residue)
These bacteria have been found in marine associated caves. Three caves
sampled off the Mediterranean coast of France contain a group of
chemolithoautotrophic bacteria that oxidize iron and manganese (Allouc
and Harmelin 2001). The result is either black crusts or, in larger passages,
three-dimensional structures composed of manganese and iron oxides.

2.1.3 The ecological role of bacteria in caves

One of the most important contributions of the study of bacteria in
caves has been the recognition that they play an ecological role well
beyond what was imagined just a few years ago. Two major findings have
been responsible for this change in the perception of bacteria in caves:
bacteria as primary producers, and bacteria as responsible for modifying
the shapes of caves.

Although it was not surprising to find heterotrophic bacteria acting
as decomposers in caves, and a few autotrophic ones in areas of twilight,
the discovery of chemolithoautotrophic bacteria in 1986 in Movile Cave,
Romania, was a major breakthrough. Although chemotrophic bacte-
ria had been reported in caves before, the discovery of these microor-
ganisms in Movile Cave really showed how important they can be for
the ecology of these habitats. Chemolithoautotrophic bacteria are able
to gain energy through the conversion of inorganic compounds and
act as primary producers, debunking the old myth that all caves must
be energetically very poor because of the lack of primary producers.
Lechuguilla Cave, New Mexico, has been shown to have very little
allochthonous input, but continues to support a large microbial web based
on chemolithoautotrophic bacteria (Cunningham ef al. 1995). Movile
Cave has even been shown to support larger organisms such as arthropods
on chemolithotrophic production (Sarbu et al. 1996). Chemolithoau-
totrophic bacteria carry out many metabolic processes, including sulfur
oxidation, ammonia and nitrite oxidation, iron and manganese reduction,
etc.

Bacteria can play a major role in shaping the interiors of caves, a process
known as speleogenesis. Bacteria and other microorganisms have been
found to contribute to the dissolution of cave walls (Northup and Lavoie



66 - Cave biodiversity

2001). This can be caused by many processes, including physical attack,
acid production, salt stress, and exoenzymes (Sand 1997). Microbial life,
including not only bacteria but also fungi and algae, has been increasingly
found to be associated with all sorts of cave formations.

Geological formations that have been found associated with bacteria
include:

1. Gypsum Gypsum is formed from the reaction between hydrogen
sulfide, oxygen, and limestone. It occurs when hydrogen sulfide
seeping up through a cave meets with an oxygenated zone. The
resulting reaction traps the sulfur in gypsum formations while releas-
ing CO,. This process, like many others, can be the result of bacterial
metabolism of the hydrogen sulfide. Different bacteria present in this
zone may in fact be oxidizing and reducing at the same time, increas-
ing the amount of acid available for reaction (Barton and Luiszer
2005). The result is a large amount of speleogenesis, creating gypsum
formations in the form of crystals or structures resembling snowballs
on a cave wall.

2. Granite and opal Microorganisms have been found to form a
number of silicate-based geological precipitates such as quartz, clay,
and opal. Biogenic quartz is fungal in origin, biogenic clays are detri-
tal, but biogenic opals have been observed to be bacterially formed.
In particular, opals have been found in the twilight zones, growing
towards the light (Northup and Lavoie 2001). Willems ef al. (2002)
also found filamentous bacteria associated with granitic speleothems
in south Cameroon.

3. Corrosion residue Corrosion residues are soft deposits, on the floor
or ceiling of a passage, that are rich in iron and manganese. These
patches will develop in the natural environment but may form at
a rate up to five times faster with the help of biological oxidation
(Northup and Lavoie 2001). In particular, they are present in the cave
system of Carlsbad Caverns National Park, New Mexico. Originally
these residues were thought to be abiogenic in origin, being left
over after acid dissolution of the bedrock, but they have been found
to be associated with bacteria and fungi. It has been hypothesized
that the residue is actually being created by these microorganisms
(Cunningham et al. 2000).

4. Saltpeter There have been multiple hypotheses as to the origins of
saltpeter, including leaching of nitrates and accumulation of bat guano.
The problem with both of these is that, historically, saltpeter leached of
its nitrogen could be returned to its original location and regenerated
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in 3-5 years (Fliermans and Schmidt 1977). The first scientist to
suggest a bacterial origin for saltpeter was Faust (1967). Fliermans and
Schmidt (1977) cultured the saltpeter earth and found Nitrobacter in
all but two of the caves. They also found that the nitrates were easy
to remove but the bacteria were not, providing an explanation for
saltpeter regeneration.

5. Carbonate dripstone and biokarst Calcium carbonate is the most
common material for speleological formations, since most caves are
formed in limestone. Precipitation of calcium carbonate was histori-
cally thought to be a natural process in all caves, but has been increas-
ingly found to have a biogenic origin. In particular, some cultured
heterotrophic microorganisms have been shown to precipitate calcium
carbonate during respiration in the laboratory (Danielli and Edington
1983). Within the cave environment, bacteria have been found to be
associated with pool finger formations (Melim ef al. 2001).

6. Moonmilk Calcium carbonate precipitation can also result in the
formation of a moonmilk (cave clay). Although not all moonmilk is
associated with bacteria, many examples are. Northup ef al. (2000)
found multiple bacterial morphotypes (coccoid, ovoid, rod-shaped)
associated with a single occurrence of moonmilk.

In summary, cave bacteria remain poorly studied, yet they represent
a tremendous potential from many viewpoints: phylogenetic, ecolog-
ical, and pharmaceutical. From the phylogenetic viewpoint, scientists
need to understand the origin of cave species and their evolutionary
relationship with epigean ones. It is now known that bacteria can play
a major role in speleogenesis and cave ecology, but that does not mean
that there is a good general understanding of those roles. From the
pharmaceutical viewpoint, cave bacteria often grow in rather nutrient-
poor environments. In such environments, production of antibiotics may
assist competition between bacteria occupying similar niches, and some
of these antibiotics may be novel. Finally, the presence of certain types
of bacterium can indicate pollution from epigean sources that threaten
the natural conditions in cave habitats (Schabereiter-Gurtner et al. 2002;
Hunter et al. 2004; Barton and Pace 2005).

2.2 Algae (including Cyanobacteria)

The broadest definition of algae is that of a common lifestyle: algae
include photosynthetic organisms that are typically found in moist to
wet habitats. The organisms commonly recognized as algae are in fact a
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diverse, non-monophyletic assemblage of organisms that includes both
eukaryotes and prokaryotes. Their body form ranges from unicellular to
multicellular, their body size from microscopic to some several meters in
length, and ‘algae’ are found in areas of high humidity and in all kinds
of waters, from marine to freshwater. Some are floating (e.g. phyto-
plankton); others are anchored to a substrate (e.g. seaweeds). All of them
contain chlorophyll a. Difterent algal groups are characterized on the basis
of'additional associated photosynthetic pigments, including carotenes and
phycobiliproteins.

Of the different groups that are informally called ‘algae’, three have
been found in freshwater hypogean environments: Cyanobacteria (blue-
green algae), Bacillariophyta (diatoms), and Chlorophyta (green algae).
In some marine caves communities of Phacophyta (brown algae) and
Rhodophyta (red algae) have been reported (see, for example, Baldock
and Womersley 2005).

Although most of these photosynthetic organisms are found in cave
entrances, some have been found deep in the caves and even in phreatic
waters. Up to 21 species of alga have been reported in totally aphotic
environments, as is the case for the Edwards Aquifer in central Texas. The
majority of them are typical edaphic algae that probably penetrated the
aquifer by percolation. These algae seem to be able to survive under these
conditions for at least several days, and hence contribute to the biomass
of these hypogean waters (Kuehn et al. 1992). Their persistence may
be enhanced by the known ability of some algal groups (dinoflagellates,
euglenoids and others) to switch from a photosynthetic lifestyle to a
heterotrophic one. They are able to absorb organic compounds from their
environment and metabolize those to provide organic energy. Other algae
in caves show a remarkable ability to survive under extreme conditions.
Some algae can be found as far as 25 m into a cave and living in highly
alkaline conditions with pH as high as 9.2 (Budel ef al. 1993). Algae have
been found in cave entrances at high altitude (6,000 m) in the Andes
(Halloy 1991).

In addition to being found in aphotic areas it is also remarkable that
these photosynthetic organisms can be found in great diversity. More
than 40 species of Cyanobacteria have been reported for a single cave
(Vinogradova et al. 1998). Diatoms are the dominant algae in cave
communities large enough to sustain them, as is the case in the waters of
cenotes (sinkholes) and anchialine caves in northeastern Quintana Roo,
Mexico. The composition of the flora in these hypogean environments is
related to the distance to the ocean and influenced by the tidal movement,
with the diatoms constituting up to 75% of species diversity.
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Biofilm communities in a particular area may contain up to 57
species of alga together with lichens, bacteria, and fungi. Caves in
sedimentary rock, such as some limestone cavities near Barcelona, Spain,
contain expansive biofilm communities (Roldan et al. 2004). In these
cavities the distribution of biofilms shows a gradient in abundance and
composition largely influenced by light intensity. All these organisms
show a great deal of phenotypic plasticity in terms of coloration and
shape.

A similar phenomenon has been reported for marine caves. Secord
and Muller-Parker (2005) found that algal performance influences the
distribution of cnidarians in marine caves because sea anemones tend to
live in symbiosis with the algae. Further, they also found that these host—
symbiont associations can respond plastically to environmental change.
One of the ways in which algae adapt to low light intensity is by having
an increased number of thylakoids, the internal membranes in the chloro-
plasts where photosynthesis takes place (Dove ef al. 2006).

Algae play many roles in the cave environment. For example, in many
cases they are part of the processes that lead to speleothem formation, as
well as being involved in rock erosion. Biofilms have a role in the processes
of precipitation of calcite, dolomite, gypsum, halite, and sylvite (Jones
1995). They are also part of the food chain; for example, cave isopods in
Slovenia have been found to consume algae (Sustr ef al. 2005). If algae
are very abundant they can also contribute to nitrification (Pohlman
et al. 1997).

Cyanobacteria are found in artificially illuminated areas of caves,
constituting what is known as lamp-flora. Sometimes these algae are
found together with ferns and mosses (Grobbelaar 2000). The removal
of these organisms is commonly achieved by using a sodium hypochlorite
solution. Because chlorine and other deleterious compounds are released
into a cave environment during lamp-flora cleansing, hydrogen peroxide
has been tested as an alternative agent (Faimon ef al. 2003). Biofilms
with algae may damage more than the cave itself: the Altamira caves
in northeast Spain, famous for their Paleolithic paintings, have had these
paintings damaged by biofilms (Canaveras et al. 2001). Cyanobacteria can

also destroy bone tissue in caves, in a phenomenon known as bioerosion
(Davis 1997).

2.3 Fungi

More than 100,000 species of fungus have been described so far (Moore-
Landecker 1996). Of these, astonishingly few (about 100) have been
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reported for caves. This is surprising because fungi are heterotrophic, thus
the lack of light is not a limiting factor for them in the cave environment.
Some fungi found in caves cause a number of health-related problems
among humans; this in itself is of interest, if not for innately biological
reasons, then to those people who are frequent visitors to the darker
regions located below ground. Many of the cave fungi are saprobic, i.e.
feeding on the remains of dead organisms or other organic sources such
as guano and plant debris carried into caverns by water sources. Other
fungi glean a living not as decomposers but as parasites, relying on living
organisms for food (Moore-Landecker 1996). The only limiting factors
for fungi in caves are lack or organic material on which to grow, low
relative humidity and moisture, and little or no air flow (important for
spore dispersal).

The inherent characteristics of some caves, particularly the stable
temperature and high relative humidity, are factors that have been used
since the nineteenth century for growing edible fungi, particularly in
France. One species that was cultivated in great extent was the ‘snowball’
or ‘horse’ mushroom, Agaricus arvensis. A cave at Mery, in 1867, contained
about 34km of cultivating beds and produced no less than 1,300 kg
of mushrooms a day (Anonymous 1889). In the late 1800s the French
began cultivating Agaricus bisporus, the common white button mushroom.
Although cave cultivation is less common today, it is still practiced in the
United States, particularly in caves created by the mining of limestone,
to grow A. bisporus (Kerrigan et al. 1995, M. Huss, pers. comm.).

The fungal species that have been found in caves are representatives
of all three major phyla of this Kingdom: Ascomycota, Basidiomycota,
and Zygomycota (Kajihiro 1965; Went 1969; Cunningham et al. 1995;
Groth and Saiz-Jimenez 1999; Reeves 2000; Northup and Lavoie 2001).
Within these three phyla certain species are known to form symbi-
otic associations with the roots of plants to form various forms of
mycorrhiza, a name that literally means, ‘fungus roots’. A Mycorrhizal
fungus has been reported in lava tubes in Hawaii (Gemma et al. 1992)
(see below).

At one time, the mycetozoans or ‘fungus animals’, a group of social
amoebae, which include the true, cellular, and protostelid slime molds,
were placed taxonomically in the Kingdom Fungi, but are now located
within the Kingdom Protista. These have also been recorded in caves
(Raper 1984; Reeves 2000). One species of dictyostelid slime mold,
Dicytostelium caveatum, found in caves, is predatory on other species
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of amoebae and is considered to be cannibalistic (Waddell and Duffy
1986).

2.3.1 Zygomycota

Although relatively low in number of species (about 900 worldwide) this
is the most ecologically diverse group of fungi. The typical examples are
the molds that grow on food. Enferobryus oxidi and other species of the
same genus have been found in the hind gut of the cave millipede Oxidus
gracilis and other invertebrates in caves in Georgia, USA (Reeves 2000).
Spores of Conidiobolus coronatus, Mucor ramannianus, Phycomyces nitens, and
Rhizopus stolonifer have been reported in the air of a cave in Toirano, Italy
(Fiorina et al. 2000).

2.3.2 Ascomycota

Eight species of fungus that are human pathogens have been reported in
Carlsbad Caverns, New Mexico (Cunningham ef al. 1995). Probably the
most famous cave fungus is Histoplasma capsulatum. This fungus causes
human pulmonary infections and is responsible for many of the ‘cave
illnesses’ that have been reported among people who visit caves and are
later diagnosed with histoplasmosis. H. capsulatum has been reported in
caves in tropical and subtropical areas of the American, European, African
and Asian continents as well as Australia. They affect people in varying
degrees depending upon the immune response (Lewis 1989; Erkens
et al. 2002) eliciting symptoms that range from influenza-like to life-
threatening respiratory ailments (Rippon 1988). Interestingly enough,
the bats that produce the guano on which H. capsulatum grows have not
tested positive for histoplasmosis (McMurray and Russell 1982).

Geophilic dermatophytic fungi such as Microsporum gypseum and
Trichophyton terrestre have been found in bat guano and cause ringworm
(Kajihiro 1965). Zoophilic species of dermatophyte, such as Trichophy-
ton mentagrophytes and T. rubrum, have been found in caves and are also
responsible for certain forms of ringworm skin infection among animals
and humans (Moore-Landecker 1996; Rippon 1988).

The genera Penicillium spp. and Fusarium spp., which are diverse in
species and distributed worldwide, have been reported in the Milos
catacombs in Greece (Groth and Saiz-Jimenez 1999). Cephalosporium
lamellaecola has been found associated with stalactite growth in Lehman
Cave in Nevada (Went 1969).
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2.3.3 Basidiomycota

Members of the phylum Basidiomycota are represented by such organ-
isms as puftballs, the polypores, gilled mushrooms, boletes, and a variety
of less visible fungi, including some types of yeast. Despite their relative
size, many gilled mushrooms have been found in caves but in most
cases they have not been identified at the species level (see, for example,
Northup and Lavoie 2001).

2.3.4 Mycorrhiza

A study by Gemma (1992) recorded only one mycorrhizal fungus in
the lava tubes of Hawaii. The species was not identified but it was
recorded that is was associated with the roots of the maidenhair fern of
the islands. The absence of light in caves limits the intrusion of plants
into this environment, although plant root systems occasionally penetrate
the walls of caves or survive in the shadows of cave entrances. Such plants
are worth additional study to see how fungi interact, although perhaps
such interactions are not always as symbionts but sometimes rather as
pathogens (Agrios 2004).

2.3.5 Mycetozoa

Mycetozoans, collectively referred to as the slime molds, were until
recently considered members of the Kingdom Fungi. Nine species were
identified in a survey of 23 caves in West Virginia; in many cases there
were more than one species and colonies were found in great abundance
in the same cave (Landoldt ef al. 1992). Most of them belong to the genus
Dictyostelium (Landoldt et al. 1992; Reeves 2000).

Based on the discussion so far it is clear that there is much research
to be done regarding fungi in caves. A single survey in a cave in Israel
yielded 68 species from 28 genera of fungi (Grishkan ef al. 2004). Similar
spectacular results have been obtained in caves in Texas (Kuehn and
Koehn 1991), West Virginia (e.g. Landoldt et al. 1992), India (Koilraj
et al. 1999), and Taiwan (Hsu and Agoramoorthy 2001). This shows that
even simple surveys can yield a great number of species. The ecological
role of fungi in caves also needs to be studied, not only as decomposers
of organic material but also as potential food sources for other organisms
(Sustr ef al. 2005). Fungi also appear as part of the internal and external
mycoflora of many cave animals (see, for example, Benoit ef al. 2004)



2.5 Plants (liverworts, mosses, ferns, and seed plants) - 73

and there is no question that they help to shape the geology of the cave
itself (Jones 2001) although the precise way in which this manifests itself
is the fodder for future research.

2.4 Lichens

Lichens are communal associations or organisms composed of fungal
filaments and either green algae or Cyanobacteria (blue-green algae).
The identification of these organisms is very difficult in the field and
usually requires microscopic and/or chemical analysis. There are between
15,000 and 30,000 species known so far, including a number found in
caves. Their habitat can be extremely variable, ranging from ice caves in
New York State (Dirig 1994) to geothermal hotspots at about 6,000 m
above sea level (masl) in the Andes (Halloy 1991).

Sometimes several species of lichen can be found in a single cave.
Lichens (usually of the crustose body form) are generally found in the
areas of the cave that receive some light. In deeper parts of the caves
crustose lichens are replaced by others with a leprose thallus, such as Botry-
olepraria lesdainii and Macentina stigonemoides (Garbacki et al. 1999; Roldan
et al. 2004). Sometimes lichens constitute the main nesting material
for cave birds such as the mountain swiftlet, Aerodramus hirundinaceus
(Tarburton 2003).

2.5 Plants (liverworts, mosses, ferns, and seed plants)

This section includes all the members of the Kingdom Plantae found
in caves, from liverworts, mosses, and ferns to seed-producing plants,
primarily flowering plants. These organisms can be found in areas where
some light penetrates the cave. They typically demonstrate zonal distri-
bution, with seed plants found in areas of higher light intensity, followed
by ferns, mosses and liverworts. In some karstic caves overlain by soil, the
roots of epigean trees in the immediate area of the cave may penetrate
into the cave itself through the crevices and sometimes even reach under-
ground waters. Access to water may be particularly significant during
drought periods (Penuelas and Filella 2003).

The leaves of many species found in caves show a number of adapta-
tions to low light intensity such as an increase in leaf surface area,
reduction in leaf thickness, fewer stomata (in caves with high humidity),
elongated stems, and reduced branching. Some cave mosses (Mittenia spp.
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and Schistostega spp.) have specialized cells that act as lenses to focus light
on the chloroplasts.

In addition to plants adapted to, or persisting in, cave environments,
plants may be transported from terrestrial surfaces to the interior of
caves. Significant amounts of plant biomass may be regularly deposited
in caves by flood events from the surrounding watershed. Humans and
other animals are also responsible for the deposition of plant materials
in caves. In many cases these provide carbon sources for heterotrophs.
In other cases, dry sheltered areas preserve plant material, providing an
archeological record of human plant use through time. In the North
American southwest, packrat middens in caves preserve plant materials
from the surrounding areas, allowing paleoclimatologists to reconstruct
the vegetation history of the region.

2.5.1 Liverworts or hepatics (Hepatophyta or Marchantiophyta)

These are small, primitive plants usually found in the same microhabitats
that support mosses, covering large areas of the ground as well as rocks
and trees. They prefer shaded, humid areas. They comprise two classes:
the leafy liverworts, which are similar to leaty mosses, and the thalloid
liverworts, which are flattened and ribbon-like, adhering to the substrate
by numerous rhizoids. There are more than 8,000 species of liverwort,
of which a few are found in caves.

One of the species of liverwort found in caves is Frullania tamarisci,
from Terceira Island in the Azores. This species has been shown to have
the highest maximum photosynthetic rate in the world, compared with
mosses and other plants, meaning that it is highly efficient in capturing
and converting light into chemical energy (Gabriel and Bates 2003).
Liverworts have also been found in geothermal hotspots at 6,000 m asl
in the Andes (Halloy 1991).

2.5.2 Mosses (Bryophyta)

These plants clearly illustrate the characteristic alternation of genera-
tions typical of the plant kingdom. The first generation, the gameto-
phyte, constitutes the plant body we usually identify as a moss. The
gametophytes produce gametes, which fuse in fertilization to produce
a zygote that grows into the next generation: the sporophyte. The
sporophyte produces little or no chlorophyll, and relies on the gameto-
phyte plant for supplemental chemical energy. In many species the
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sporophyte is wholly parasitic on the gametophyte plant. As the sporo-
phyte matures, the capsule releases spores that will grow into a new
generation of gametophyte plants. There are approximately 13,500
described species of moss worldwide, of which a few have been found in
caves.

Mosses serve as habitat for tardigrates (Bartels and Nelson 2006) and
copepods (Brancelj 2006), and as food for the Brazilian cave harvestman
(an opilionid) Goniosoma spelaeum (Santos and Gnaspini 2002). Mosses
have also been found in geothermal hotspots at 6,000 m asl in the Andes
(Halloy 1991).

One species of moss is known as the cave or luminous moss: Schistostega
pennata. This species constitutes the monotypic family Schistostegaceae.
It is found in sandstone and limestone formations in the north temperate
regions of the world: Europe, Japan, Canada, and the northern United
States, from Minnesota to Rhode Island. Although Schistostega is found
in caves it has also been recorded under old barns and on upturned
roots. Though rather rare it is fairly widely distributed throughout its
range. This species has a loosely tufted, leafy structure reaching only
7 mm in height. The cave moss sporophytes frequently have stomata,
but it is unusual for gametophytes to have stomata, and the plant grows
from a threadlike, luminous protonema. Chlorophyll-containing cells are
oriented with their chloroplasts grouped within the cytoplasm in the
plane on the plant that faces the light that penetrates the cave. When
light enters the cave and falls on the plant the rays are refracted to form a
cone of light. When the refracted light hits the green spot, photosynthet-
ically active wavelengths of light are absorbed and the rest 1s reflected,
producing a luminous appearance (Crum 1983; Ignatov and Ignatova
2001).

2.5.3 Ferns (Pteridophyta or Filicophyta)

Ferns are vascular plants with true leaves that do not produce seeds.
Like all vascular plants they show alternation of generations, with a
diploid sporophytic and a haploid gametophytic phase. Unlike that of
flowering plants, the gametophyte phase in ferns is in the form of a
free-living organism. There are about 9,000 known species of fern of
which a few, such as the Venus maidenhair (Adiantum sp.), are found
in cave entrances. In many caves the moist shaded area around the cave
entrance supports such extensive colonies of ferns that they are known as

‘fern falls’.
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2.5.4 Flowering plants (Magnoliophyta)

This group includes the vascular plant species with seeds. There are about
260,000 known species, of which a few are found in caves in the twilight
zone or interacting with the hypogean environment by penetrating the
soil with their roots in order to obtain water.

2.6 Protozoans

The name ‘protozoan’ is a colloquial term for unicellular heterotrophs
of the Kingdom Protista or Protoctista, which includes eukaryotes that
have not developed specialized tissues. This grouping contains not only
protozoans, but also algae and myxomycetes (slime molds, described on
p. 70). This is therefore a paraphyletic kingdom. Protozoans are unicel-
lular organisms that can sometimes be found forming colonies. The
kingdom comprises five protist phyla: Mastigophora or Flagellata, Sarco-
dina, Ciliophora, Opalinida, and Sporozoa. The 26,000 living species of
protozoan that have been described so far can be found in fresh, estuar-
ine, and marine waters as well as in soils all around the world. Most are
heterotrophs and some are parasites.

Gittleson and Hoover (1969) identified 350 species from caves, most of
them species that can be found in the surrounding epigean soils although
some are parasites of obligate cavernicoles. The distribution of some
of them is remarkable. Foissner (2003) found Spathidium faurefremieti,
originally described from Romanian cave water in 1962, in savannah
soil from the Shimba Hills National Reserve in Kenya, Africa, and in
floodplain soils of Brazil and Australia.

Carey et al. (2001) found nine species of ciliate in an anchihaline
lagoon in Mallorca, Spain, that were stratified not only in the water
column mostly near the surface but also in mid-water as well. These
authors hypothesized that floating calcite crystals may form a distinct
biotope for ciliate populations.

2.7 Porifera (sponges)

One of the most surprising sources of information on cave ecology
comes from an unsuspected group of animals: sponges. Sponges are
classified by the composition and shape of their spicules in three classes:
(a) Calcarea, with calcareous spicules; (b) Hexatinellida, with six-rayed
siliceous spicules; and (c) Demospongiae, with skeleton of siliceous
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spicules, spongin (collagen), or both. Some 5,000 species of Porifera
have been described so far. Most of these sponges are marine but about
150, all in the class Demospongiae, are found in freshwaters.

Several dozens of species of sponge have been found in (mostly marine)
caves and almost all cave-dwelling sponges belong to the class Demospon-
giae, with the notable exception of one glass sponge (class Hexatinellida).
The only freshwater sponge found in caves is Euanapis subterraneus, also
in the Demospongiae, in Croatia.

The importance of sponges in caves can be divided into three areas:
(a) their evolutionary origin, (b) their phenotypic plasticity; and (c) their
ecology.

2.7.1 The origin of cave sponges

The study of sponges in caves has yielded some interesting contribu-
tions to the understanding of the phylogeny of this phylum. Rowland
(2001) reported the discovery of living calcareous sponges in caves
that resolved the phylogenetic placement of an enigmatic group of
fossils known as the archaeocyaths as a new class of fossil sponges,
Archaeocyatha.

Another cave sponge, Oopsacas minuta, has provided important clues
about the origin of multicellular metazoans. Leys et al. (2006) studied
the development of this glass sponge and found support for the hypoth-
esis that the original metazoans were cellular, not syncytial, (made of a
multinucleated mass of cytoplasm).

Because there is an unusual abundance of sponges in marine temperate
caves, it is worth while to ask about their origin. Most researchers believe
that sponges were more widespread when the oceans were warmer and
that many have survived in temperate oceans only because they were able
to find refuge in microenvironments such as caves. It is interesting that
two species of the same genus of sponge, Gastrophanella phoemciensis from
Lebanon and G. cavernicola from Brazil and Belize, have been found in
caves in such distant geographic places from each other, suggesting that
they represent a relict of a much more widespread genus (Perez ef al.
2004).

Some species that are known from deep waters are only found in
shallow waters when inhabiting caves. An example is Thrombus jancai
from a cave at 30 m depth in Jamaica. Other species of this genus are
known only from depths exceeding 100m (Lehnert 1998). Higginsia
ciccaresei, found living in a cave in the eastern Mediterranean at 250 m
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from the cave entrance, is also considered a Tethyan relict (Pansini and
Pesce 1998).

However, the relictual hypothesis has recently been challenged.
Koénnecker and Freiwald (2005) found a new species of pharetronid
sponge off northern Norway to be very common in those waters; this
defies the conventional wisdom of sponges being found only in tropical
and temperate zones, with the latter being just relict species living in
cryptic habitats such as caves.

The explanation for finding the same or closely related species of
sponges in deep waters and caves only has been attributed to several
factors: (1) the fact that shallow-water caves retain a cold water mass that
results in stable temperature conditions throughout the year; (2) lack of
light; and (3) limited food resources (Vacelet ef al. 1994).

Until recently, the model assumed to explain the colonization of
marine caves in shallow areas by deep water species was a saltatory disper-
sal model through stepping-stone habitats. However, direct colonization
has been advocated, at least for the French Mediterranean coast, which
is characterized by a cold homothermal regime below a within-cave
thermocline. Harmelin (1997) suggested that the successful colonization
of the cold homothermal cave by allochthonous larvae is likely to be
dependent on rare pulse fluxes.

2.7.2 Phenotypic plasticity

As will be seen in Chapter 3, one of the major arguments made in this
book is that phenotypic plasticity plays a major role in the evolution
of hypogean fauna; sponges are notable for their phenotypic plasticity
(Barnes and Bell 2002). Meroz-Fine ef al. (2005) discovered a Mediter-
ranean cave sponge in calm, shallow water, which they hypothesized,
influenced the sponge’s morphology and physiology: the specimens in
the cave were smaller and had shorter spicules and earlier gamete release
than their open-water conspecifics. A reproductive advantage of earlier
gamete release may be influenced by the energetic trade-off of having
shorter spicules.

Another sponge with spicules seemingly affected by its environment
is Higginsia ciccaresei. Silica spicules are formed with an irregular shape
and surface, perhaps because of the mixed water of the anchialine cave
which they inhabit (Pansini and Pesce 1998).

Teilla spp., a common sponge in the eastern Mediterranean, can be
found in four different habitats (shallow caves and deep waters with calm
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waters, and shallow exposed sites and tide pools with turbulent waters).
The ones found in caves and deep waters are smaller and have a lower
proportion of structural silica and fewer and shorter spicules (Meroz-Fine
et al. 2005).

Astrosclera willeyana is a predominantly bright orange, coralline sponge
found mainly in reef caves of the Indo-Pacific, whose habitat is
generally restricted to cryptic and light-reduced environments. This
species sometimes also occurs in the dim-light areas of cave entrances,
where it is colored green on the side that faces the light (Worheide
1998).

2.7.3 Ecology

Sponges may dominate benthic communities in caves (Marti et al; 2004;
Preciado and Maldonado 2005) and are therefore of tremendous ecolog-
ical importance. Uriz ef al. (1992) found that diftferent species of sponge
are distributed according to the available light, with some in twilight
areas and others in areas of total darkness. They also found that sponge
abundance in caves was inversely correlated with the intensity of light, a
result also found in marine caves in Ireland (Bell 2002).

It is interesting that, although sponges are highly dependent upon
water circulation for their filter-feeding needs, some of them can be
found in caves with very little, if any, water circulation. That is the case
of Tethya omanensis, an endemic species from a sinkhole in Oman (Sara
and Bavestrello 1995).

Some of the most remarkable cave sponges are the Asbestopluma
spp. found in a Mediterranean cave at a depth of 20m (Vacelet et al.
1994). Instead of filter-feeding, this species captures invertebrates (mostly
crustaceans) of up to 8 mm in length in its spiky filaments, grows more
filaments around its captured prey, and then absorbs the prey in a process
that lasts up to 10 days, making it a truly carnivorous sponge. These
sponges belong to the deep-sea family Cladorhizidae but live in littoral
environments. In an analogy with carnivorous plants, these sponges have
a lifestyle adapted to oligotrophic environments, in this case deep sea
waters or caves (Vacelet and Duport 2004).

Another hexactinellid sponge, Oopsacas minuta, from the Mediter-
ranean, shows a great deal of retention of suspended particles. This has
been interpreted as an adaptation to the scarcity of such particles in both
caves and deep waters (Perez 1990).
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2.8 Cnidarians (anemones, jellyfish)

Cnidarians are animals with radial or near-radial symmetry that adopt a
great variety of forms, including colonial sinophonophores, medusae,
jellyfishes, corals, and hydroids. They all have stinging cells called
nematocysts. There are more than 10,000 species in all the oceans of
the world from tropical to polar waters, floating, free-living, attached to
substrates, and even burrowing in the sand. Some species have been
found in fresh water. A few marine species have been reported in
caves.

Most cave species are of burrowing habits (e.g. Halcampoides purpurea)
(Boero ef al. 1991) and many species of cave cnidarian are therefore
quite cryptic. An example is Codonorchis octaedrus, which was recorded
in 1997 for the first time since its discovery by Haeckel in 1879. A
hydroid colony of this species was collected in a cave on the Apulian
coast (between the Ionian and the Adriatic Seas) (Boero et al. 1991).
Other species have been found in the Spanish Atlantic (Camacho e al.
2006) but most described species come from the Mediterranean (see,
for example Marti ef al. 2005). Velkovrhia enigmatica (Bougainvilliidae) is
believed to be endemic to Dinaric Caves (Matjasic and Sket 1971).

One unusual species of cave cnidarian is the scyphozoan Thecoscy-
phus zibrowii. Among the remarkable characteristics of this polyp are
a translucent periderm tube, a great deal of phenotypic plasticity, and
a suppression of the medusa phase. In this species only females exist;
they reproduce via parthenogenesis. This shortened life cycle has been
hypothesized to be adaptation to the cave environment (S6tje and Jarms
1999).

Secord and Muller-Parker (2005) found that in an association between
an abundant temperate sea anemone and its two endosymbiont algae,
the densities and ratios of the anemones’ symbionts changed along a
light gradient generated by intertidal caves in Washington State, USA.
They showed that caves are divided into three distinct regions based
on anemones’ algal complements: a brown region of zooxanthellate
anemones near the mouth of the cave, a green region of zoochlorel-
late anemones in the middle of the cave, and a white region of alga-free
anemones near the back of the cave. Their results were consistent with
the idea that temperate, as well as tropical, host—symbiont associations
can respond plastically to environmental change.

Similar distributional patterns have been found in sublittoral marine
cave with sulfur-water springs in Italy. Benedetti-Cecchi ef al. (1998)
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observed that the abundance of the stony coral Astroides calycularis
decreased from the outer to the inner part of a cave, whereas the
reverse was observed for the sunset cup coral Leptopsammia pruvoti. The
abundance of L. pruvoti decreased close to the sulfur boundary, whereas
the percentage cover of A. calycularis increased, but only at locations
near the cave mouth. This suggests a case of resource partitioning by
two species of coral in the same cave, and may be related to distri-
bution of bacterial mats around the sulfur sources (Southward et al.
1996).

2.9 Platyhelminthes (flatworms)

The phylum Platyhelminthes or flatworms is composed of very simple
animals characterized by a lack of segmentation. There are about 25,000
described species of both free-living and parasitic flatworm, of which
nearly 200 (mostly planarians) have been found in caves (Dumnicka
2005). They include both marine and freshwater species. Some of them
are detritivores (Ferreira and Martins 1999) but many are necrophagous
and some are parasitic (Dumnicka 2005). Most of them are blind and
depigmented and can occupy more than one cave allopatrically (e.g.
Dendrocoelum beauchamoi; Sluys and Benazzi 1992).

Cave planarians serve as food sources for cave fish, crayfish, and
salamanders; they can be infected by protozoan parasites (Carpenter
1970). In turn they feed on drowned cave crickets and amphipods
(Mitchell 1970).

A blind and depigmented planarian, Sphalloplana percaeca, was first
described from Mammoth Cave, KY, in 1876 (Fig. 2.1). In an attempt to
determine the relatedness of this species to epigean flatworms, by means
of experiments that involved changes in gravity, water pressure, light
exposure, temperature, water acidity, and regeneration, Buchanan (1936)
recorded the responses of each and compared the two groups. He found
that changes in water pressure, temperature, and gravity did not cause
responses in the cave flatworms, but disturbed the epigean worms. His
light tests on the blind cave flatworms were interesting but fatal to these
creatures: they writhed dramatically when exposed to direct sunlight
but did not move to shaded areas when given the chance. Finally, the
flatworms disintegrated within 12 hours of exposure. Because of some
similar responses to changes in environment, that author concluded that
the cave flatworm was more closely related to epigean worms from a
different family. Unfortunately, the time at which he did his research was
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Figure 2.1 Sphalloplana percaeca from Big Mouth Cave, Grundy County, Tennessee.
Photo by Danté Fenolio. (See Plate 4.)
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too early for the genetic analysis needed to accurately map the phylogeny
of these flatworms.

In a study of West Virginia karst caves, Culver (1970) suggested
that the cave ecosystems, which included planarians, were island-like
in their species distribution and isolation from each other. His evidence
to support this hypothesis was that caves without the connectivity of
spring flooding had higher species diversity, at least among the four
crustacean species on which he focused his study. He did, however, find
members of the family Planariidae in most of these caves, suggesting
that the caves are not so completely isolated even without connective
flooding. Culver acknowledged the differences between island and cave
environments, such as lack of area effect on species diversity in caves,
difference in nutrient energy sources in each type of system, and cases of
species’ immigration among caves.

A high-profile cave flatworm is Macrocotyla glandulosa, the federally
listed endangered pink planarian of the Devil’s Icebox Cave in the
Missouri Ozarks (Missouri State Parks 2006). The rarity of the pink
planarian was used successfully as an argument to stop a shopping mall
from being built on the border of Rock Bridge Memorial State Park,
where the Devil’s Icebox is located. This troglobite is monitored by the
US Department of Agriculture as part of a watershed-wide water quality
project (United States Department of Agriculture 2002).

2.10 Nemertina (ribbon worms)

Also known as Nemertea, Nemertida, Rhynchocaela, or ribbon worms,
these are vermiform carnivorous animals characterized by having an
eversible proboscis. Most of them are marine but a few species are fresh-
water and even terrestrial. Of the 900 or so known species, three or four
have been described in caves in Europe and New Zealand (Dumnicka
2005).

2.11 Gastrotricha (gastrotrichs)

This is a group of small, free-living vermiform aquatic animals with about
450 species known. Most of these animals are interstitial and therefore
little studied, particularly in caves. In fact it was not until 2006 that the
first species of this group were reported in a cave (Todaro et al. 20006).
They surveyed a cave along the Ionian coast of Apulia (southern Italy)
and found 16 different species of gastrotrich.
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2.12 Kinorhyncha (kinorhynchs)

The Kinorhyncha are extremely small worms, less than 1 mm in length,
that burrow into muddy marine substrates by forcing body fluids into
the head, everting the body, anchoring the head in the substrate by
using spines, and then moving forward as the head retracts (Harris 2006).
There are about 150 species described for this phylum, all of them living
in sediments. Two kinorhynch species have been found in sea caves:
Echinoderes dujardini in 1966 in two Mediterranean locations, and Echin-
oderes cavernus in 2000 (Boesgaard and Kristensen 2001). E. cavernus, from
Australia, was the first kinorhynch described in the southern hemisphere
(Sorensen et al. 2000). The cave community in which it was found is
thought to be related to similar assemblages found in the Caribbean Sea.
Both areas could have been on the coastline of the ancient Tethys Sea
and then became refugia.

2.13 Nematoda (roundworms)

Nematodes, commonly called roundworms, constitute a group of about
20,000 described species, although some researchers predict that the
group may have up to 500,000 species (Hickman et al. 2000). The system-
atics of this group is complex and constantly changing. They are found as
both free-living (terrestrial and aquatic) and parasitic (even in humans).
About 20 species have been described from caves.

Nematodes can be an important part of the food chain in caves.
Welbourn (1999) found nematodes feeding on bacteria in bat guano at
Kartchner Cavern, Arizona. These very same nematodes were consumed
by cave mites and other arthropods. Up to 50% of the diet of the young
of the cave spring fish (Forbesichthys agassizi) from caves in Kentucky,
Tennessee, and Illinois was composed of nematodes (Hill 1969).

Nematodes can be found as parasites of cave animals and as saprotrophs.
Nematodes in terrestrial caves are associated with troglophilic host fauna,
which, when infected, bring the nematodes into the cave. For example,
several species of nematode have been found in the digestive and urinary
tracts of cave fish (Moravec et al. 1996), cave salamanders (McAllister
and Bursey 2004; Yildirimhan et al. 2005), and bats (Ubelaker & Dailey
1969; Guerrero et al. 2003).

Humans in caves have interacted with nematodes for thousands of
years, either by hosting them or by affecting their environments. Anasazi
communities living in Western US caves as long ago as 10,000 years
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BP have been shown to have had multiple species infestations, as
determined by inspection of archaeologically recovered feces (Reinhart
et al. 1985). Modern cave visitors, specifically those to Wind and Jewel
Caves in South Dakota, may have influenced the measurably increased
nematode colonization at cave entrances and along tour routes and
traveled corridors, due to increased carbon inputs into these areas of
the caves (Moore 1996).

2.14 Annelida (segmented worms)

The Annelida or segmented worms include earthworms, leeches, and a
variety of marine worms. They can be found worldwide in terrestrial,
freshwater, and marine environments. Although most are free-living,
some species are parasitic and even mutualistic. There are about 15,000
species of annelid, of which nearly 200 have been described for the
hypogean environment.

Living Annelida have been traditionally classified into three classes:
Polychaeta (mostly marine), Oligochaeta (earthworms), and Hirudinea
(leeches). All of them have representatives in the hypogean environment.

2.14.1 Class Polychaeta

Although most polychaetes are marine and some of the cave species are
anchialine (see, for example, Worsaae et al. 2004), the majority of the
few that are freshwater are found in hypogean environments, particularly
in the tropics. An exception is Marifugia cavatica, a freshwater species from
Slovenia and Croatia (Dumnicka 2005). Hypogean polychaetes have been
recorded in marine and anchialine caves as well as in caves at high altitudes
(c. 1,600 masl) and many are considered to be relicts of ancient marine
species. Some cave polychaetes have been found associated with sulfur-
based spring ecosystems (Southward et al. 1996; Airoldi et al. 1997).

2.14.2 Class Oligochaeta

Among the oligochaetes we find aquatic, semiaquatic, and terrestrial
representatives in caves. More than 140 species of oligochaete have been
described in caves, with many of the same genera being found in Europe
and North America (Cook 1975). Many of these species are located
in both the epigean and the hypogean environment (see, for example,
Dumnicka and Wojtan 1990) but some genera are endemic to caves



86 - Cave biodiversity

(see, for example, Juget 2006). Many of these species are interstitial
or live anchored to the sediments and can form cysts during extreme
environmental conditions. Although they are mostly detrivorous, some
feed on algae and a few are even predators of small invertebrates. Although
oligochaetes are mostly terrestrial and freshwater, one cave species has
been described from anchialine waters (Erseus 1986).

2.14.3 Class Hirudinea

There are few species of hirudinean in caves. Many of the hypogean
leeches are actually cave populations of epigean ones showing differ-
ent degrees of depigmentation and eye reduction. Many leeches are
hematophagous, feeding on the blood of mollusks, earthworms, and
bats. Some epigean species have cave populations that are partly depig-
mented; some cave species are totally blind. Interestingly, many of these
species have lost their pigmentation but not their eyes. Cave leeches have
been found in a chemoautotrophically based groundwater ecosystem
(Manoleli et al. 1998).

2.15 Mollusca (mollusks)

Mollusks represent a large and highly diverse phylum that has been very
successful from the ecological viewpoint for hundreds of millions of years.
There are approximately 200,000 described and undescribed species of
mollusk (Lydeard et al. 2004) and many have been found in caves. Of
the seven classes of living mollusk (Ponder and Lindberg 2008), the two
most diverse (gastropods and bivalves) are also the ones represented in
the hypogean environment.

2.15.1 Class Bivalvia

A literature review (references cited in this section) shows that more than
60 species of hypogean bivalve have been reported so far, most of them
in marine caves below sea level. Most, if not all, of these caves were at
sea level during the last glaciation. All the reported marine cave bivalves
have been found in the northwestern Pacific Ocean, near such islands
as Ryukyu Island and Okinawa, but their overall dispersal is unknown.
Because the areas around the caves have been little studied, it is not known
whether these species are indigenous to the caves or just opportunistic
invaders; several species have also been found in sunken ships. Many
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marine cave bivalvesreach an average adult length of less than 6 mm; this
is much smaller than their non-cave-dwelling relatives (Hayami and Kase
1996).

Adult hypogean bivalves usually have a translucent shell and a white,
depigmented body. Juveniles of non-cavernicolous bivalves also have
translucent, thin shells and depigmented bodies, but adults exhibit a
wide range of shell thicknesses and colors as well as having colored body
parts. This suggests that cave bivalves may be paedomorphic (Hayami
and Kase 1996).

All bivalves (including epigean species) are suspension feeders and
dioecious, and most are long-lived. One distinct difference between
epigean and hypogean bivalves is their fecundity. Most epigean bivalves
(both brooding and non-brooding species) have a high fecundity owing
to the nature of their fertilization, the early release of offspring in non-
brooders, and their larger adult size (allowing a larger clutch size in
brooders). Hypogean species, however, exhibit lower fecundity because
most species are brooders: the female holds her offspring within her body
until they transform into a juvenile state, at which time the juveniles
‘crawl’ away from their parent (Hayami and Kase 1996; Morton et al.
1998). Because a female holds her offspring throughout this devel-
opment and most species in caves have an extremely reduced adult
size, hypogean females cannot brood as many juveniles as epigean
females.

Of all reported hypogean bivalves, only one species, the Dinaric Cave
clam, Congeria kusceri, is reported as non-submarine and may represent
the only true ‘cave-limited’ bivalve species. This unique bivalve is related
to the zebra mussel, in the genus Dreissena. Its morphological features
are the same as described for the submarine bivalves, including being
depigmented and possessing few sensory organs, i.e. no statocysts or light
receptors, but it can reach a maximum adult length of over 12 mm. This
species can live up to 25 years, compared with 1-2 years for non-cave
forms in the same family (Morton et al. 1998).

This Dinaric Cave clam is limited to caves in Herzegovina and Croatia,
but relict shells have been reported in Slovenia. This species was once
an inhabitant of the Mediterranean Sea before it dried up during the
late Miocene near the Balkans, Hungary, and Romania. At the time of
these falling water levels, this bivalve escaped extinction by colonizing
the caves fed by subterranean waters of the Mediterranean Sea. Current
evidence suggests that the species is being affected by pollution within
its habitat (Morton ef al. 1998; Stepien et al. 2001).
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2.15.2 Class Gastropoda

Based on the author’s literature review, more than 600 species of gastro-
pod have been reported for caves and aquifers from around the world
(for phreatic ones, see Hershler and Longley 1986). Gastropods inhabiting
caves are mostly freshwater and terrestrial. Approximately 97% belong to
the freshwater family Hydrobiidae (Hershler and Holsinger 1990). Many
hypogean gastropods are characterized by having a thin, subhyaline shell
and a depigmented body. They can also have depigmented, reduced, or
totally absent eyes (e.g. Potamolithus karsticus; Desimone and Moracchiolin
1994). In addition, cave snails differ in their internal anatomy from their
epigean relatives by having complex coiling of the intestines, loss or
reduction of the ctenidium, a simplification of gonadal morphology, and
a loss of sperm sacs, all largely as a result of their smaller body size. They
also have a specialized radula that allows them to feed on organic matter
and animal secretions (Hershler and Holsinger 1990). Smaller body size
seems to be a common feature among cave snails (Graening 2003).

Gastropods may colonize caves that are episodically flooded
(Bernasconi 1999). They can be found in large densities in tropical caves,
particularly in the wetter and warmer parts of them in both the neotropics
and New Zealand (Emberton ef al. 1997, Bichuette and Trajano 2003b).

Ponder et al. (2005) described a radiation of 10 species belonging
to two genera of hydrobiid snail from caves in southern Tasmania.
This comprises two closely related genera, Pseudotricula, endemic to
the Precipitous Bluff caves, and Nanocochlea, found in these caves and
surface streams and seepages, but also known from elsewhere in southern
Tasmania.

Schilthuizen et al. (2005) described a new species of the snail genus
Georissa 1n a limestone cave in Borneo; molecular phylogenetic analysis
showed that this species is descended from a local epigean species, G.
saulae, living in the rainforest directly at the cave entrances. Their work
showed that although the troglobitic form had diverged morphologically
from its epigean ancestor, there was still gene flow going on between
the two of them, with one population showing an intermediate morph
in between the two, suggesting that speciation had occurred without
complete isolation.

Bodon et al. (1999) found two distinct coexisting shell morphs, almost
without intermediates, for the same population of Litthabitella chilodia
living in a small brook in the Grotta del Tasso cave, Apulia, Italy. However,
that does not mean that there are necessarily different species since a great
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deal of variation within morphs of the same species has been found in
caves (see discussion on Astyanax fasciatus in Chapter 3).

Unlike conventional wisdom in biospeleology, where cave species
are generally considered ‘dead ends’ from a phylogenetic viewpoint,
some species inhabiting submarine caves have been the source of further
radiation since as far back as the Paleocene (¢. 65-55 mya), as in some
species of the family Neritiliidae (Kano and Kase 2002; Kano ef al. 2002;
Lozouet 2004).

2.16 Brachiopoda (lamp shells)

Brachiopods or lamp shells are bivalve animals that despite their resem-
blance to clams are not really related to mollusks. They are all marine,
most commonly found in cold or deep waters. There are about 300
living species known so far; a few have been described from caves.

Species of hypogean brachiopod have been found in submarine caves
from the Mediterranean to the Indian Ocean to Australia (see, for
example, Logan and Zibrowius 1994; Grobe and Luter 1999; Luter et al.
2003; Logan 2005). Some hypogean species inhabiting warmer waters in
submarine caves have been documented as far back as the Paleocene
(c. 65mya) (Lozouet 2004). Some species are neotenic (Logan and
Zibrowius 1994).

2.17 Bryozoa (moss animals)

Bryozoans, also known as moss animals or sea mats, are small, mostly
colonial animals that generally grow on hard surfaces. They are found
mostly in warm, tropical marine waters worldwide (even at great depths)
with a few species also found in freshwater. There are about 5,000 known
living species and a few have been reported from caves. So far all hypogean
species have been found either in the Mediterranean (see, for example,
Harmelin 1990; Dhondt and Harmelin 1993; Mariani 2003; Mariani
et al. 2005; Marti et al. 2005) or in Bermuda (Thomas ef al. 1992). This
is most likely the result of two factors: one is that, owing to their size
and habits, bryozoans are rather cryptic species, and the other is that
those two regions are the ones in which marine caves have been most
intensively studied.

Despite this paucity of studies, some findings on the biology of these
organisms have been interesting: Harmelin (1997) found that coloniza-
tion of caves by bryozoan larvae was the result of rare pulse fluxes and
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that the source of those organisms was not deep-water bryozoans. This
represents a big contrast when compared with coastal cave sponges, whose
original source seems to be deep-water species that colonize those aphotic
environments via saltatory dispersal through stepping-stone habitats.

2.18 Crustacea (crustaceans)

The subphylum Crustacea has about 52,000 known living marine, fresh-
water, and terrestrial species with worldwide distribution (Martin and
Davis 2006). Although the phylogeny of this group is still a matter of
controversy (Giribet and Ribera 2000; Martin and Davis 2006), six classes
of crustacean are generally recognized, of which at least five are repre-
sented in the hypogean environment. A literature search yielded more
than 4,800 species of cave, phreatic, and anchialine crustacean from all
over the world, including marine, freshwater, and terrestrial ones (see,
for example, Dumont and Negrea 1996; Sket 1999, 2004) (Table 2.1).
Most of them show reduction and/or loss of the visual apparatus and/or
pigmentation as well as elongation of appendages (e.g., Sket 1999).

This group appears to be the most widely represented in the
hypogean environment among the aquatic macrofauna. The classification
of Crustacea here follows that of Martin and Davis (2006).

2.18.1 Class Branchiopoda

This is the most primitive crustacean group. They are small (up to 2 mm
in length) and display a great diversity of morphology; they are found

Table 2.1 Approximate number of described hypogean
species of crustacean by class

Total no. No. of
Class of species hypogean species
Branchiopoda >900 ¢. 100
Cephalocarida 9 0
Remipedia 12 12
Maxillopoda >14,000 >1,200
Ostracoda >5,700 c. 1,000
Malacostraca >31,500 >2.200
Total c. 52,000 c. 4,862

Sources: cited in text.
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worldwide. About 100 species have been reported from the hypogean
environment, most of them belonging to the suborder Cladocera. Most
species show some degree of depigmentation; some have lost their eyes
and in many cases their ocelli. Most of them are benthic ‘scrapers.’
Dumont (1995) pointed out the fact that most cladocerans are most
common in the underflow of rivers and that many epigean species
colonize hypogean waters, particularly members of the family Eury-
cercidae. At least three lineages of the genus Alona evolved exclusively as
groundwater species. All hypogean Cladocera are freshwater, belonging
to genera of epigean species. Most species are located in a single locality
and few display any troglomorphic characteristics at all (Dumont and
Negrea 1996).

2.18.2 Class Remipedia

This is another primitive group of crustaceans, small in size (up to
45 mm in total length) that were not discovered until 1979 in waters of the
Lucayan Cavern of the Grand Bahama. Twelve species have been found
in oxygen-poor waters of anchialine environments of the Caribbean, the
Yucatin Peninsula, the Canary Islands, and Australia. They are all charac-
terized by being blind and depigmented and prey on other invertebrates,
which they find via chemosensory organs.

2.18.3 Class Maxillopoda

All the hypogean representatives of this class belong to the subclass
Copepoda. This is a very diverse group of crustaceans with more than
14,000 species. Most members of this subclass are between 1 and 2 mm
in length. They seem to be very common in African caves (Messana
2004). Within this subclass there are seven orders with cave representa-
tives. Of the approximately 14,000 species, more than 1,000 have been
described for the hypogean environment from around the world. Infor-
mation about this class and its hypogean representatives is summarized in
Table 2.2.

The Order Platycopioida has two hypogean species, found in the same
anchialine cave in Bermuda (Worsaae ef al. 2004). The Order Calanoida is
composed of filter-feeding species that are part of the zooplankton. This
taxon contains 43 families and approximately 2000 species (Boltovskoy et
al. 1999). Two of these families contain hypogean representatives world-
wide, including Madagascar. The family Ridgewayiidae is represented
by one cave genus, Exumella, containing four species, two of which have
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Table 2.2 Orders of the class Maxillopoda and their hypogean representatives

No. of
Total no.  hypogean

Order of species  species Distribution
Platycopioida 12 2 Bermuda
Calanoida ¢. 2,000 >20 Worldwide
Misophrioida 37 18 Atlantic, Mediterranean, and Pacific
Cyclopoida >1,000 ¢. 180 Circumglobal?
Gelyelloida 2 2 Europe
Harpacticoidea ¢ 3,000 ¢. 500 Circumglobal
Total >14,051 >1,022

Sources: cited in text.

been described as cave organisms from the Caribbean (Suarez-Morales
and Ilifte 2005). The family Pseudocyclopiidae contains one hypogean
species, Stygocyclopia australis, from an Australian sinkhole (Jaume et al.
2001).

Three families of the Order Misophrioida have cave representatives:
Palpophriidae, Speleophriidae, and Misophriidae. They are marine and
anchialine and found in Bermuda, the Bahamas, the Canary Islands,
the Mediterranean, northwestern Australia, and the Pacific. The family
Palpophriidae was described in 2000 (Boxshall and Jaume 2000). The
family Speleophriidae contains a single cave species from northwestern
Australia, Speleophria bunderae (Jaume et al. 2001). The family Misophri-
idae has several genera represented in the Bahamas including Spelaeomy-
sis, Stygiomysis, Antromysis, and Heteromysis, and a new species, Palaumysis
bahamensis (Pesce and Ilifte 2002).

There are about 180 hypogean species of the order Cyclopoda found
in karstic caves, phreatic waters, and anchialine environments of the
American continent, Africa (including Madagascar), Europe, and Asia.
They are all blind and depigmented.

The Order Gelyelloida contains only two species, both of them in
caves of France and Switzerland, respectively.

The Order Harpacticoida has cave and phreatic representatives from
southern Mexico, Texas, Bermuda, the Canary Islands, the central and
eastern Mediterranean Sea, and the Korean peninsula. These vermiform
crustaceans scrape food from the sediments. The species found in the
Canary Islands (Stygotantulus stocki) is actually a parasite on copepods
(Brancelj 2000; Fiers and Ilifte 2000).
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2.18.4 Class Ostracoda

Members of the Class Ostracoda are usually around 1 mm in length with
a chitinous hinged shell similar to that of a bivalve. Of the approximately
5,700 species, more than 1,000 have been described from the hypogean
environment, including cave, phreatic, and anchialine environments from
all over the world. The Cuban representative of this order, Spelacoecia
saturno, belongs to the family Halocyprididae and is the only known cave
representative of this family; it is found along the northeast coast of Cuba
(Kornicker and Yager 2002). Another cave representative of this class is
Danielopolina kornickeri, of the family Thaumatocypridoidea, found in an
anchialine cave in Western Australia (Danielopol et al. 2000). In general
they show reduction of their visual apparatus and pigmentation, as well
as enhancement of chemosensory organs and reduction in size. Some
appear to be relicts of more ancient fauna; others appear to have invaded
the hypogean environment in recent times.

2.18.5 Class Malacostraca

The Class Malacostraca, with approximately 25,000 species, 1s the largest
subgroup of crustaceans and contains what most people consider the
more widely recognizable crustaceans such as lobsters, crabs, shrimps, pill
bugs, and crawfishes. This class is complex in its systematics. Hypogean
representatives by taxa, number and distribution are summarized in
Table 2.3.

The Order Leptostraca is represented by a single hypogean species:
Speonebalia cannoni from two caves in the Caicos Islands. It is depigmented
and the eye stalks lack visual apparatus (Bowman et al. 1985).

The Order Bathynellacea is composed of about 250 freshwater species,
of which its 200 hypogean species can be found in phreatic and cave
environments from all over the world.

The Order Anaspidacea is a freshwater group endemic to Australia,
where hypogean representatives are found in springs and caves.

The Order Bochusacea has one species (Thetispelecaris remix) of anchia-
line crustacean from the Bahamas.

The Order Spelaecogriphacea represents an old clade from the southern
hemisphere (Brazil, South Africa, and Western Australia) which reveals
its Gondwanan origin. They are small, blind, and depigmented, able to
swim fast, and apparently feed on detritus.

All species of the Order Thermosbaenacea are hypogean (including
phreatic and interstitial) and found in a great range of salinities and even
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Table 2.3 The orders of the class Malacostraca and their hypogean representation

No. of

Total no. hypogean Distribution of
Order of species species hypogean species
Leptostraca ¢. 20 1 Caicos Islands
Bathynellacea ¢. 200 150 Circumglobal
Anaspidacea 17 13 Southern hemisphere
Bochusacea 3 1 Bahamas
Spelacogriphacea 4 4 Southern hemisphere
Thermosbaenacea 34 34 Circumglobal
Mysidacea >1,000 45 Circumglobal
Mictacea 5 2 North Atlantic and

southwestern Pacific

Amphipoda ¢. 7,000 >850 Circumglobal
Isopoda >11,000 ¢. 1,000 Circumglobal
Tanaidacea >900 6 Atlantic, Pacific
Cumacea >1,400 12 North Atlantic
Decapoda ¢. 10,000 >400 Circumglobal
Total >31,581 >2,521

Sources: cited in text.

in thermal springs. They are small in size (4 mm or less) and show varying
degrees of eye reduction, including total loss of the visual apparatus.

The Order Mysidacea contains a number of hypogean species derived
from marine ancestors with a varying degree of depigmentation and
loss of eyes (but not the eye stalks). Some examples of this group are
Palaumysis bahamensis, P. pilifera, and P simonae. P bahamensis is from the
Bahamas (Pesce and Ilifte 2002); P pilifera and P simonae are both from
Japan (Hanamura and Kase 2003).

The Order Mictacea is represented by two anchialine species from
Bermuda and Australia.

The Order Amphipoda is a group of small (up to 50 mm in length)
shrimp-like crustaceans that live primarily in marine environments, but
some species are found in freshwater. Although many species of this order
are hypogean, most of them are found in freshwater habitats and belong to
the families Hadziidae, Niphargidae, Bogidiellidae, and Crangonyctidae,
all of them belonging to the suborder Gammaridae. Hypogean represen-
tatives have been found around the world and have both a marine and
a freshwater origin, with some species apparently being relicts whereas
others represent more recent invasions of the hypogean environment
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(Sawicki et al. 2003; Ozbek and Guloglu 2005; Karaman and Matocec
2006). Reduction and loss of eyes and pigmentation are common, as is
elongation of appendages. Members of other families of amphipod have
been found in caves but tend to be species that move in and out of
the hypogean environment; these sometimes show a certain amount of
reduction in eyes and pigmentation. They feed mostly on detritus.

The Order Isopoda has hypogean representatives in freshwater and
marine caves as well as in phreatic waters (including hot springs) and
anchialine environments from all over the world. Some (the Oniscidea)
are terrestrial and live in caves with high relative humidity. Most of them
are blind and depigmented and some are microphthalmic, with elongated
bodies and appendages, and with slow metabolism and long life cycles.
Their feeding habits include scavenging and predation. The family Asell-
idae contains several cave representatives from North America, including
the troglobitic Caecidotea cumberlandensis (Fig. 2.2.). This species can be
found in caves in southwestern Virginia along with others in the genus,
including C. teresae, C. paurotrigonus, C. barri, C. jordani, and C. incurva, all
of them with some degree of eye reduction (Lewis 2000). The family
Calabozoidae contains only a single troglomorphic species, Calabo-
zoa pellucida, which is found in Brazil (Messana et al. 2002). A lone
Japanese member of the family Mesoniscidae, Mesoniscus graniger, has
been documented in caves (Sustr et al. 2005). There is not much infor-
mation available on troglomorphic species of the family Philosciidae, but
there are anecdotal references of both epigean and cave forms within this
family even though there is no confirmation (Rivera ef al. 2002). The
Indonesian cave representative of this order, Stenasellus strinatii, belongs
to the family Stenasellidae (Magniez 2001).

All the hypogean species of the Order Tanaidacea are marine or anchia-
line and found on islands.

The Order Cumacea are all marine/anchialine and from Bermuda and
other islands in the North Atlantic (Corbera 2002).

The Order Decapoda (shrimps, crabs, lobsters, prawns, crayfish, and
scampi) is subdivided into six infraorders, with four of these containing
hypogean representatives in marine, anchialine, freshwater, and terrestrial
environments. Most of them show different degrees of blindness and
depigmentation as well lower metabolism, elongated appendages, and
long life cycles when compared with their epigean relatives (Okuno
1999; Yeo and Ng 1999; Anker and Iliffe 2000; Yeo 2001; Ng 2002a,b;
Osawa and Takeda 2004; Von Sternberg and Schotte 2004; Osawa ef al.
2006). Many other decapods have been found in caves but they appear
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Figure 2.2 Caecidotea sp. Photo by Danté Fenolio. (See Plate 5.)

to be casual visitors with no evident troglomorphisms. The infraorder
Palinura is one of the most easily recognizable groups of cave crustaceans.
There is at least one family and 11 species in two genera found in
the hypogean environment. This is largely a North American group of
species of the genus Orconectes (Rhodes 1962; Mejia-Ortiz ef al. 2003). A
number of decapods have been classified by the International Union for
the Conservation of Nature in various threat categories. One of those is
Procambarus lucifugus from Florida, USA (Fig. 2.3).

2.19 Chelicerata (arachnids and their relatives)

The arthropod subphylum Chelicerata is composed of five classes, two of
which are extinct: Eurypterida, or sea scorpions, and Chasmataspidida.
The other three are Pycnogonida or sea spiders, Xiphosura or horseshoe
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Figure 2.3 Procambarus lucifugus. Photo by Danté Fenolio. (See Plate 6.)

crabs, and Arachnida, which includes spiders, scorpions, and mites. Only
the last has hypogean representatives.

2.19.1 Class Arachnida

The Class Arachnida is a very diverse group of more than 93,000 species
but it is widely believed that there must be hundreds of thousands of
undescribed species (Coddington 2005). Of the 11 orders of Arachnida,
nine have hypogean representatives (Table 2.4). The phylogeny of this
group is very complex and controversial. Here the phylogeny follows that
of Giribet ef al. (2002) but is simplified by grouping all the Opiliones
together as a single order, as has been done traditionally. With the excep-
tion of many members of the Suborder Acari, all arachnids are terres-
trial, with worldwide distribution. Hypogean Arachnida are found in a
wide range of latitudes; in some cases their relationships with epigean
species are clear and in other cases less so, with most being terrestrial
but many cave mites being aquatic. Some belong to ancient lineages
whereas others seem to be recent invaders of the hypogean environment.
Among the characteristics of many troglobitic arachnids are the reduction
and/or total loss of the visual apparatus and pigmentation, elongation of
appendages, lower metabolic rates, production of fewer and larger eggs,
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Table 2.4 The orders of the Class Arachnida and their hypogean representation

No. of
Total no. hypogean

Order of species  species Distribution

Acari ¢. 45,000 >1,000 Circumglobal

Palpigradi . 85 30 Tropical

Ricinulei . 60 11 Tropics and subtropics of
America and Western
Africa

Araneae c. 40,000 >1,000 Circumglobal

Amblipygi . 140 >40 Circumglobal: tropical and
subtropical

Uropygi (=Thelyphonida)  >100 0

Schizomida . 240 . 80 Circumglobal: tropical and
subtropical areas

Scorpionida >1,300

Pseudoscorpionida ¢. 3,000 >400 Circumglobal

Solifugae (=Solpugida) >1,000 0

Opilionida ¢. 6,400 ¢. 130 Cosmopolitan

Sources: cited in text.

and longer life spans. Feeding habits include predation, consumption of
detritus, and parasitism. Because many species of hypogean arachnid are
endemic to restricted areas and may depend upon resources outside the
cave, such as leaf litter, they are threatened by environmental modifi-
cations of their habitat and introduction of exotic species, such as red
ants.

Order Acari

The Order Acari, Acarina or Acarimorpha (ticks and mites) is the most
diverse and abundant group of living arachnids, with probably more
than 45,000 described species and very complex systematics. There are
more than 1,000 described species reported from caves with some, being
troglomorphic or troglophiles to some degree, generally showing reduc-
tion or loss of eyes and pigmentation as well as elongation of appendages
and well-developed sensory setae. Among the aquatic species (Suborder
Prostigmata) it is common to find not only species with reduction or
loss of eyes and pigmentation but also those with elongated bodies and
shorter legs, which contrasts with the pattern of longer appendages for
other cave arthropods. This is probably due to the interstitial nature of
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many of them. Some cave guanophile Acari are so abundant that their
populations have been estimated to be of up to several million individuals
per square meter.

Most of the cave species have been found as parasites of bats and
other cave mammals as well as salamanders. There is not much specificity
in the relationships between Acari parasites and their hosts, with many
single species parasitizing several species of cave vertebrate and the same
host being parasitized by two or more species of Acari. Most of them
do not show typical troglomorphisms regarding their visual apparatus
or pigmentation, but some do show elongated appendages. A number
of cave Acari prey on small invertebrates (including invertebrate eggs
and larvae) found as part of guano communities. Others feed on fungi,
detritus, and dead animals.

Sources of information on cave Acari were Ryckman (1956), Nicholas
(1962), Peck (1974), Moraz and Lindquist (1998), Welbourn (1999),
Culver et al. (2000), Zacharda (2000), Mahunka (2001), Halliday
(2001), Reeves (2001), Fain and Bochkov (2002), Harvey (2002), Andre
and Ducarme (2003), Guzman-Cornejo ef al. (2003), Husband and
O’Conner (2003), Ducarme et al. (2004a,b), Reeves et al. (2004), Makol
and Gabrys (2005), Sendra ef al. (2006), and Kurta et al. (2007).

Order Palpigradi

The Order Palpigradi (microwhip scorpions) is a small group in both
number of species (c. 85) and individual size (no more than 3 mm in
length) (Harvey 2002). About 85 species have been described so far, of
which about 30 have been described from caves. All members of this
order, whether they are epigean or hypogean, are blind and have a very
thin cuticle. Almost nothing is known about their natural history but it is
believed that they are predators of smaller invertebrates and lay only a few
eggs. They are usually found in damp soil underneath rocks (Welbourn
1999; Christian 2005; Barranco and Mayoral 2007).

Order Ricinulei

The Order Ricinulei (hooded tickspiders) is a small group of arachnids
with about 60 species and of sizes ranging between 5 and 10 mm. They
are all blind; the hypogean species tend to have elongated appendages.
Little is known about their natural history. They live in damp habitats
in tropical and subtropical areas of the American and Western African
continents. All of the 11 species of this group that have been reported
from caves are from Mexico, Guatemala, Venezuela, Brazil, and Cuba.
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They are predators on smaller vertebrates (Talarico ef al. 2006; Pinto da
Rocha and Bonaldo 2007).

Order Araneae
The Order Araneae (spiders) with nearly 40,000 described species,
contains almost 40% of all arachnids (Harvey 2002). About 1,000 species
of arachnid show troglomorphisms; many more species normally found
in the epigean environment are found at the entrances of caves. Like
many other species of cave arthropod, many cave spiders are blind and
depigmented, have elongated appendages, simplified respiratory systems,
lower metabolism and activities, and longer life spans, and lay fewer and
larger eggs (see, for example, Kuntner et al. 1999; Jager 2005; Miller
2005). Despite being top predators, they tend to be abundant.
Independent colonization by the same genus (Dysdera) of nearby
hypogean habitats in the Canary Islands has been suggested based
on molecular and morphological studies, with each cave population
somewhat different from the others as a result of different environmental
conditions (Arnedo et al. 2007). In at least some cases invasions have
been recent and evolution of cave species very rapid (see, for example,
Hedin 1997). Cave spiders prey on almost anything as big as they are,
including worms, slugs, and flying insects, but mostly soil or litter fauna
(Smithers 2005). It seems that the lack of light in the hypogean environ-
ment does not necessarily affect the mating behavior of at least some of
the cave spider species. Hickmania troglodytes, the Tasmanian cave spider,
for example, shows ritualized courtship and mating behavior, as well as
complex egg-sac construction, brooding, emergence, and molting activ-
ities (Doran et al. 2001).

Order Amblypygi

The Order Amblypygi (tailless whipscorpions) comprises about 140
nocturnal species, of which almost one third are hypogean. These rather
large (up to 4.5 cm in body length) and predatory animals are very
conspicuous when present in caves, owing not only to their size but also
to the fact that they do not seem to fear other animals, including humans
(Weygoldt 1994; Harvey 2002). Some show normal eye development
and pigmentation, but most do not (Pinto da Rocha et al. 2002). One of
the largest species, Tarantula fuscimana, feeds on cave crickets and also on
dead bats (Peck 1974).
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Order Schizomida

The Order Schizomida (short-tailed whipscorpions) comprises about
240 species, of which about one third have been recorded from caves.
They are of rather small size although the largest is a cave species:
Agastoschizomus lucifer, from Mexico, with a length of 12.4 mm. They
are found in tropical and subtropical areas, particularly in leaf litter,
where they feed on invertebrates (Harvey 2002). Peck (1974) mentioned
Schizomus portoricensis as being ‘heavily associated with guano’. Many
show a great deal of variation in terms of eye development and pigmen-
tation (Nicholas 1962; Culver et al. 1973; Rowland and Reddell 1979;
Humphreys 1991; Harvey, cited in BESPL 2005").

Order Scorpionida

The Order Scorpionida (scorpions) comprises more than 1,300 species
of worldwide distribution; all are predators. They are well known for
their large claws and venomous ‘sting’ (telson) (Harvey 2002). There
are at least 16 species inhabiting caves that show troglomorphisms.
Twelve of these are from Mexico and the other four are found in
Ecuador, the Pyrenees, India, and Laos (Lourenco 1995, 2007). Several
other species not showing troglomorphisms and also inhabiting the
epigean environment have been found underground (Mitchell and Peck
1977). In caves they are usually associated with guano communities, in
which they prey on guanophiles (see, for example, Ferreira and Martins
1999).

Order Pseudoscorpionida

The Order Pseudoscorpionida is composed of species of rather small size,
only up to 1 cm in length (Harvey 2002). Although similar to scorpions,
the pseudoscorpions are different because they lack the metasoma and
telson. They are predators, with cave species showing either reduction
or total loss of eyes and pigmentation as well as elongation of appendages
and slender bodies. Although most cave species have been recorded from
temperate areas, it is possible that there are many undescribed ones in
tropical caves. According to Chamberlin and Malcolm (1960) there are
about 293 cave-dwelling pseudoscorpion species; Culver et al. (2000)
claim 130 species of cave-dwelling pseudoscorpion from 28 genera in
the USA alone. Most of the cave dwelling pseudoscorpions (c. 92%) are

! Harvey, M. Schizomids. [cited April 18, 2006]; about 2 pp. Available from:
http://www.australasian-arachnology.org/arachnology/schizomida/
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in the superfamilies Chthonoidea and Neobisioidea (Chamberlin and
Malcolm 1960). The most likely number of cave species is somewhat
bigger than 400. In North America Pseudoscorpionida has a higher rate
of cave endemism than any other order, with 69% of the order being
made up of obligately cave-dwelling species. In general, pseudoscorpions
tend to be among the most abundant and diverse taxa of cave invertebrates
(Christman et al. 2005).

Albiorix anophthalmus from Arizona is a blind species about 3 mm long,
which feeds on psocids (booklice or barklice, ¢. 1 mm), which in turn feed
on cave cricket guano (Muchmore and Pape 1999). In general bat guano
in caves provides the appropriate environment for many of the species on
which pseudoscorpions prey (Ferreira ef al. 2007). Titherochernes aalbui and
T ubicki, also blind, are known from localities at 2,200 m and 1,600 m asl,
respectively (Muchmore 1997). Mundochthonius singularis has reduced eyes
and is found in Colorado; it is derived from the local epigean species
M. montanus (Muchmore 2001).

Order Opilionida

The Order Opilionida (Opiliones or harvestmen), with about 6,400
species, accounts for about 6.1% of all known arachnids (Harvey 2002).
According to Rambla and Juberthie (1994), 115 species of harvestman
live in caves, 82 being obligatory cave-dwellers; however, based on the
present author’s own literature search there are at least 130 species found
in caves (Fig. 2.4). Harvestmen are usually long-legged predators but can
also be opportunist feeders on animal and plant matter. They, in turn,
serve as nutrient sources for other harvestmen (including those of the
same species), spiders, cave crickets, and fungi, particularly their eggs, of
which they produce sometimes more than 200. Even some marsupials,
amphibians, and reptiles feed on them, but outside the cave (Gnaspini
1996; Machado and Oliveira 1998). Many species leave the cave at night
to forage, mostly on flying insects in the forest canopy, capturing them
with a pseudoweb. They then consume their prey at the same spot where
they captured them (Hoenen and Gnaspini 1999; Santos and Gnaspini
2002) and return to the cave before dawn, when they are usually found
resting on the walls and ceilings (see, for example, Machado ef al. 2002).
This behavior is triggered by the day—night cycle based on light inten-
sity (Gnaspini et al. 2003). Once in the cave the harvestmen defecate,
bringing in energy to the hypogean environment, although they can also
feed on dead matter in the cave (Machado et al. 2000). For example,
the Brazilian cave harvestman Goniosoma albiscriptum regularly uses caves
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Figure 2.4 A cave opilionid showing the typical blindness and depigmentation of
troglomorphic species. Photo by Danté Fenolio. (See Plate 7.)

during the day, leaving them to forage on the vegetation after dusk.
Willemart and Gnaspini (2004a,b) observed that these opilionids segre-
gated into nine groups within a single cave, all of them with females and
males. However, only males moved from one group to another, although
rarely, suggesting that they do so to maintain genetic diversity. Not all
the individuals move in and out of the cave through the same openings.
Further, this species showed a variety of mechanical defensive behav-
iors, particularly by females toward their eggs (Gnaspini and Cavalheiro
1998; Machado 2003), and also produce a repellent liquid that individu-
als collectively discharge towards an aggressor before fleeing under attack
(Machado et al. 2000).

The troglomorphic species show the expected features of reduction
or loss of eyes and pigmentation and even more elongated appendages
(see, for example, Goodnight and Goodnight 1960). Stylocellus globosus
from Malaysia is a mite predator with eyes but no cornea (Schwendinger
et al. 2004). It is known from six caves that are thought not to be
interconnected but may in fact be connected through a system of small
crevices, given the dispersal abilities of this species. Fangensis species, from
Thailand, are eyeless (Schwendinger and Giribet 2005). The one epigean
form has eyes but no cornea; this species is a leaf-litter dweller. Fangensis
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spelaeus tends to remain in a larger area of the cave and is usually found on
wet loam. It is suspected that it needs the humid environment to survive.
E leclerci prefers dark areas of caves and was found on wet loam next to a
river within the cave. These species were observed in captivity to burrow
into loose, moist soil for shelter. E cavernarus is found around 300-600 m
deep inside the cave where it occurs, and was found on both sides of the
underground river on wet loam. This species is much less abundant than
the previous two. In addition, it is apparently very sensitive to ground
vibrations and has acute olfactory abilities.

In New Zealand there are two species of harvestman, Hendea myersi
cavernicola and Megalopsalis tumida, which inhabit a system of caves with
one species of glowworm, Arachnocampa luminosa (Meyer-Rochow and
Liddle 1988). The glowworm is a bioluminescent invertebrate that is
believed to use its bioluminescence to attract prey and mates. The two
harvestmen have eyes that are degenerate but have maximized photon
capture. The harvestmen respond negatively to UV light but positively
to glowworm light. They not only navigate by using this light but also
predate the glowworm. H. m. cavernicola prefers to predate the eggs and
early instars of the glowworm, whereas M. tumida prefers to predate the
last three instars, the pupae, and the adults. A. luminosa also predates
chironomids as well as the younger life stages of the harvestmen (see
also Culver ef al. 2000; Gnaspini et al. 2003; Pinto da Rocha and
Kury 2003).

2.20 Onychophora (velvet worms)

Onychophora (velvet worms) is a phylum of very interesting organisms
considered ancestral to the arthropods. With about 200 described living
species, found mostly in tropical and subtropical regions, this group has a
few cave representatives, almost all of them in the Southern Hemisphere
with the exception of the eyeless and depigmented Jamaican species
Speleoperipatus speleus (Peck 1975). Opisthopatus herbertorum from South
Africa has reduced eyes and lacks pigmentation (Ruhberg and Hamer
2005); the depigmented Peripatopsis alba is also from a South African cave
(Sharratt et al. 2000).

2.21 Tardigrada (water bears)

The Phylum Tardigrada (water bears) is represented by about 1,000
species found worldwide, from the Himalayas to the deep seas, and
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from the Equator to the polar regions. They are found in freshwater,
in terrestrial environments associated with terrestrial mosses and lichens,
and in marine environments (Hickman ef al. 2000). They are microscopic
(usually less than 1 mm in length), segmented creatures; despite being
aquatic they do not swim, but rather creep along while clinging to
surfaces with their claws. Their body is covered by a non-chitinous cuticle
and several species have eyespots. They feed on nematodes, rotifers, and
plant cell cytoplasm, which they gather by using piercing stylets and then
suck through their pharynx.

Several species of tardigrade have been identified from marine caves.
Boesgaard and Kristensen (2001), for example, electroshocked sediment
samples from two sea caves in Australia to inspect interstitial fauna and
found a high diversity of tardigrades despite a low number of individuals
overall. They found nine genera, one of which, Actinarctus, had not been
described for the South Pacific before. As with the kinorhynchs found
in the same study, these researchers suggested that the caves are refugia
left from a shifting shoreline of the ancient Tethys Sea, as Actinarctus
has been found in Mediterranean Sea caves. These authors hypothe-
sized that tardigrades, kinorhynchs and other interstitial cave fauna from
Australia that are the same species as marine cave fauna in Italy may not
have evolved and become separate species because of the caves’ stable
environments, where selective pressure has been low for long periods of
time.

The large number of primitive tardigrades in Mediterranean caves
suggests that this group originated in the old Tethys Sea from which the
basin of the Mediterranean Sea was formed (Boesgaard and Kristensen
2001; Grimaldi and D’Addabbo 2001). Others seem to be closely related
to deep-sea taxa (Villoria Moreno 1996).

2.22 Myriapoda (millipedes and centipedes)

The Subphylum Myriapoda is made up of worm-like arthropods with
multiple pairs of legs. This group has about 13,000 living species
described so far, most of which are found associated with decaying
material in a great variety of habitats. Some of them are noctur-
nal predators. Almost 300 cave species have been described so far
(Fig. 2.5). This subphylum is divided into four classes: Chilopoda
(centipedes), Diplopoda (millipedes), Pauropoda (centipede-like arthro-
pods), and Symphyla (garden centipedes or glasshouse symphylans)
(Table 2.5).
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Table 2.5 The classes of the Subphyllum Myriapoda and their
hypogean representation

Total no. No. of
Class of species hypogean species Distribution
Chilopoda ¢. 2,500 ¢. 60 Circumglobal
Diplopoda ¢. 10,000 . 200 Circumglobal
Pauropoda ¢. 500 2 or more Circumglobal
Symphyla ¢. 200 4 Circumglobal

Sources: cited in text.

Figure 2.5 A cave millipede from Blevins Cave, Arkansas. Photo by Danté Fenolio.
(See Plate 8.)

2.22.1 Class Chilopoda

The Class Chilopoda or centipedes is composed of flattened, highly
segmented arthropods up to 30 c¢m in length. They are known for
their predatory habits. There are about 2,500 species described and they
are distributed worldwide. About 60 species have been found in caves
on all continents except Antarctica (see, for example, Murakami 1975;
Zapparoli 1984; Peck 1998; Bulhmann 2001; Stoev 2001; Edgecombe
20006). Cave species are usually depigmented and have very elongated
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appendages (up to 15 cm in length) including legs, antennae and abundant
sensory setae (see, for example, Foddai and Minelli 1999).

Cave centipedes show a great deal of adaptation to a wide range
of temperatures (Grgic and Kos 2001). They are generalist predators
with prey ranging from mosquitoes (Taguchi and Makiya 1982) to
bats (Molinari ef al. 2005). The centipede Scolopendra gigantea has been
reported preying on three species of bat in a limestone cave in north-
western Venezuela. These centipedes were able to climb the walls and
ceilings of the cave where they preyed upon the bats, which were several
times larger in terms of body mass.

2.22.2 Class Diplopoda

The Class Diplopoda or millipedes are cylindrical arthropods with up to
100 segments. This group is camprises about 10,000 known herbivorous
and detritivorous species. About 200 species in five orders of millipede
have been reported from caves. Most of these have reduced pigmentation
and ocelli, a less calcified cuticle, and longer legs and antennae compared
with epigean species (Shear 1969; Golovatch and Wytwer 2004; Lewis
2005; Golovatch et al. 2006).

The Order Chordeumida makes up about 80% of cave millipedes,
and species of the Order Polydesmida become depigmented after
several molts. There is no overall size differentiation between epigean
and hypogean millipedes. Cave Diplopoda usually depended on food
resources brought into the cave via guano or rotting wood (Shear 1969).
The cave representatives of the order Julida have a unique morphological
modification for feeding on bacterial films. Their comb-like mouthparts
also allow them to filter food particles from water (Culver and White
2005).

Although most of the species known until the 1990s were from Europe
and North America, a number of new species have been discovered in the
past few years not only in those regions but also elsewhere in the world.
Many of these new findings are providing not only a much more diverse
picture of millipedes in caves but also some with unusual characteristics.

Millipedes of the genus Motyxia in Crystal Cave of Sequoia and King’s
Canyon National Park, California, are bioluminescent and depigmented,
feeding on mold- and guano-eating millipedes (Causey and Tiemann
1969; National Park Service 2005). Arkansas and other Ozark Range
states are home to two depigmented cave millipede species from the
Family Trichopelatidae (Shear 2003). These species were discovered as
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part of the Ozark Subterranean Biodiversity Project, a study conducted
for over 20 years by government, conservation, and academic institutions.
A great number of new cave species have been discovered in the past few
years in Europe (see, for example, Makarov et al. 2002, 2003a,b,c, 2006),
China (see, for example, Stoev 2004; Stoev and Enghoft 2005; Golovatch
et al. 2006), South America (see, for example, Golovatch and Wytwer
2004), the United States (see, for example, Lewis 2005), and Australia
(see, for example, Mesibov 2005).

In addition to the discovery of new species of cave millipede, a
number of studies have included diverse aspects of their ecology and
behavior. Using electrophoresis techniques, Laing et al. (1976a,b) studied
two Kentucky populations of blind cave millipedes, Scoterpes copei, to
see whether the river that separated their two localities presented a
geographic barrier to gene flow. The two populations had a genetic
similarity of 22%, and each population had very low genetic variability.
Because of their results, the authors suggested that the two populations
were actually sibling species, externally resembling each other but having
reproductive isolation.

Changing the water and organic matter regimes of a cave in semi-
arid and tropical Western Australia caused immigration of millipedes and
other taxa to the cave, providing evidence of pulse-driven colonization
of caves (Humphreys 1991). In this study, the addition of either water or
organic matter did not cause colonization, but the combination of the
two did.

A study to determine the presence of circadian rhythms in the cave-
dwelling millipede Glyphiulus cavernicolus was conducted among individ-
uals that had never been exposed to light; most of them showed circa-
dian rhythms in their locomotory periods that lasted about 26 h. After a
light—dark cycle, 66% of subjects took on the activity cycle. A constant
light setting induced arrhythmia in 80% of the millipedes (Koilraj et al.
2000).

2.22.3 Class Pauropoda

The Class Pauropoda is made up of about 500 species with worldwide
distribution. They are small (generally no more than 2 mm in length),
centipede-like arthropods that lack eyes and are generally depigmented
(whether they are found in caves or not), being encountered in soils
and decaying plant material. A few species have been found in caves and
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mines in Europe and Japan. One example is Pauropus furcifer, from a cave
in Serbia (Scheller et al. 1997).

2.22.4 Class Symphyla

The Class Symphyla or garden centipedes is made up of about 200
species of soil-dwelling animals with worldwide distribution. These small
creatures (rarely more than 10 mm in length) are all eyeless and generally
depigmented, regardless of where they are found. Two cave species have
been reported for Postojna Cave in Slovenia, one in Mexico, and another
one in Tasmania (Australia) (Scheller 1996). The latter shows an elongated
body and appendages.

2.23 Insecta (insects)

‘With more than one million living species so far described (and millions
more yet to be discovered), insects represent more than half of all the
described biodiversity of living organisms on Earth. It is not surprising,
therefore, that they are also well represented in the hypogean environ-
ment. With such large numbers, the systematics of insects is still far
from being agreed. Most sources identify more than 30 orders and
nearly 700 families of these organisms. What follows is a brief survey
of the most important orders of insects represented in the cave environ-
ment. The classification is based on that of Triplehorn and Johnson
(2005).

2.23.1 Order Collembola (springtails)

These small (up to 8 mm in length), primitive insects are found world-
wide, including in Antarctica. There are about 7,000 species, of which
more than 400 are hypogean. Out of the 15 springtail families, at
least nine have been documented for the hypogean environment. They
are: Cyphoderidae, Hypogastruridae and Isotomidae (Trajano 2000),
Entomobryidae (Christiansen and Culver 1987), Neelidae, Oncopoduri-
dae, Onychiuridae, Sminthuridae, and Tomoceridae (Nicholas 1960).
Many more are expected to be discovered, particularly in the tropics.
They usually constitute a large portion of the biomass in the hypogean
environment. Hypogean species tend to display characteristics typical of
other underground arthropods, such as a reduction and/or total loss of
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Figure 2.6 A Campodeidae dipluran from the Ozarks in Oklahoma. Photo by
Danté Fenolio. (See Plate 9.)

eyes and pigmentation, elongated appendages, larger body size, lower
fecundity, and slower development and metabolism (see, for example,
Christiansen 1965). Many of the cave species are guanobitic (Ferreira
et al. 2007).

2.23.2 Order Diplura (two-pronged bristletails)

With about 800 species, these elongated insects are represented by
about 100 species in the hypogean environment, where they always lack
eyes. Representatives of at least two of the six families occur in caves:
Campodeidae (Fig. 2.6) and Japygidae. Some troglomorphic species show
aremarkable degree of convergent evolution in their cave-related charac-
ters (Ferguson 1996).

2.23.3 Order Microcoryphia (bristletails)

Some species of this group have been found at the entrances of caves
(Graening et al. 20006a).
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2.23.4 Order Thysanura (Zygentoma or silverfish)

These organisms are decomposers and myrmecophilous. Two of the five
families occur in caves: Lepismatidae and Nicoletiidae. About 20 species
are hypogean (see, for example, Espinasa and Fisher 20006).

2.23.5 Order Ephemeroptera (mayflies)

At least one of the 26 families of mayfly has been found in caves: the
Leptophlebiidae (Trajano 2000).

2.23.6 Order Orthoptera (crickets, grasshoppers, and members of
the family Tettigoniidae)

Representatives of three of the 20 families (about 250 species) of this order
have been found in caves: Gryllacrididae, Gryllidae, and Tettigoniidae.
They have been found not only in traditional caves but also in lava
tubes of Hawaii. Some of them, such as the Hawaiian species, have
reduced eyes, and are depigmented and flightless. When present, they
may represent a very large portion of the total biomass in caves. This is
so in many temperate caves, particularly in North America (Lavoie et al.
2007), where they usually interact with the epigean environment either
daily or seasonally. Examples are the cave crickets (Family Gryllacrididae)
of Mammoth Cave in Kentucky. They forage outside the cave and then
contribute to the cave ecology through the cricket guano they deposit
when they come into the cave at night (Poulson ef al. 1995).

2.23.7 Order Dermaptera (earwigs)

About 15 hypogean species of this order have been documented so far.
They seem to be associated with guano; in tropical parts of the world,
such as Thailand, they may represent a large portion of the cave biomass.
They display a varying degree of troglomorphism. A couple of earwigs
in caves are worth mentioning. One is Carcnophora americana, which
has been found in three caves in Puerto Rico and is widespread in
the American tropics (Peck 1974). The other is the Hawaiian species
Anisolabis howarthi, which is omnivorous, seeking both live prey and
organic material that it might scavenge (Brindle 1980).

2.23.8 Order Isoptera (termites)

Termites have been documented in guano communities of caves (see, for
example, Ferreira ef al. 2007).
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2.23.9 Order Blattodea (cockroaches)

Four of the six families of this order have been found to be represented in
caves: Blaberidae and Blattellidae (Trajano 2000), Blattidae (Roth 1988),
and Nocticolidae (Vidlicka et al. 2003). Most of the hypogean species are
from tropical areas and show reduction and/or loss of eyes, depigmenta-
tion, reduced wings, and lengthened legs (Vidlicka ef al. 2003).

2.23.10 Order Hemiptera (including Heteroptera and Homoptera
or true bugs, cicadas, hoppers, psyllids, whiteflies, aphids, and

scale insects)

Six of the 98 hemipteran families have been reported to be repre-
sented in caves: Cimicidae, Cixiidae, Mesoveliidae, Nepidae, Psylloidae,
and Veliidae. They can be predators or consumers of fluids from
rotting organic material. They are also found in association with guano.
Sometimes they are seen penetrating caves through the cracks created by
roots. About 80 species have been reported from caves all over the world,
particularly on islands, with most of them showing the troglomorphisms
typical of other insects (see Lee and Kim 2006).

2.23.11 Order Thysanoptera (thrips)

Members of at least one of the nine thysanopteran families occur in
caves: Phlaeothripidae. They are part of guano communities (e.g. Ferreira
et al. 2007).

2.23.12 Order Psocoptera (book- and barklice)

Representatives of five of the 37 psocopteran families occur in
caves: Ectopsocidae, Liposcelidae, Psocidae, Psyllipsocidae, and Trigi-
idae (Ashmole and Ashmole 1997). At least a dozen species of this order
show troglomorphisms, with some cave species showing instances of
parthenogenesis. They tend to be associated with guano communities
(see, for example, Ferreira et al. 2007).

2.23.13 Order Phthiraptera (lice)

At least one of the 18 louse families is represented in caves: the
Menoponidae. The lice found in caves occur on swiftlets (see below)
(Clayton ef al. 1996).
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2.23.14 Order Coleoptera (beetles)

With more than 300,000 living species described so far the Coleoptera
is the most diverse order of living organisms (Brusca and Brusca 1990).
More than 100 families of beetle have been described, of which at least
18 have representatives in the subterranean environment.

Hypogean beetles are found in all kinds of hypogean environments
with a great range of temperature and humidity. Some of them are even
aquatic, living in the phreatic environment. They show a wide variety
of feeding habits in caves, including predation, guanophilia, mycophilia,
rhizophilia, xylophilia, scavenging, and saprophytic opportunism. Some
have a generalist diet whereas others have a highly specialized one. Pheno-
typic characteristics of hypogean Coleoptera are typical of other cave
arthropods, such as reduction and/or loss of eyes and ocelli, depigmenta-
tion, thinning of the cuticle, reduction of wings, elongation of the body
and appendages (both sensory and mechanical), reduction in the number
of eggs (sometimes to only one) while producing larger eggs, reduction
of the number of larval stages, higher lipid storage, and reduction or total
loss of circadian rhythms.

The most important coleopteran families represented in the hypogean
environment are the following.

Carabidae (ground beetles)

Carabids are typically long-legged beetles with striate elytra. Their anten-
nae insert between the eye and mandible and are threadlike or, more
rarely, beadlike. The body is usually shiny and black in epigean forms.
The Carabidae is one of the largest beetle families, with 150 genera
and around 2,000 species, of which more than half are troglomorphic.
Many are predators of other invertebrates, sometimes attacking almost
any potential prey; there are even those that specialize on feeding exclu-
sively on the eggs or larvae of a particular insect species. Hypogean
carabids are found on all continents except Antarctica (see, for example,
Nicholas 1960; Barr 1967; White 1983; Peck 1990, 1974; Griffith and
Poulson 1993; Culver et al. 2000).

Cholevidae/Leptodiridae (small carrion beetles)

Small carrion beetles have an elongated, oval body that tapers posteriorly.
The head is barely visible from above. The antennae have a gradually
enlarging club of five segments. Cross striations are present on the elytra.
They feed on decomposed organic material and ‘moonmilk’ or cave clay
that contains algae, fungi, and bacteria. More than 700 species have been
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described for the hypogean environment on the American continent and
in Eurasia (Nicholas 1960; Barr 1962a; Peck 1968, 1970; White 1983;
Casale ef al. 2004).

Curculionidae (snout beetles or weevils)

These have an elongated, narrow snout. The antennae are usually
elbowed, with a three-segmented club. Most of these beetles are less
than 10 mm long, but sizes range from 0.6 to 35 mm. Most of them feed
on roots, whether dead or alive. Hypogean forms often have elongated
legs and rostra; some have rudimentary or absent eyes. About 30 species
have been described from caves (White 1983; Reddell and Veni 1996;
Peck et al. 1998; Osella and Zuppa 2006).

Dryopidae (long-toed water beetles)

Dryopids have somewhat cylindrical elytra. The pronotum is narrower
than the head. The legs and claws are large, whereas the antennae are
short and often hidden altogether. Long-toed water beetles range in size
from 4 to 8 mm. Aquatic coleopterans, in general, are found mainly in
springs and wells between 45° north and south in the Eastern and Western
hemispheres. There are three genera and 15 species of dryopid. Culver
et al. (2000) reported Stygoporus and Stygoparuns as stygobitic dryopids
from the continental United States. Each of these genera has one
representative species (White 1983; Larson and Labonte 1994).

Dytiscidae (predatory diving beetles)

These beetles have legs with abundant marginal hairs that are specialized
for swimming. The antennae are threadlike. Dytiscids range in length
between 1.2 and 40 mm. Stygobitic dytiscids such as Haideporus texensis
can be found within the continental United States (Culver ef al. 2000).
In Cuba, Peck (1998) found many accidental dytiscids within caves:
Copelatus, Derovatellus, Laccophilus, and Dinetus. These, however, do not
exhibit troglomorphisms. Epigean adults of this family are voracious
carnivores, adept at swimming and flying (White 1983). H. texensis, a
stygobite, is thought to retain the predatory nature of its family (Peck
1998).

Elmidae (riffle beetles)

Opval to cylindrical in shape, riffle beetles are about 1-8 millimeters in
length. They possess long legs with large claws. They are found mainly in
springs and wells between 45° latitude north and south in the Eastern and
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Western hemispheres. Epigean elmids feed on algae, moss, and other plant
material in small, clear, cool streams that have a high concentration of
dissolved oxygen. There is alack of information on the habits of hypogean
forms (White 1983). Limnius stygius, from a karstic river in Morocco, is
weakly pigmented, microphthalmic, and brachypterous (Hernando et al.
2001).

Histeridae (hister beetles)

The elytra are short, commonly exposing the abdomen. The antennae
are short and elbowed with three distinct segments comprising the club
(White 1983). The ¢. 12 species that have been described for caves show
diverse degrees of troglomorphisms and they feed on guano (White 1983;
Peck 1998; Peck et al. 1998; Trajano 2000).

Hydrophilidae (water scavenger beetles)

Hydrophilids range from 1 mm to 40 mm long. They possess long maxil-
lary palps and short antennae that have a three- or four-segmented club.
They are found throughout the American continent. About 275 species
make up this family. In Cuba, the troglophilic beetle Oosternum can be
found scavenging in moist guano. This is a widespread species, occur-
ring throughout Central and South America. Although cave associations
are frequent, this species is not confined to caves. Although epigean
examples are aquatic, hypogean inhabitants often occur in guano-rich
areas far from standing water (Peck ef al. 1998).

Leiodidae (round fungus beetles)
The body of leiodid beetles is almost spherical and measures from 1 to
6.5 mm in diameter. They have striated elytra and the antennae end with

a 3- to 5-segmented club. Most of them are guano scavengers (White
1983; Peck et al. 1998).

Merophysidae/Lathridiidae (minute scavenger beetles)

Lathriids have elongated elytra that are often striated. The head is promi-
nent, because the pronotum is narrowed. The antennae have a club of
2-3 segments. Hypogean species show marked eye reduction. Subter-
ranean merophysid beetles can be found on Fiji. There are 16 genera
and 108 species of minute scavenger beetle (White 1983; Ruecker 1988;
Peck 1990).
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Pselaphidae (short-winged mold beetles)

Pselaphids generally possess a short, tight pair of elytra. The antennae are
beadlike with a 1- to 4-segmented club. Epigean forms are usually red or
orange. They feed on fungi and prey upon some small invertebrates. The
nearly 150 hypogean species of this taxon have been found all around
the world except for Antarctica (White 1983; Peck 1998; Trajano 2000;
Reddell and Veni 1996; Culver et al. 2000).

Ptilidae (feather-winged beetles)

These are the smallest of all beetles, at a length of only 0.4—1.5 mm. The
hindwings are feather-like and the antennae are relatively long and hairy.
A club of 2-3 segments exists on the terminal portion of each antenna.
The hypogean species feed on guano and can also be scavengers; they
tend to be eyeless, depigmented and apteric (lacking wings). They have
been found on the American and African continents (White 1983; Peck
et al. 1998).

Scarabeidae (scarab beetles)

These beetles typically range in length from 2 to 20 mm. They have
distinct antennae with lamellate segments forming the club. Scarab
beetles are usually stout-bodied. Cave scarab beetles occur in the Greater
Antilles; accidental cave inhabitants occur in karst regions throughout
the world. Some troglophilic scarabeids make dung balls of guano and
lay their eggs within these balls (White 1983; Peck et al. 1998).

Scydmaenidae (antlike stone beetles)

This is another group of small beetles, 0.6-2.5mm long. The elytra
are oval and widest near the middle; the pronotum is somewhat wider
than the head. The antennae are long and hairy, with a 3—4-segmented
club. Scydmaenus aelleni, from New Caledonia in the Southwest Pacific,
is depigmented, anophthalmic, and apteric (Besuchet 1981; White
1983).

Staphylinidae (rove beetles)

These beetles are from 1 to 10 mm in length. They have short elytra
and threadlike or clubbed antennae. They feed upon decaying plant and
animal matter; some are scavengers. The nearly 30 hypogean species in
this family are found in the Canary Islands, Madeira, Northern Africa,
southern Europe, the Galapagos, and Ascension Island (White 1983;
Peck 1990, 1998; Ashmole and Ashmole 1997).
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Tenebrionidae (darkling beetles)

The sizes of epigean darkling beetles vary considerably, ranging from 2
to 35 mm. The antennae are 11-segmented and are threadlike, beadlike,
or clubbed. Hypogean species of this family have been described from
Mexico, Puerto Rico, Cuba, Venezuela, Ascension Island, and the
Galapagos, most of them anophthalmic. Typically, hypogean and epigean
tenebrionids are scavengers on decaying organic matter (White 1983;
Peck et al. 1974; Peck 1990, 1998; Ashmole and Ashmole 1997; Trajano
2000).

2.23.15 Order Hymenoptera (ants, bees, and wasps)

One of the 38 hymenopteran families, Formicidae, has been documented
to occur in caves. Cyphomyrmex rimosus is a small fungus ant that is
usually found with cow dung. It is classified as a troglophile and guano
scavenger (Peck 1974). Many others are associated with guano commu-
nities (Ferreira et al. 2007). Exotic fire ants, Solenopsis invicta, have
invaded caves in Texas, seriously disturbing the ecological balance of
caves (Roberts 2000).

2.23.16 Order Trichoptera (caddisflies)

Three of the 34 families of these aquatic insects have been found in caves:
Hydropsychidae, Leptoceridae, and Philopotamidae, in both running and
stagnant waters (Trajano 2000; Cianficconi et al. 2001).

2.23.17 Order Lepidoptera (moths and butterflies)

At least three of the 90 families in this order occur in caves. These are
the Lyonetiidae (Peck 1974), Nocturidae, and Tineidae (Trajano 2000).
Tineids are moths that are usually associated with bat guano. Others feed
on roots penetrating the cave (Peck 1974; Ferreira et al. 2007).

2.23.18 Order Siphonaptera (fleas)

At least one of the 21 families has been documented in caves: Ischnop-
syllidae. They are found among mammals that carry them into the caves,
as well as being associated with guano communities (Ferreira ef al. 2007).

2.23.19 Order Diptera (flies, mosquitoes, and midges)

At least 13 of the more than 110 dipteran families occur in caves. These
families are: Chironomidae, Culcidae, Drosophilidae, Keroplatidae,
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Milichiidae, Muscidae, Mycetophilidae, Phoridae, Psychodidae, Sciari-
dae, Sphaeroceridae, Streblidae, and Tipulidae (Trajano 2000). The
Keroplatidae contains by far one of the more interesting species, Arachno-
campa luminosa or the New Zealand fungus gnat. The larvae of this species
use bioluminescence when feeding. They climb to a horizontal ceiling,
make a nest area with silk, and then lower several threads of silk covered
with beads of sticky mucus. Once the threads have been lowered, the
larvae, or glowworms as they are known, will begin to glow. The glow
attracts insects, which become ensnared in the strands. Once captured,
the insects are pulled up by the larva and eaten. This behavior is restricted
to the larvae; the sole purpose of the adults is to mate. All three stages
(larvae, pupae, and adults) can glow. The adults use the glow to attract
mates.

2.24 Pisces (fishes)

There are about 28,000 species of fish in the world (Nelson 2006, p. 5). Of
all the world species of fish, 299 have been reported from the hypogean
environment (Romero ef al. 2009). Some regions of the planet are very
rich in cave species whereas others are not. For example, 92 species of
hypogean fish belonging to three families have been reported for China
(Romero et al. 2009), whereas not a single species of troglomorphic
fish has been reported from Europe. Some hypogean fishes are found
in caves but a few are found in phreatic waters (Fig. 2.7). Most species
of hypogean fish are freshwater but a few are found in anchialine and
marine environments. Some are even able to move in and out of caves
regularly (Romero 1985¢).

Romero and Green (2005) listed characters considered as troglomor-
phisms in fishes; these include reduction or total loss of eyes, depigmenta-
tion, reduced number and size of scales, and a smaller gas (swim) bladder.
Recently, Romero et al. (2009) added new features that could be consid-
ered troglomorphic among cave fishes, such as the horn-like structure
found among some species of hypogean fishes of China. Although the
function of this structure is still unknown, it is found only among some
hypogean species of the genus Sinocyclocheilus. An analogous structure has
been reported for the epigean Kustus gulliveri (Perciformes: Kurtidae). In
this species this structure, called a ‘hook’, is found only among males and
is used to nurse eggs (Berra and Humphrey 2002). The horn reported
for some species of Sinocyclocheilus is found in both sexes. Li et al. (1997)
hypothesized that this structure could function as a protective organ
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Figure 2.7 Pritella phreatophila from the Edwards Aquifer in Texas. Photo by Danté
Fenolio. (See Plate 10.)

but no confirmation one way or another has been offered so far. The
humpbacked profile also found among some species of hypogean Sinocy-
clocheilus has an unknown function. However, it is interesting to note
that both characters may have a similar function, because some species
present a horn-like organ formed by the humpback (Romero et al.
2009).

Although the most striking hypogean fishes are totally blind and depig-
mented (troglomorphic), most of the species reported for the hypogean
environment so far are not identical in terms of eye and pigmenta-
tion development. In fact many show different degrees of reduction of
eyes, pigmentation, and scales, with a vast array of intermediate forms
even within the same biological species (Romero and Paulson 2001a).
Even the intermediate forms (which may or may not be the result of
hybridization between the epigean and the troglomorphic forms) display
unpredictable combinations of features; some are totally depigmented
but have functional eyes, or vice versa. Some have shown remarkable
changes in their morphology in time periods as short as 100 years or less
(e.g. Rhamdia quelen in Trinidad) (Romero et al. 2002a).
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A great deal of phenotypic plasticity (the ability to rapidly respond
to environmental influences, such as increasing pigmentation under
higher light intensities) has been reported within individuals of the same
species. Thus, many cave fish populations defy conventional taxonomic
approaches. With very few exceptions (e.g. some populations of the
Mexican cave tetra Astyanax fasciatus), those populations are totally
isolated and contain only a small number of individuals. That is why
each one of those populations must be considered not only unique from
the ecological viewpoint but also as evolutionary experiments that can
help us answer major questions in science about the underlying causes and
mechanisms in the reduction/loss of phenotypic features or the nature
of convergent evolution (i.e. why so many cave organisms are blind and
depigmented) (Romero and Green 2005).

Like most other cave fauna, hypogean fishes show their greatest diver-
sity in the tropics; very few have yet been studied in any depth. Even the
North American cave fishes of the family Amblyopsidae, which contains
the first species described in the scientific literature, are not well known,
from their systematics to their reproductive modes. This directly aftects
our understanding of their conservation status. Their ecological role is
also poorly understood: we know that some are top predators, whereas
others are detritivores; there are even several cases of two or more cave
fish species occupying the same confined waters.

Although many species have been placed within several of the protec-
tion categories by [UCN, most have not. Protection is particularly impor-
tant given that most hypogean species discovered in the past few years
have been found in developing countries with poor environmental legis-
lation and even weaker law enforcement. However, that does not mean
that species located in developed countries are safe; most of them are
threatened by water pollution and overcollecting. In fact Speoplatyrhynus
poulsoni, from Alabama, USA, has a population of less than 100 individ-
uals, making it probably the most endangered fish species in the world.

2.25 Amphibians (salamanders, frogs, toads)

Although frogs can occasionally be seen in caves, no frog species has been
found displaying troglomorphic characters (e.g. blindness and depigmen-
tation). On the other hand, there are at least 11 species or subspecies
of salamander that are obligate cavernicoles showing troglomorphisms.
Many more species are known to frequent the hypogean environment
and show some level of troglomorphisms as well (mostly reduction and/or
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absence of eyes and depigmentation). They usually have elongated and
flattened bodies. Two obligate cave salamander species attain sexual
maturity without reaching full morphological development; in other
words, they retain larval characters, such as external gills, to the end of
their lives, a phenomenon known as neoteny. Like many other cave verte-
brates, sexual maturity is reached late in life: 11-14 years for males and
15—18 for females in Proteus anguinus. Cave salamanders feed mostly on
aquatic invertebrates and occasionally other salamanders as well as guano.
They have mechano- and chemoreceptors that allow them to detect
pressure waves and chemicals, respectively. They use these receptors for
finding both food and members of the same species. Cave salamanders
usually have very low population numbers and a very restricted range;
they are all considered to have threatened status.

The 11 species and subspecies of troglomorphic salamander belong to
two families: Proteidae and Plethodontidae.

2.25.1 Family Proteidae

The family Proteidae is represented by a single troglomorphic species:
Proteus anguinus, with variable depigmentation, found only in the Dinaric
Karst of Slovenia, Bosnia, and Croatia. They can reach up to 40 cm in
length. This species can actually live for up to 80 years.

2.25.2 Family Plethodontidae

The family Plethodontidae contains 10 troglobitic species in five genera.
Of these five genera four are found only in the USA; the fifth, Hydro-
mantes, is found in California and the caves of Sardinia, Italy, where it
utilizes buccal and cutaneous respiration as it lacks gills and lungs. The
exclusively American genera can be found in central Texas, the Ozarks,
the Cumberland Plateau of Tennessee and Alabama, the Virginias, and
the Dougherty Plain of Georgia and Florida.

The genus Eurycea is one of complicated systematics (Larson ef al.
2003) (Fig. 2.8). The blind and depigmented species E. tridentifera is
found in the Edward’s Plateau region of central Texas.

The genus Gyrinophilus contains three species that are hypogean; all
can be found in eastern Tennessee, western West Virginia, and Alabama.
The species G. p. is subdivided into two subspecies: G. p. necturoides and
G. p. palleucus. The primary distinguishing feature between these two
subspecies is that the former (Big Mouth Cave salamander) has a pinkish
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Figure 2.8 A still undescribed species of Eurycea from a cave in southern Texas.
Photo by Danté Fenolio. (See Plate 11.)

coloration, whereas the latter (pale salamander) is whitish and exhibits a
darker back. All Gyrinophilus lack a dorsal fin but have caudal fins.

Haideotriton wallacei is found in Georgia and northern Florida. This
species has external gills and, like Gyrinophilus, does not have a dorsal fin
but does have a caudal fin.

Typhlomolge rathbuni and T robusta are from the Balcones Aquifer in
Texas.

Eurycea spelaea (the grotto salamander) is particularly interesting
because it is the only hypogean salamander that undergoes metamor-
phosis in the wild. After its aquatic cycle is completed its eyelids cover
the eyes, causing it to lose its sight, and the gills regress, making this
organism dependent on cutaneous and buccal respiration. This depen-
dency on moist conditions for respiration makes it understandable that
the species is found in hypogean environments (Wiens et al. 2003).

2.26 Reptilia (reptiles)
No known reptile has been found to display any sort of troglomorphism.

However, several species of snake (e.g. western ratsnakes, Pantherophis
obsoleta) have been reported in caves, which they enter usually in search
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of food or to better regulate their body temperature. Some aquatic turtles
and the American alligator (Alligator mississippiensis) have been reported
entering caves for short distances.

2.27 Aves (birds)

There are approximately 10,000 species of bird (Class Aves). They occur
on all continents and have been able to exploit almost every environment,
including the hypogean one. Excluding species that nest in cliffs, crevices,
and cracks (e.g. swallows, the Canyon wren, flycatchers, owls, vultures,
and some falcons), two bird families are known to use caves extensively:
the oilbirds and the swiftlets.

2.27.1 Family Steatornidae (oilbirds)

The oilbird or guacharo (Steatornis caripensis) is the only member of the
family Steatornidae. This species is a large bird with long slim wings.
It is mostly reddish-brown with small white spots on the wings and the
back of the neck. Oilbirds are subtropical; their distribution ranges from
Trinidad and northeastern South America, south along the Andes as far
as Bolivia.

Oilbirds are colonial nesters that roost in caves during the day. Their
nest 1s made of fecal matter and placed on a ledge within the cave. At
night oilbirds will leave their roosting sites in search of food. They eat
aromatic fruits such as those of the oil palm (Arecaceae), tropical laurels
(Lauraceae), and coffee-like plants (Rubiaceae). They may use olfaction
to help them locate fruit at night. Oilbirds are the only birds known to
feed their young on fruit pulp (Bosque and De Parra 1992). Colonies
can be as large as 19,000 birds, playing an important ecological role as
seed dispersers. A female can lay 2—4 eggs. Little else is known about
their reproduction.

The vision of oilbirds is very sensitive. They possess highly concen-
trated, small, dense retinal rods (a million per square millimeter, is the
highest known rod density of any vertebrate) (Martin et al. 2004a; Rojas
et al. 2004). They possess very few cones. This leads to vision that is very
sensitive to light, but of low resolution (Martin ef al. 2004a). In addition,
they have binocular vision similar to that of diurnal birds (Martin ef al.
2004b) and a visual cortex larger than that of other birds (Iwaniuk ef al.
2008). This suggests that the oilbird’s vision is geared towards avoiding
obstacles while flying in very low light conditions.
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These visual abilities are complemented with echolocation. The
oilbird is one of two bird groups to exhibit echolocation (Griftin 1953).
The echolocation used by oilbirds is of a low frequency, and thus low
sensitivity. When obstacles are placed in the flight corridor or the birds
are in a dark passage in a cave, oilbirds can successfully avoid obstacles
20 c¢m in diameter. The oilbirds will dodge or momentarily hover in
front of the obstacle. Smaller obstacles the oilbirds will either not notice
or notice too late, and collide with them (Konishi and Knudsen 1979).

2.27.2 Family Apodidae (swiftlets)

The Apodidae is a family with about 100 species, of which 30 species
in four genera have been reported in caves. These are small birds with
narrow wings for fast flight, and a small beak with bristles to aid in
catching insects. They are found from southeastern Asia (India and Sri
Lanka) and the Malay Peninsula through the Philippines, and eastward
to the islands of the South Pacific.

Swiftlets nest in very large colonies, some of which occur on cliffs in
caves. The nest is made of various materials glued together by the bird’s
saliva (Tarburton 2003) and can be converted by humans into bird’s-nest
soup. This has generated high levels of exploitation and conservation
concerns (Tompkins 1999; Sankaran 2001). Tarburton (2003) found that
the mountain swiftlet had a clutch size of one, and a fledging rate of 61%.

Swiftlets, like other apodids, are insectivores (Lourie and Tompkins
2000; Voisin et al. 2005). In the early morning, they leave their
roost sites to feed, which they do on the wing. Swiftlets primarily
prey upon hymenopterans and dipterans. At dusk they return to their
roost.

Swiftlets that have the ability to echolocate have been placed in the
genus Aerodramus. However, echolocation has recently been described in
Collocalia, and this has generated a lot of discussions about the systematics
of the swiftlets (Lee et al. 1996; Price et al. 2004, 2005; Thomassen et al.
2005). Two hypotheses have been proposed to explain the acquisition of
echolocation in swiftlets. The first is that a common ancestor developed
echolocation and some members of the group lost it. The second is
that echolocation evolved independently in different groups of swiftlets
(Price et al. 2004).

Swiftlets use a series of clicks to echolocate (Fullard ef al. 1993). The
acuity of swiftlet echolocation has been tested by placing rods of varying
sizes within a mine shaft that the swiftlets were using; and it was found
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that the swiftlets could avoid 10 mm rods better than 4 mm and 1 mm
rods (Fenton 1975).

The differences between oilbirds and swiftlets are that the latter
are a relatively young group from an evolutionary viewpoint, whereas
oilbirds have a fossil history that dates back 50 million years. Echoloca-
tion appears to be a recent evolutionary development among swiftlets.
Swiftlets are insectivorous, as opposed to the fruit-eating oilbirds. Oilbirds
feed nocturnally, whereas swiftlets fly in search of insects during the day.
Their similarities are that they are both colonial nesters, and they seek
refuge in caves. In addition, their echolocation has a low resolution and
appears to have developed for navigation purposes only.

2.28 Mammalia (mammals)

There are about 5,400 species of mammal, divided into 29 orders. From
an ecological viewpoint, the mammals that have invaded the hypogean
environment can be divided into two major groups: flying mammals
(chiropterans or bats) and non-flying ones; all of them are nocturnal. The
latter can, in turn, be divided into two ecological subgroups: (1) non-
insectivorous, epitomized by rodents and (2) insectivorous, epitomized
by marsupials (Nevo 1979). Of these groups the most diversified and
abundant are the bats.

2.28.1 Chiroptera (bats)

With more than 1,000 species in about 17 families, the Order Chiroptera
(bats) is the second most diversified order of mammals, surpassed only
by the rodents (Order Rodentia). More than 200 species of bat regularly
roost in caves, which they utilize for hibernation and as nurseries to take
care of their young. Several caves have populations of more than a million
bats; Bracken Cave near San Antonio, Texas, has about 20 million.

Bats are unique among mammals because of their capacity for powered
flight. In addition, most species of bat are able to echolocate. This ability
occurs in every species within 16 bat families. The exceptions are in the
Family Pteropodidae (flying foxes), which is composed of large bats, but
in which only three species of the genus Rousettus echolocate. The bats’
abilities to echolocate and fly allow them to exploit a nocturnal life. At
night, bats are relatively free from predatory birds and are hidden from
their prey by the darkness. Then, when it comes to seeking a daytime
refuge, they look for a stable and protective niche. Sometimes these
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daytime roosts are trees, but many species of bat roost in caves where
available. Thus, bats are better able to exploit this environment than
any other mammal. An echolocating bat can quickly fly deep within a
cave and roost on the ceiling, protected from the outside elements and
predators. For this reason, the majority of bat species can utilize caves
as roosts although the bats’ dependence on roosts is somewhat variable.
Wide-ranging surveys have shown that many species of bat roost in caves:
10 out of the 13 species in Puerto Rico (Rodriguez-Duran 1998), 18
out of 39 species in the USA (McCracken 1989), 60 out of 134 species in
Mexico (Arita 1993), 15 out of 21 species in Jamaica (McFarlane 1986),
and 7 out of 19 species in Taiwan (Hsu 1997).

In temperate areas all over the world bats utilize caves for hibernation.
In some cases bats migrate hundreds of kilometers to hibernate in caves.
Caves are also used as maternity grounds by bats.

Bats play a central role in much of the ecology of caves and their
surrounding environments. Because the cave environment generally lacks
primary producers, food webs in caves are influenced by bat guano.
Although cave cricket and wood rat guano can be found in large accumu-
lations in temperate caves, in almost every cave at any latitude (but partic-
ularly in the tropics) bats are the dominant producers of guano. Piles of
guano provide the basic nutritional requirements of cave flora and fauna,
predominantly invertebrates (Ferreira and Martins 1999). Caves with
large numbers of bats also receive organic material via decomposing bat
cadavers (Fig. 2.9).

Bats and caves are also linked in the predator—prey relationships of cave
ecosystems. Most of these interactions occur near the entrances of caves.
There, snakes, birds, and other mammals are all known to prey on bats as
they enter and leave the cave. The bat Tadarida brasiliensis is preyed upon
by six species of hawk, Mississippi kites, sparrowhawks (falcons), and
great horned and barred owls regularly in the evening as bats leave the
caves in dense flocks (Baker 1962; Taylor 1964). On the other hand, some
caves in Brazil are used exclusively as feeding shelters by the bat Tonatia
bidens, where it brings birds it has captured (Martuscelli 1995). Snakes
also feed on cave bats. Congregations of Cuban and Puerto Rican boas
gather at cave entrances and are often successful in capturing bats (Hardy
1957; Rodriguez and Reagan 1984). In the Malay Peninsula the snake
Elaphe taeniura preys on flying bats (Price 1996). In a Venezuelan cave,
the giant centipede (Scolopendra gigantea) actively hunts for bats inside the
cave (Molinari ef al. 2005).
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Figure 2.9 A decomposing bat from the Ozarks of Arkansas. Photo by Danté
Fenolio. (See Plate 12.)

2.28.2 Non-flying mammals

The occurrence of non-flying mammals in caves is not uncommon;
however, it does not appear that any cave-related, non-flying mammal has
any specific adaptation for the cave environment. Some fossorial mammal
species have traits such as blindness, specialized olfactory perception,
and other adaptations that might be considered to be related to their
hypogean existence (Cooper et al. 1993; Buffenstein 1996; Heth et al.
1996; Todrank and Heth 1996; Burda ef al. 1999), yet there are no
examples of these taxa in caves.

Most cave-associated non-flying mammals spend part of their life
history in the epigean environment (Resetarits 1986). They primarily
utilize cave entrances for shelter, for scavenging on bats, and for creating
middens. Most of them stay near the entrance of the caves, although some
species of rodent, as well as raccoons and skunks, have been reported
much deeper into caves (Winkler and Adams 1972).
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Although bears are associated with caves in the popular imagination,
studies of bear denning ecology and den site selection reveal that bears do
not commonly select natural caves. Ciarniello ef al. (2005) reported that
grizzly bears (Ursus arctos) in a region of British Columbia, Canada, use
caves only 26% of the time. In all other cases, these bears excavate their
own dens in sloping, rocky hillsides or under trees. Seryodkin et al. (2003)
noted that, of 27 Asiatic black bears (U. thibetanus), only 3 used caves or
rock outcropps. Grizzly bears in this study (n = 12) did not use caves at all.
This may have been a function of availability, but neither study reported
the density of caves in the study area. Cave use by bears may be more
common in regions where these habitats are available. However, their
contribution to the cave ecosystem has not been documented. Instances
of bear remains and fossils in caves indicated that bears have sometimes
entered caves and perished (Richards 1982, 1983).

Rodents are also known to use caves. Woodrats (Neofoma spp.) are
closely associated with rocky outcrops and occur in regions where caves
are common (Richards 1972, 1980; Clark and Clark 1994; Castleberry
et al. 2001).

The critically endangered Mediterranean monk seal (Monachus
monachus) uses sea caves for resting and pupping (Gucu et al. 2004;
Karamanlidis ef al. 2004). These seals show a preference for caves with
beaches and cryptic entrances during the pupping season but have no
specific preferences regarding cave characteristics when resting. Gray seals
(Halichoerus grypus) are also known to use sea caves during a certain period
of their breeding cycle (Lidgard et al. 2001).

Ancient humans are popularly associated with caves; however, there
are also contemporary studies of primates using caves (Barrett ef al. 2004;
McGrew et al. 2003). For the most part, baboons (Papio spp.) use caves
for shelter, but other features such as salt-rich rock and water have been
hypothesized to be reasons for primates entering caves. The caves used
by primates are described in the papers that report the phenomenon, but
there are no systematic studies of cave selection. Among the factors that
may induce cave utilization by primates are thermoregulation, shelter,
and predator avoidance. Barrett et al. (2003) described video evidence
of baboon behavior within the cave and the interaction of baboons
with other organisms in the cave, but not troglobitic organisms. These
baboons were seen grooming each other and defecating in the cave; such
activities would deposit organisms (parasitic insects, etc.) and nutrients
(waste) in the cave. Interestingly, this was done in total darkness because
the entrance to the cave was a vertical shaft and the caverns used by the
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baboons were well away from any light source. It is well known that
ancient humans, and other animals, regularly brought food into caves
and this may have affected the cave ecosystem; however, this information
is known only from fossils recovered in caves.

Cave environments are well suited for the fossilization of bones and
other biological artifacts such as coprolites and rodent middens
(Thompson ef al. 1980; Van Dyck 1982; Erdbrink 1983; Simms 1994;
Grayson 2000; Plug 2004; McFarlane and Lundberg 2005). The high
rate of deposition, relatively mild conditions, and low rate of erosion
provide good conditions for the preservation of biotic remains.

Mammalian fossils in caves include those of ungulates, marsupials,
rodents, felids, ursids, primates, and humans, among others. They date
from the early Cenozoic (65.5 mya) to recent times (Plug 2004; McFar-
lane and Lundberg 2005). Studies of mammal fossils from caves have
utilized faunal assemblages to estimate the effects of climate change
(Grayson 2000).

2.29 Conclusions

Despite the fact that most caves are small in size, representatives of virtu-
ally all major taxa of living beings are found in caves. From the above
survey it is clear that, in addition to the tens of thousands of species
that have been described from caves, many more have yet to be discov-
ered, particularly at lower latitudes. A number of patterns also emerge:
although some troglomorphisms are common, such as reduction or loss
of pigmentation and visual apparatus, that is not necessarily the case
for all of organisms; there is a multitude of intermediate forms. Pheno-
typic plasticity is also a common phenomenon, as is the commonality of
organisms that move in and out of caves on a regular basis. Other charac-
teristics such as echolocation by birds and bats that use caves seem rather
common, yet it is unclear whether their development occurred prior
to cave colonization or during that process. Ecological opportunism also
seems common, as is the existence of relictual taxa, particularly in marine
caves. These and many other evolutionary and ecological questions will
be addressed in the next two chapters.
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This chapter offers a summary of current knowledge of the major adapta-
tions that characterize cave organisms, with special emphasis on their
origin and evolution. Fauna that do not show typical ‘cave’ adaptations
(blindness and depigmentation) are included, with an explanation of why
they are so important for understanding cave biology.

3.1 What is a hypogean/cave organism?

Although some of the terminology commonly used in biospeleology
is worthy of criticism, because it furthers typological thinking about
nature, it is imperative to begin by clarifying some of the nomenclature
frequently used in cave science. Appendix 1 contains a more or less
complete list of terms commonly used in biospeleology.

In general, biospeleologists divide the world into two environments:
the epigean and the hypogean ones. The former refers to the environ-
ment outside caves, which is exposed to light directly or indirectly on a
regular basis; the latter represents any part of the biosphere that is found
underground. The hypogean (sometimes called endogean) environment
includes the following ecosystems: soil or interstitial (both are sometimes
used interchangeably, and the latter term is often used by aquatic biolo-
gists only when dealing with spaces filled with water), phreatic or artesian,
and cave. Phreatic waters are those water deposits in compact rocks that
can be studied only indirectly through wells. These are extremely impor-
tant: 97% of the world’s freshwater is underground (Marmonier ef al.
1993). The term ‘cave’ refers to an underground habitat that can be
directly explored by humans (for further subdivisions, see Appendix 1).
This book explores in depth only cave and phreatic habitats, and for the
sake of simplicity and because of the scope of this book, whenever the
term ‘hypogean’ is used, it is referring to organisms found in either caves
or phreatic habitats or both.
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Although many species are found exclusively in one of these habitats,
sometimes there are congeneric species that show transitional charac-
teristics. Peck and Gnaspini (1997), for example, described Pfomaphagus
inyoensis as a new species of microphthalmic beetle from California,
and found that this species represented a morphological ‘intermediate’
between P fisus, a species widespread in animal nests and burrows, and
P manzano, a montane litter species from New Mexico, on the one hand,
and P, cocytus, a cave species from the Grand Canyon of Arizona, on the
other.

Despite the fact that the terms mentioned above seem to clearly sub-
divide different ecosystems, the truth of the matter is that this is a more
or less artificial classification. Many species, particularly some bats, birds,
and invertebrates, alternate between epigean and hypogean environ-
ments during their life cycle; some soil and interstitial organisms also
move between that milieu and other hypogean and epigean ones; some
phreatic organisms are found in springs, i.e. in what is supposedly the
epigean environment, and so on. This clarification is important since
some biospeleologists tend to be very rigid in their typological approach
to classifying cave organisms according to the environment where they
live.

Furthermore, discontinuities in terms of exposure to light are also
present throughout the hypogean world. One of the most interesting
phenomena in biospeleology is the existence of caves with openings
that allow the passage of light. In those areas of caves where light inter-
rupts what is otherwise total darkness, there occur eyed, pigmented
organisms normally found outside caves. Sometimes those organisms
belong to typical epigean species; sometimes they are eyed, pigmented
forms of hypogean ones. An example of the former 1s found in a cave
at Torre Castiglione on the lonian coast of Apulia, southeastern Italy.
There, two species of mysidacean crustacean have been found: one was
previously reported only from hypogean waters (Spelacomysis bottazzii,
which is blind), and the other was previously reported only for epigean
brackish to marine waters (Diamysis sp., which has eyes) (Ariani et al.
1999). An example of the morphological differentiation among individ-
uals of the same species occurs in the characid fish Astyanax fasciatus,
which inhabits the Sétano del Caballo Moro cave in Mexico. Part of the
ceiling of this cave has collapsed, allowing light to illuminate part of one
of its underground lakes. Espinasa and Borowsky (2000) reported that
the lake contains fish exhibiting a distributional bias, i.e. blind, depig-
mented individuals are found preferentially in the dark side, whereas
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eyed, pigmented fish are found in the illuminated side. Genetic analysis
revealed that the cave eyed fish is closer to the blind fish than to the
surface one; this suggests that the cave eyed fish were originally members
of the cave population and re-acquired eyes and pigmentation following
the collapse of the cave ceiling and exposure to the light.

Just as there is a classification system for the different types of hypogean
environment, hypogean organisms are also grouped on the basis of their
morphology and behavior. Terms abound, but the most popular classifi-
cation terminology defines (a) troglobites, which always show characters
such as total blindness and depigmentation; (b) troglophiles,which show
some degree of reduction in those characters; (c) trogloxenes, organ-
isms without such reductions but still spending significant portions
of their lives in caves (e.g. some bat species); and (d) accidentals,
organisms allegedly found in caves ‘by chance’ and not because they
normally live there. Notice that this is a very ad hoc definition: in
theory, when an individual of a species that later may become a perma-
nent inhabitant of caves first enters a cave, it could also be called an
‘accidental.” Furthermore, as we will see later, there are many species
of animal that spend their entire life cycle in the hypogean environ-
ment and do not show any apparent morphological feature associ-
ated with their underground habitat. These characters, such as blind-
ness and depigmentation, are commonly referred to as troglomorphisms
(Christiansen 1962).

To start understanding the biology of these organisms, it is necessary
to question whether or not these (and other) classifications based mostly
on morphology (and to a lesser degree, habits) really have a biological
significance.

3.2 Character concept in biospeleology

One of the conclusions from Chapter 1 is that most biospeleologists have
been obsessed with troglomorphic (blind and depigmented) organisms.
This has been integral to their research program regarding the construc-
tion of the cave archetype. Given that most biospeleologists tend to be
involved in systematics, it is not surprising that the development of the
idea of a character concept has played a major role in their views of
cave organisms. Systematists usually employ a definition of the character
concept that is more or less as follows: any observable difference between
two groups of organisms that can be used to distinguish these groups
(Wagner 2001b). However, in the past few years a more evolutionarily
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Table 3.1 Characters usually associated with cave organisms and called
troglomorphisms (sensu Christiansen 1962)

Morphological Physiological Behavioral

Reduced or lost

Eyes, ocelli Metabolism Photoresponses

Visual brain centers Circadian rhythms Aggregation

Pigmentation Fecundity Response to alarm
substances

Pineal organ Egg volume Aggression

Body size

Cuticles (terrestrial arthropods)
Scales (fishes)
Swimbladder (fishes)

Enlarged

Chemo- and mechanosensors Life span
Appendages Lipid storage
Body size Metabolism

oriented character concept has emerged: that of a character whose
presence and/or absence has a real evolutionary meaning, i.e. via adapta-
tion (see Wagner 2001a for a comprehensive discussion of this issue).

This section will address two questions. (1) Is there anything resem-
bling a ‘hypogean archetype’ that fits most if not all hypogean organisms?
(2) What is the evolutionary meaning of the phenotypic characters that
have been used to epitomize hypogean organisms, if any?

In most of the biospeleological literature, one can see how a set of
troglomorphic characters has been proposed that distinguish cave organ-
isms. Table 3.1 summarizes such a set of characters.

The first challenge to accepting a hypogean archetype is that pheno-
typic characters may be enlarged as well as reduced among these organ-
isms, and the rules are not always consistent. As is evident from Table 3.1,
most changes in morphological characters are associated with absence of
light. Reduction of the visual apparatus, whether eyes or ocelli, is consid-
ered a rule for troglomorphic organisms; however, there are exceptions.
One is the cyprinid fish Sinocyclocheilus macrophthalmus (Zhang and Zhao
2001). Although other species of the same genus found in caves in China
are blind (or have highly reduced eye size) and depigmented, this partic-
ular cave species has eyes larger than those of any other species in the
genus, including the epigean species, despite the fact that the species in
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Table 3.2 A quantitative comparison of the development of troglomorphisms
among hypogean fishes

Absent, none of the characters is expressed; Slight pigmentation, a few
(>50% than normal) melanophores with pigment; Mostly pigmented,
most (but not all, (between 50% and 90% of normal number)
melanophores with pigment; Microphthalmic, eyes greatly reduced in
size; Sunken, eyes more or less of normal size but covered by epidermal
tissue. Embedded scales, some scales are present, but they are embedded
in or covered by skin; Reduced scales, scales are in normal position
(covering the skin) but are reduced in size. The term ‘fully expressed’ is
used to indicate correspondence with their epigean counterparts in the
same family.

Quantitative rank Pigmentation Eyes Scales

1 Absent Absent Absent

2 Slight Microphthalmic Embedded

3 Mostly Sunken Reduced

4 Fully expressed Fully expressed Fully expressed

question is depigmented. Regarding the eyes, thus, this species shows
an adaptation that is unusual for fishes, but one that is common among
nocturnal vertebrates.

However, the enlargement of the size of sensory organs is not neces-
sarily the rule for other troglomorphic organisms. One example is the
phreatic Texas blind catfish Trogloglanis pattersoni, which has minute
barbels, whereas most hypogean catfishes tend to have barbels larger
than those of their epigean ancestors (Langecker and Longley 1993).
The same can be said about metabolism: the cave form of the characid
fish Astyanax fasciatus has nearly twice the resting metabolic rate of its
epigean form (Schlagel and Breder 1947).

In addition, troglomorphisms can be highly variable. For example,
character development for blindness and depigmentation does not occur
in parallel among most species. Based on the data presented by Romero
and Green (2005), quantitative levels for blindness, depigmentation,
and scale development can be established among troglomorphic fishes
(Table 3.2). From this, it 1s found that only seven out of 86 species
of troglomorphic fish have the same level of troglomorphism for each
one of those characters (Fig. 3.1). Furthermore, when all the charac-
ters were combined in a phenotypic landscape (Fig. 3.2), the results
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Figure 3.2 A landscape representation of the character state for all troglomorphic
fish species. The irregular landscape illustrates the lack of complete (or even partial)
convergence in character development for all these fish species. (See Plate 13.)

showed a highly diverse mixture of character development, thus reject-
ing the hypothesis that troglomorphic characters developed in paral-
lel. This disparity in character development among species suggests that
both the evolutionary history of the species involved and the peculiar
characteristics of the environment in which they live must be taken into
consideration to explain such a mosaic of character development.

To make things even more complicated, a large number of species that
are found in the hypogean environment never show any kind of troglo-
morphism. For example 299 species of fish have been reported (as of
August 2008) as living in the hypogean environment. Of those hypogean
species, 184 have been described as having some kind of troglomorphism
(Romero ef al. 2009). In other words, there are slightly more species of
hypogean fishes that are eyed and pigmented than there are blind and
depigmented ones. As cave researchers start paying more attention to
non-troglomorphic hypogean fauna, particularly in tropical countries,
it is quite possible that the gap will widen: Trajano et al. (2002), for
example, reported numerous non-troglomorphic fish species of at least
eight genera from several caves in Thailand while finding only three
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troglomorphic species in those same caves. Bichuette and Trajano (2003a)
reported for the Sdio Domingos karst area in central Brazil the presence
of five troglobitic species, whereas 22 species found there were non-
troglobitic.

Sometimes variability within a single species can be very high. That
is the case in the Mexican cave tetra Astyanax fasciatus. This species
has been reported from numerous caves throughout its range, including
Belize, Costa Rica, and Brazil; however, only those occurring in the San
Luis de Potosi Area, east central Mexico (c. 22°05'N, 99°00'W), have
developed troglomorphic populations, and not all of these populations
consist of blind and depigmented fish. Some of them are fully eyed and
pigmented fish; most are blind and depigmented; a handful of them show
an intermediate phenotype (Mitchell ef al. 1977; Romero 1983; Espinasa
et al. 2001). As mentioned earlier, morphological variability can be found
within individuals of the same cave population (Espinasa and Borowsky
2000).

Another confounding variable is that not all troglomorphisms can be
explained as a direct consequence of the absence of light or even as an
adaptation to the cave environment. The reduction in cuticle develop-
ment and/or loss of cuticle among terrestrial insects, and of scales among
fish, illustrates this dilemma. Both phenomena seem to be very common,
although not universal. Functionally, the problem is the lack of a solid
theory that explains why, for example, most fish have scales, because some
fish groups (even those not living in caves) are scaleless. Thus, it is hard
to understand the adaptive value of becoming scaleless in the hypogean
environment. Neoteny could provide the explanatory mechanism for
this character state, given that the loss of scales has been considered the
product of neoteny among fishes in general (Banister 1984). Although
that may be a mechanistic explanation, it does not explain the functional
value of being scaleless: the loss of scales may not produce a significant loss
of fitness, but, again, not knowing the ultimate functional value of having
scales, we are not in a position to provide an illuminating explanation for
their loss.

Some authors have reported the existence of ‘albino’ cave fauna.
Albinism is a phenomenon yet to be fully understood in cave biology.
Complete albinism is a rare occurrence among vertebrate groups. Uieda
(2000) studied this phenomenon among bats and found that complete
albinism among these mammals has been documented in eight families,
38 species, and at least 64 individuals. Of these, 39 individuals were
observed and/or captured in sheltered roosts such as caves (51.3%), mines
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and galleries (20.5%), buildings (17.9%), and hollow trees and bird boxes
(7.7%). Only one albino bat (2.6%) was captured in an external roost
(foliage). This researcher suggested that sheltered roosts (such as caves)
favor the survival of albino bats by offering protection against sunlight,
water loss, and visually hunting predators.

However, albinism reported for cave fishes might be due to termino-
logical confusion. There is no such thing as a “white’ pigment in the two
species of cave fish in which it has been reported: Trichomycterus itacarambi-
ensis from Brazil (Trajano 1995) and Cottus carolinae from West Virginia,
USA (Williams and Howell 1979; Neely and Mayden 2003). Rather,
what we see is a total lack of pigmentation, which fits the definition of
albinism.

With reference to the reduction and/or loss of the gas (swim) bladder
among hypogean fish, a functional explanation is more readily apparent:
because hypogean waters tend to be very shallow, this organ no longer has
any adaptive value that may increase the fitness of the species/population
in question.

Body size is another issue that has yet to be explored. Apparently,
reduction in body size and/or an elongated body should provide a
competitive advantage in an ecosystem of reduced dimensions with
an abundance of crevices that could be used to hide from predators
and as either feeding or reproductive niches. However, the data avail-
able are inconclusive: some cave species/populations have larger body
size compared with their epigean ancestors; others are smaller. This is
certainly an area that requires more attention.

The general picture emerging from the information summarized
above is one of complexity and even, sometimes, contradiction. It
certainly does not support blanket generalizations about hypogean fauna
in terms of their phenotype: in other words, there are no archetypical
hypogean organisms. The reason for this conclusion is that it is impos-
sible to make strong empirical generalizations about how each character
trait affects individual fitness because the outcomes of natural selection
are not always predictable.

Can it be assumed, then, that there is no point in trying to come up
with a hypogean archetype? As Wagner (2001b, p. 9) put it: ‘A charac-
ter concept that only satisfies the aesthetic predilection of theorists is
ultimately doomed, regardless of how true or elegant it may be.” There-
fore the issue is not whether or not there are troglomorphic species or
their relative number; the real issues are, for example, why some troglo-
morphic species exhibit those characters, why the changes in characters
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occur, and why there are so many hypogean organisms that do not show
the characters that are normally used to depict cave organisms.

The phenotypic organization of any organism is a composite of
morphological, physiological, and behavioral traits. That composite can
be very complex since some of the character changes may be related
to a single environmental condition (e.g. light) but yet be genetically
independent. In other cases the phylogenetic history of the group (at the
order, family, or genus level) to which the species in question belongs
may have a large effect. Thus, it should not be surprising that not all of
the organisms living in the hypogean environment develop the same set
of phenotypes.

Later in this chapter the specifics of how and why these changes
occur are discussed, but first it is necessary to answer one of the most
intriguing — and controversial — questions in cave biology: how is the
hypogean environment colonized?

3.3 Hypogean colonization

Colonization in general is one of those ecological-evolutionary phenom-
ena that is riddled with speculation, largely because this is a process diffi-
cult to observe in natural conditions and whose replication in the labora-
tory depends on many assumptions. This is also true for the hypogean
environment in general. A confounding variable in this whole issue is the
fact that most biospeleologists, whose field experience is largely confined
to temperate, energy-deprived caves, have always assumed that there are
not any really good reasons why an organism would occupy a nutrient-
poor habitat. Therefore, many researchers have espoused the idea that the
only explanation for colonization of the hypogean environment is either
an accident or some other very unusual circumstance (see, for example,
Holsinger 2000). However, there are no empirical observations support-
ing such hypotheses; on the contrary, field observations and biological
theory are not consistent with such notions. Part of such arguments
is that once the organisms are in the hypogean environment, the only
reason they stay there is because they become ‘trapped’ (see, for example,
Wilkens 1979; Langecker 1989).

These hypotheses are based on a philosophical stance similar to
Richard Goldschmidt’s idea of ‘hopeful monsters.” In the same way
that modern developmental genetics clearly shows that we do not need
these ‘hopeful monsters’ to imagine big leaps forward in morphological
evolution (Akam 1998), both modern ecological theory as well as field
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observations lead us to conclude that we do not need these evolutionary
events to be serendipitous.

Although passive dispersal has been documented for a number of
organisms that have arrived at islands on floating objects, there is no
such drastic and generalized spatial discontinuity between the hypogean
and the epigean environments. Whether the cave colonizers reach the
hypogean habitat by land, by air, or by periodic flooding, there is little
that prevents them from returning to their original habitat (see Romero
et al. 2002b); therefore the accidental-entrapment hypothesis cannot be
used as a valid premise, much less as a generalization for the process of
cave colonization.

Two biogeographic models have been proposed to explain the
colonization of the hypogean environment: the climatic-relict model
and the adaptive-shift model. Under the first model, one would find
cool and moist habitats just south of the glacial maxima, which favored
the ample distribution of invertebrates typical of such environments
and which could be found in both caves and forests. As glaciers retreated
‘these species became progressively restricted to the cool, moist interiors
of caves, sinkholes, deep wooded ravines, and cool forest floors at higher
altitudes’ (Holsinger 2000, p. 403). According to this hypothesis, later
warming extinguished the epigean populations, leaving the hypogean
ones isolated and consequently inclined to evolve into obligatory cave
species, ultimately producing the troglomorphic species present today.
One of the classical objections to this hypothesis is that it does not
explain the origin of troglomorphic faunas in the tropics. This objec-
tion has been countered by saying that although the tropical faunas did
not experience the temperature variations of the temperate areas of the
world, they were subject to changes in rainfall, and therefore caves may
have served as refugia to these organisms. This hypothesis seems more
plausible for certain marine cave fauna that show some relictual distribu-
tion, as mentioned in Chapter 2.

Notice that the two authors applying the climatic-relict model to
lower latitudes are ichthyologists (Humphreys 1993; Trajano 1995); they
were naturally preoccupied with the issue of water, leaving unexplained
the issues of terrestrial hypogean fauna in these latitudes and why there
are so many cave organisms that do not show the troglomorphisms that
would allegedly result from this process. Also inconsistent with this model
are data from molecular clock studies, which have shown that many
cave species invaded that habitat well before the more recent glaciations
occurred. For example, Chakraborty and Nei (1974) calculated the time
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of divergence between the cave and river populations of A. fasciatus as
between 525,000 and 710,000 years ago. That is consistent with the
geological data on the formation of caves where this species is found
today. Other species have an even longer evolutionary history in the
underground: blind hypogean mole rats of the genus Spalax originated
in the Middle Eocene to early Oligocene (45—35 mya) and have persisted
until the present. On the other hand, sometimes animals may look for a
refugium in caves when it is too cold: Fenolio et al. (2005b) suggested
that the seasonal movement patterns of pickerel frogs (Rana palustris) in
an Ozark cave in Oklahoma were the result of these amphibians using
caves as thermal refugia during the coldest months of the year.

Yet another objection to the climatic-relict hypothesis is that it does
not explain current events of cave colonization (see, for example, Romero
et al. 2002b). Thus, although the climatic-relict hypothesis may explain
some specific cases (e.g. subterranean diving beetles in Australia (Leys
et al. 2003), or some anchialine or marine fauna), it cannot be considered
a universal explanation.

An alternative hypothesis on cave colonization is the adaptive-shift
model; this model argues that preadapted ancestors actively invaded the
hypogean environment to exploit new niches and became troglobites
without disruption of the gene flow from their epigean relatives. This
hypothesis has a number of pitfalls; first, it does not allow for allopatric
or parapatric speciation. A number of troglobites occur whose presumed
ancestors are unknown, since no similar species have ever been found
in the epigean environment (for examples among fish, see Romero and
Paulson 2001a); in some cases even new taxonomic classes and families
have been erected for the classification of some troglobites because of
their lack of obvious affinities with epigean species (see, for example,
Koenemann et al. 2003; Yager 1994, respectively). The proponent of this
model (Howarth 1973, 1981) works on lava-tube caves in Hawaii where
some of the particular characteristics he describes may be common for
that habitat and location, but that does not mean that the model has
general applicability.

In many ways, this is a contrasting argument similar to the one in
the 1980s regarding dispersal vs. vicariance distribution: on the one
hand freshwater fish biologists were rabid proponents of vicariance for
explaining the origin and distribution of their organisms because the
dispersal of freshwater fish has so many barriers and is so slow that
vicariance was thought to be the best explanation; on the other hand,
ornithologists found the classical dispersal explanation to be the most
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logical since the organisms they studied experience fewer barriers when
expanding their distributions. It all depended upon which explanation
better fitted their own experiences. Obviously neither was universal.

The same can be said today of the refugia vs. the adaptive-shift models;
it depends upon where one works; it will serve one purpose better than
another, but in any case neither is universal, and therefore, they cannot
be considered paradigmatic in the Kuhnian sense of the word (Kuhn
1970).

The question is, thus, are there field observations supporting some
particular explanatory mechanism for the colonization of the hypogean
environment? Romero (1984a, 1985a) carried out field studies at a pond
in Costa Rica that receives water from a phreatic source. An assemblage
of about 120 A. fasciatus lived in that pond. These fish were, morpho-
logically speaking, identical to other epigean tetras, i.e. with full eyes
and pigmentation. However, I found that unlike the typical epigean A.
fasciatus population, the fish in the pool did not form shoals, which is a
behavior typical of cave fish populations. Second, when floating food was
dropped onto the surface of the water, the fish, almost without excep-
tion, pushed that food to the subterranean habitat, where it was then
consumed. More interesting still, observations with low-light-sensitive
equipment showed that the fish actually entered the subterranean flow
of water at dusk.

A number of field observations and manipulations strongly suggest
that fish both pushed the food into the subterranean cavity and also
disappeared into that cavity at night to escape fishing bats of the species
Noctilio leporinus. One of the site manipulations consisted of using white
floodlights to illuminate the surface of the pool in order to create light
conditions mimicking those of daytime. When those lights were turned
on at night, the fish density on the pool increased to levels similar to those
observed during daytime, which was followed by increased bat activity.
The bats could apparently sense the fish because the oxygen content of
the pool was low, and A. fasciatus could always be seen swimming near
the surface of the water, where the oxygen content is higher by diftusion.
When swimming near the surface, the fish created ripples that could be
sensed by the bats’ echolocation system. When the pool was covered
almost at surface level by using a plastic sheet, the bat activity decreased
significantly. In another manipulation the entrance to the underwater
cavity was blocked before dusk, thus preventing the fish from entering
that cavity. In response, the fish then tended to move to the edges of the
pool, apparently to avoid bat predation.
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These field manipulations were followed by laboratory studies with
A. fasciatus individuals from both the pool connected to the subterranean
cavity and from a nearby pool that has no connection to hypogean waters.
Both populations of fish were kept separately in aquarium tanks under
a 12 h day/12 h night cycle for nine months and then tested for their
preferences for shaded or lighted halves of larger tanks. The fish from the
pool connected to the subterranean cavity still preferred to move into
the shaded area when the dark half of the cycle started, a response not
witnessed among the fish from the open pool. All these results suggest
not only that A. fasciatus was using the underground pool as a shelter
from bat predation, but also that active colonization of underground
waters may occur as a response to selective pressures, not by accidental
exposure.

The idea of active colonization has also been proposed for ice caves
in temperate regions (Racovitza 2000). Camp and Jensen (2007) showed
that plethodontid salamanders in the Cumberland Plateau of northwest-
ern Georgia use both cave and epigean habitats, moving into caves to
avoid hot, dry conditions of the epigean environment. Other studies also
suggest that the fauna found in some caves, such as the chemoautotrophic
communities, may be the result of multiple colonization events over time
(Sarbu 2000).

It is worth mentioning the fact that some troglomorphic popula-
tions may be ecologically replaced (even in a short period of time)
by epigean ones, even if the epigean form is the reputed ancestor of
the hypogean population in question. That is the case reported for the
hypogean population of Rhamdia quelen from a cave in Trinidad, WI.
Romero et al. (2002b) studied this fish population originally described
by Norman (1926) on the basis of its reduced eyes and pigmentation as a
new troglomorphic genus and species, Caecorhamdia urichi. Beginning in
the 1950s, a number of specimens collected in the cave displayed variabil-
ity in eye size and pigmentation. Later studies (Silfvergrip 19906) indicated
that this cave population was, taxonomically speaking, part of the widely
distributed epigean (surface, eyed/pigmented) catfish Rhamdia quelen.
In 2000 and 2001 Romero and colleagues conducted field studies that
included direct observation of individuals by means of infrared-sensitive
equipment (video cameras and night-vision goggles) and echo-sounders
as well as collection of some individuals for behavioral research (Romero
and Creswell 2000; Romero et al. 2001). All available museum specimens
of the cave population were also examined. The results suggested that the
troglomorphic population had been completely replaced by the epigean
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Figure 3.3 Changes in cave Rhamdia quelen morphs through time.

one of the same species in as little as 50 years (Fig. 3.3). It was hypoth-
esized by these authors that the most important reason for this replace-
ment was the reinvasion of epigean individuals of R. quelen, prompted by
changes in precipitation regimes. Epigean individuals, because of their
larger size, aggressive behavior, and generalist feeding nature, were well
suited to outcompete troglomorphic individuals.

Another example of opportunism among cave colonizers was given
by Reeves and McCreadie (2001). While studying the abundance of
several species of insects in a cave in Georgia, USA, they found that
the colonization patterns on carrion by cavernicoles differed between
permanent and transient cave-dwelling species, and suggested that such
variation could be due to the different reproductive strategies of each
species.

Another question frequently asked concerns cave species that are found
in several caves, whether connected or not. Are those populations the
product of a single colonization event followed by hypogean disper-
sal, or are they the product of multiple colonization events? Verovnik
et al. (2003) looked at this issue for the hypogean populations of the
crustacean amphipod Asellus aquaticus in Slovenia and northeastern Italy.
A. aquaticus 1s a generalist species, found today in several cave localities
throughout most of Europe. Populations in these localities are isolated
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from the epigean ones; sometimes they are identified as the subspecies
A. a. aquaticus and sometimes as the subspecies A. a. subterraneus. These
populations may or may not display depigmentation, eye reduction, and
appendage elongation, and even when they do, such troglomorphisms
may be expressed with some variability. By using randomly amplified
polymorphic DNA analysis, Verovnik and collaborators found evidence
that the seven hypogean populations were the result of three separate
invasions in both time and space. Surprisingly, two of the hypogean
populations studied by these authors showed no reduction in genetic
variability compared with the surface populations, suggesting that the
bottleneck effect never took place and/or that the hypogean popula-
tions are sufficiently large and/or recent to maintain genetic hetero-
geneity. There is also the possibility that these and other polymorphic
hypogean populations are actually the result of two or more colonization
events.

Dowling et al. (2002) and Strecker ef al. (2003) provided genetic
analyses suggesting that at least some of the troglomorphic populations
of the fish A. fasciatus in Mexico may have arisen from separate cave
invasions. Similar results were obtained by Hoch and Howarth (1999),
who demonstrated multiple cave invasions by species of the planthopper
genus Oliarus in Hawaii. This further reinforces the improbability of
the generalization that cave colonization is the result of a fortuitous
entrapment; such a serendipitous event would not be likely to occur
repeatedly in the same geographical area.

The next question is: are some species more likely to be success-
ful hypogean colonizers than others? More importantly, why do some
hypogean species undergo major phenotypic changes whereas others
seem to remain phenotypically similar to their epigean ancestors?

3.4 The myth of preadaptation

As mentioned in Chapter 1, the idea of preadaptation is common in
biospeleological jargon, and it has both a long history and firm roots in
orthogenetic explanations of evolution in caves. We can trace the origin
of this word in its biological sense to Lucien Cuénot, who, in his La
Genese des Espéces Animales (1911), vol. 4, p. 306, defined it as the posses-
sion or acquisition by an organism of heritable features that adapt it to
an environment or mode of life that only later becomes available to it: in
other words, adaptation in advance. Some of the architects of the modern
synthesis criticized the validity of preadaptation as a phenomenon and
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were quick to identify it as part of the orthogenetic discourse (see, for
example, Simpson 1944). However, this term is very popular among
biospeleologists.

To the myths that describe cave species as types instead of variable
elements in time and space, and that view caves as ‘harsh’ habitats
(see Chapter 4) and cave colonization as a serendipitous process, needs
to be added the omnipresent notion of preadaptation. Two examples
of such a notion being accepted without question are supplied by
Christiansen (1992, p. 464), who wrote, ‘There is general agree-
ment that pre-adaptation (or exaptation) is crucial for entrance into
caves’ and Holsinger (2000, p. 400): ‘There is a consensus among
biospeleologists that troglobites are ultimately derived from preadapted
epigean propagules or founders that live in either terrestrial or aquatic
environments.’

Again, this belief derives from the view of caves as habitats too inhos-
pitable for any organism to live there. Weber (2000), for example, wrote:
‘successful colonists have appropriate morphological, physiological and
ethological adaptations that enable them to survive and reproduce in
the cave habitat’ (Weber, 2000, p. 110). This statement implies that all
successful cave colonists are phenotypically peculiar because they are
either troglomorphic or have some ‘preadaptations’ to the hypogean
environment.

However, this ignores the fact that, as mentioned earlier, a very large
proportion of cave organisms never show either troglomorphic characters
or ‘preadaptations’ to the hypogean environment. Once more it must be
asked: what is the evidence supporting the notion that an organism has
to be preadapted to successfully colonize the hypogean environment?
Holsinger (2000, p. 400), for example, gives nine references to substanti-
ate what he calls a widespread agreement on this matter; however, none
of those references provides hard evidence, but rather philosophical views
on this issue.

Romero and Paulson (2001b,c) tested the preadaptation hypothesis
among troglomorphic fishes. First, they tried to understand the meaning
of the concept of ‘preadaptation’ among biospeleologists. By survey-
ing the literature, they found that ‘preadaptations’ for the hypogean
environment, when defined, consisted of one, two, or all three of the
following morphological, physiological, or behavioral characteristics: (a)
hyperdeveloped sensory organs (the assumption is that to survive in the
darkness you must have other ways to ‘sense’ the environment by non-
visual means); (b) low metabolism (the assumption being that caves are so
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Table 3.3 Fish families with troglomorphic representatives

If any of the putative ‘preadaptive’ features had been reported in the
family, that family was placed in the column of ‘preadapted’ families;
otherwise, it was placed in the ‘non-preadapted’ column. Numbers
represent the number of troglomorphic species in each family.

‘Preadaptive’ families Non-‘preadaptive’ families

Balitoridae 15 Cyprinidae 18
Ictaluridae 4 Cobitidae 1
Siluridae 2 Characidae 2
Claridae 3 Loricariidae 3
Pimelodidae 7 Bythitidae 7
Trichomycteridae 3 Poecilidae 1
Astroblepidae 2 Eleotridae 4
Sternopygidae 1 Gobiidae 4
Amblyopsidae 5

Synbranchidae 4

Total 46 Total 40

energy-depleted you must survive on very little food); and (c) nocturnal
habits (the idea 1s that if one is accustomed to being active at night one has
a better chance of thriving in caves) (see, for example, Holsinger 2000;
Langecker 2000). Then 86 troglomorphic species of fish were grouped
into their 18 respective families and a search was made for any of the
above ‘preadaptive’ characters among those families (Table 3.3). Of all
the 18 fish families with troglomorphic representatives, only ten have
any of the ‘preadaptive’ features as part of their biological characteris-
tics. The conclusion was that alleged ‘preadaptations’ to the hypogean
environment are neither necessary nor sufficient to successfully colonize
such a habitat.

Of course, it could be argued that the above conclusion may be faulty
since very little is known of the biology of the vast majority of cave
organisms to ascertain whether or not they posses ‘preadaptive’ features.
To counter this, there follows (below) a summary of current knowledge
about the cave organism that is probably the most studied.

The blind cave tetra, Astyanax fasciatus, is arguably the most studied
troglomorphic fish and probably the cave organism most studied overall.
This species can be found as both an epigean (eyed and pigmented) form
and as a hypogean one (usually, but not always, blind and depigmented).
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The epigean form has a broad distribution in the freshwaters of the
New World from Texas to Argentina. Although cave populations of the
eyed form have been reported in Belize (E Bonaccorso, pers. comm.),
Costa Rica (Romero 1984a), the Yucatin peninsula (Hubbs 1938), and
Brazil (Trajano 2001), the only region in which they have developed
into blind, depigmented individuals is the San Luis de Potosi Area, east
central Mexico (c. 22°05'N, 99°00"W), where at least 31 caves support-
ing subterranean populations of this fish can be found (Espinasa et al.
2001). Not all the cave populations of this area display the same degree
of morphological divergence from the surface forms, however. Some
are completely blind and depigmented whereas others are only partly
so. Three caves contain only individuals with full eyes and pigmenta-
tion. Eleven of these populations include both blind and eyed forms, as
well as phenotypically intermediate forms (Mitchell et al. 1977; Romero
1983; Espinasa et al. 2001). At least one of them contains both eyed
and blind forms with no intermediate forms (Espinasa and Borowsky
2000).

Besides blindness and depigmentation, the troglomorphic and surface
morphs of A. fasciatus differ in many other morphological and behavioral
characteristics. Troglomorphic populations also have a larger number
of taste buds (Schemmel 1967). Unlike the epigean form, the blind
hypogean one never shoals, is active all the time, and 1s not aggressive
(Breder and Gresser 1941; Breder 1942; Boucquey ef al. 1965; Erckens
and Weber 1976). Although the blind form does produce an alarm
substance, it does not respond to it (Pfeifter 1966). Schemmel (1980)
also reported differences between the two forms in the angle of inclina-
tion used when feeding from the bottom, with the blind form forming a
more acute angle with the bottom. Differences in the level of phototactic
responses among different populations have also been reported, indicat-
ing that even blind cave forms can respond to light, although the level of
response differs depending on the population (Romero 1984¢; Romero
et al. 2003). Differences in behavior have also been found among troglo-
morphic species of the North American cavefish family Amblyopsidae,
whose species display different responses to light (Green and Romero
1997).

The surface and troglomorphic forms of A. fasciatus interbreed in
both natural and laboratory conditions, producing fertile hybrids with
a phenotypically intermediate form in the F; generation and with an
F, generation (after self~cross) whose individuals range from an almost
completely blind and depigmented form to an almost fully eyed and



3.4 The myth of preadaptation - 149

pigmented one (Wilkens 1969; Sadoglu 1957; Peters and Peters 1973).
Electrophoretic and karyotypic studies also support the contention that
the cave and epigean forms are the same species (Avise and Selander
1972; Kirby et al. 1977).

This biological picture is not only complicated in space but also
in time. When the troglomorphic form of A. fasciatus was originally
described in 1936, the entire population in the Mexican type local-
ity, La CuevaChica, consisted of a very uniform morph of blind and
depigmented fishes. Romero (1983) analyzed the gross morphology of
individuals that had been collected between 1936 and 1942 as well as
those collected in 1982. He found that the La Cueva Chica popula-
tion had evolved in 43 years or less into a morphologically intermediate
population composed of individuals that were neither totally blind and
depigmented nor fully eyed and pigmented. Romero concluded that this
new morph was the result of introgressive hybridization that probably
started in 1940 with the invasion of the cave environment by epigean
individuals. Langecker ef al. (1991) later reported a similar case of intro-
gressive hybridization for a cave population of A. fasciatus in La Cueva
de El Pachén.

With all this information at hand, no one has ever formulated a
convincing description of what could have been the ‘preadaptive’ features
of the comparably well studied epigean ancestor of E. fasciatus. Further,
if the epigean A. fasciatus was ‘preadapted,” why has it undergone such
massive morphological, physiological, and behavioral changes to become
a troglomorph? Equally telling 1s the fact that these fish in some caves have
not developed any of the troglomorphisms typical of their counterparts in
the San Luis de Potosi region of Mexico. This indicates, together with the
existence of many species/populations of non-troglomorphic, hypogean
fish (Chapter 2, p. 120), that fish do not have to develop troglomorphisms
to reach an evolutionary adaptive peak in the hypogean environment, nor
do they have to possess troglomorphic characteristics prior to entering
the hypogean environment in order to be successful.

Another case that does not fit the ‘preadaptation’ explanation comes
from the most unlikely of all possible examples, an alleged ‘preadapted’
organism itself. The Texas blindcat Trogloglanis pattersoni, which is found
in deep phreatic layers of the Edwards Aquifer, has minute barbels, unlike
those of other catfishes in the same family (Ictaluridae) (Langecker and
Longley 1993). This is inconsistent with the generalization that enlarged
sensory organs are required to enhance survival potential in the hypogean
environment because one would expect those barbels to have increased
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in size or, at least, to have maintained the original size found throughout
the family; however, they are reduced.

Holsinger (2000) has advanced the idea of applying the concept of
exaptation, instead of ‘preadaptation,” to the evolution of the troglo-
bites. Gould and Vrba (1982) when they proposed the term ‘exaptation’,
defined it as ‘features that now enhance fitness but were not built by
natural selection for their current role.” The problem with this termi-
nological switch is that by reading Gould and Vrba’s article (as well
as the latest version of the concept in Gould 2002), it is clear that
what they are referring to are specific structures that were previously
developed for a particular role and are now being used for a different
function. However, the main troglomorphisms, blindness and depig-
mentation, were not ‘built’ previously for anything else but rather are
novel characters by default. For example, not a single instance is known
of a cave organism that was blind and depigmented before invading the
hypogean environment. Further, the existence of both a large number of
fully eyed and pigmented organisms (Poly 2001) as well as intermediate
forms (e.g. Burr ef al. 2001) is, again, inconsistent with the necessity
of either a ‘preadaptation’ or exaptation as a prelude to the successful
colonization of the hypogean environment.

Of course, one could go to extremes by saying that if an organism
lives in a habitat, it is because it is ‘preadapted’ to it, but that is a circular
argument. So, to understand how and why organisms survive in caves, it
is necessary to look at facts, not philosophies; recent research is providing
very useful material.

This is why the concept of ‘preadaptation’, so popular among biospele-
ologists, 1s considered a relict at best among mainstream evolutionary
biologists (e.g. Futuyma 1998, pp. 155-6; Pigliucci 2001b, p. 379). It
is obvious from reading Chapter 1 of this book that, given the lack of
evidence supporting this generalization, the concept of preadaptation is
nothing more than a left-over from the orthogenetic hypotheses that
have had such a strong influence in cave biology.

3.5 A case for phenotypic plasticity

After a critical look at many of the myths surrounding the evolution of
hypogean organisms, it is time to address the most important issue of
all: why have many cave organisms evolved by reducing and/or losing
phenotypic characters?
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A biological phenomenon that is rarely mentioned in the biospele-
ological literature and that the present author believes to play a major
role in both the diversity of morphs and the evolution of cave fauna in
general, is phenotypic plasticity. Caves around the world exhibit a variety
of characteristics, including a wide range of temperatures, varying water
supplies, and differing space availability (Juberthie 2000). The only thing
they have in common is that for most, if not all, of their length, there is a
lack of natural light. The two most noticeable organismal characters that
closely correlate with light conditions are eyes and pigmentation. Both
casual observations and experimental studies show that cave animals and
their epigean ancestors can display responses to the presence or absence
of light during the development of their pigmentation and their visual
apparatus. The first observations were those of Rasquin (1947, 1949) who
reported that when epigean A. fasciatus were raised under conditions of
total darkness they displayed a lower degree of eye and pigment develop-
ment. Similar observations for epigean crayfishes have also been reported
(Cooper et al. 2001). On the other hand, if troglomorphic animals, even
as adults, receive extended exposure to light, both pigmentation and
the visual apparatus may become partly expressed, a finding that also
holds true for other troglomorphic fishes such as Typhlichthys subterra-
neus (Woods and Inger 1957), Rhamdia quelen (Kenny, in Romero ef al.
2002b), and A. fasciatus (Peters and Peters 1980).

Romero et al. (2002a); Romero and Green (2005) were able to
confirm these initial observations by placing larvae of A. fasciatus 24 h
old from three different populations, epigean (eye, pigmented), La
Cueva de El Pachén (blind, depigmented), and their hybrids, under
two different conditions (24 h light and total darkness) for a period of
30 days. Preliminary results showed that the eyes of the epigean larvae
were much less developed when raised under conditions of darkness than
when raised under light conditions. However, the most spectacular results
were obtained with the El Pachén cave population: although those larvae
that were raised under conditions of total darkness did not show any
noticeable eye tissue, as expected, those raised under light conditions did
(Fig. 3.4).

This strongly suggests that many troglomorphic animals are derived
from epigean species by means of phenotypic plasticity. This is consistent
with the fact that lack of light can trigger heterochrony, i.e. changes
in the timing of development of features. Examples of phenotypic
plasticity can be seen in (a) paecdomorphs (animals that do not reach
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Figure 3.4 Development of eye tissue and pigmentation among different
populations of Astyanax fasciatus. Photos by Aldemaro Romero. (See Plate 14.)

morphological maturity [metamorphs] reproducing as juveniles) and (b)
neotenes (animals with slowed growth) (sensu Gould 1977). Many cave
organisms are either paedomorphic or neotenic (Hobbs 2000; Langecker
2000; Weber 2000). Further, most troglobitic salamanders are paedomor-
phic, and half of all known paedomorphic salamanders are troglomorphic
(Bruce 1979; Sweet 1986). Individuals living in the hypogean environ-
ment gain an advantage by becoming paedomorphic because this condi-
tion gives them the flexibility to survive in an unpredictable environment.
Paedomorphosis in Eurycea neotenes appears to be a response to selection
for the ability to survive dry periods in hypogean aquatic refugia (Sweet
1977). Tt is still unclear whether paedomorphism evolved before cave
colonization or vice versa (Collazo and Marks 1994).

In addition, neoteny in hypogean animals, particularly fish, is well
documented for reduced body size (Poulson 1964), loss of scales (Banister
1984), fin modifications (Greenwood 1976; Cooper and Kuhene 1974),
and reduced ossification (Langecker and Longley 1993).

These examples also reinforce the idea that troglomorphisms are the
result of natural selection. It is known that the direction and degree
of response to environmental factors (reaction norm) is genetically
variable and subject to natural selection (see Pigliucci 2001a for a full
discussion of this phenomenon). Therefore, natural selection may favor
those individuals with a higher capacity to express specific traits under
appropriate conditions (Stearns 1983). Thus, phenotypic plasticity often
provides a reproductive advantage over a genetically fixed phenotype
because environmentally induced phenotypes have a higher probability
of conforming to prevailing environmental conditions than genetically
fixed ones (Whiteman 1994).
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The present author believes that natural selection favors paedomorphs/
neotenes by fixing their paedomorphic/neotenic alleles in the cave
population. Given that most cave populations are small and subject to
very similar selective pressures within the same cave, this evolutionary
process can take a relatively short time. In fact, paedomorphosis can
be achieved via a major gene effect (small genetic change generating a
large phenotypic effect) (Voss and Shaffer 1997; but see Voss and Shatter
2000), and that helps to explain why salamander evolution into a paedo-
morphic condition can take place quite rapidly (Semlitsch and Wilbur
1989). Several authors (Yamamoto and Jeftery 2000; Jeftery 2001; Strick-
ler et al. 2001 for A. fasciatus and Brodsky et al. (2005) for hypogean
blind mole rats) have shown that troglomorphic characters can arise via
minor changes in developmental genes; this idea is consistent with the
notion that regulatory loci produce environment-specific genetic effects.
Only when there is a constant gene flow from the epigean environment
(as was the case of introgression for A. fasciatus in La Cueva Chica or
the replacement for R. quelen in the Cumaca Cave, Trinidad, described
earlier) can such changes be prevented or reversed. In this respect, the
recessive allele can be considered the ‘troglomorphic gene’ because it
manifests a morphologically and ecologically differentiated phenotype
that is reproductively isolated from the epigean ancestor, and genetic
variance is affected by environmental conditions.

This explanation is further supported by the convergent nature of
troglomorphic characters. Convergent evolutionary patterns are strong
evidence of adaptation via natural selection (Endler 1986). Isola-
tion would later lead toward speciation through genetic differentia-
tion from the epigean ancestor. Many troglomorphic organisms are
believed to have recently invaded the hypogean environment because
their epigean ancestors are easily recognizable, and the populations can
even interbreed and produce fertile hybrids (see, for example, Romero
1983).

The application of the concept of phenotypic plasticity to the evolu-
tion of troglomorphic fishes in particular and troglomorphic organisms
in general, as proposed here, helps to explain many of the phenom-
ena summarized earlier in this chapter. If troglomorphy is a condition
that results from canalization as a developmental phenomenon, then that
process should result in homeostasis. Homeostasis measures the degree
of variation of a particular phenotype when it is perturbed, either by the
environment or by a mutation. The more canalized the genotype, the
more homeostatic the phenotype (Pigliucci 2001a, p. 95).
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An example of canalization combined with phenotypic plasticity is
the axolotl, Ambystoma mexicanum. This is a species in which a single
genotype produces a discrete series of phenotypes. One cannot but
wonder to what extent that may also be the case for some hypogean
populations of diverse organisms that show an incipient level of troglo-
morphism while their epigean ancestor is also present. The similarities
among some troglomorphic species/populations can be attributed to
stabilizing selection for similar environments. Such convergence would
be the result, thus, of similar reaction norms, rather than being due to
specific developmental mechanisms. Conversely, the overall differences
found even among troglomorphic organisms in terms of eye, pigmenta-
tion, and scale development must be the result of both different reaction
norms and local environmental conditions. As pointed out earlier, not all
hypogean environments are identical; great differences exist, particularly
between tropical and temperate caves.

In fact, these cases of convergence are not limited to hypogean organ-
isms. The same types of selection-induced change may be seen among
deep-sea fishes (Poulson 2001) and fishes in murky rivers where pheno-
typic reduction/loss of eyes, pigmentation, fins, laterosensory canals, and
odontodes (mineralized, tooth-like structures found as outgrowths of
scales, rays, and bones) has occurred (Schaefer ef al. 2005).

How, then, may the fact that the evolution of troglomorphic charac-
ters does not necessarily occur in parallel be explained? This is because
(a) such characters are controlled by sets of genes independent from one
another, (b) the degree of development of some of these characters (e.g.
barbels in fish) is conditioned by their phylogenetic history, and (c) the
selective pressures on each one of those characters may differ from cave to
cave (Culver ef al. 1995; Romero and Paulson 2001¢). In addition to the
reduction/loss of phenotypic characters, many troglomorphic organisms
exhibit enhancement of sensory systems (chemical and mechanical) that
are favored by natural selection, since these sensory systems increase their
fitness by helping them to find food and/or mates. Complex, coordi-
nated, and adaptive phenotypes such as a set of troglomorphisms can
originate rapidly and with little genetic change via correlated shifts in the
expression of plastic traits. This has been shown for blind hypogean mole
rats (Brodsky et al. 2005) and for the fish A. fasciatus, which achieves a true
phenotypic revolution with little genotypic change. Composite charac-
ters, such as those often observed among troglomorphic organisms, are
produced by correlated phenotypic shifts that give the impression of a
coevolved character set (West-Eberhard 1989).
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What about all the non-troglomorphic species living in the hypogean
environment? It is known that there is abundant genetic variation for
plasticity within natural populations, which in turn is subject to selection.
In addition, genetic variation for phenotypic plasticity is widespread, and
the same population can harbor genetic variation for the plasticity of one
trait while being invariant for the plasticity of another trait related to
the same environmental variable. Again, this may explain the complexity
observed in phenotypic responses among hypogean organisms. Some may
display a high degree of blindness but very little depigmentation because
the genes controlling one of the features are highly plastic whereas those
controlling the other are not. The fact that genetic variation for pheno-
typic plasticity is widespread can help to explain why, for example, only
cave populations of the fish A. fasciatus in the San Luis de Potosi area
have developed troglomorphisms whereas those in Yucatin, Belize, Costa
Rica, and Brazil have not, even though there is ample variation for
plasticity among populations of the same species.

The ability of individuals of some troglomorphic species to regain
some eye tissue and pigmentation, as reported here, may be the result of
each population’s retention of a substantial capability to alter its pheno-
type even if it represents an ecotype from a genetic viewpoint. This fits
perfectly with current knowledge of population genetics for A. fasciatus,
in which there are drastically different phenotypes (epigean and troglo-
morphic) but very little genetic differentiation, so the troglomorphic
one could easily be characterized as an ecotype. An ecotype was origi-
nally defined as a population arising due to genetic response to a specific
habitat, i.e. a population genetically specialized to a particular environ-
mental condition. A phenotypically plastic genotype could yield what
looks like an ecotype under extreme environmental conditions. Substan-
tial convergence in the reaction norms of difterent populations can occur
within certain ranges of environments.

Pigliucci (2001a, p.77) made three major points characterizing the
interspecific variation for phenotypic plasticity that are relevant to the
evolution of hypogean fauna: (1) closely related species can either
differ substantially in their plasticities or present similar reaction norms;
(2) plasticity can facilitate the evolution of specialized ecotypes starting
from a generalist strategy; (3) closely related species can display very
similar reaction norms early during their ontogeny, arriving at divergent
phenotypes and plasticities only later in development. These conditions,
again, serve to explain why some species in some families develop troglo-
morphs whereas others do not, and why a fish like A. fasciatus, which has
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no evident ‘preadaptation,” has done so well in caves: it is a generalist, as
evidenced by its wide distribution and occupancy of diverse ecological
niches.

Plasticity can (and should) be maintained in fluctuating environ-
ments, especially when fluctuations in the environment are predictable
to some extent. In another long-standing generalization about the cave
environment, there is the belief that caves are so constant that no
ecological fluctuations take place in them. However, this view has been
challenged for some time. Hawes (1939), for example, was the first to
provide specific examples of flooding being a periodic event in caves,
leading to fluctuations in their ecological conditions. He showed how,
despite other factors such as temperature and lack of light being constant,
periodic floods provide conditions of a fluctuating environment and also
play a role in colonization events.

Thus, it is not surprising that the organisms for which pheno-
typic plasticity has been demonstrated are all aquatic: crayfish, fishes,
and salamanders. Many other examples, ranging from sponges to other
arthropods, are provided in Chapter 2. Fluctuating environmental condi-
tions are particularly factual in tropical caves where there are constant (but
predictable) fluctuations in water level due to drastic seasonal changes in
rainfall regimes. Is this one of the reasons why there are more troglomor-
phic species/populations in the tropics than in temperate regions? This
question is certainly worth exploring, and that will be done in the next
chapter.

3.6 Conclusions

Several points should be evident at the end of this chapter.

1. Not all hypogean organisms are troglomorphic.

2. Not all hypogean organisms show the same suite of troglomorphic
characters.

3. Not all troglomorphic characters show the same level of devel-
opment (or lack thereof) within the same troglomorphic species/
population.

4. Asingle species can show highly divergent phenotypic morphs (troglo-
morphic vs. non-troglomorphic) that may or may not be depen-
dent upon the environment they inhabit (as evidenced by fully eyed,
pigmented hypogean fishes).
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5. Troglomorphic populations can undergo dramatic phenotypic
changes due to either introgressive hybridization with, or ecologi-
cal replacement by, conspecific epigean individuals.

The above statements may be expanded or modified once more studies
are conducted with other species. Unfortunately, most current knowl-
edge comes from the study of a few species such as A. fasciatus and,
to a certain extent, the fish family Amblyopsidae, whose troglomor-
phic individuals seem to be quite genetically distinct from any presumed
ancestor (see Romero 2002b and references therein). The recent studies
on R. quelen summarized above suggest that diversity is the rule, not
the exception, when it comes to understanding the biological nature
of hypogean organisms. That is why the conclusions above emphasize
exceptions and variability, not uniformity or fixity.

The next set of questions that needs to be answered has less to do
with the nature of the hypogean organisms themselves than with the
environment in which they live. Such questions include (1) what kind
of constraints does the hypogean environment impose upon evolution?
(2) what is the interplay between phenotypic and genetic changes during
hypogean colonization? and (3) what is the role played by behavior during
the process of cave colonization and evolution?

This latter question may be highly important to understanding evolu-
tionary processes in general. Mayr called behavior ‘the pacemaker of
evolution” (Mayr 1982, p. 612) and has argued for some time that changes
in behavior precede changes in morphology. As I mentioned earlier,
changes in behavior were recorded among individuals of a population
of fishes at the entrance of a subterranean resurgence in Costa Rica
(Romero 1984a).

Lee and his collaborators (Lee ef al. 1996) used molecular genet-
ics to study swiftlets, small insectivorous birds many of which nest in
caves and are known to echolocate. Because of a lack of distinguishing
morphological characters, the taxonomy of swiftlets is primarily based
on the presence or absence of echolocating ability, together with nest
characters. By analyzing cytochrome b mitochondrial DNA sequences
from swiftlets and their relatives, they found that this bird group was
not monophyletic. Their finding strongly suggested that echolocating
swiftlets (Aerodramus) and the non-echolocating ‘giant swiftlet” (Hydroc-
hous gigas) can be grouped together, but the remaining non-echolocating
swiftlets belonging to the genus Collocalia are not sister taxa to these
swiftlets. They also suggested that echolocation abilities in H. gigas were
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secondarily lost and that echolocation may have propelled the phyloge-
netic divergence of these cave-inhabiting birds.

In fact the vocal behavior of these birds can be quite complex. Fullard
et al. (1993) found that vocalizations of wild Atiu swiftlets (Aerodramus
sawtelli) on a roost/nesting cave on Atiu Island in the Cook Islands are
emitted as distinct single pulses rather than the double or multiple clicks
typical of most swiftlets. Spectral analyses indicated that these birds do
not adjust the peak frequencies of their calls as they fly within the cave
and suggested they do not systematically structure the frequency content
of their calls. These birds decrease their interpulse periods upon entering
the cave and increase them upon exiting, presumably in response to
differing light levels or space between the walls. As they land at their
roost/nest site, these birds emit a train of low interpulse period calls that
is occasionally followed by a vocalization, suggesting that it serves as an
announcement to other birds on or near the nests.

Field study of the behavior of cave organisms, thus, remains a fasci-
nating area with great potential for understanding evolutionary processes
in the hypogean world.
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This chapter is aimed at explaining the diversity of caves from an ecolog-
ical viewpoint and the interactions among the different abiotic and biotic
components of the hypogean environment. Particular emphasis is given
to the ecological differences between caves in temperate and tropical
environments, as most assumptions on cave ecology have been made
based on caves in higher latitudes. These differences are also important
because of their consequences in practical applications toward conserva-
tion issues.

4.1 Introduction

The first thing to be realized about the hypogean environment is that it
is not a closed system. Not only do many cave creatures move in and
out of this environment, but abiotic elements such as water, air, and
many chemicals constantly flow through these ecosystems as well. Thus,
to better understand how caves work from an ecological viewpoint it
is necessary to look at them in a holistic way that includes the external
ecosystems with which they interact.

The hypogean environment can be classified, for the purposes of this
book, into three major classes: air, water-filled, and mixed. Sometimes
the amounts of water can vary greatly, particularly in tropical areas, due to
extreme variations of precipitation. Although many organisms live among
the interstices of the soil particles, they are outside the scope of this book
and are not considered directly in any depth. That does not mean that they
are totally ignored, as mentioned in Chapters 2 and 3, since interstitial
organisms sometimes represent transitional forms between epigean and
hypogean environments.

4.2 Diversity and distribution

There are many types of hypogean habitat from a geological viewpoint.
They include karsts, lava tubes, ice caves, and underground lakes and
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rivers without direct access by humans (phreatic, artesian). The most
common and best known ones are karsts, which are formed in limestone
areas (characterized by carbonate rocks). These caves are the result of
rock dissolution by acidic waters (most rainfall is acidic). The landscape
formed by these types of rock constitutes about 15% of the Earth’s surface.
Thus, cave and phreatic habitats can be found in most areas of the world.
More than 100,000 caves have been described for Europe and about
50,000 for the USA alone.

The diversity of hypogean environments encompasses not only
geology in general but geomorphology in particular. In terms of size
they range from small crevices to extraordinarily long: when counting
all its mapped passages, Mammoth Cave in Kentucky, the world’s largest
cave, has about 580 km of known passages. Caves can be horizontal,
vertical, multilayered, or a combination of these. They can be found in
the form of a single tunnel or an extensive underground network with
multiple connections to the epigean environment. Among those that are
aquatic in nature there are freshwater, marine, and anchialine (i.e. with
restricted exposure to open air, one or more connections to the sea, and
influenced by both the marine and terrestrial ecosystems with which
they interface). Anchialine habitats are common in volcanic or limestone
bedrocks (Sket 1996a). These types of geological formation are found in
a wide range of latitudes around the world.

Therefore, it is not surprising that in the aforementioned diversity
of habitats there is a corresponding diversity of biota, as sketched in
Chapter 2. Sometimes the magnitude of hypogean biodiversity is not
apparent, as is the case in the Edwards Aquifer in Texas and northeastern
Mexico. This aquifer resides in the Edwards limestone and is about 282
km long and from 8 to 64 km wide. It consists of a recharge area and
an artesian area (Longley 1981). More than 40 hypogean species have
been described for these waters, from crustaceans to fishes. This must
be a very small sample of the actual diversity of organisms contained
therein because this biodiversity has been studied only when found in
springs or pumped out from wells. Furthermore, when one considers that
hypogean waters represent 97% of the world’s freshwater, the potential
for underground life in this environment is enormous (Marmonier ef al.
1993).

A popular misconception about cave biodiversity and biomass is that
such environments are always poor in both. Although it is true that many
hypogean environments are small, lack primary producers, and have a
depauperate fauna when compared with the epigean environment, it is
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Table 4.1 Summary of hypogean faunal surveys in selected regions of the world

Latitude is represented by the average for the region in question.

Number of
troglomorphic
Number of species (% of
Area/cave non-troglomorphic the total in Average
surveyed species parenthesis) latitude Source
Southern 301 0 (0%) 50° Peck 1988
Ontario,
Canada
Slovenia 1,066 190 (15.13%)  46° Sket 1996b
France 4,218 218 (4.91%) 46° Juberthie and
Ginet 1994
Pennsylvania, 131 15 (10.27%)  41° Mohr 1953;
USA Holsinger
1976
New South 422 83 (16.5%) 33° Thurgate
Wales, et al. 2001a
Australia
Northern 143 32 (18.29%)  25° Reddell 1982
Mexico
Eastern Australia 148 82 (35.65%)  20° Thurgate
et al. 2001b

not uncommon to find tropical caves with ceilings literally covered by
bats, the soil covered by myriads of invertebrates, and water teeming
with aquatic life, including hundreds if not thousands of fish in a single
pool. The origin of this misconception stems from the fact that most
cave research has been conducted in temperate caves (USA, Europe)
where biodiversity and biomass are rather poor. Therefore, one should ask
whether or not biodiversity indices follow a pattern that can be correlated
with latitude. For example, it is interesting to notice that most karstic areas
of the world are in temperate regions (see the frontispiece of Wilkens
et al. 2000). Thus, one might expect that the highest cave biodiversity
should also be found in mid-latitudes; however, that is not the case.
Table 4.1 summarizes the information of hypogean faunal surveys in
selected regions of the world. There one can see that there is an increasing
proportion of troglomorphic species as the region is located closer to the
Equator; the exception is Slovenia, but this anomaly can be explained by
the fact that almost the entire country is karstic in nature and that such a
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system is probably the most studied in the world, having been explored
for much longer than even Mammoth Cave.

Canada 1s conspicuous for its lack of troglomorphic species (Peck
1988). This is important since much has been made of troglomorphisms
as a result of lack of food availability (see Hiippop 2000, and discussion
below).

As expected, biodiversity in caves increases in inverse proportion to
latitude and it is not adventurous to predict that once more is learned
about tropical caves, such a relation will become even more apparent.
The other corollary to these data is that the effect of surrounding biota
on caves needs to be considered; caves do not exist in a vacuum (as
do some terrestrial fauna on remote oceanic islands) but they largely
reflect the surrounding biodiversity in terms of both faunal origin and
composition.

Hypogean biodiversity as a whole is also very surprising. According to
Culver and Holsinger (1992), the total number of troglomorphic species
is between 50,000 and 100,000. As shown in Chapter 2, that number
is rather conservative. First of all, most of these authors’ assumptions
were based on the biodiversity of caves in the USA, in which, as was
noted above, biodiversity is rather poor. Second, most caves, particularly
in tropical countries, have not been thoroughly explored (Deharveng
and Bedos 2000). Third, knowledge of phreatic ecosystems is, and will
continue to be, very limited in the foreseeable future because what is
known about such ecosystems is largely based on fortuitous findings
since humans cannot explore them directly. Fourth, humans tend to be
most impressed with megafauna, so most species recorded are those easily
visible. Finally, the obsession of biospeleologists with dealing only with
troglomorphic species leads many to ignore a large number of epigean
species (many times higher in number than troglomorphic ones) that play
a major role in hypogean ecosystems.

This highlights another issue of tremendous importance from the
ecological viewpoint. In addition to the typical problems of calculating
biodiversity values in caves and other hypogean environments, there is the
added cultural problem of what is considered to be a ‘true’ cave organism.
Take, for example, Weber (2000), who proposed that unless the animal
in question shows clear troglomorphisms it cannot be considered what
he called a ‘true cavernicole.” That is, in the present author’s opinion,
a misjudgment. Animals in a particular environment cannot be consid-
ered ‘true’ members of that ecosystem based on specific morphological
characteristics but rather on the role they play in that ecosystem. To
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corroborate this, consider one of the examples utilized by Weber to
exclude certain species from being what he (and many others) considers
to be a ‘true cavernicole’: cave birds.

As explained in Chapter 2, there are two groups of bird that use caves
on a daily basis for resting and reproduction: the oilbird, Steatornis caripen-
sis (Steatornithidae), and several species of swift of the genus Collocalia
(Apodidae). Both of these not only utilize caves as a permanent habitat
during the day for resting and nesting but are the only bird species that
have developed echolocation abilities to navigate inside the caves. Like
many nocturnal birds they have large eyes, which they use mostly outside
the caves to forage. However, despite the fact that the development of
echolocating abilities is clearly a major adaptation to life in caves which
requires major neurological rewiring, they tend to be dismissed as not
‘true cavernicoles.” More importantly, from an ecological perspective, the
droppings of these bird species, as well as those of cave bats, have a great
influence on the ecology of the cave they inhabit. Studies at Cumaca
Cave in Trinidad, WI, indicated that oilbirds were a major component
of the ecology of that cave, occupying the cliffs of most of the largest
halls and displacing the bats to the smaller halls and towards the end
of the cave (Romero and Creswell 2000; Romero et al. 2001, 2002a).
The droppings of the oilbirds were prominent; although no quantitative
studies have been conducted, it is difficult to imagine that such abundant
organic material has no influence on the ecology of that particular cave.

The best example of a non-troglomorphic group of organisms playing
a major role in cave ecology is the case of cave bats. Bat guano generates
rich and complex invertebrate communities, particularly in tropical caves
(Ferreira and Martins 1999). Bat guano has also been described as a
source of food for fish (Romero 1983) and even salamanders. Fenolio
et al. (2005a) reported coprophagy in salamanders from an Oklahoma
cave and found that the nutritional value of guano was comparable to
that of their invertebrate prey. They further suggested that bat guano may
play an important role as a source of food among other cave vertebrates.

Needless to say, the effect of the presence of bat guano on micro-
bial fauna must also be immense, but that is an area largely unstudied.
Explorers of tropical caves know very well that caves with high levels
of guano deposits have higher temperatures. This anecdotal observation
has been confirmed empirically. Baudinette ef al. (1994) found high and
rather constant temperatures in caves inhabited by large bat colonies and
considered that such heat was part of the microclimate created by the bats
themselves, which, in turn, generates better conditions for maternity.
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Another source of food for hypogean organisms can be plant roots.
In many karstic areas tree roots penetrate the substrate all the way to the
phreatic levels, where they can obtain water. There, root mats form a
diverse and abundant biomass. Jasinska et al. (1996) reported 41 species
of aquatic hypogean organism, including annelids, arthropods, and fish,
from a cave in Australia that had root mats in its phreatic waters. Their
study concluded that the root mats were the primary source of energy
for all these organisms.

From a taxonomic viewpoint, as mentioned in Chapter 2 for fishes,
it can be said that there are approximately equal numbers of non-
troglomorphic and troglomorphic species/populations; the situation is
similar for other groups of organisms normally found in caves.

Therefore, in order to gain a clear picture of the true biodiversity values
in caves, it is not sufficient to look only at troglomorphic organisms. As
explained in Chapter 1, this typological view of life, with its roots in
eighteenth- and nineteenth-century essentialism and which was so preva-
lent until the introduction of the modern synthesis with its populational
view of biology, impairs a clear view of reality (Romero 2007).

4.3 Cave ecosystem structure

As mentioned in Chapter 3, one of the major problems of cave biology
is the proliferation of terms to describe either organisms that inhabit
the hypogean environment based on their spatial distribution and/or
different portions of the ecosystem itself. Although terms are useful to
identify ideas, objects, or mechanisms, an overabundance of them leads
to confusion and, above all, the misleading interpretation of nature as a
series of well-defined compartments. The reality is different: in nature all
is in flux and although basic terminology (e.g. herbivore, plankton, etc.)
is well understood, other jargon can be confusing and highly artificial.

Ecologists confronted these problems in the early twentieth century
when they stopped looking at natural associations as static components
of nature and viewed them rather as dynamic systems in both time and
space. That is when the concept of succession was fully adopted (Tansley
1935). Hence, the term ecosystem became universally accepted as one
in four dimensions, i.e. the three spatial ones plus time.

Look, for example, at some of the terms frequently used in biospele-
ology, where even the term hypogean is somewhat misleading. Although
this term is used frequently throughout this book and in the author’s
own research on fishes, this choice has been facilitated by the fact that
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all hypogean fishes are either cave or phreatic in terms of their habitats,
i.e. within the realm of speleology: there are no interstitial (part of the
meiofauna) or edaphic (soil-related) fish. The meiofauna is very peculiar
in that it seems to be a temporary residence for many large organisms,
some of which have characteristics typical of cave fauna (blindness and
depigmentation); they have other characteristics that are due to the spatial
constraints of where they live in terms of the reduced space in between
the sand particles, for which reason they tend to have elongated bodies.

Although many of these terms may be useful, that does not mean
that they are necessary; in fact, if overused they can be detrimental to
the communication and understanding of scientific ideas. The hypogean
environment should be viewed as a system rather than as a collection
of units that need to be classified based only on external, superficial
characters and without taking into consideration the temporal dimension
of those objects.

Recently, Campbell Grant et al. (2007) proposed a view of caves as
an example of an ecological dendritic network. They define dendritic
networks as those spatial environments in which both the branches and
the nodes serve as habitat and where the specific spatial arrangement and
hierarchical organization of these elements interacts with a species’ way
of moving and distributing, which, in turn, will aftect its abundance and
community interactions. Because most caves do show some geometric
similarity with this type of structure, this approach seems reasonable.
Furthermore, these authors propose that one of the reasons for the high
rate of endemism in cave biota is precisely the spatial organization of
these habitats.

Therefore, to better understand how caves work as ecosystems, it
is necessary to see them from a systemic viewpoint, interpreting their
organization and the relationships between their components. One of
the weaknesses of biospeleology as a science is the natural inclination of
its practitioners towards an essentialist (typological) view of nature rather
than seeing it in a spatio-temporal continuum.

Some authors even view cave species as quite separated from their
epigean ancestors even if there is genetic evidence of their close relation-
ships. Although the biological species concept (BSC) has been criticized
for not being universal and lacking diagnosability for all cases, it is still
far more logical than the evolutionary species concept (ESC) and the
phylogenetic species concept (PSC), both of which are arbitrary, artifi-
cial, and non-biological, serving only diagnosability, which makes them
germane to the typological concepts of the nineteenth century. It has



166 - The ecology of cave organisms

been convincingly argued that diagnosability is not a sufficient criterion
for a species definition and that the PSC describes species taxa rather than
defining a species concept (Glaubrecht 2004). In other words, researchers
should not forget that species are not elements in a periodic table.

The same happens with caves and their elements. As mentioned earlier,
there are many types of cave; they come in different sizes and shapes,
are found in many latitudes and ecological regions, and also vary in their
origin, development, and age. On top of that, caves represent only one
of the many available niches for the surrounding biota, which, ultimately,
will influence the nature and composition of the cave itself.

4.4 Spatial organization

Little work has been done either on ecosystem structure or on infor-
mation and energy transfer in the hypogean environment. Most cave
students have seen caves as authentic islands of much reduced dimen-
sions, in comparative terms, and in one-dimensional terms. However,
caves have spatial and temporal dimensions that attest to their complexity
(despite their apparent simplicity). Bussotti ef al. (2006) used a multifac-
torial sampling design to examine the distribution of species assemblages
within three different caves in southern Italy over a period of 11 months
and found a pattern of change in the structure of the assemblages along
the exterior—interior axis, as well as among areas, which suggested a
highly complex structure for the biotic community.

From a spatial viewpoint the typical cave (if there is such a thing)
has five spatial-conceptual axes. First, there is the terrestrial-horizontal
one on which are found many terrestrial organisms, terrestrial inver-
tebrates being the most evident to the casual observer. The second is
defined by the length of the cave. It is well known that community
structure and biodiversity distribution changes throughout the length of
the cave; the lengthier the cave, the more complex that structure can be.
The third is vertical and is largely defined by the differences between
the biodiversity found on the ground and that roosting on walls or the
ceiling of the cave. This is an important dimension since roosting animals,
whether they are bats or birds, usually provide large amounts of nutrients
to the cave. In addition, these animals usually move daily from inside
the cave to the epigean environment; thus they represent one of the
most important facilitators of the interactions between the hypogean and
epigean environments. The fourth is water: whether a cave is perma-
nently or periodically flooded with water makes a great difference not
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only to its biotic composition but also to its own dynamic and commu-
nity structure. The fifth dimension that must be considered is that of the
outside environment that influences the cave: whether it is the terrestrial
community outside the cave determining the species composition and
abundance of animals that frequent both sides of the equation, or water
flowing in and out of the cave, the external environment can have a
tremendous impact on cave ecology.

Of course, cave diversity is just too variable to attempt to categorize
all caves with these components sensu stricto (and this would be, anyway,
a form of typology). One could argue that, given the different biological
microcosms, there is no reason to apply the theory of fractals to caves
as they can be applied to nature in general. However, the way in which
mainstream ecologists have been able to characterize ecosystem compo-
nents is not because of their nature (which is clearly structured), but
because these subdivisions, when not taken to extremes, are useful ways
to understand how nature works.

For example, the way in which bats are distributed in a cave influences
patchiness in that cave because of the heterogeneous way in which bat
excrement will be deposited. This phenomenon has also been observed
among mysid crustaceans, which deposit organic material in a patchy
manner (Coma et al. 1997). These authors found that in a cave of the
Medes Island in the northwestern Mediterranean, the species Hemisysis
speluncona forms large swarms with daily migrations from the inner part
of the cave, where they remain during the day, to the exterior, where they
feed at night. The swarms of this species play a major role in transferring
organic material into the cave in the form of fecal pellets. Even soil, in
many caves, 1s carried inside from the exterior (see, for example, Foos
et al. 2000).

Another remarkable example of the complexity of ecosystem structure
in caves can be conveyed by looking at the ecological role played by the
mite Coprozercon scopaeus, which was a species used to describe a new
family of mesostigmatic mites, Coprozerconidae. This species was found
in the feces of the woodrat, Neotoma floridana magister, in Mammoth
Cave, Kentucky. This is the only species of its suborder (Epicrinea) whose
life cycle seems to be restricted to the cavernicolous environment. The
subspecies of woodrat associated with it lives most of its life in caves and
rock slide crevasses in Appalachian areas from Pennsylvania to Tennessee.
The woodrats always defecate in the same sites (dumps) (usually about
1 m away from each other), thus providing not only abundant but also
stable sources of nutrients. These dumps also provide a source of energy
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to other arthropods. The dumps can be as high as 25 ¢cm and contain
fecal pellets of various ages (Moraza and Lindquist 1998).

In addition to these spatial dimensions, caves must also be seen from a
temporal perspective. Caves have evolved, from a geological viewpoint,
in many ways, depending upon their geology, location, and climate.
Logically, it can be expected that organisms living in them have co-
evolved. Unfortunately, and unlike the epigean environment, caves lack
a meaningful fossil record that might give an idea of how those changes
occurred at times before the most recent ice ages; caves tend to be very
poor in terms of sediment preservation. Even when fossilized elements are
found in caves, that fossil record refers mostly to terrestrial mammals that
temporarily inhabit the cave during some portion of their life cycle. Thus,
there are no real fossil records that can help to elucidate evolutionary
changes from epigean species to troglobites.

The closest example is the case of Paleozercon cavernicolus, a species of
mite known only from specimens embedded in calcium deposits of a
stalagmite near a cave entrance (Blaszak ef al. 1995); however, even this
does not mean that these organisms lived exclusively in caves.

This paucity of fossil evidence is unfortunate in more than one way,
not only because of the lack of hard evidence of how those changes
occur from an anatomical viewpoint but also because it has given some
biospeleologists a further impression that cave organisms are ‘fixed’ in
time. The other aspect rarely taken into consideration is that of more
short-term variations or even seasonal ones. As mentioned in Chapter 3,
studies in La Cueva Chica in Mexico and at the Cumaca Cave in Trinidad
have shown that changes in rainfall regimes can have an important impact
on species inhabiting caves, even on short historical scales (a few decades)
(Romero 1983; Romero et al. 2002a).

When considering temporal aspects in the evolution of populations,
species, and/or communities in caves one must, therefore, take into
consideration the temporal scale. However, given the lack of a fossil
record, how is this possible? Molecular clocks could possibly be used,
although the results of such clocks are far from definitive given the
fact that different assumptions and methodologies may yield different
outcomes. Another method is to use generation times. The reasoning is
very simple: not all organisms reproduce the same number of times in
fixed astronomical cycles; furthermore, as mentioned in Chapter 3, many
organisms such as cave fishes have extended life cycles compared with
those of their epigean ancestors. Such changes seem to be prompted by
water cycles rather than by astronomical ones; this is only logical given
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the fact that the hypogean environment isolates obligatory organisms
from astronomical clues.

A paradox also arises from this situation. As noted in Chapter 3, the
morphological evolution of many cave organisms seems to be rather
fast, aided by phenotypic plasticity; however, when becoming more
troglomorphic many of those organisms have reduced considerably the
number of generations per unit time. This means that within the same
phylogenetic lines there will be different tempos of evolution; that is
why the use of molecular clocks may not be the best way to ascer-
tain the evolutionary pace for both phylogenetic lines and ecological
communities.

This approach is not new, however. Ginzburg and Darnuth (2008)
proposed something similar in the area of metabolic ecology.

4.5 Trophic structure

Some authors (e.g. Holsinger 2000) have argued that hypogean environ-
ments are ‘harsh’ because they are poor in nutrients. However, the
available data do not support that statement as a valid generalization.
Animals that colonize caves can find in those habitats food (see, for
example, Ferreira and Martins 1999), reproductive niches (e.g. R ogowitz
et al. 2001; Briggler and Puckette 2003), protection from predators (e.g.
Romero 1985a; Tabuki and Hanai 1999), protection against desiccation
(Jensen ef al. 2002), and a place for hibernation (Zhang 1986; Resetarits
1986; for a general discussion on this see Bellés 1991). These ecological
opportunities of the hypogean environment allow many different species
of many different taxa to undergo extensive adaptive radiations, leading
to many differentiated populations and/or species (Hoch and Howarth
1999). In addition, contrary to generalizations based on studies of caves
in temperate regions (see, for example, Poulson and White 1969), many
caves are very rich in nutrients, particularly in tropical regions (see, for
example, Deharveng and Bedos 2000) and some are even chemoau-
totrophic (Airoldi and Cinelli 1996; Sarbu 2000; Sarbu et al. 2000; Hose
et al. 2000) thanks to bacteria that produce organic matter by oxidizing
sulfur. Both tropical and chemoautotrophic caves are usually very rich in
species, with some of those species having large population sizes.

In fact, bacteria may play a much larger role in caves than previously
thought. Engel ef al. (2004b) found in Lower Kane Cave, Wyoming,
USA, that filamentous aquatic Epsilonproteobacteria and Gammaproteobac-
teria colonize the carbonate substrates so common in many caves and
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Figure 4.1 Gypsum from Mammoth Cave. Photo by Aldemaro Romero. (See
Plate 15.)

through their metabolism generate sulfuric acid, which dissolves the
substrate, not only shaping the interior of the cave but also enlarging
its crevices and therefore increasing its size. The phenomenon known as
sulfuric acid speleogenesis (SAS) was reported in the 1970s for the same
cave but in the air only, where sulfuric acid oxidation replaced the aerial
carbonate by gypsum (Fig. 4.1). Therefore, we can say that microbes play
a major role in subsurface karstification.

The widely repeated yet unsupported generalization that the hypogean
environment is very poor in nutrients has also led to a number of other
equally unsubstantiated claims regarding the ecology of cave organisms.
Weber (2000, p. 110), for example, has stated

The requirements for a continual cave existence evidently explain the restriction
of troglophilic and troglobitic vertebrates to fishes and amphibians. Birds and
mammals, as homoeothermic animals, must eat more or less continuously to
maintain their high activity and body temperature.

This statement fails to take into consideration three facts: (1) both
birds (e.g. oilbirds) and mammals (especially bats) can easily move in
and out of caves, and this allows them to utilize the resources available
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in both the hypogean and epigean environments at the same time; (2)
many species of mammal spend long periods of time in caves while
hibernating, precisely when their food requirements are at their lowest;
and (3) all troglomorphic vertebrates are fish or amphibians, i.e. organ-
isms that are highly dependent on the aquatic environment to survive,
which limits their ability to abandon the cave they inhabit; the excep-
tions, such as populations of fish and amphibians living in caves that have
water connections with the outside world, are usually characterized by
hybridization (see, for example, Romero 1983; Romero et al. 2002b).
Thus, it would be a disadvantage for mammals and birds that can and do
utilize the resources of the epigean and the hypogean environments to
develop troglomorphisms such as blindness or depigmentation, because
that would place them at a competitive disadvantage once they were
out of the cave. This same reasoning can be extended to reptiles, whose
mobility is as good as that of non-flying, terrestrial mammals. Further,
following Weber’s reasoning, reptiles should become troglomorphic since
they are poikilotherms; yet no troglomorphic reptile has ever been
reported.

According to Weber (2000, p. 110) ‘reptiles are terrestrial and food
scarcity is stronger in the terrestrial than in the aquatic cave habitat (. . .)
So it seems likely that, even for reptiles, food supply is too low.” Again,
this reasoning is faulty since many cave inhabitants, such as bats and
oilbirds, depend on a food supply from outside the cave, which they
retrieve by active means (via large energy expenditures), something that
reptiles could also do. Obviously, the most serious problem with Weber’s
explanation is to consider troglomorphs as the only ‘true’ cavernicoles,
thus diminishing the important role played by these organisms in the
life cycle of many other organisms as well as the differential mobility of
different taxa.

Weber (2000, p. 110) also claims that ‘one adaptation to the low food
supply is the body size of troglobitic fishes and salamanders, which are
usually small in comparison to epigean relatives . . .” This statement has
a number of problems. First, there is no empirical evidence that all, or
even most, cave organisms are smaller than their putative ancestors. The
troglomorphic sculpins of the Cottus carolinae species group, for example,
are actually larger than the surface form (G.L. Adams, pers. comm.).
Further, even if that were true, there can be at least two alternative
explanations for this alleged phenomenon: (1) many caves have a large
number of crevices that can provide not only protection against potential
predators but also means to move from one cave to another, so being
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smaller provides a selective advantage that has nothing to do with food
supply; (2) as seen in Chapter 3, many if not most troglomorphic charac-
ters are the product of heterochrony, and small body size is precisely a
product of that phenomenon.

The fatal blow to the assumption that cave organisms in general and
fishes in particular look the way they look because of lack of nutrients is
provided by the troglomorphic A. fasciatus, which has a resting metabolic
rate nearly twice that of its epigean form (Schlagel and Breder 1947).
This is not an aberration: several cave populations of amphipods show
metabolism no lower than that of their epigean counterparts (Culver
1971; Gilbert and Mathieu 1980).

One question that could be explored further is whether water temper-
ature may affect metabolic rate in hypogean aquatic organisms from an
evolutionary viewpoint. That is difficult to answer because of the lack
of data. On one hand, the example of the troglomorphic A. fasciatus
mentioned in the previous paragraph corresponds to a tropical environ-
ment; this is one of the very few hypogean fish species for which
metabolic rates have been examined. Data on water temperature are
not generally available for most hypogean fishes, much less information
on potential seasonal variability in temperate regions. Therefore, more
data on both metabolic rate and environmental temperature are needed
before making any predictions.

Another by-product of the myth that caves are very poor in nutri-
ents is the popular misconception that troglomorphic organisms have
reduced eyes and pigmentation as a response to the low availability
of food. However, all empirical evidence indicates that the responses
are physiological, not morphological, and that in those cave environ-
ments characterized by high levels of energy supply, metabolism actually
increases rather than decreases and yet, reduction and/or elimination of
phenotypic features still occurs.

Many hypogean organisms can and do undergo long periods of starva-
tion. Several species of fish and salamander, for example, can experience
periods of one year or more without food (Poulson 1964; Mathieu and
Gilbert 1980; Hervant et al. 2001; Hervant and Renault 2002). The
ability to survive prolonged periods of food deprivation is not unique
to hypogean organisms. Numerous epigean animal species belonging to
a wide variety of taxa undergo long periods of starvation during hiber-
nation, aestivation, and/or spawning seasons. Their responses to such
conditions do not take the form of reduction or loss of phenotypic
structures, but are physiological in nature.
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Hypogean organisms subjected to food deprivation respond in a
fashion similar to that of epigean ones subjected to similar conditions.
Mendez and Wieser (1993) first proposed a set of physiological strategic
responses to these conditions that has now been found to occur in a wide
variety of animal species, both epigean and hypogean. This physiological
strategy consists of undergoing sequential phases, itemized as follows.

(1) Stress: this is the start of the starvation period, characterized by
increased locomotory activity associated with food finding. This
phase may last up to 60 days in the cave salamander Proteus anguinus
(Hervant et al. 2001).

(2) Transition: this phase is characterized by a drastic reduction in activity
and oxygen consumption.

(3) Adaptation: this is the longest phase, which may last a year or more.
It is characterized by constant minimal rate of oxygen consumption,
stable metabolic activity, and highly reduced locomotory behaviors.

(4) Recovery: this phase is characterized by exceptional hyperactivity
and increase in oxygen consumption, both associated with searching

for food.

Birds and mammals show a similar strategy, only they add a critical
phase after the adaptation phase (Le Maho 1984).

Given that this 1s a convergent feature among long-fasting organ-
1sms, particularly many hypogean ones, it supports Mendez and Wieser’s
(1993) initial hypothesis that natural selection is the mechanism favoring
this sequential energy strategy, whose overall characterization is one of a
combination of ‘sit and wait’ behavior while no food is available, subsist-
ing on internal energy reserves and low metabolic requirements during
that period while showing high recovery abilities during re-feeding. The
hypogean salamander Proteus anguinus, for example, can undergo periods
of food deprivation for up to 96 months.

One of the by-products of both hibernation and lengthening of the
life cycle in animals that live in caves is an increase in their longevity.
The life span of cave fishes has been reported to be exceedingly long.
The amblyopsid fish Amblyopsis rosae is slow-growing, with a long life
span (c. 10 years); maturation takes at least four years (Poulson 1963;
Robison and Buchanan 1988). A less hypogean species of this fish family,
the spring cavefish Forbesichthys agassizi, has a life span of about three
years (Smith and Welch 1978; Etnier and Starnes 1993). Among bats,
hibernating species live, on average, six years longer than species that do
not hibernate. In addition, bats that roost in caves live more than five years
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Figure 4.2 Vegetation near caves can be abundant and does have an influence on
the cave biota. Photo by Danté Fenolio. (See Plate 16.)

longer than bats that live elsewhere or do not roost (Wilkinson and South
2002), independent of the family to which they belong. So cave roosting
improves the fitness of the species associated with that environment,
since life span can be construed as a result of natural selection acting to
maximize reproductive success.

For species that enter or use caves as temporary habitats, their relation-
ship with those habitats is more complex than it may seem. For example,
there are several species of harvestman (opilionid) that spend the daytime
in caves to leave at night to predate on insects. One species of harvestman
of the genus Goniosoma from Brazil is found in different parts of the cave
system depending upon the vegetation outside, showing how external
factors may influence the distribution of cave organisms (Fig. 4.2). Inter-
estingly enough, this species is preyed upon inside the cave by insects
and spiders (Machado et al. 2003), showing that the idea that so-called
trogloxenes use caves to escape predators may be true in some cases but
is not necessarily so for others.

There are also species of fish that enter and exit caves, playing a
major role in the ecology of those environments. One example is the
cardinal fish Apogon imberbis. This is a small fish distributed along the eas-
tern Atlantic coast from Morocco to the Gulf of Guinea, including the
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Azores. It can be solitary or form shoals and is common in environments
ranging from small crevices to marine caves, where the fish can be found
in large numbers. This species shows no troglomorphisms whatsoever,
yet it plays a major role in transferring organic material to these marine
caves, as mysid crustaceans do. Just like bats, they tend to stay in the
caves during the day and leave the caves at night, presumably for feeding
(Bussotti et al. 2003). Thus caves would be very different places if these
‘trogloxenes’ were not to be considered as an integral part of cave ecology
just because they are not troglomorphic.

One aspect of cave ecology that has yet to be studied is how this
vertical transfer of nutrients occurs, particularly from bats and cave birds
to the terrestrial and aquatic organisms found on the bottom of the cave.
Once those studies are carried out, it would not be surprising to find
that such an energy transport occurred in a similar manner to energy
flows elsewhere on Earth, i.e. with a strong vertical polarity with a lot
of the energy concentrated at the top (e.g. bats) and at the bottom (e.g.
guano), an adaptation to the way in which life on this planet receives its
main source of energy, the Sun, from above (Margalef 1993).

In any case, some preliminary studies confirm the complexity of the
trophic structures of caves. Graening (2005), while studying six subter-
ranean stream habitats in the Ozarks, found that there were three trophic
levels in those subterranean streams. The first one was formed by a
detrital food base of clastic sediment, bat guano, and surface inputs;
a second trophic level was formed by detritivores, primarily crustaceans

and amphibians; and a third, top level is composed of predators, primarily
fishes.

4.6 Is there succession in caves?

Because of the lack of primary producers, it has long been believed
that caves lack any expression of meaningful ecological succession (a
phenomenon first and mostly studied in vegetation). This has led to
the idea of the so-called ‘stability’ of the cave ecosystem. Much has been
written alleging that the cave ecosystem is stable. For example, Langecker
(2000, p. 135) characterized caves as ‘an environment that is relatively
stable in its climatic characteristics’ and Boutin and Coineau (2000,
p. 434) affirmed that ‘the relative temporal stability of subterranean
habitats, postulated for a long time by many authors, has been demon-
strated in many particular cases and constitutes one of the generally
accepted paradigms of biospeleology’.
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However, such statements are not really backed up by sufficient data
to allow such a blanket generalization to be made. Perhaps because of
the lack of primary producers, cave biologists think that there is no
succession, and therefore that the system is a ‘stable’ one. In addition,
succession tends to be slower in temperate environments than in tropical,
humid ones. That is the reason why the life spans of animals tend to
be longer in ecosystems with slow successions compared with those
with rapid ones; that is why very long life spans are found among some
troglomorphic organisms in temperate caves (e.g. amblyopsid fishes). In
addition, tropical ecosystems, because they have higher levels of energy
(in terms of both absolute and flow), allow for more fluctuations and
more rapid succession, which in turn accelerate the pace of evolution,
both at the individual (species/population) level and at the ecosystem
one. However, primary producers are not necessary for succession to
happen; mines provide a good example of this. Milanovich ef al. (2006)
reported that an abandoned mine in Arkansas had been recently invaded
by the slimy salamander (Plethodon albagula) for nesting. They reported
this phenomenon not only as a recent one but also one in which fecundity
is influenced by precipitation.

Ashmole et al. (1992) described faunal succession in the lava caves
of the Canary Islands. They found that the first hypogean communi-
ties were characterized by pioneering epigean species common in the
surrounding areas that were opportunistically taking advantage of the
new environment, mostly for either feeding or seeking protection from
predators during the day. According to these authors, the presence of
chemolithotrophic bacteria suggested the possibility of some primary
production taking place early on. They further discussed the idea that as
the lava caves age the animal community in them also changes by increas-
ing the number of species. Therefore, succession does occur in caves.
‘What may have happened in the past is that the typological concept of
caves, as static and relatively 1solated ecological units, created a philo-
sophical barrier to understanding the dynamics involved in this process.

As mentioned earlier, ecological replacement has been reported
between two populations of the catfish Rhamdia quelen in Trinidad,
WI, where in fewer than 100 years an eyed, pigmented population has
replaced one that was blind and depigmented (Romero et al. 2001). This
is another example of the fluctuations that can take place among cave
biota.

Another major impact of bacteria is their potential role in the contri-
bution of cave formations per se, as mentioned earlier. Engel ef al. (2004a)
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found that numerous bacteria colonize carbonate surfaces, generating
sulfuric acid as a metabolic by-product which, in turn, lowers pH and
contributes to the dissolution of the rocks. Therefore as the cave habitat
changes, so does its biota.

If there is no regularity of ‘laws’ governing succession in ‘lighted’
ecosystems, should such regularities be expected among hypogean ones?
Probably not; it is not easy to believe in the idea of ecosystems as self-
organizing superorganisms. Caves, like any other environments, partic-
ularly extreme ones, will be invaded by living organisms following the
most conspicuous of all of evolution’s characteristics: opportunism. They
may or may not interact with other invading organisms, but certainly
there is no evidence that the resulting systems will be structured in one
way or another. Furthermore, nobody to the author’s knowledge has
ever expressed the idea that hypogean ecosystems reach a ‘climax’ in the
ecological sense. Changes in hypogean environments (and even in their
organisms) seem to be asymmetrical.

Very little is really known about succession in hypogean environments,
so at this point all that can be done is to speculate. One of those specu-
lations, however, can also be a word of warning: do not expect to find
regularities with universal applications. The best evidence that such a
statement may be true is the differential biodiversity composition that is
found among caves around the world.

And what is known about natural (non-anthropocentric) perturbations
in the hypogean environments? The answer is: very little. It is known
that, despite having lost circadian rhythmicity, some aquatic organisms
adjust their breeding period to the availability of water.

It is too bad that caves are terrible places for fossilization; otherwise
they could provide interesting clues about ecological succession. Since
bats are such an important source of energy for many caves, one can only
wonder how their explosive radiation in the Eocene (Teeling et al. 2005)
may have changed the ecological landscapes of caves.

4.7 Interactions of cave habitats with the epigean
environment

Until recently, caves have been seen as rather isolated habitats whose
connections to the epigean environment were largely restricted to the
cave entrance(s), whether those entrances were dry or wet. However,
recent studies show that, in addition to ground, air, and/or water
connectivity, caves can interact with the soil environment above
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them and, by extension, with a still greater portion of the epigean
environment.

This fact has already been recognized by hydrogeologists, who have
described the interactions between river waters and underground waters
and all the hydrological linkages with adjacent aquifers as vitally impor-
tant to understanding the flow and biochemical nature of groundwaters
(for a review, see Hancock et al. 2005).

Gers (1998) provided evidence that there are exchanges of organic
matter and living organisms between caves and the soil above them. He
looked at vertical distributions of arthropods from leaf litter on the ground
to caves underneath and found links between hypogean, endogean (soil)
and epigean species. That connection is due largely to the existence of
the MSS (milieu souterrain superficiel) or superficial underground section.
This section is made of weathered bedrock with heterogeneous spaces in
rocky material and can be found between the soil and the cave. It can
be populated by a great diversity of arthropods regardless of the nature
of the rock (Juberthie ef al. 1981). Some organic material is passively
transported by percolation from the soil to the caves, but Gers (1998)
found that there is also active migration of arthropods, not only from the
epigean environment to the cave, but also from the cave to the epigean
environment, with the MSS being the area where the food webs of both
environments interlink.

These connections are particularly important in some troglobitic
beetles such as Speonomus hydrophilus. Crouau-Roy et al. (1992) found
that the energy base for these insects ultimately derives from epigean
primary productivity and can therefore be subject to both the geological
structure on top of the cave and the normal seasonal fluctuations, since
energy 1s transported into the cave via the MSS.

This is not to say that the fauna found in percolating water is the
same as the one found in caves. In fact, it contains not only species from
both the epigean and cave environments but also its own peculiar fauna.
That is why it can be considered an ecotone (Prous et al. 2004; Pipan
et al. 2000).

An ecotone has been defined as the transition zone between two
ecosystems. These areas tend to have species richness higher than that
of either of the two contiguous zones, with elements from both. The
question is, can cave entrances be considered ecotones, and if so how
are they characterized in terms of their biodiversity? Culver and Poulson
(1970) studied the fauna at the entrance of Cathedral Cave in Missouri
and suggested that such an entrance area had more biodiversity similarities



Plate 1 The earliest known human representation of cave fauna dates back to

¢. 22,000 YBP (years before the present) (Upper Paleolithic). It is a carved drawing
of a wingless cave cricket, Troglophilus sp., on a bison (Bison bonasus) bone found in
the Grotte des Trois Fréres (Three Brothers Cave) in the central Pyrenees, France
(Chopard 1928). Line drawing by Amy Awai-Barber from a photograph of the
original.
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Plate 2 Mustration of the alleged subterranean fishes from a volcano in Ecuador by
Humboldt (1805).



The Bottomless Pit.

Plate 3 Nineteenth-century illustration on a postcard of Bottomless Pit at
Mammoth Cave by an anonymous artist.



Plate 4 Sphalloplana percaeca from Big Mouth Cave, Grundy County, Tennessee.
Photo by Danté Fenolio.




Plate 5 Caecidotea sp. Photo by Danté Fenolio.

Plate 6 Procambarus lucifugus. Photo by Danté Fenolio.




Plate 7 A cave opilionid showing the typical blindness and depigmentation of’
troglomorphic species. Photo by Danté Fenolio.

Plate 8 A cave millipede from Blevins Cave, Arkansas. Photo by Danté Fenolio.




Plate 9 A Campodeidae dipluran from the Ozarks in Oklahoma. Photo by Danté
Fenolio.

Plate 10 Pritella phreatophila from the Edwards Aquifer in Texas. Photo by Danté
Fenolio.




Plate 11 A still undescribed species of Eurycea from a cave in southern Texas. Photo
by Danté Fenolio.

Plate 12 A decomposing bat from the Ozarks of Arkansas. Photo by Danté Fenolio.
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Plate 13 A landscape representation of the character state for all troglomorphic fish
species. The irregular landscape illustrates the lack of complete (or even partial)
convergence in character development for all these fish species.
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Plate 14 Development of eye tissue and pigmentation among different populations
of Astyanax fasciatus. Photos by Aldemaro Romero.

Plate 15 Gvpsum from Mammoth Cave. Photo bv Aldemaro Romero.



Plate 16 Vegetation near caves can be abundant and does have an influence on the
cave biota. Photo by Danté Fenolio.

Plate 17 Heavy use of caves, as in this one in Bermuda, can cause serious
environmental damage not only to the resident organisms but also to the geology
of these karst formations. Notice how many stalactites have been cut to make space
for tourists visiting the cave. Photo by Aldemaro R omero.



Plate 18 The building of staircases like this one in the main entrance of Mammoth
Cave disrupts the movements of biota in and out of caves. Photo by Aldemaro
Romero.

Plate 19 An old battery in Cottonwood Cave, Sequoia Co. The disposal of refuse
that contains heavy metal represents a serious danger to the ecology of caves, given
that they have very little capacity to recycle pollutants. Photo by Danté Fenolio.




Plate 20 Mexican free-tailed bats leaving a cave in Oklahoma at dusk. Photo by
Danté Fenolio.
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Plate 21 Building a bat gate above a sink opening. Photo by Danté Fenolio.
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with the hypogean fauna than with the epigean one. On the other hand
Prous et al. (2004) conducted a similar study in two caves in Brazil
and found the opposite: a larger similarity in biodiversity composition
between the epigean environment and the ecotone. The invertebrate
richness of the ecotone in one cave was similar to that of the epigean
environment, whereas in the other it was intermediate between the
epigean and hypogean environments.

In other cases it is difficult to determine any clear-cut transition area
between the epigean and the hypogean environment based on physical
characteristics of the cave alone. Such is the case of marine caves that
penetrate from the ocean directly into karstic areas of 100 m or more in
length. However, many organisms seem to delimit that transition zone
based on both light penetration and salinity. This has been documented
for the cave at Pont d’En Gil in Menorca (Balearic Islands, Spain) where
different species of mysid crustacean distribute themselves based on light
intensity and salinity (Wittmann 2004).

This gives an even more complex picture of the organization of the
trophic structure of caves, and leads to the issue of connectivity (see
Margalef and Gutiérrez 1983). The concept of food web connectivity
(C) is an ecological measure of the linkage patterns between or among
different food webs. Because the idea of caves is as highly isolated habitats,
it could have been said in the past that the number of links (or connec-
tivity) between the hypogean environment and the epigean one was very
poor. However, studies like the one described above suggest a much more
complicated structure with a higher number of links, which can affect the
community structure and function of both the hypogean environment
and its surrounding epigean one (for more on the issue of connectivity,
see Dunne et al. 2002).

Of course, the biggest implication of the higher connectivity than
expected is that it is now possible to better understand the fact that the
differences between cave ecosystems in temperate and tropical areas are
the result not of intrinsic differences between types of cave but of differ-
ences between the types of ecological conditions outside those caves: in
temperate ecosystems there is a periodic interruption (or diminishing) of
epigean activities in winter that is more acute the higher the latitude. This
means that activities such as colonization and competition are severely
reduced in those areas; this, in turn, means that caves are poorer in terms
of biodiversity in high latitudes.

Another issue little studied in cave communities is that of connectivity
among the different elements of the cave environment and, therefore,
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how energy and information flows from one to another. This is surprising
since these ecosystems are generally supposed to be simplified (see above)
because of the general lack of primary producers. Since energy is reduced
by 90% from one trophic level to another, this explains why there are no
large predators in caves (even snakes are very rare and mostly limited to
cave entrances).

Another aspect little studied beyond the taxonomic viewpoint is the
role of parasites in the hypogean environment. Internal and external
parasites seem to be as common among hypogean fauna as they are among
the epigean one. Energy is transferred from the host to the parasite; if,
as some assume, the hypogean environment is poor in nutrients, the
question is whether the parasitic relationship between hypogean hosts
and their parasite differ from that of epigean organisms?

Finally, there is the issue of competition. Three factors are important:
the two organisms/populations that compete, and the resource for which
they compete. Again very little is known about this process in caves. Some
observations suggest that there is a strong competition for space among
animals that occupy similar niches in caves, such as between bats and cave
birds for ceilings and clifts. New research, particularly among marine
invertebrates (cited in Chapter 2), suggests that competition for light and
nutrients plays a major role in the distribution of those organisms in the
hypogean environment.

It is clear that the ecology of caves is a largely unexplored subject. Many
of the suppositions that have been made in the past are generalizations
based on philosophy rather than on science.

4.8 Caves as record keepers of climate change

Given the growing interest in climate change, it is not surprising that
the hypogean environment has been looked at as a source of long-term
environmental information. Ku and Li (1998), for example, looked at
the isotopic compositions of oxygen, carbon, magnesium, and strontium
in speleothems in limestone caves in China and were able to reconstruct
regional changes in precipitation, temperature, and vegetation over the
past 500 years. They found that there had been 14 precipitation cycles
with a periodicity of 30—40 years, probably reflecting fluctuations in
the strength of the East Asian summer monsoons reaching northeastern
China. They also found evidence of the ‘Little Ice Age’ that took place
after the year 1620, as well as anthropogenic activities of fossil fuel CO,
combustion in recent decades and regional deforestation between the
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thirteenth and the sixteenth centuries when Beijing was expanding in
both population size and large construction projects. Therefore, caves
seem to provide useful information for understanding climate change in
the recent past.

Caves can also provide a view into a longer span of time. Wang
et al. (2008) used high-resolution speleothem records from Sanbao Cave
in central China to look at the East Asian monsoons for the past 224,000
years. They found that the monsoon record was dominated by 23,000
year cycles and that these tropical/subtropical monsoons responded
dominantly and directly to changes in Northern Hemisphere summer
insulation on orbital timescales, showing that the ages of the events were
exceptionally well constrained and may serve as benchmarks for corre-
lating and calibrating climate records.



5 - Cave conservation and
management

This chapter deals with what has been learned so far regarding conser-
vation, legal protection, and management (including the little known
about restoration) of cave habitats. This issue is examined from habitat,
species, population, and genetic perspectives.

5.1 Introduction

Caves and associated ecosystems (mostly karst) represent resources of
great value. These values can be grouped into three general clusters:
ecologic—scientific, economic, and cultural.

As described in previous chapters, caves have attracted the interest of
researchers for many centuries. They provide a wealth of information not
only about biodiversity and their intrinsic processes such as ecology and
evolution, but also about geology, paleontology, chemistry, archaeology,
and history.

From the economic viewpoint the importance of karstic areas is
overwhelming: more than 25% of the world’s population either lives
on or obtains its water from karst aquifers. In the United States alone,
20% of the land surface is karstic in nature and 40% of the groundwater
used for drinking comes from karst aquifers. Every year about 20 million
tourists visit caves worldwide.' This activity brings economic well-being
not only to cave owners but also to the surrounding communities. In
karstic areas a number of other human activities of economic impor-
tance take place: agriculture, mining (including guano extraction), animal
breeding, and fungus cultivation, as well as the exploitation of biological
resources such as the harvesting of cave swiftlet and oilbird nests. Some
caves are also used as sanatoria in the belief that they can cure respiratory
conditions.

" Source: Karst Waters Institute (KWTI): http://www.karstwaters.org/kwitour/whatiskarst
.htm
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From the cultural viewpoint caves are also important: they provide
us with a wealth of information about human evolution, history, and
religion. However, all these values are threatened by human activities.
Anthropogenic impacts on caves are magnified by two major factors.
The first is their relatively small size, which makes the effects of any
disturbance disproportionately large. In addition, most populations of
cave organisms, particularly in temperate regions, tend to be relatively
small and with limited hypogean dispersal capabilities in comparison with
their epigean counterparts. The second major factor is that, because caves
are relatively closed environments, recycling of substances introduced into
them is slower than in other ecosystems. This is particularly true in the
case of underground water.

Throughout this book a view of caves as complex, heterogeneous, and
very dynamic environments has been proposed. This idea runs counter
to the conventional wisdom usually expressed in speleological circles,
according to which caves are simple, homogeneous, highly stable habitats.
As will be shown below, anthropogenic eftects on these environments
reinforce only the more dynamic and intricate view.

This chapter analyzes, with examples, how humans have impacted and
continue to impact the cave ecosystem, how complex those impacts can
be, and what kinds of measures have been taken in order to ameliorate
those impacts.

In order to better understand anthropogenic effects on hypogean
ecosystems, impacts are classified according to a modified version of
the proposal by van Beynen and Townsend (2005) to quantitatively
measure anthropogenic eftects on karst ecosystems. This general scheme
is summarized in Table 5.1.

Although Table 5.1 represents a good checklist, its application must
take into consideration a number of factors. One is that there are diverse
types of karst around the globe that differ in size and location, and in
their geological and chemical composition. The other issue is that the
checklist takes into consideration a number of factors whose evaluation
requires an interdisciplinary team capable of assessing each one of them
as objectively as possible. The quality of the information available is also
crucial. Therefore, this list must be applied with great caution (Calod and
Parise 2000).

It is also important to remember that most karst systems are threatened
not by a single factor but by a combination of two or more. An example
of this can be found in a list generated by the Karst Waters Institute
(KWT) during a scientific conference that took place in February 1997,
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Table 5.1 Slightly modified list of indicators by categories and attributes listed
by van Beynen and Townsend (2005) in their schematization of factors to be
measured in order to develop a disturbance index for karst environments

These can include not only caves but also phreatic ecosystems.

Category Attribute Indicator
Geomorphology Surface landforms Quarrying/mining
Flooding by anthropogenic constructions
Stormwater drainage
Infilling
Dumping
Soils Erosion
Compaction
Subsurface karsts Human-induced flooding
Structure removal
Mineral and sediment removal
Floor sediment compaction/destruction
Temperature
Atmosphere Air quality Humidity
Composition
Corrosion
Hydrology Water quality Agrochemicals
(surface) Industrial and oil pollution
Water quality Algal blooms
(springs)
Water quantity Changes in level of the water table
Changes in cave drip water
Biota Vegetation Vegetation removal
disturbance
Terrestrial hypogean — Species richness
biota Population density
Aquatic hypogean Species richness
biota Population density
Cultural Human artifacts Destruction/removal
Regulatory protection
Stewardship Enforcement of regulations
Public education
Building Building of roads
infrastructure Building over karst features

Artificial illumination
Construction within caves
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5.1 Introduction

Table 5.2 List of the ten most endangered karst systems of the world according
to the Karst Waters Institute (KWI)

Name

Location

Threats

Blue River Basin

Cape Range Peninsula

Church and Bitumen
Caves

Cueva del Viento
System

Southern Indiana, USA

Australia

Bermuda

Canary Islands, Spain

Commercial and residential
development

Water extraction, urban
development, quarrying, oil
exploration

Commercial and residential
development, water
pollution

Sewage dumping, solid wastes,
residential development

Fricks Cave Georgia, USA

Commercial and residential
development

Ha Tien-Hon Chong  Vietnam Industrial development

Jollyville Plateau Texas, USA Road building, chemical spills,
commercial, industrial, and
residential development,
exotic species

Koloa Lava Tube Hawaii, USA Agriculture, urbanization,

System refuse dumps, deforestation,

mining, invasion of alien
species

Lez Karst System France Over-extraction of water

South Central
Kentucky Karst

Kentucky, USA Agriculture, oil and gas
extraction, expanding
transportation corridors,

urban development

Source: Mylroie and Tronvig 1998.

entitled Conservation and Protection of the Biota of Karst. They produced
a list of the ten most endangered karst systems based on the threats
they faced (Mylroie and Tronvig 1998). The list is presented in
Table 5.2.

Most anthropogenic physical impacts on caves can be grouped as
follows: (1) changes in the physical properties of the air (tempera-
ture, humidity, carbon dioxide) due to human visitation; (2) changes
in hydrological conditions due to water pumping and pollution; (3)
enlargement (and/or obstruction) of entrance(s) and walls; (4) building

of stairs; (5) installation of lights, creating the condition for
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Figure 5.1 Heavy use of caves, as in this one in Bermuda, can cause serious
environmental damage not only to the resident organisms but also to the geology
of these karst formations. Notice how many stalactites have been cut to make space
for tourists visiting the cave. Photo by Aldemaro Romero. (See Plate 17.)

photosynthesis (by introducing photosynthetic organisms) or scaring
away some (if not all) of the natural inhabitants of the cave; (6) compaction
of soils and/or mining/quarrying of geological material; and (7) the
introduction of foreign biological agents such as bacteria and fungi. Most
of these impacts can be traced to the development of tourist amenities.
Many ‘show caves’ (caves open to commercial tourism) already suffer
from an excess number of visitors because of a lack of studies into the
maximum number of humans that can visit a cave over a particular period
of time without significant effects (carrying capacity) (Fig. 5.1). Caves
open to the public are either managed by governmental authorities or
by private owners. The first are sometimes pressured by either the public
or policy makers to make caves available to as many people as possible.
In the case of privately owned caves, visitor numbers are usually driven
by financial considerations. In both cases the needs of the visitors to
marvel about the physical and biological attributes of caves seem to take
precedence over the effects of those very same visitors on their natural
features. Thus, their carrying capacity in terms of number of visitors
is usually overlooked. Some attempts have been made to establish the
maximum number of visitors that a cave can have to minimize the effects
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caused by humans, as in the Grotta di Castellana (Cave of Castellana) and
Grotta Grande del Vento (Big Wind Cave) in Italy, based on the changes
in temperature, humidity, and CO; concentrations (Cigna 1993b).

These anthropogenic factors are sometimes difficult to study owing to
the fact that environmental parameters in caves are influenced by natural
fluctuations. For example, carbon dioxide (CO;) concentrations vary
owing to rainfall and the local geology (Denis et al. 2005). Therefore,
without a clear-cut baseline (prior to human intervention), it is not easy
to precisely assess anthropogenic impacts on caves. To make things worse,
many of these major impacts are difficult to ascertain because many caves
have been used by humans for a long time. Thus, on many occasions
there is no real snapshot of how those caves originally functioned under
natural conditions.

However, researchers have been able to obtain reliable data on the
anthropogenic impacts on caves, showing that they can be quite large
and multifaceted, as described below with a number of examples.

Now let us analyze each one of the factors listed in Table 5.1.

5.2 Effects on geomorphology

5.2.1 Quarrying/mining

Limestone quarrying has been carried out since ancient times; all areas
of the world that are rich in karst have been utilized in one way or
another to extract construction material. Today this is particularly true
in regions such as Southeast Asia (Clements ef al. 2006) and the Balkans
(see, for example, Parise ef al. 2004). When quarrying takes place, the
geology of many areas that contain hypogean organisms is affected in
many ways, including destruction of the karstic landscape, changes in
hydrological balances such as water table levels and quality, the creation
of artificial pools and spring discharges, as well as the generation of
sinkholes and the outright destruction of caves, particularly when explo-
sives are used. Rarely, if ever, is karst stripping followed by any kind of
restoration, leaving the soils totally denuded and vulnerable to further
erosion. Needless to say, all these changes directly affect the ecology
of hypogean organisms in ways that may be irreversible (Wood et al.
2002).

Changes in the geology of caves also take place through natural causes.
These include seismotectonic events (i.e. earthquakes) as well as graviclas-
tic events (i.e. rocks falling under their own weight). The morphologies
that these factors leave on speleothems are different from those caused by
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explosions, quarrying, and/or vandalism (Crispim 1999). Therefore, it is
possible to tell which caused which, even when a new cave is discovered
as a result of quarrying/mining and later vandalized. This is important
because it allows a baseline to be established of what is natural and what
is not in the geological evolution of a cave.

Quarrying has been found to have a major impact on the stability of
karstic areas in southern Italy (Calo and Parise 2006). These effects have
also been recorded in developing countries such as Trinidad and Tobago,
where, together with forestry, urban development, and tourism, they have
destroyed much of this landscape with little, if any, consideration of its
importance when carrying out conservation plans (Day and Chenowerh
2004).

Even when quarrying is focused on a particular element of the karst
system, the effects can be multiple. An example is the gypsum extraction
at Sorbas, in southeastern Spain, an area that contains hundreds of dolines
and numerous highly unusual exo- and endokarstic forms with large
caverns adorned with numerous unique speleothems. The extraction of
the gypsum has impacted not only the landscape but also the local flora,
fauna, and hydrological regime by increasing percolation and affecting
air quality (Pulido-Bosch ef al. 2004).

5.2.2 Urbanization

Because karst spring waters represent a resource valuable to humans, it is
not surprising that ancient civilizations developed in areas where such a
resource was available for both agriculture and direct human consump-
tion. LaMoreaux and LaMoreaux (2007) summarized the history of
hydrological research in karst areas. According to them, this type of
research is first described in cuneiform tablets dating back to 852 Bc in
the headwaters of the Tigris, whose source is a karst spring. The Bible
mentions that the main source of water for the ancient city of Palmyra,
Syria, was a hot sulfur spring named Efca, believed to have curative
powers. Other ancient references to karstic waters being used by humans
include Li Daoyuan’s book Annotation on Water Scripture, published in the
second century AD. Another Chinese reference to early uses of karstic
waters 1s that of the water from Lisban Spring, in China, recorded in
1134 Bc as being used for medicinal purposes by many monarchies. The
Romans were also aware of the potential benefits of these underground
waters, as evidenced by the public baths built around the hot springs in
Bath, England (LaMoreaux and LaMoreaux 2007).
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The ancient Greeks developed water management technologies as far
back as 3,000 years ago. In fact, the presence of karst areas with available
water resources from springs and caves were key in the settlement and
urbanization planning of many a Greek polis. However, the urbanization
that accompanied Greek civilization brought with it important changes
in the hydrological regimes of karstic areas by increasing runoff, changing
the points of entry, creating flooding, and diminishing the available water
supply (Crouch 1993, 2004).

Urbanization can also have direct impacts on the biological resources
of caves. Petit ef al. (2006) concluded that urban sprawl had dimin-
ished the populations of columnar cacti on Curacao on which most bat
species feed and that this, in turn, resulted in significant reduction of
bat populations inhabiting caves in that Caribbean island in the span of
10 years.

Urbanization also increases the sedimentation in karst watersheds.
Using a sediment budget approach, Hart and Schurger (2005) were able
to trace recent sedimentation and suspended sediments to urbanization,
with sediments that could be stored for centuries. A similar situation
has been described for the entire region of central Texas, USA, which
includes the cities of San Antonio and Austin. There, Mahler et al.
(1999) found a high organic carbon content that gave sediments an
increased potential to transport contaminants. Further, they predicted
that the volume of these sediments was likely to increase with continued
urbanization of the watershed.

Urbanization is taking place in areas that are critical to survival of some
species. That is the case of the Alabama cavefish, Speoplatyrhinus poulsoni,
a species catalogued as federally endangered and restricted to Key Cave
in northwestern Alabama, where the total population is estimated to be
fewer than 100 individuals (Kuhajda and Mayden 2001), making it one
of the most endangered fish species in the world (Romero 1998b). A
similar situation is occurring with the diverse aquatic crustacean fauna
of Slovenia and elsewhere in Europe (Sket 1999).

5.2.3 Agriculture, cattle raising, and deforestation

Although agriculture and deforestation are activities that take place
outside caves, their impact on the hypogean environment is beyond
question. Water quantity and flow is affected by agriculture, gener-
ating both loss and creation of aquatic habitats, elimination or intro-
duction of organisms, and changes in the food chains; there can be
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Figure 5.2 A researcher conducting a bat guano pile study. Photo by Danté Fenolio.

dramatic transformations in the water quality owing to the introduction
of'agrochemicals (pesticides, herbicides, and fertilizers) which can change
the trophic nature of the hypogean communities, diversity composition
and abundance, and the composition of sediments (Gunn ef al. 2000).
In addition, the use of heavy machinery impacts the soil, changing the
nature of the recharge areas that feed the water that these ecosystems
have.

Because guano deposits can be analyzed stratigraphically (Fig. 5.2), it
is possible to detect changes in agricultural practices via changes in the
pollen composition in those deposits (Maher 2006). In addition, because
agriculture is a more extensive activity in terms of total area, its impact
on the hypogean aquatic environment can be more generalized than the
effects generated by mining (Moraes et al. 2002).

Delivery of fecal material to sinking streams has been linked to cattle
raising (Gunn et al. 2000). Boyer and Pasquarell (1996, 1999) found that
cattle raising considerably impacted karstic waters of the Appalachian
Region, USA, in the form of both increased nitrification and input of
fecal bacteria. This was particularly true in dairies that did not apply best
management practices to control animal wastes. Water pollution has led
to the endangerment of a number of hypogean species (see, for example,
Koppelman and Figg 1995).
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When an epigean source of pollution is eliminated, that does not mean
that the positive effects are going to be seen immediately. R 6zkowski
(1998) calculated that pollution caused by agriculture and industry took
between 3 and 50 years to percolate from the surface to the underground
waters in the Krakow Upland (southern Poland). The exact rate varied by
location and depended on whether the limestone was highly permeable
or covered by overburden.

5.2.4 Flooding by anthropogenic constructions

Flooding changes the entire water regime of a karstic area. The flooding
can be as large as covering an entire karstic valley or as small as reservoirs
in rural areas. Floods can destabilize slopes; an extreme example is the
three Gorges Dam in China.

Flooding can have a detrimental effect on cave communities because
flood waters can bring in exogenous species that disturb the structure of
hypogean communities (Ducarme et al. 2004a). They also can modify the
morphology of caves by infilling side passages with sediments, disrupting
water flow, or by clearing out passages and connecting previously uncon-
nected fragments of the cave (Howard and Groves 1995). Sometimes they
even carry vertebrate remains to areas not originally inhabited by such
fauna (Simms 1994).

Sometimes, action to prevent flooding and its consequences may not
be very effective at all. For example, the Wonderfontein Valley and
Spruit in South Africa is on dolomitic aquifers that have been heavily
exploited since the nineteenth century during gold-mining excavations.
In order to avoid flooding to the valley, large-scale de-watering of some
of those aquifers was carried out. As a consequence a number of sinkholes
and dolines were formed; although many of the sinkholes were refilled,
they were reactivated owing to the continuous flooding (Swart et al.
2003).

5.2.5 Stormwater drainage

Because karsts allow rapid drainage, they have been commonly used by
planners and engineers as drainage areas that not only modify the water
regime but also absorb pollutants. Thus, many industries have been placed
next to dolines as a convenient way to dispose of stormwater. As a result
there have been serious issues with water quantity and quality in many
areas of the world (see, for example, Emmett and Telfer 1994).
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5.2.6 Infilling

Sinkholes are commonly filled in order to take advantage of the area
for construction purposes. This limits the amount of water going into
the karst, generating flooding in the adjacent surface areas. Because
sometimes the sinkholes reappear after filling, this also represents a danger
to constructions as there 1s a risk of subsequent collapse. To make things
worse, the heterogeneity of karst geology structure and function is being
impacted via dissolution by acidic water, making this substrate unstable
in the long term. Careful studies of any karst on which construction
takes place are fundamental in order to make such constructions feasible,
whether the construction is a building or a road (see, for example, Nichol
1998). This includes studies of all the patterns of fracture enlargement
in the karst aquifer in order to proceed with the appropriate infilling
(Howard and Groves 1995). In certain parts of the world where there is
frequent heavy rain, the problem is compounded by sediments generated
by the erosion caused by precipitation (James 1993).

5.2.7 Dumping

Sinkholes are often used as ‘natural’ landfills, or landfills are built right
in karstic areas. Such activities lead to heavy pollution of underground
waters by substances that may include heavy metals (Gutiérrez et al.

2004).

5.2.8 Soils

Karstic areas do not usually have much soil on top of them. One reason
is that water tends to percolate very easily and in consequence little water
is retained at the surface (LaFleur 1999). This, in turn, makes soils above
karstic areas very fragile; their mismanagement usually carries immediate
and lasting effects.

Erosion by agriculture and deforestation

Since the Paleolithic, farming and deforestation have led to soil erosion in
karstic areas of Europe (Sauro 1993). Karst areas that have been deforested
show an increase in soil erosion of about 20% due to precipitation that
washes out the unprotected soil (Allred 2004). Deforestation for develop-
mental purposes is also causing serious soil erosion problems in countries
such as China, leading to cases of desertification (Wang et al. 2004a,b).
This problem is magnified in areas of karst collapse, producing sinkholes



5.2 Effects on geomorphology - 193

where soil erosion accelerates (Lolcama et al. 2002). Restoration of soil
cover is possible but is labor-intensive and vulnerable to climatic fluctu-
ations and activities by feral animals; pastoral activities must therefore
be closely monitored. Some experiments along these lines have been
carried out in Australia (Gillieson et al. 1996). The erosion of soils may
continue long after deforestation and agricultural activities have ceased
to take place (Midriak and Liptak 1995).

Compaction

Livestock and human use compacts the soil reducing percolation and
changing the recharge dynamics of the underlying aquifer. Covelli
et al. (1998) reported that, for Grotta Grande (Big Cave) in northern
Italy, both human development and agricultural activities had perma-
nently affected the percolation dynamics and water quality in the
recharge zone of this very large karst cave, which attracts many tourist
visitors.

5.2.9 Subsurface karst

Caves whose development has taken place above the level of the current
water table, as well as those only partly shaped by water, have also been
affected by anthropogenic factors as enumerated below. In some cases
such effects are the result of direct human intervention to modify the
cave itself by enlarging and/or obstructing passages to the cave, building
stairs, and introducing artificial lights (Fig. 5.3). All of these interfere with
the ecology of the cave by modifying the habitat of many animals and
microbial biota, but it is artificial lighting that tends to create the worst
problems. Artificial illumination creates the condition for photosynthesis
by introduced photosynthetic organisms and may scare away some (if
not all) of the original inhabitants of the cave. For example, the Slove-
nian brown bear (Ursus arctos) population, the only viable population
in Central and Western Europe, prefers long caves with small entrances
located more than 540 m from the closest human settlement (Petram
et al. 2004). American black bears (Ursus americanus) have recolonized
western Texas because of the availability of undisturbed caves that they
use as dens (Mitchell et al. 2005).

Other vertebrates for which the use of caves is an essential part of
their life cycle may be surprising: an example is the critically endangered
Mediterranean monk seal (Monachus monachus), which uses marine caves
as dens in the Mediterranean (Gucu et al. 2004).
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Figure 5.3 The building of staircases like this one in the main entrance of
Mammoth Cave disrupts the movements of biota in and out of caves. Photo by
Aldemaro Romero. (See Plate 18.)

Human-induced flooding

An increasing issue in terms of conservation in karst areas is flooding of
such areas during the construction and maintenance of water reservoirs
for hydroelectric plants. There are numerous examples in Serbia and,
increasingly, in China. Developing countries, which require more and
more energy and water supply for their economic activities and increas-
ing human population, have opted for the construction of large and
numerous hydroelectric plants. This means changes in the hydrological
regime of many karstic areas that lead towards inundation of caves and the
destruction of their biota as well as of their archaeological and geological
features (Milanovic 2002).

Structure removal

One of the most evident results of vandalism in caves is the removal of
speleothems (mostly stalactites and stalagmites) from caves to be used as
decorations or simply because of pointless destruction. I have personally
observed this in lava caves of Hawaii where some caves have been denuded
of all of their natural structures by unconscious tourists and even locals.
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Mineral and sediment removal

Other removals of materials from caves include the exploitation of
phosphate and nitrates (mostly for the manufacturing of gunpowder),
guano (for its use as fertilizer), other minerals, and crystals, particularly
in gypsum caves. This not only affects the natural beauty of caves but
also disturbs their ecology by removing nutrients, disrupting surfaces,
and affecting the delicate organic balance generated by microorganisms.

Floor sediment compaction/destruction
Heavy use of caves also means compaction of their soils and damage to
rocky substrates, leading to the destruction of habitats for many animals.

5.3 Effects on the atmosphere of caves

Human activities in caves aftect their air quality, composition, and humid-
ity and may even lead to corrosion of their geological and cultural
features.

One of the best studied cases in which tourism has impacted a cave
is that of the Cueva de las Maravillas (the Cave of Marvels) in Aracena,
southern Spain. According to Pulido-Bosch et al. (1997), this cave, which
is visited by about 160,000 people a year, has seen a reduced amount of
water due to pumping; increased temperature and CO; concentration
due to breathing by humans; and decreased relative humidity and invasion
of photosynthetic plants due to artificial lighting. Similar situations have
been recorded in other caves visited by large numbers of people, such
as Grotta Grande del Vento (Big Wind Cave) in central Italy, which
receives nearly 100,000 visitors per year (Bertolani ef al. 1991, cited in
Pulido-Bosch et al. 1997).

Sometimes it is possible to study the effects of human visitation by
researching the natural conditions in a cave before it is opened to the
public. Calaforra et al. (2003) studied changes in cave air temperatures in
the Cueva del Agua (Water Cave) de Iznalloz, Granada, southern Spain.
This is a cave with great tourist potential. Because the cave had been kept
closed to the public for more than 30 years previous to the study, it was
possible to investigate the potential thermal impact by humans before it
could be made available to tourists. These researchers studied the effects
of external weather conditions and observed the thermal recovery (return
to the normal temperature conditions) after two large experimental visits
by tourists (980 and 2,088 visitors on two different days). They recorded
how as soon as the visitors came to the cave (two and a half minutes)
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the temperature of the air increased, reaching a peak between 30 and
70 minutes after the visit began. After the visitors left it took between
five and six hours for the air temperature to return to normal. These
results show that human visitation can quickly affect air temperatures
in caves, and that a cave may take a long while to recover its natural
conditions after humans have left. In a way these results should not be
surprising: it is known that caves with large bat colonies have higher air
temperatures than those without such mammal populations.

Another important issue that must be taken into consideration is the
fact that air conditions throughout caves are not homogeneous but rather
composed of a number of microclimates that vary with location. Bourges
et al. (2000) studied these differences in the limestone cave Aven d’Orgnac
(The Sinkhole of Orgnac) in southern France. They found that, at the
entrance of the cave, air temperature was highly correlated with the
external temperature, with ventilation occurring in the winter when
the colder, denser air penetrated the cave. Deeper into the cave, however,
there are virtually no changes in temperature through time, basically
because that temperature is directly influenced not by external air but
by the large volume of rock, the temperature of which is considered
constant.

Another question is whether gating has any impact on cave air temper-
ature. Martin et al. (2000) studied the impact of gating with horizontal
bars on the air temperature of a cave in northeastern Oklahoma in both
summer and winter. They found that such an impact was minimal and
without effects on the endemic fauna.

Sometimes it is not the temperature alone that causes problems in the
cave but also the humidity generated by the presence of humans, even
when that presence is minimal. Fernandez-Cortes ef al. (2006b) studied
the impact of human visitation on the microclimate processes of a mine,
El Geodo de Pulpi (Geode of Pulpi) in Almeria, southern Spain, and
found a significant impact of condensation on the surface of the gypsum
crystals as a result of increased temperature and water vapor caused by
human breathing. Visits of as few as two or three people for longer than
10 min could lead to corrosion of the crystals. Such eftects could be long-
lasting: these researchers found that the total recovery time required to
resume the initial natural thermal and humidity conditions after a visit
of this type was 27 h.

Slow air circulation also causes rapid rises in concentrations of CO»
generated by human visitors. This lack of appropriate oxygen for breath-
ing may impact both cave animal populations and humans, especially
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when visiting the cave in large numbers (Fernandez-Cortes ef al. 20006a).
Glowworms in New Zealand began declining when a new entrance was
opened, leading to desiccation (Bowie et al. 2000).

5.4 Hydrology

The list of anthropogenic effects on the hydrology of karstic areas
in general and on caves in particular is a long and growing one. As
mentioned earlier, environmental effects on caves are not only the results
of direct human contact inside the caves but also of what humans do
around the caves. They include not only effects on the quantity and
quality of water (the latter due to the influence of agrochemicals, indus-
trial waste, and oil pollution), but also organic pollution by human and
animal wastes (mostly through sewage) in springs, which leads to algal
blooms (see, for example, Bartsch and Tittley 2004). Others include
accidental spills of hazardous materials, oil and/or gas exploration/
exploitation, and intentional dumping of hazardous waste into sinkholes
and sinking streams. There have also been documented cases of sedimen-
tation and runoff as a consequence of farming and mining activities,
logging and/or deforestation, and road and building construction (urban-
ization) as well as runoft and erosion from rainfall.

During these processes a number of chemicals come into contact with
the soil; because of the highly permeable nature of limestone, the most
common geology around caves, those chemicals percolate until they
reach both the groundwater and the caves themselves. Agents causing
this type of pollution include, but are not limited to, fecal bacteria,
organics from manure, septic leachate, sewage sludge, sediment, and
toxic concentrations of metals (see, for example, Graening and Brown
2003) (Fig. 5.4).

In terms of water quantity, changes in the hydrological regime can
occur due to impoundments, quarrying, and the digging of wells and/or
water extraction. The most significant pressure is created by pumping
water out of the phreatic zones (or even from the caves themselves) to
be used to supply newly urbanized areas or for agriculture. Excessive
extraction of underground water, for example, severs the links with
epigean ecosystems and with other aquifers, affecting species distribution
and abundance (Hancock et al. 2005).

To make things worse, because of the increasing demands for fresh
water in coastal areas, wells are pumping out fresh water, which is replaced
by saline water from the sea. This is creating a crisis of water quality in
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Figure 5.4 An old battery in Cottonwood Cave, Sequoia Co. The disposal of refuse
that contains heavy metal represents a serious danger to the ecology of caves, given
that they have very little capacity to recycle pollutants. Photo by Danté Fenolio.
(See Plate 19.)

many coastal regions of the world, which are usually the ones with
the largest population densities (for a more detailed synthesis of these
problems, see Danielopol ef al. 2003).

Sometimes these anthropogenic effects are gradual and slowly mount-
ing; sometimes they occur in the form of a sudden catastrophe. In
November 1981 about 80,000 | of liquid ammonium nitrate and urea
fertilizer was spilled at a pipeline break near Dry Fork Creek in the
recharge area for Maramec Spring, Missouri, USA. Seven days follow-
ing the break, dissolved oxygen at Maramec Spring, 21 km from the
break site, dropped to less than 1 mg 17" for nine days, resulting in a loss
of over 37,000 fish. The concentration of ammonia and nitrate nitro-
gen remained elevated in the spring for more than 38 days. Among the
hypogean organisms killed were 10,000 individuals of the rare Salem cave
crayfish Cambarus hubrichti and about 1,000 individuals of the southern
cavefish Typhlichthys subterraneus (Crunkilton 1984).

When caves are located on islands, as is the case for many anchialine
caves with their unique fauna, problems are magnified owing to small
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island size and high population density. That is the case on Bermuda,
where organic pollutants have been detected since the 1980s (Illifte and
Jickells 1984). There, as in many other caves, the list of pollutants of
epigean origin is a long one: heavy metals (mercury, cadmium, lead),
organics (toluene, benzene, and vinyl chloride from mining and other
industrial operations), agrochemicals, fossil fuels, sewage of human and
animal origin, solid wastes, mineral alloys, and paints. New developments
can make things even worse for those anchialine caves in Bermuda where
plans to build golf courses are threatening the habitat of the endemic
copepod Speleophria bivexilla (Knight 1997).

Unfortunately, as can be seen by some of the examples mentioned
above, in most cases there is not just a single threat to caves from changes
in water quantity and quality but a combination of several factors (see,
for example, Gunn ef al. 2000).

5.5 Effects on the biota

Needless to say, the above-mentioned factors not only impact the
physico-chemical features of caves but, more importantly, their biodi-
versity. This phenomenon has now been widely documented.

Because the Marine Biology Station of Naples, Italy (founded in
1872), became an active field site so long ago, data collected over more
than a century has yielded revealing historical information on changes
of biodiversity in nearby marine caves. Essentially, species of mysid
crustacean have disappeared from the more urbanized areas and are
now found only in the less urbanized, insular ones (Wittmann 2001).
However, sometimes it is not necessary to go so far back in time to
notice changes: water quality deteriorated in less than 20 years (1983—
2002) sufticiently to endanger the survival of the Benton cave crayfish
(Cambarus aculabrum) in several caves in Arkansas, USA, owing to septic
system discharge and runoft from animal feeding operations (Graening
et al. 2006b). Even changes in vegetation in the areas surrounding
caves does affect water balance in caves, as has been found in Australia
(Humphreys 2006). Koppelman and Figg (1995) and Verovnik et al.
(2003) found that hypogean populations of crustaceans that show low
genetic variability may be the result of pollution affecting the population
size.

Petit et al. (2006) surveyed the bat populations of Curagao, Netherlands
Antilles, between 1993 and 2003 and found significantly fewer individuals
of'a wide range of species. These authors pointed out major disturbances
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in caves as the cause of population depletion and even imminent extinc-
tion of some of the local species, with cascading effects on the local
ecology due to the fact that some of those bat species are pollinators.

One factor little studied is the introduction of foreign biological agents
such as bacteria and fungi when humans visit a cave. The major problem
with studying this is that in order to make sure that this type of biota
can be compared before and after human visitation, it is necessary to
find caves that have never been explored by humans before, such as caves
discovered during excavations or as a result of ceiling collapse. The caves
then have to be explored by properly trained personnel in sterile clothing,
to collect samples before any casual visit may be made to the cave.
Obviously these conditions are extremely difficult to meet.

Removal of vegetation from areas surrounding caves may have a detri-
mental effect on the cave fauna itself. In addition to the effects on bat
populations reported above, vegetation removal can also have a detrimen-
tal effect on invertebrates. Taylor et al. (2005) found that cave crickets
(Ceuthophilus spp.) from Big Red Cave in Texas travel during the night as
far as 105 m outside the cave to forage on grass, leaf litter, and herbaceous
vegetation. Since many cave terrestrial invertebrate species are considered
endangered, that means that the protection of the cave itself'is not enough
to ensure their survival; there is also a need to protect the surrounding
areas (Culver et al. 2000).

Another issue directly affecting the biota of caves is the overcollecting
of organisms. As mentioned earlier, population numbers of cave biota,
particularly vertebrates in temperate regions, tend to be small and, thus,
collecting can seriously aftect their ecological health. Most of the threats
come from commercial utilization of cave species.

For example, the swiftlet (Collocalia fuciphaga) is eaten by the locals
of the Andaman and Nicobar Islands, in the Gulf of Bengal, India. In
fact they are considered of high economic value. Sankaran (2001) found
that the population of this bird on those islands had been reduced by
more than 80% in 10 years in 322 caves. It seems that the only hope to
save this species is by ex-situ breeding, as in the experimental farm for
them that has been established in Indonesia.

Other vertebrates have been the subject of overcollection, such as the
Ozark cavefish (Amblyopsis rosae) in Arkansas, USA (Romero 1998b).
Because part of the problem is collection for scientific purposes, some
researchers have been developing a number of non-lethal techniques that
allow the collection of information on cave species without having to
impact their populations (see, for example, Bowie ef al. 2006).
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Caves are also a magnificent repository of information about past
biodiversity for particular areas. Burney ef al. (2001) discovered a cave
on the south coast of Kaua’i in the Hawaiian Islands through coring
and excavations in a large sinkhole. There they found a remarkably well
preserved diversity of plant and animal remains, ranging from diatoms to
vertebrates that pre-dated the human habitation of those islands. What
they encountered was evidence of highly diverse pre-human ecological
conditions in the Hawaiian lowlands, conditions that changed profoundly
through the decline or extirpation of most native species and their
replacement with introduced ones. The fossils included undescribed
extinct species of snail as well as records of deforestation, overgrazing,
and soil erosion. Among the species introduced by Polynesians was the
Pacific rat (Rattus exulans) more than 800 years ago. Similar examples of
caves as historical museums of past biodiversity have been reported for
New Zealand (Clark ef al. 1996) and Europe (Vigne and Valladas 1996).

5.5.1 Bats as ecological indicators of the environmental health
of caves

Many species of bat use caves and mines extensively as nursery roosts,
swarming sites, and hibernacula. Thus, it is not surprising that bats repre-
sent one of the best indicators of the health of caves. Furthermore, bats
depend upon food resources found in areas surrounding caves while
bringing into the caves the by-product of that food in the form of guano
(Fig. 5.5).

To get a full picture of the importance of bats as ecological indicators,
we need to look at their conservation status as a whole. There are 1,001
species of bat, all of which are grouped within the order Chiroptera. This
is the second most diverse mammal group (after Rodentia), accounting
for about 20% of all mammalian species.

Something that is very interesting is the apparent ease with which
bat populations, isolated in underground environments, can give rise to
new species. Molecular work in mines, for example, suggests that such
environments can give rise to new species in a relatively short period
of time (Armstrong 2006). The inference that can be drawn is that one
of the reasons that the order Chiroptera is so diverse is that caves cause
population isolation, which, in turn, leads to speciation. In fact, there
seems to be a positive correlation between the number of caves in an
area and the number and abundance of bat species (see, for example,
O’Malley et al. 2000).
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Figure 5.5 Mexican free-tailed bats leaving a cave in Oklahoma at dusk. Photo by
Danté Fenolio. (See Plate 20.)
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One type of behavior that seems to accentuate population isolation is
the fact that at least some species of bat show a great deal of site fidelity
(Weyandt ef al. 2005). This presents a conservation challenge: attempts to
have bats recolonize caves after the local population has been extirpated
may be a task more difficult than originally imagined.

Many species of bats have been severely impacted by humans: 12 bat
species have become extinct in the past 500 years, 238 are threatened
according to the IUCN (International Union for the Conservation of
Nature) and about the same number are considered to be facing one
or another environmental problem. Probably the most important threat
to bat survival is the loss or modification of foraging habitats and roost
localities (Mickleburgh ef al. 2002).

Caves and abandoned mines represent one of the most important
habitats for bats. For example, 60 of the 134 Mexican species of bat
regularly roost in caves (Arita 1993) and the world’s largest bat colony is
found in Bracken Cave, Texas, USA, which contains nearly 20,000,000
individuals (McCracken 1986).

The same caves can be used by many species of bat (see, for example,
Arita 1996) and most caves in areas where there are several species of bat
are inhabited by more than one species. The more diverse the cave is in
terms of microhabitats, the more diverse the bat species composition is
(Brunet and Medellin 2001). Furthermore, bat diversity and population
sizes per cave can also fluctuate with the different seasons (Furman and
Ozgul 2002; Parsons et al. 2003; Galindo ef al. 2004). Bats in caves can
be found from near the entrance to the deepest areas although they tend
to avoid being within 30 m of the entrance (Arita and Vargas 1995;
O’Donnell 2002).

Sometimes anthropogenic effects can be significant even when no
apparent physical modification to the cave has taken place. Mann ef al.
(2002) found that even cave tours can have a negative effect on bat
populations. They studied the behavioral responses of a maternity colony
of about 1,000 cave myotis (Myotis velifer) in the Kartchner Caverns in
southeastern Arizona, USA, by experimentally exposing those roosting
colonies to cave tours; they found that light intensity and noise produced
increased bat activity (number of takeoffs, landing, vocalization intensity)
which can be detrimental to breeding colonies.

In order to protect bats from anthropogenic disturbances, many cave
entrances have been protected by using horizontal steel bars (see, for
example, Hsu 1997) which in theory should allow bats to fly in and
out of the cave while keeping human intruders away. However, the
effectiveness of such gates has been controversial (Fig. 5.6).
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Figure 5.6 Building a bat gate above a sink opening. Photo by Danté Fenolio. (See
Plate 21.)
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Ludlow and Gore (2000) studied the impact of such gates on the
emergence patterns of two species of bat: the southeastern myotis (Myotis
austroriparius) and the gray bat (M. grisescens) at Old Indian Cave in
northern Florida, USA. These authors counted the number of emerging
bats at a gated entrance and an open entrance on a monthly basis for
one year before and one year after the gate was removed. They found
statistically significant differences in the number of bats emerging from
the entrance with bars after the bars were removed: before the removal of
the gate, 7.8% of the bats used the gated entrance but after the bars were
removed 47.9% did so. This is interesting because it shows that removal
of steel-bar gates can affect emergence patterns of two different species
of bat even if another ungated entrance is available. Since bats play such
a major role in cave ecology it has been recommended to use perimeter
fencing as an alternative to steel-bar gates at caves where trespassing and
vandalism are not chronic problems.

On the other hand Martin et al. (2003) reported a study of 25
cave entrances in northeastern Oklahoma, USA in which they assessed
the impact of those gates on colonies of endangered gray bats (Myotis
grisescens) from 1981 to 2001. These authors found a statistically signifi-
cant increase in the number of gray bats, from 60,130 in 1981 to 70,640
in 2001. They also compared initiations of emergences at three gated
and three open-passage caves in June and July 1999-2000 and found
no significant differences in timing of initiation of emergence between
colonies in gated versus open-passage caves.

Spanjer and Fenton (2005) measured the behavioral responses (fight
speeds, flight behavior, and vocalizations) of bats at 28 caves and mines
(16 with and 12 without gates) from Ontario to Tennessee, USA. They
found that bats always circled and retreated more often and passed
directly through less often at gates. Furthermore, the smaller the gate
size, the more fly—retreat and circling behavior occurred. This led them
to conclude that in order to minimize the impact of gates on bats, gates
should be built in larger areas, with a larger opening on the top of
the gate, be placed on flat profiles instead of inclines, and be erected
gradually so the bats could grow accustomed to them. Furthermore,
Pugh and Altringham (2005), based on experimental studies, calculated
that the minimum spacing between horizontal bars in gates should be
15 cm.

Of course caves cannot be seen as totally isolated islands and that is
particularly true in the case of species that move in and out of caves,
such as bats. Conservation of adjacent areas is essential; even ecological
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corridors have been proposed to ensure that these species can access
their feeding areas (Stoner ef al. 2003). Some bat species depend upon
a particular non-cave food source to survive. In the Mexican state of
Nuevo Lebn, colonies of the Mexican long-nosed bat (Leptonycteris
nivalis), which is nectarivorous, are heavily dependent on the availability
of blooming agaves (Agave spp.) (Moreno-Valdez et al. 2004).

Another example is that of the nectar-feeding bat Leptonycteris curasoae,
which depends upon the availability of flowers and fruits of columnar
cacti. These bats roost in nearby caves. Increasing deforestation in the
area is placing this species in danger of imminent extinction (Penalba
et al. 2006).

Another example of how pollution outside caves can affect bats roost-
ing in the hypogean environment is that of bats found dead in caves. A
study was made of gray bats (Myotis grisescens), an endangered species.
Analyses showed that their bodies had lethal levels of dieldrin and
heptachlor (Clark et al. 1978, 1980, 1983). Sometimes it is possible
to trace a pollutant directly to its source. In Australia high concentra-
tions of organochlorines and certain metals in the southern bent-wing
bat (Miniopterus schreibersii bassanii) at Bat Cave have been attributed to
insecticides that have been bioaccumulated by these insect-feeding bats
(Allinson et al. 2006).

5.6 Cultural heritage

Caves represent not only a showcase of biodiversity but also a repository
of human history. However, much of that history is being endangered
owing to multiple causes, which include illegal collection of artifacts,
vandalism, and many of the physical and chemical factors mentioned
earlier. Lighting, for example, degrades caves by corroding and degrading
artwork on their walls (Mangin ef al. 1999). However, these effects are
not only caused by chemicals and physical factors but also by bacteria
(Schabereiter-Gurtner et al. 2002), as has been found on the famous
paintings in the Altamira Cave in Spain.

5.7 Climate change

Climate change (through either variations in the precipitation regimes
or direct impact on water temperature) represents another threat to the
cave biota. Chevaldonné and Lejeune (2003) reported that in some caves
of the French Mediterranean, Hemimysis speluncola, a species of mysid
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crustacean typical of colder waters, now has a much more restricted
distribution due to progressive warming while being replaced by its
congener H. margalefi, which shows a much wider tolerance to warmer
waters.

The genetic response of species to climate change has been studied
by using molecular approaches on organisms that were around when
the last major climate changes took place. Hadly ef al. (2004) reported
their studies on genetic population and population size variations on
two geographically widespread rodent species (Microtus montanus and
Thomomys talpoides) during late Holocene (2,500—-1,000 YBP) climatic
change. They used ancient DNA to compare two independent estimates
of population size (ecological and genetic) and corroborated their
results with gene diversity and serial coalescent simulations. Their study
suggested that those climate changes resulted in population size decrease,
which, in turn, produced (in some cases) declining genetic diversity.
This declining diversity would place those populations in an even more
precarious position by making them more vulnerable to epidemics or
other environmental factors.

5.8 Legal protection

A number of countries, states, and provinces around the world have
moved to create a legal framework to protect caves and their associated
environments. The first state cave protection act passed in the United
States was that of Colorado in 1883 (although it was repealed in 1971).
Now about half of the states of that country have state laws that protect
the caves. The federal government has also enacted legislation in that
regard. The most important of these laws is the Federal Cave Resources
Protection Act of 1988, which directs cave conservation for many federal
land management agencies. Other laws, such as The Endangered Species
Act of 1973 and the Federal Archaeological Resources Protection Act
of 1976, have broad applicability to the conservation of cave resources
on federal lands and elsewhere. However, there is still the problem of
enforcement, which in many instances is weak (Huppert 1995).

In the United Kingdom a number of caves have been designated as
Sites of Special Scientific Interest (SSSI), and the Wildlife and Country-
side Act 1981 was enacted for the planning and management of natural
areas of human activities carried out within SSSI boundaries. Both of
these legal actions have had a positive impact on the protection of caves
in that country (Hardwick and Gunn 1996).
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5.9 Conclusions

Based on all the information provided in this chapter, it is clear that
the monitoring of the hypogean environment requires comprehen-
sive, detailed, and constant study to really understand the dynamics
of these habitats, which greatly vary depending upon size, structure,
and geographic location. Some specific recommendations have been
produced (see, for example, Watson ef al. 1997). Yet there is much to
learn before specific procedures for each case can be agreed. It seems
that the appropriate management of each cave, particularly when the
goal is to balance the conservation of its resources and its utilization, as
is the case for tourism, will require not only constant monitoring but
also baseline information about the ecological parameters of those caves
before they start to be utilized in any significant way. And that is, for the
most part, impossible.
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With young researchers in mind, this book ends with a summary of some
of the unanswered questions in biospeleology.

6.1 The role played by behavior in the evolution
of cave organisms

It is commonly assumed that behavior plays a major role in the coloniza-
tion of new niches, since behavior is the most plastic part of the pheno-
type. Although changes in behavior are well documented and present
even in transitional forms (Romero 1984a), the role of behavior in
the changes in other phenotypic characters is unknown. Behavioral
changes usually precede external morphological evolution (Mayr 1982;
Weislo 1989; McPeek 1995). Behavioral plasticity thus enables animals
to compensate for morphological and physiological changes generated
by genetic changes; after all, individual adaptability is the main object
of selection (Wright 1931). Behavioral invasion of a new environment
by adults exposes the reaction norm of their progeny. Since hormonal
production is closely linked to behavior and hormones play a role in
many developmental processes, there is a great potential for hormones
to produce (or act as) developmental constraints (Hayes 1997). There-
fore, the arrest in development of features could be due to diminishing
hormonal production as a physiological consequence of adaptation to
the hypogean environment (i.e. many behaviors are no longer performed
under conditions of darkness). This, in turn, could lead to the differential
regulation of developmental genes.

6.2 Integrative molecular genetics

The importance of understanding how behavior-mediated hormonal
production affects the phenotype is rooted at the molecular level of genet-
ics. It is known that hormones can shape the organism in response to its
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genetic programming as well as carrying information from environmental
receptors, thus, triggering a genotype-specific reaction that develops into
phenotypic plasticity. This means that there are specific short upstream
sequences that regulate the response of genes to a variety of environmen-
tal signals and limit gene transcription to specific organs or tissues. So
the question is, what are the molecular mechanisms for silencing, or in
other words for the reduction and/or loss of, morphologic features? An
assortment of proteins and, sometimes, RNAs, pull the strings, telling
the genes when and where to turn on or off. Gene activity is influenced
by the proteins that package the DNA into chromatin and by enzymes
that modify both those proteins and the DNA itself. The chromatin-
modifying enzymes are now considered the ‘master puppeteer’ of gene
expression. Epigenetic changes can enable cells to respond to environ-
mental signals conveyed by hormones, growth factors, and other regula-
tory molecules without having to alter the DNA itself. Thus, patterns
of gene expression, not genes themselves, define each cell type. That is
what Yamamoto and Jeffery (2000) found when they transplanted the
lens of the eye of an embryo of an epigean A. fasciatus into the optic cup
of a cave fish, resulting in the restoration of optic tissues that otherwise
would not have been expressed in the troglomorphic form. Conversely,
eye growth and development were retarded after transplantation of a cave
fish lens into an epigean fish optic cup or lens extirpation. These results
showed that evolutionary changes in an inductive signal from the lens are
involved in cave fish eye degeneration. This is interesting because it shows
that changing the internal environment of an organ while development
takes place can have a major influence on how that organ is shaped. But
if the optic tissues in the troglomorphic A. fasciatus could be restored,
would that change the behavioral visual responses of a fish that otherwise
would be blind?

Romero ef al. (2001) and Romero and Green (2005) explored this
issue by examining phototactic behavior in epigean and troglomorphic
forms of A. fasciatus whose eyes were modified during embryogenesis
by removing one or both lens vesicles from the epigean form or by
transplanting the lens vesicle from an epigean fish into the optic cup
of a blind cave form. As mentioned earlier, lens removal results in eye
degeneration and blindness in adult epigean fish, whereas lens trans-
plantation stimulates growth of the eye, inducing the development of
optic tissues in the normally eyeless adult cave fish. It was shown that
epigean fish with a degenerate eye and cave fish with an induced eye both
develop retinotectal projections but that the size of their optic tectum is
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essentially unaffected. Fish photoresponsiveness was examined by placing
fish in an aquarium with one half illuminated and the other half dark,
and scoring their presence in the illuminated or the dark half. Both
the eyeless epigean fish and the cave fish with induced eyes appeared
to be indifferent to the illumination, whereas the surface forms were
scotophilic, suggesting that optic development and phototactic behavior
can be experimentally decoupled.

These combinations of studies clearly show that the only way to
begin to understand some basic questions in evolutionary biology is
via interdisciplinary approaches rather than through purely reductionist
views.

6.3 Trophic structure of caves

It is amazing how little is known about the ecology of caves in general,
particularly when it comes to their trophic structure. This might be the
result of the old concept of caves as ‘poor’ from an ecological viewpoint.
However, in the present author’s view, once researchers start looking
at caves from the point of view of energy transfer (including energy
from the epigean environment), their views of caves as habitats will be
profoundly modified.

Another question is: what kinds of constraint does the hypogean
environment impose on the evolution of cave organisms? In other words,
how is it possible to decipher the interplay of lack of light and other
factors aftecting specific hypogean conditions, upon different groups of
organisms, their genetic makeup, and their phenotypic responses?

6.4 Other biological questions

There is a need for a better understanding of the functional architecture
of cave organisms, i.e. the set of pathways that clarifies the relationship
between genotypes and phenotypes. It should be remembered that most
character differentiation arises late in development, and that is why most
phenotypic differentiation is the result of genetic diftferentiation at the
developmental level, not purely structural. This is why the reduction
and/or loss of structure can occur so rapidly in evolutionary terms.
Some (if not all) phenotypic characters are expressed at irregular inter-
vals (after disappearing for portions of a life cycle, they reappear in subse-
quent generations). Therefore they are ‘polyphyletic’ with respect to cell
lineages, and their phylogenetic continuity may be partly independent
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of any continuity at the level of particular genes, or any repetition of
particular patterns of gene expression (Roth 2001, p. 105). Is this why
there are so many morphotypes among some cave species? After all,
phenotypic variance is directly correlated with environmental variance,
and environmental variance is usually higher than can be observed in a
single period of time, especially on evolutionary time scales. Maybe what
is being observed is an interaction among three factors: environmental
variance, mutations with major developmental eftects, and phenotypic
plasticity. If this is the case, how does the interaction work?

Many underground environments (including caves) show high levels
of the radioactive gas radon (see, for example, Gillmore et al. 2000).
Do these levels that influence the rate of mutation among hypogean
organisms?

Of course the problem with all this is that, as bizarre as troglomor-
phic organisms may look, they are the product of the same biological
phenomenon found elsewhere: parasites are highly simplified yet very
successful organisms in the history of life. For example, there are parasitic
plants characterized by the loss of chlorophyll; many birds and insects
living on islands and/or high mountains are limbless and/or flightless
(Darlington 1943; Byers 1969; Livezey and Humphrey 1986; Roft 1990;
Finston and Peck 1995); many fishes and dolphins living in the murky
waters of tropical rivers have reduced pigmentation and eyes, as do many
species living in abyssal waters; snakes have lost their ancestral legs and
cetaceans have had their ancestral limbs highly reduced; further, there is
nothing among the terrestrial ancestors (the mesonychids) of cetaceans to
indicate that they were ‘preadapted’ to their colonization of the aquatic
environment (which was one of the most remarkable evolutionary transi-
tions in the history of life and the adaptations to which have been
attributed to neoteny as well; Sedmera et al. 1997). Despite all this, it is
doubtful whether anyone would be taken seriously who used cetaceans
as an example of ‘regressive evolution’, given the sophisticated acoustic
abilities and social structure in many species. Those who have explored
the notion of an arrow in evolutionary time, which is not the same as
a time arrow in ecology, have dismissed it. As Maynard Smith put it
(1970, p. 271): “If there is a ‘law of complexity’, it refers not to a single
species (...) but to the ecosystem as a whole. The complexity of the
most complex species may increase, but not all species become more
complex.’

Furthermore, take the example of humans: according to Diamond
and Stermer (1999) the features reduced or lost in modern humans from
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their immediate ancestors include loss of the tail, loss of body hair, loss
of the ability to synthesize vitamin C, and reductions in the size of
teeth, the size of the vermiform appendix, the thickness of the skull, and
in the thickness of the bony brow ridges. Are humans the product of
‘regressive evolution’? Nonsense. What is more, biospeleologists who use
the term ‘regressive evolution’ always have trouble answering the question
of regressive to where (see Romero 1985b for discussion of these semantic
issues).

The sad part of this controversy is that modern explanations have
already been offered in the past to describe the evolution of troglomor-
phisms. Dobzhansky (1970, pp. 405-7) did an excellent job summariz-
ing some of the major concepts regarding this phenomenon. In his very
brief but illuminating discussion on phenotypic reductions, he clearly
established that: (1) evolution is opportunistic, (i1) adaptation to a new
environment may decrease the importance of some organs/functions,
which may become vestigial and disappear, (iii) there are numer-
ous examples of rudimentations/losses of organs among both animals
and plants, (iv) acquisition/enlargement of organs can occur among
organisms that otherwise show ‘regressions’ for other organs/functions,
(v) cave animals provide some of the best examples of this phenomenon
but they are not the only ones (some cave organisms do not display
regressions and regressions may be found among non-cave animals),
(vi) there is a great deal of variation among these characters even
within the same species/population, and (vii) both genes and phenotypic
plasticity are responsible for troglomorphic characters.

Therefore, this book is not saying anything essentially news; it 1s simply
an attempt to reconcile the facts with modern evolutionary biology while
staying away, as far as humanly possible, from philosophical theories that
predispose to a biased view of life. If nothing else, one can learn from
the evolution of hypogean fishes that such evolution, as indeed is all
evolution, is opportunistic (Romero 2001a). No wonder life is ubiquitous
on Earth, as is being shown by studying extremophiles (see, for example,
Kristjansson and Hreggvidsson 1995; Horikoshi and Grant 1998). The
ability of life to succeed under such a variety of environments has led
some to predict the presence of life on many other planets, including
those in this solar system (Nealson and Conrad 1999). Curiously, it has
been hypothesized that if life exists on some other planet or planetoid,
it will probably be in a non-light-based environment, such as the ones
found on Earth in hydrothermal vents or sulfur-based caves (Santini and
Galleni 2001).
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As George Gaylord Simpson (1949, p. 160), another of the architects
of the Modern Synthesis, put it: “The course of evolution follows oppor-
tunity rather than plan.” Opportunism as a biological phenomenon is
not just another philosophical idea but a well established fact. There is
empirical evidence in the literature that shows that opportunistic evolu-
tion can take advantage of a previous condition (Andersson 1990), to fill
empty adaptive zones (Bronson 1979; Benton 1983; Harries ef al. 1996),
for feeding (Jaksi¢c and Braker 1983), breeding (Tindle 1984), and for
social behavior (McKenna 1979). Opportunism has been proven to lead
to mutualism (Fiedler 2001), intraspecific parasitism (Tinsley 1990; Field
1992), and reproduction (Kasyanov ef al. 1997). Opportunism has been
described as a major factor for colonizing species (Martin and Braga 1994)
and as a major factor in colonizing extreme environments (Tunnicliffe
1991). There is a correlation between behavioral plasticity and oppor-
tunism (Brown 1990; Werdelin and Asa Fortelius 1999; Johnson 2000).
Lefebvre ef al. (1997) found links between opportunism and phenotypic
evolution and stated that innovation rate in the field may be a useful
measure of behavioral plasticity. Opportunism has even been described
at the molecular level (Doolittle 1988; Meléndez-Hevia et al. 1996;
Green 2001). Therefore, opportunism is probably much more impor-
tant in natural systems than is generally appreciated (Berry 1989). Some
have even defined evolution as a by-product of disrupted communities in
which momentary opportunities for divergence are created (Dimichele
et al. 1987).

Therefore, the evolution of hypogean fauna must be considered as
a natural phenomenon in biology, which is driven by opportunism and
processed by phenotypic plasticity. The question is: is it possible to test for
opportunism?

6.5 Concluding questions for historians, philosophers,
and sociologists of science

Finally, this book addresses some questions for historians, philosophers,
and sociologists of science. A baffling question about the evolutionary
biology of hypogean organisms is why so many researchers are attracted
to ideas of directional evolution of cave faunas by calling the process
of loss of, for example, eyes and pigmentation, ‘regressive evolution.’
Why consider cave fish species to be relatively fixed in time and space?
Further, why did these orthogenic ideas of evolution have to be justified
by the notion of ‘preadaptation’? Why was the colonization of the cave
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environment seen as an ‘accidental, tough luck’ scenario? In other words,
why this finalistic view of life?

This may be the result of the long history of determinism in the
development of biology. Determinism is an idea that may have a place
in physics, but not in biology, particularly when one attributes change
to natural selection, with its emphasis on the chance nature of variation
(Berry 1989).

Why is there such a tendency among humans to see the universe as a
pre-programmed entity? Even Darwin held some orthogenetic ideas early
on (Herbert 1977, pp. 199-200). These ideas have been very popular
among anthropologists, especially paleoanthropologists (White 1959).
However, the supposed mechanisms behind this alleged ‘direction’ were
always vague and filled with a mystical aura. Lull (1921), for example, just
talked about an internal driving force. George Gaylord Simpson (1944)
had an ambiguous position regarding orthoselection, linearity, or trends.
Supporters of orthogenetic explanations were troubled by the idea of
the reversal of the process of evolution away from supposed ‘perfection’.
Such reversals were epitomized by troglomorphic organisms, therefore,
whose form must be due to ‘regressive’ evolution.

Maybe humans are hard-wired against the idea that there is no purpose
in nature. However, that seems to be a question for evolutionary psychol-
ogists beyond the scope of this book. Still, in the present author’s view,
many classical biospeleologists are unable to distinguish metaphor and
metaphysics from science.



Appendix 1

Glossary of terms frequently
used in biospeleology

Some of these terms are purely geological in origin, but they are also
employed by biologists. References to the Oxford English Dictionary
(OED) are for its electronic edition as per June 2008. Terms in bold
within a definition are explained elsewhere in this appendix.

accidental An organism that is rarely found in caves, and when found
there, it is not because the organism is making any real use of the habitat.
Notice that this is a very ad hoc definition: in theory, when an individual
of a species that later may become a permanent inhabitant of caves
first enters a cave, it could also be called an ‘accidental.” This term was
introduced in biospeleology by Schiner (1854) and it was later replaced
by the term trogloxene by Racovitza (1907). ‘Accidental’ as a term is
still utilized, probably as a consequence of applying the terminology of
the five classes of association used by the Braun-Blanquet (1928) school
of phytosociology (also known as the Ziirich-Montpellier School) in the
description and classification of plant communities. To Braun-Blanquet,
accidentals were rare species in a community, present as chance invaders
from another community.

aeolian caves Caves formed by wind erosion. Caves of this type tend to
be short in length. They can be found in coastal areas of Oregon State
(USA), the American Southwest, the Canary Islands, southern Africa,
Israel, and Tasmania.

amphibites Species that require both surface and hypogean waters in
order to fulfill their life cycles. This is a term rarely used in biospeleology.

anastomotic caves Caves with a series of tubes that sometimes inter-
sect with each other many times, forming a complex grid with a



Glossary of terms frequently used in biospeleology - 217

three-dimensional structure; also known as maze caves. One classic
example is Crystal Cave, southern Sierra Nevada, California.

anchi(h)aline This term refers to aquatic habitats with a restricted
exposure to open air, with one or more non-surface connections to
the sea; they are thus influenced by both the marine and the terrestrial
ecosystems with which they interface. They are common in volcanic or
limestone bedrock. Since the 1980s, 1 new class, 3 new orders, 7 new
families, 75 new genera, and more than 300 species (mostly crustaceans)
have been described from anchialine habitats around the world. This
term was introduced by Holthuis (1973) and later redefined (Stock et al.
1986). Riedl (1966) called such habitats Randhoelen or marginal caves.

aquifer A body of permeable rock (e.g. unconsolidated gravel or a sand
stratum) that is capable of storing significant quantities of water, that
1s underlain by impermeable material and through which groundwater
moves. Aquifers are permeable enough to transmit groundwater, yielding
such waters to wells and springs (see artesian). This term has been used
since at least 1901 (Todd 1901).

artesian Originally describing wells made in the French province of
Artois in the eighteenth century, such that a perpendicular boring into a
synclinal fold or basin of the strata produced a constant supply of water
rising spontaneously to the surface of the ground. Thus, it is applied
to water obtainable by artesian boring. This term is frequently used
interchangeably with phreatic. Charles Lyell popularized the term in
his 1830-3 Principles of Geology.

aven A hole in a cave roof. It is the same as a shaft seen from above.

biofilm A thin layer of microorganisms covering a hard substrate. This
term became popular among the microbiological community in the
1980s.

biospeleology The study of life in caves and other underground
environments except for interstitial ones and the meiofauna. It also
applies to the recreational exploration of caves. This term was coined by
Armand Viré (as ‘biospeleologie’) in 1904.

blue hole A shaft-like depression flooded with abundant sea water. Blue
holes are usually found on coral islands. This term is employed in the
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Bahamas to designate sinkholes from which cooler water rises during
the high tide, and in Belize, Jamaica, Florida, and the Red Sea for water
resurgences. The deepest one is the Dean’s Blue Hole of the Bahamas,
which is about 320 m in depth (Wilson 1994). The blue color is due to
the presence of algae in the water (see Dill ef al. 1998; Huys and Ilifte
1998; Fosshagen and Ilifte 2003).

breakdown Rock material, found mostly on cave floors, that is the
product of ceiling collapses.

cave A natural underground or underwater hollow place with an opening
that is more or less horizontal. For cavers, a cave is any natural hole,
vertical (also known as potholes), horizontal, or a combination of both,
which can be penetrated by humans. This definition does not include
mines or tunnels or any other cavity of anthropogenic origin. Depend-
ing upon their geologic origin, caves can be classified as limestone,
sandstone, hydrothermal, lava, glacier, or tectonic. Although this defini-
tion is arbitrary and anthropocentric, it is a practical one, since only
those caves that can be penetrated by humans can be studied directly.
Howarth (1983) broadens this definition by designating the different
voids of caves, based on their size, as follows: microcavernous (<0.1 cm),
mesocavernous (0.1-20 cm), and macrocavernous (>20 cm). The term
cave has been used since Ancient Rome, and in English since at least the
thirteenth century (OED). Among the combined forms in which it is
used, we find cave-deposit (any geological formation deposited in caves)
and cave-dweller (one who dwells in a cave), which includes all sorts of
cave organisms such as cave salamanders, cave fish, cave crustaceans, etc.

cavern A synonym for a cave or cave chamber. This term is vaguer and
more poetic, usually giving a sense of vastness.

cavernicole (n), cavernicolous (adj.) These terms refer to any organ-
isms living in caves, whether permanently or just for part of their life
cycle. They were probably first used in English in relation to biospeleol-
ogy in a short note published in the American Naturalist in 1878 (Anony-
mous 1878).

cenote The word cenote is Spanish but derived from the Mayan word
tzonot or conot, which is somewhat loosely used in the Yucatin Peninsula
of Mexico to refer to various types of bodies of water contained in vertical
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cavities in the limestone, which makes up the flat plain that constitutes
that peninsula. A cenote is defined today as a flooded, natural depression
carved out in limestone with a collapsed ceiling. Cenotes contain varied
aquatic fauna. This term has been used by the Spaniards since their visits
to the Yucatin Peninsula in the early sixteenth century and in English
since at least 1841 (Stephens 1841).

chemolithotrophy The process of extracting nutrients from the
substrate carried out by some microbial organisms. This term was proba-
bly first used by Goldman (1960) and is increasingly utilized today in the
field of microbial ecology.

clastic sediments Broken material, here in the form of particles that
have been eroded from rocks and that have become deposited in caves.
Clastic sediments appear in the form of both mud and breakdown.

closed depressions Slumps or dips on the surface of karstic areas that
can be quite extensive and funnel-shaped (see doline).

crenobionts Organisms normally found in springs and spring brooks,
i.e. at the edge of the hypogean environment. This term became more
or less popular in the 1990s (see, for example, Galassi and Pesce 1991).

doline The same as a closed depression.
edaphobiont, edaphobite An organism living in deep soil.

edaphon Refers collectively to organisms living in the soil and was
apparently coined by R. H. Francé (1913).

endogean Refers to the environment underneath the Earth’s surface.
In theory this term is a synonym of hypogean and should include
cave, phreatic, artesian, interstitial, and edaphic (soil) environments,
as well as the meiofauna. However, except for most artesian and phreatic
environments, all the others have organisms that in different degrees enter
and exit those habitats with relative frequency. Endogean is the opposite
of epigean. It is not clear why this term is much less popular than
hypogean. The word was probably borrowed from botany, where the
naturalist De Candolle (1813) used it to refer to a plant in which new
wood is developed in the interior of the stem.
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epigean Refers to the surface environment as opposed to the
hypogean or endogean one. It also applies to organisms living there.
It was probably used for the first time in English in the field of
biospeleology by Alpheus S. Packard in 1888, and is now universally
accepted.

epikarst The upper section of the percolation area of the karst between
the unconsolidated material (soil, sediment, and vegetation debris) and
the carbonate rock that is partly saturated with water. This layer is capable
of storing, delaying, and/or rerouting vertical infiltration to the deeper
regional phreatic zone of the underlying karst aquifer (Jones et al. 2004).
This term was probably first used by Mangin (1973) and was popularized
by Blavoux and Mudry (1986).

evaporite The remaining substance, usually sodium chloride, that results
from the evaporation of water containing salts.

glacier cave A cave carved out of the ice inside a glacier; it is different
from an ice cave. Glacier caves tend to be poor in terms of biodiversity,
essentially as a consequence of being in latitudes where biodiversity per
se 1s also very low.

grotto A section of a cave that is well decorated with calcite or is
otherwise aesthetically impressive. This term is also used to identify local,
more or less organized groups of cavers. This term has been employed
in English since the seventeenth century (OED).

guano An accumulated deposit of animal excrement. Most guano in
caves is produced by bats, but some is also produced by cave birds such
as swifts and oilbirds. Guano deposits play a major role in the ecology
of many caves, particularly in the tropics where they constitute a major
source of energy. In fact many species of cave animal thrive in areas of
high concentrations of guano.

guanobite An organism that inhabits and/or makes extensive use of
guano as a source of food.

guanophage An organism that feeds on guano.

gypsum A mineral of hydrous calcium sulphate.
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hydrothermal cave A cave formed or modified by water at high
temperatures. Such caves are particularly interesting because of the
microorganisms associated with them. This term has been used in geology
since the mid seventeenth century (OED).

hypogean Refers to the subsurface or subterranean environment as
opposed to the epigean one. It also applies to organisms living there. In
the biospeleological context it was probably first used by Badham (1852).

hyporheic zone The interstitial space within the sediments of a
streambed, representing the transition zone between the surface waters
and hypogean ones. It is a widely used term probably first introduced
by Coleman and Hynes (1970).

ice cave Cave with rock walls, containing either seasonal or permanent
ice. Cf. glacier cave.

interstitial Referring to the spaces in between particles. Interstitial has
been used in the English language since the seventeenth century (OED).

karren German word that means fissures or furrows.

karst From the Serbo-Croat Kras and the German der Karst, a limestone
region of Ljubljana in the northwestern area of the former Yugoslavia
near the border with Italy. In geology, karst is a landscape resulting from
a combination of high rock solubility and well-developed secondary
solubility in well-drained areas. Karst areas are characterized by having
sinking streams, caves, closed depressions, fluted rock outcrops, and large
springs. The first usage in the scientific literature in English was probably
in an article by the Foreign Secretary of the Royal Society of London in
1860-62 (OED).

lava cave A cave formed by flowing molten material; cavities form as
the hot material cools. These cavities are also known as lava tubes; the
most famous ones are in Hawaii. This term was already being used in the
scientific literature in English towards the end of the nineteenth century
(Lucas 1898).

limestone caves Caves that occur in rock containing at least 50%
calcium carbonate. Many limestone caves are porous and therefore
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permeable, and can be modified by water. This term appeared in the

scientific literature in the second half of the nineteenth century (Pengelly
et al. 1873).

meiofauna In general, meiofauna are animals intermediate in size
between the macro- and the microfauna. This term was originally used
by soil researchers and then utilized in the 1950s and 1960s by aquatic
biologists to refer to animals that will pass through a 500 pm sieve but
are retained by a 40 pm sieve.

MSS Acronym for the French milieu souterrain superficiel or mesovoid
shallow stratum. MSS refers to the interstitial spaces deep in the soil—
bedrock interface; it is typical of glacially fragmented zones. This is a
rarely used term.

paleokarst Any geological evidence of former karstic activity.

phreatic Refers to an underground natural source of water. The phreatic
zone is also the zone of saturated rock below the water table. Our
knowledge of the organisms living there is only indirect, because they
cannot be studied directly by humans. The fauna we know have been
pumped out from wells or collected at springs. Occasionally some
phreatic areas become accessible to humans owing to erosion; they are
then called phreatic caves. This term is sometimes used interchangeably
with artesian. It was probably first used in the context of speleological
studies (phréatique) by Daubrée (1887).

saltpeter A white crystalline substance, usually composed of potassium
nitrate, that was used during the nineteenth century to produce gunpow-
der and for medicinal purposes.

sandstone cave A cave in sandstone rocks. Such caves are mostly disso-
lutional in origin. They can be either horizontal or vertical. The first
reference in the scientific literature is probably that of Howitt et al.
(1862).

scotophilia The tendency to stay away from light exhibited by many
hypogean organisms, including blind ones (they use other sensory systems
to detect light). With reference to the behavior of cave animals, this term
was probably first used by Romero (1984d).
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sea caves Caves formed by the action of waves on sea cliffs. These caves
can be formed in a variety of geologies and can be of many different
lengths, up to more than 100 m. They usually have a large chamber
immediately inside the entrance.

sinkhole Any natural, surface depression, usually through which foul
matter runs and contaminates the groundwater. In speleology it means a
hole, cavern, or funnel-shaped cavity made in the earth by the action of
water on the soil, rock, or underlying strata, and frequently forming the
course of an underground stream. The general term was used as early as
the fifteenth century (OED). A synonym is swallet.

solution caves Caves formed by the chemical action of water on the
surrounding rock. Solution caves can be formed in many types of rock,
but the most common ones are in limestone formations, and they are
called limestone or dolomite caves. The gypsum caves of the south-
western United States are also solution caves.

spel(a)ean Pertaining to caves. This term has been used in English since
the nineteenth century (OED).

speleogenesis The origin and development of caves. The term appears
in some documents by the National Speleological Society (USA) in the
late 1950s.

speleology The scientific study of caves; also refers to the hobby of
exploring caves. Edouard-Alfred Martel was the first to use this term in
published form (1894a,b) as spélaeologie; although Martel himself claims
that the term was invented by Emile-Valere Riviere DePrecourt. The
current French spelling, spéléologie, was first used by Martel in 1895. It was
later introduced into English in a paper presented at the 6" Geographical
Congress in 1895 (the proceedings were published the following year;
Martel 1896) when he referred to speleology as something more than a
mere sport. Martel (1897) further introduced the term in more popular
English literature. An alternative French spelling, spéologie, was introduced
by Louis de Nussac (1892, p. 3), and it is sometimes used in the form
of biospéologie (Vandel 1964). Alternative terms have been used in other
languages to conceptualize cave science, such as the German Hohlenkunde
(Schmidl 1850, p. 564), the English caveology (Forwood 1870, p. 172),
and the French grottologie by Martel (Martel 1889, p. 239). Although
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Hohlenkunde is still used by German authors, speleology and its derived
forms in other languages continue to be the terms most universally
employed (Martel 1900).

speleothem Any structure that is generated in a cave by the deposition
of minerals from water. Examples are stalactites and stalagmites.

spring An English word used since medieval times, referring to the
natural point of emergence of underground water onto the surface

(OED).

stalactite A formation of calcium carbonate generated from the roof or
sides of a cave.

stalagmite A vertical formation of calcium carbonate on the floor of
a cave.

stygobiont An organism that inhabits groundwater. This term became
especially popular among European researchers in the 1980s (Barr and
Holsinger 1985).

stygobite Any hypogean organism that shows some sort of specializa-
tion to the underground environment. Adaptations may include, but
are not limited to, eye reduction, depigmentation, reduction of scale
number and development in fish, hyperdevelopment of some sensory
organs, reduction in metabolic rates, reduction or disappearance of circa-
dian rhythms, reduction in fecundity, increased egg size, increased life
span, increased starvation resistance, and the reduction or disappear-
ance of certain behaviors such as aggressiveness, schooling, and response
to alarm substances. Stygobites are considered ‘obligatory’ residents
of the underground environment. This term is similar in meaning to
troglobite.

stygofauna Collective term for the animals inhabiting the underground
water environment. This term may have been introduced by Ginet and
Decou (1977).

stygomorphic Describes an organism that displays the convergent
phenotypic (morphological, physiological, and behavioral) characteristics
of stygobites. This term is similar in meaning to troglomorphic.
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stygophile An aquatic organism that can complete its life cycle in
caves but may also do so outside of caves (see troglophile). It has been
used infrequently but particularly with reference to amphipods (see, for
example, Notenboon 1991).

stygoxene An organism that can be found accidentally in the hypogean
environment. This term is similar in meaning to trogloxene.

suffosional caves Caves produced by sediments flushed by stormwaters.
They are usually small in size, and the typical ones are found in the
Badlands National Monument in western South Dakota, USA.

sump A flooded section of a cave.

talus caves Openings between piles of boulders that are sufficiently large
to allow a human being to pass through them.

tectonic cave A cave formed by ground movement, mostly landsliding
in jointed rocks. Tectonic caves do not depend on dissolution for their
formation.

travertine A solid block of limestone that can be used for construction.

troglobite Any of the organisms found in caves that display convergent
phenotypes (morphological, physiological, and behavioral) such as loss
of eyes and pigmentation. The term was first used by J. B. Schiner in A.
Schmidl Grétten und Hohlen von Adelsberg (1854). Troglobite is sometimes
used interchangeably with troglobiont and stygobite.

troglodyte A term used in the English language since the sixteenth
century that refers to people or animals that venture into or live in
caves (OED). Although it is very rarely used in modern biospeleo-
logical scientific literature, it is sometimes employed in the popular
press.

troglomorphic This term was proposed by Christiansen (1962) and
is widely used today (see also stygomorphic). It refers to organisms
that show reduction or loss of phenotypic characteristics related to the
hypogean environment.
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troglophile An organism that can complete its life cycle in caves but
may also do so outside of caves (see stygophile). It was first used by
J. B. Schiner in A. Schmidl Grétten und Hohlen von Adelsberg (1854).

trogloxene An organism that habitually enters caves but must return
periodically to the outside for certain of its living requirements, usually
food. Bats and cave birds are good examples (see stygoxene). This term
was introduced by Racovitza (1907) to replace accidental or ‘occasional
guest’ used by Schiner in Schmidl (1854).

vadose cave A vadose (or unsaturated) cave is one that underwent most
of its development above the water table.

vadose zone The zone of rock above the water table.

volcanic caves See lava caves.
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Acari 98
Acarina 98
Acarimorpha 98
Accidentals 16, 114, 116, 132
Accidental-entrapment hypothesis 140
Actinarctus 105
Actinobacteria 63
Adaptive-shift model 140, 141-2
Adiantum sp. (venus maidenhair) 75
Aerodramus 124, 157
hirudinacens (mountain swiflet) 73
sawtelli 158
Africa 51,92, 116
Kenya (Shimba Hills National
Reserve) 76
African continent 71, 99, 116
Agaricus
arvensis (snow-ball or horse
mushroom) 70

bisporus (white-button mushroom) 70

Agassiz, Alexander 28

Agassiz, Jean Louis Rodolphe (Louis) 18,

19, 20, 23, 28, 29-30, 32—4, 37
Agastoschizomus lucifer 101
Alabama 120, 121
Key Cave 189
Alberti, Leandro 6
Albinism 137-8
Albiorix anophthalmus 102
Algae 67-9
Edaphic 68
Alona 91
Amblyopsid 29, 35, 36
Fishes 20, 176
Amblyopsidae 29, 120, 148, 157
Amblyopsis
rosae 39, 173, 200
spelaea 14,16, 17, 18, 19, 20, 29, 35
spelacus’ 16, 19
Amblypygi 100

Ambystoma mexicanum 154

American continent 15, 71, 92,99, 114,

115, 116

Amphibians 120

blind 9
Amphipod

cave 6
Amphipoda 94
Amsterdam 4
Anaspidacea 93
Ancient Greece 6
Andes, the 68,73, 74,75, 123
Anguilla anguilla 7
Animals

Blind cave 23, 39

cave 8, 14, 20, 23, 25, 28, 31,

eyeless 19
Apnisolabis howarthi 111
Annales de Speleologie 56
Annelida 85
Anophthalmic 116
Antromysis 92
Aphotic 68, 90
Apodidae 124-5, 163
Apogon imberbis 174
Appalachian areas 167, 190
Apulian coast 79
Aquifers 88, 178
Arachnida 97, 98
Arachnocampa luminosa 104, 118
Araneae 100
Archeobacteria 62
Arizona

Karchner Cavern 84, 203
Aristotle 7, 20, 24
Arkansas 107, 176, 199, 200
Artesian area 160
Asbestopluma spp. 79
Ascension Island 116
Ascomycota 70, 71

9

34,

O

5

3,

5

5



Asellidae 95
Asellus aquaticus 144
Asellus aquaticus subterraneus 145
Asia 50, 71,92, 124
Astroides calycularis 81
Astrosclera willeyana 79
Astyanax fasciatus 120, 131, 134, 137, 141,
142-3, 145, 147-9, 151, 153, 154,
155, 157, 172, 210-11
Australia 71, 76, 89, 91, 92, 93, 105, 108,
141, 164, 193, 199
Bat Cave 200
Sinkhole 92
Austria 4
Aves 123
Azores, the 175
Terceira Island 74

Bacillariophyta (diatoms) 68
Bacteria (see also Archaeobacteria and
Eubacteria)
Ammonia and nitrite oxidizers (in
caves) 64
Chemolithoautotrophic (in caves)
64, 65
ecological role (in caves) 65—7
heterotrophic (in caves) 64, 65
In caves 63
Iron and Manganese Oxidizing (in
caves) 65
phototrophic sulfur reducers (in caves)
64
purple sulfur (in caves) 64
sulfur-oxidizing (in caves) 64
Bacteroidetes/Chlorobi 63
Bahamas 92, 93
Balcones Aquifer 122
Balkans, the 187
Banta, Arthur Mangun 40
Barr, Thomas 59
Basidiomycota (puftballs, polypores, gilled
musrooms, boletes, yeast) 70, 72
Bat guano 66, 71, 126, 163
Bathynellacea 93
Bats (see Chiroptera) 125
Bedrocks
Limestone 160
Volcanic 160
Beetle
blind cave 13
subterranean 51

Index - 279

Behavior 132
Belize 77, 137, 148, 155
Bergson, Henri Louis 48-9, 51
Bermuda 91, 92, 94, 95, 199
Bentham, George 22
Benthic 91
Besson, Jacques 7
Biofilm communities 68-9
Biokarst 67
Bioluminescence 104, 107, 118
Biospeleologica 51
Biospeleology 15, 50, 51, 56, 58=061
Biota
Cave 21
hypogean 8
underground 8
Bird (see also Aves)
cave 8, 15
Bird nest soup 124
Bishop, Stephen 11, 13
Bison 3
Bison bonasus 3
Bivalvia 86
Blaberidae 112
Blattellidae 112
Blattidae 112
Blattodea 112
Blind 4, 16, 18, 20, 22, 81, 91, 92, 93, 95,
100, 102, 121, 131, 133, 147, 176
-fish 137
-ness 14, 25, 36, 95, 132, 134, 150, 165,
171, 210
-ness among cave animals 38, 40
-ness among cave vertebrates 40
-ness of cave fauna 36
Bochusacea 93
Body size 138
Bolivia 123
Bolivar, Ignacio 59
Bonnet, Charles 27-8
Borneo 88
Bosnia 121
Botryolepraria lesdainii 73
Brachiopoda 89
Bracken Cave 125
Branchiopoda 90
Brazil 76, 77, 93, 95, 99, 126, 137, 138,
148, 155, 174, 179
Sio Dominogos karst area
Breder, Charles Marcus 59
British Empire 38
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Brown University 33
Bryophyta (mosses)
Bryozoa 89

Buffon, Georges-Louis 47

Caecidotea barri 95
Caecidotea cumberlandensis 95
Caecidotea incurve 95
Caecidotea jordani 95
Caecidotea paurotrigonus 95
Caecidotea teresae 95
Caecorhamdia urichi 143
Caicos Islands 93
Calabozoa pellucid 95
Calabozoidae 95
Calanoida 91
California 39, 40, 121, 131
King’s Canyon National Park 107
Cambarus aculabrum 199
Cambarus hubrichti 198
Cameroon (Republic of) 66

Campbell, George John Douglas, (Duke of

Argyll) 26
Campodeidae 110
Canada 75, 162
Canary Islands 91, 92, 100, 116, 176
Carabidae 113
Carbonate dripstone 67
Carcinophora americana 111
Caribbean 91, 92
Carniola See Slovenia
Carychium spelaeum 13
Caullery, Maurice 52, 56
Cave archetype 132
Cave ecosystem structure 164—6
Cave conservation and
Management 182-208

Anthropogenic impacts 183—7, 197, 198,

203
Atmosphere of caves (eftects on) 195-7
Biota (effects on) 199-206
Climate change 206-7
Cultural 206
Geomorphology (effects on) 187-95
Hydrology 197-9
Legal Protection 207
Cave formation 667
Cave (types)
Anchialine 68, 198
Dinaric 80, 121
granitic 63

horizontal 160
ice 143, 159
intertidal 80
karstic 73
karsts 92, 159, 161, 191, 193
lava tubes 63, 70, 72, 111, 141, 159, 176,
194
limestone 50, 63, 69, 88, 107, 180, 196
marine 68, 69, 77, 78,79, 85, 86, 93,
105, 175, 179, 193
marine temperate 77
multilayered 160
reef 79
saltpeter 64
sea 84, 128
sedimentary rock (in) 69
shallow water 78
snail 88
sublittoral marine 80
submarine 89
subtropical 71
systems 10, 14
temperate 111, 126, 154, 161, 176
tropical 71, 88, 101, 154, 161, 162, 163,
172
Vertical 160
Cave spring fish (see Forbesichthys
agassizi) 84
Cave Vertebrates of North America
40
Cavernicoles (also see Tiogloxenes)
56
éeé, Luka 13
Central America 115
Cenotes (sinkholes) 68
Cephalosporium lamellaecola 71
Ceuthophilus spp. 5061
Cévennes 50
Character concept 132-9
Chardin, Pierre Theilhard de 57
Chelicerata 96
Chilopoda 106
China 5, 6, 16, 108, 118, 133, 180, 192,
194
Alu caves 6
Beijing 181
Luxi County 6
Three Gorges Dam 191
Chinese civilization 5, 7
Chironomidae 117
Chiroptera 125, 201



Cholevidae 113
Chlorophyta (green algae) 68
Chologaster 36

agassizi 35

cornuta 36

cornutus 29
Chordeumida 107
Christiansen, Kenneth 59
Chthonoidea 102
Cimicidae 112
Circadian rhythm 108

Loss 113
Cixiidae 112
Cladocera 91
Cladorhizidae 79
Claparede, René-Edouard 45
Clariidae 7
Climate change (caves as record)

180—1

Climatic-relict model 140-1
Closed system 159
Cnidarians 80

Cave 69, 80
Cobitidae 7
Codonorchis octaedrus 80
Coleopteran 113—17
Collegio Romano 5
Collembola 109
Collocalia 124, 157, 163
Collocalia _fuciphaga 200
Colorado 102, 207
Competition (in caves) 180
Conestoga (River) 32
Congeria kusceri 87
Conidiobolus coronatus 71
Convergence 155
Cook Islands

Atiu Island 157
Cope, Edward Drinker 29, 31-2, 34—0, 48,

51

Copelatus 114
Copepoda 91
Coprozerconidae 167
Coprozercon scopaeus 167
Corrosion residue 66
Costa Rica 137, 142, 148, 155, 157
Cottus carolinae 138, 171
Crayfish

Blind cave 18, 35
Cricket

wingless cave 3
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Croatia 77, 87, 121
Crustacea 90
Crustacean 90
Anchialine 90, 93
Cave 96
Hypogean 90
Phreatic 90
Cuba 35, 36, 39, 93, 99, 115, 117
Cuénot, Lucien 41, 49, 52, 56
Culcidae 117
Culver, David 59
Cumacea 95
Curculionidae 114
Cuvier, George 17, 18, 19, 43, 57
Cyanobacteria (blue-green algae) 67, 689,
73
Cyclopoda 92
Cyphoderidae 109
Cyphomyrmex rimosus 117
Cyprinodont
aberrant 20

Dana, James Dwight 23—4
Danielopolina kornickeri 93
Dark zone
Animals in the 14, 16, 25
Darwin, Alexander 20
Darwin, Charles 2, 10, 15, 19, 21-9, 31,
41, 45, 48, 52
non-Lamarckian
’s theory of 20
Darwinian 57

anti- 27
neo- 57, 61
pre- 14

Darwinism 2, 31, 37, 47, 48, 52
Decapoda 95
Demospongiae 77
Derovatellus 114
De Vries, Hugo 38
DeKay, James 14
Dendritic network 165
Dendrocoelum beauchamoi 81
Depigmentation 14, 25, 132, 134, 150,
165, 171
Cave fauna, of 36, 40
Depigmented 4, 16, 18, 20, 22, 81, 87, 88,
91,92, 93, 95, 100, 104, 106, 107, 108,
111, 116, 119, 121, 131, 133, 147, 176
Fish 7, 137
Dermaptera 111
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Descrittione di tutta Italia 6

Devil’s Icebox Cave 83

Dicytostelium (slime molds) 72

caveatum 71

Dinetus 114

Diplopoda 107

Diplura 110

Diptera 117

Dinaric cave clam (See also  Congeria
kusceri) 87

Dispersal distribution 141

Dobzhansky, Theodosius 53-5, 57

Dohrn, Anton 37

Dallinger, Ignaz von 18

Dollo, Louis 51

drobnovratnik 13

Drosophilidae 117

Dryopidae 114

Dysdera 100

Dytiscidae 114

Echinoderes cavernus 84
Echinoderes dujardini 84
Echolocation 123, 124, 125, 142, 157,
163
Eclological indicators (of caves via
bats) 201-6
Ecology
Cave 67
Cave fauna, of 36
cave organisms, of 159-81
Diversity and distribution 159-64
Ectopsocidae 112
Ecuador 230 15, 101
Edward’s Aquifer 149, 160
Edward’s Plateau 121
Eel 7
underground little (see also petites
anguilles) 7
Eigenmann, Carl H. 39-41, 59
Eimer, Theodor Gustav Heinrich 48,
51
Elmidae 114
England
Castleton, Darbyshire 8
Enterobryus oxide 71
Entomobryidae 109
Ephemeroptera 111
Epicrinea 167
Essai sur les problem Biospeleologiques 51
Euanapis subterraneus 77

Eubacteria 62
Association with plant and animal
disease 63
Eurasia 114
Europe 3,5, 6,7, 13, 14, 15, 24, 28, 43, 44,
50, 51, 71, 75, 83, 85, 92, 107, 109,
116, 144, 160, 161, 189, 192, 193, 201
Eurycea 121
lucifuga 10, 15
neotenes 152
spelaea 122
tridentifera 121
Eurycercidae 91
Evolution 9, 16, 17, 19, 20, 27, 28, 30, 31,
32, 33, 34, 42-60
Cave biota, of 53
cave fauna, of 2, 27, 36, 37, 40, 60
cave organisms, of 3, 32, 53
convergent 40, 110, 120
gerontocratic 56
phenotypic 55
regressive 27, 32, 56, 60, 212
troglomorphisms, of 213
Exaptation 150
Extremophile 54
Exumella 91
Eye 151
Absent 32, 88, 104, 108, 114, 116
Degeneration 40, 210-11
Loss 91, 98, 101, 103, 110, 112, 113,
116, 118, 154, 214
No cornea 103
Reduced 88, 94, 95, 101, 102, 103, 110,
111, 112, 113, 115, 118, 119, 133,
143, 154, 172
Rudimentary 114

Fangensis 103
Fangensis cavernarus 104
Fangensis leclerci 104
Fangensis spelaeus 103
Fauna
Blind 18, 40
cave 3,4, 13, 14, 15, 18, 20, 21, 22, 24,
25, 27, 29, 31, 33, 34, 37, 39
hypogean 34
subterranean 51
Faunae cavernicole de la France 51
Federal Cave Resources Protection Act of
1988 207
Firmicutus 63



Fish
blind 7, 14, 18, 19, 36, 40
blind cave 16, 17, 35, 36, 39
cave 0, 16, 18, 30, 59
hyaline 6
hypogean 2,7, 15,78
subterranean 7, 35
Fisher, Ronald 58
Flavobacteria/Bacteroides 63
Florida 96, 121
Old Indian Cave 205
Fossilization 129
Forbesichthys agassizi 84, 173
Formations
Karst 10
Limestone 75
Sandstone 75
Formicidae 117

France 2, 3, 7, 15, 28, 41-52, 56, 60, 70,

92
Aven d’Orgnac 196
Gabard, Angoumois 7

Grotte des trios Fréres (Three brothers

cave) 3
Mediterranean coast 65, 78, 206
Mery 70
Paris 30
Paris, catacombs of 50
Pyrenees 3

Frullania tamarisci 74
Fungi (cave) 69-73
(underground) 8, 15
Fungus subterraneus 8
Fusarium spp. 71

Galapagos 116
Gamberetti picciolini 6
Gammaproteobacteria 169
Gammarus

puteanus 13

puteanus Koch 13

stygius 13
Gastrophanella

cavernicola 77

phoemciensis 77
Gastropoda 88—9
Gastrotricha 83
Gastrotrichs (see gastrotricha)

83

Gaudry, M. (Albert Jean) 46
Gelyelloida 92

Index

Georgia 71, 121
Cumberland Plateau of 143
Georissa 88
Germany 18, 40, 46
Freiberg, mines of 8, 15
Regensburg 13
GianGiorgio See Trissino
Girard, Alfred 47
Girard, Charles Frédéric 29-30
Glowworm (also see Arachnocampa
luminosa) 104, 197
Glyphiulus cavernicolus 108
Goby
blind 39
Goniosoma 174
albiscriptum 102
spelaeum 75
Gorin, Franklin 11
Grand Bahama 91
Granite 66
Grassé, Pierre-Paul 56
Gray, Asa 46
Greater Antilles 116
Greece
Greek Islands 4
Milos catacombs 71
Gronias nigrilabris 31, 35
Grotto del Tasso 88
Gryllacrididae 111
Gryllidae 111
Guatemala 99
Guano 70, 182, 195, 201
Guanobitic 110
Guanophile 99, 101, 113
Gulf of Guinae 174
Gypsum 66
Gyrinophilus 121
palleucus 121

Haacke, Johann Wilhelm 49

Haeckel, Ernst 30—1, 80

Haideotriton wallacei 122

Haideporus texensis 114

Halcampoides purpurea 80

Halocyprididae 93

Harpacticoida 92

Harvard 19

Hawaii 70, 72, 111, 141, 145, 194
Kaua’l 201

Hegel, G. W. E 18

Hemiptera 112
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Index

Hemisysis
margalefi 207
speluncona 167, 206
Hendea myersi cavernicola 104
Henle, E G. Jacob 37
Hepatophyta/Marhantiophyta (liverworts of
hepatics) 74
Herzegovina 87
Heteromysis 92
Hickmania troglodytes 100
Higginsia ciccaresei 77, 78
Histeridae 115
Histoplasma capsulatum 71
Hirudinea 85, 86
Blind 86
Depigmentation and eye reduction
86
Hohenwart, Earl Franz Josef Hannibal Graf
von 13
Holsinger, John 59
Hooker, Joseph Dalton 21, 23
Hopeful monsters 139
Huang, Ying 6
Humboldt, Alexander von 8, 13
Hyatt, Alpheus 29, 301, 32, 33—4
Hydrobiidae 88
Hydrochous gigas 157
Hydromantes 121
Hydrophilidae 115
Hydropsychidae 117
Hymenoptera 117
Hyper-developed sensory organs 146,
149
Hypogastruridae 109
Hypogean archetype 133, 138
Hypogean biodiversity 62, 160, 162
Hypogean bivalves (also see bivalvia) 86,
87
Hypogean brachiopods 89
Hypogean colonization 21, 41, 13945,
146, 152, 157, 179, 214
Hypogean environment 31, 40, 51, 63, 159,
164, 165, 166, 169, 170, 177, 179,
189, 206, 208, 211
Air 71, 159
Anchialine 78, 85, 86, 90, 91, 92, 93, 94,
95, 118, 141, 160
Artesian 130
cave 4579 165
cavernicolous 167
edaphic (soil related) 165

endogean 130, 178

epigean 130

freshwater 68

hypogean 130

interstitial 93, 105, 165

karstic 161, 164, 179, 182, 188, 192,
194, 197

karstic aquifers 182

marine 92, 95

Mixed 159

soil 130, 165

subterranean stream 175

littoral 79

phreatic 68, 88, 90, 92, 93, 95, 113, 130,
149, 160, 162, 165

soil 130

underground 14

Water-filled 159

Ictalurus nebulosus 32
Ilinois 84
India 101, 124
Andaman and Nicobar Islands 200
Indiana 39
Corydon 39
Indian Ocean 89
Indonesia 95
Insect
cave 24
Insecta 109
Intermediate
forms 119, 131, 150
morphologic 149
phenotypic 137, 148
Interstitial
Organism 131
Introgressive hybridization 149, 153, 157
Tonian Coast 83
Ireland 79
Ischnopsyllidae 117
Isopoda 95
Isopod
Cave 69
Isoptera 111
Isotomidae 109
Isreal 72
Italy 4, 15, 83, 144, 166, 188
Apulia 88
Grotta di Castellana (Cave of
Castellana) 187
Grotta Grande (Big Cave) 193



Grotta Grande del Vento (the Big Wind
Cave) 187, 195
Monti Berci, Veneto 6

Jamaica 77, 126

Japan 75, 94, 95, 109

Japygidae 110

Jeannel, René Gabriel 50, 51, 50,
59

Jordan, David Starr 39

Julida 107

Karst
system 14
Karst Waters Institute (kWI) 183
Kentucky 39, 84, 108, 111
Bowling Green 29
Lexington 10
Mammoth Cave 10, 12, 13, 14, 16, 18,
19, 22, 23, 24, 29, 30, 36, 40, 81, 111,
160, 162, 167
Transylvania University 10
Keroplatidae 117
Kinorhyncha 84
Kinorhynchs (see Kinorhyncha)
Kircher, Athanasius 4, 5

Koch, C. L. 13
Kolliker, Rudolf Albert 48
Korea 92

Kuhnenian 3
Kinorchynchs 105

L’Evolution regressive des poisons cavernicoles et
abyssaux 57
L’Heritier, Phillippe 58
Laccophilus 114
Lamarck, Jean Baptiste 21, 27, 28, 33, 41-9,
57
Lamarckian 17, 27, 31
neo- 3, 21, 27, 33, 34, 40, 41, 43, 56,
61
Lamarckism 2, 21, 26, 32, 37
Neo- 52, 55, 58, 60
American neo- 2, 29, 31, 32, 33, 34, 37,
39
French neo- 48
Lamp-flora 69
Lamp shells (see Brachiopoda) 89
Lankester, Edward Ray 37, 38, 41
Laos 101
Lathridiidae 115

Index

Laurenti, Josephi Nicolai 9
Lebanon 77
Leiodidae 115
Lepidoptera 117
Lepismatidae 111
Leptoceridae 117
Leptodiridae 113
Leptodirus hohenwarti 13, 16
Leptonycteris

Curasoae 206

nivalis 206
Leptophlebiidae 111
Leptopsammia pruvoti 81
Leptostraca 93
Lichens 73
Limestone 67, 160, 197

Silurian 32
Limnius stygius 115
Linnean

post- 9, 16
Liposcelidae 112
Lister, Martin 8
Litthabitella chilodia 88
Lucayan Cavern 91
Lukas Tschesch 13
Lyell, Charles 27, 46
Lyonetiidae 117

Macentina stigonemoides 73
Macrocotya glandulosa
Madagascar 91, 92
Madeira 116
Magnoliophyta (flowering plants) 76
Malacostraca 93, 94
Malay Peninsula 124
Malaysia 103
Mammalia 125-9
Mammoth cave
Blind fish of 36
Fauna 34
Specimens 33
Marquis de Condorcet,
Marie-Jean-Antoin-Nicolas de
Caritat 43
Martel, Edouard-Alfred 50
Massachusetts
Salem 33, 34
Maxillopoda 91, 92
Mayr, Ernst 2, 55, 57, 60
Mediterranean 89, 92, 105, 193
Cave of the Medes Island 167
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Megalopsalis tumida 104
Mendel, Gregor 26, 38
Menoponidae 112
Merophysidae 115
Mesoniscidae 95
Mesoniscus graniger 95
Mesoveliidae 112
Metabolism
Low 146
Mexico 92,99, 101, 109, 117, 126, 145,
160
La Cueva Chica 149, 153, 168
La Cueva de El Pach6n 149, 151
Nuevo Ledn colonies 206
Quintana Roo 68
San Luis de Potosi area 137, 148, 149,
155
Microcoryphia 110
Microphthalmic 95, 115, 131
Microsporum gypseum 71
Microtus montanus 207
Mictacea 94
Milichiidae 118
Milieu souterrain superficiel (MSS) or
superficial underground section 178
Mine
Old Man 8
Ming Dynasty 5, 6
Ming, Yang 6
Miniopterus schreibersii bassanii 206
Misophriidae 92
Misophrioida 92
Missouri 39
Cathedral Cave 178
Maramec Spring 198
Missouri Ozarks 83
Mittenia spp. 3376
Mivart, George 26
Modern Science [period] 8, 44
Modern Synthesis, The 2, 3, 52, 54, 57-8
Mole
Subterranean 43
Mollusca 86
Mollusks (see also mollusca) 86
cave 13
Monachus monachus 193
Monod, Jacques 60
Montalembert, Marc-René Marquis de 7
Moonmilk 67
Morgan, Thomas Hunt 38
Morocco 115, 174

Morphology 132
Morse, Edward 33
Moss animals (see Bryozoa) 89
Motyxia 107
Mucor ramannianus 71
Mundochthonius singularis 102
Mundus subterraneus 4, 15
Muscidae 118
Mycetophilidae 118
Mycetozoans (slime molds) 72-3
Mycorrhizae 70, 72
Myotis

austroriparius 205

grisescens 205, 206

velifer 203
Myriapoda 105, 106
Mysidacea 94

Nigeli, Carl Wilhelm von 26
Nanocochlea 88
National Speleological Society (NSS)
59
Neelidae 109
Nematoda 84
Nematodes (see nematode) 83
Nemertea (see Nemertina) 83
Nemertida (see Nemertina) 83
Nemertina 83
Neobisioidea 102
Neotenic 89
Neoteny 121, 137, 152, 153
Neotoma
floridana magister 167
Neotropics 88
Nepidae 112
Neritiliidae 89
Netherlands Antilles
Curagao 199
New Caledonia 116
New England 12
New Mexico
Carlsbad Caverns National Park 66, 71
Grand Canyon 131
Lechuguilla Cave 65
New York 16, 73
New Zealand 83, 88, 104, 197, 201
Neo-Darwinian See Darwinian
Neo-Lamarckian See Lamarckian
Nevada
Lehman Cave 71
Nicoletiidae 111



Niphargus 13, 15
costozzae 6
puteanus 13, 16
stygius

Nitrobacter 67

Nitrospira 63

Nocticolidae 112

Noctilio leporinus 142

Nocturidae 117

Nocturnal habits 147

Nomenclature 130

North America 24, 85, 95, 102, 107,

111

North Atlantic 95

Northern cavefish 16

Norway 78

Obligatory 102
Cavernicoles 76, 120
Organisms 169

Oilbird (see also  Steatornis caripensis) 8, 123,

124, 163

Oken, Lorenz 18, 30, 43

Okinawa 86

Oklahoma 141, 163, 196, 205

Oliarus 145

Oligochaeta 85—6

Oman 79

Oncopoduridae 109

Onychiuridae 109

Onychophora 104

Oopsacas minuta 77, 79

Oosternum 115

Opal 66

Opilionida 102

Opisthopatus herbertorum 104

Opportunism 53—4, 55

Orconectes 96

Organism
cave 3, 6,9, 10, 14, 22, 29, 32, 33, 53,
55, 59-61
Orthogenesis 32, 37, 38, 41, 49, 52, 50, 58,
60

Orthoptera 111

Ostracoda 93

Othonops eos 39

Owen, Richard 17, 26
Oxixdus gracilis (cave millipede)
Ozarks 107, 121, 175

Paedomorphism 152, 153
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Index

Pacific 92
South 105, 124
Southwest 116
Packard, Alpheus 33-5, 30, 51
Palaumysis bahamensis 92, 94
Palaumysis pilifera 94
Palaumysis simonae 94
Paleozercon cavernicolous 168
Palinura 96
Palpigradi 99
Palpophriidae 92
Pantherophis obsolete 122
Parthenogenesis 80
Pasteur, Louis 47
Pauropoda 108
Pauropus furcifer 109
Penicillium spp. 71
Pennsylvania 31, 35, 167
Lancaster county 32
Peripatopsis alba 104
Pethodontidae 121
Petites anguilles 7, 15
Petromizonidae 7
Phaeophyta (brown algae) 68
Phenotypes
Adaptive 154
Divergent 155, 156
Phenotypic character 55, 61, 133, 154, 209
Reduction/loss 120, 150
Philippines 124
Philopotamidae 117
Philosciidae 95
Phlaeothripidae 112
Phoridae 118
Phototactic response 148
Phreatic
Fish 134
Organism 131
Zones 197
Phthiraptera 112
Phycomyces nitens
Pices 118-20
Pictet de la Rive, Francoise Jules 45
Pigmentation 151
Absent 32, 35
Degeneration 40
Loss of 90, 98, 101, 103, 110, 112, 113,
118, 138, 154, 214
Reduced 93, 95, 97, 101, 103, 104, 107,
110, 112, 113, 115, 118, 119, 143,
154, 172
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Planctomycete 63
Planariidae 83
underground 8
Plants (liverworts, mosses, ferns and seed
plants) 73—6
(underground) 8, 15
Plasticity
Behavioral 55, 209
Phenotypic 53, 55, 60, 61, 69, 77, 78,
80, 120, 150-6, 169, 212, 214
Platycopioida 91
Platyhelminthes 81
Plato 6, 19, 20, 24
Plethodon albagula 176
Plethodontid salamanders 143
Plinius 13
Poey, Felipe 35
Poland
Krakow Upland 191
Polychaeta 85
Polydesmida 107
Pool finger formation 67
Porifera (sponges) 76—9
Potamolithus karsticus 88
Pouchet, Félix Archiméde 47
Poulson, Thomas 59
Preadaptation 26, 40, 41, 50, 51, 60, 141,
145-50, 212
Precipitous Bluft caves 88
Prilidae 116
Procambarus lucifugus 96
Prostigmata 98
Proteidae 121
Proteobacteria [phylum] 63
Epsilonproteobacteria 63, 64, 169
Proteus anguinus 9, 15, 121, 173
Protista 76
Protoctista 76
Protozoans 76
Pselaphidae 116
Pseudocyclopiidae 92
Pseudoscorpionida 101
Pseudotricula 88
Psocidae 112
Psocoptera 112
Psychodidae 118
Psylloidae 112
Psyllipsocidae 112
Pteridophyta / Filicophyta (ferns) 75
Ptomaphagus
cocytus 131

Sisus 131

inyoensis 131

manzano 131
Puerto Rico 111, 117, 126
Putnam, Frederic Ward 33, 34—6
Pycnogonida 96
Pyrenees 51, 101

Quatrefages, Jean Louis Armand de 46

Rabaud, Etienne 47
Racovitza, Emil G. 50, 51
Rafinesque, Constantine Samuel 10
Rana palustris 141
Rat

blind 23, 24

cave 22,2325
Recharge area 160, 198
Recharge zone 193
Refugia

Model 142

thermal 141
Remipedia 91
Renaissance 5, 7, 8
Reptilia 122
Rhamdia quelen 143, 151, 153, 157,

176

Rhizopus stolonifer 71
Rhydophyta (red algae) 68
Rhynchocaela (see Nemertina) 83
Ribbon worms (see Nemertina) 83
Ricinulei 99
Robinet, Jean-Baptiste-René 28
Rock Bridge Memorial State Park 83
Romania 76

Clyj 51

Movile Cave 65
Rossmiissler, Emil Adolf 13
Rostand, Jean 52, 56
Roundworms (see Nematoda) 84
Royer, Clémence-Augustine 45—7
Rudimentation 2, 41, 45, 53
Rydgewayiidae 91
Ryuku Island 86

Siant-Hillaire, Geoffroy 43, 48, 57
Salamander
cave 8, 10
Saltpeter 66
Scarabeidae 116
Schelling, Fredrich 18



Schiner, Ignaz Rudolph 14

Schiddte, Jorgen Matthias Christian 13, 14,

24-5
Schistostega spp. 74, 75
pennata (cave or luminous moss) 75
Schistostegaceae 75
Schizomida 101
Schizomus portoricensis 101
Schmitt, Ferdinand Jozef 13, 14
Sciaridae 118
Scolopendra gigantean 107
Scorpionida 101
Scoterpes copei 108
Scydmaenidae 116
Scydmaenus aelleni 116
Sea anemones
In caves 69
Sea mats (see Bryozoa) 89
Segmented worms (see Annelida) 85
Sequoia
Crystal Cave 107
Serbia 109, 194
Shade animals 14, 16, 25
Shaler, Nathaniel (Southgate) 33, 34
Silliman, Jr., Benjamin 22, 23
Siluridae 7
Simpson, George Gaylord 54, 57
Sinocyclocheilus 118
Horn-like structure 118
Sinocyclocheilus hyalinus 6, 15
Sinocyclocheilus macrophthalmus 133
Siphonaptera 117
Slovenia 9, 10, 14, 16, 69, 87, 121, 144,
161, 189
Laibach SeeLjubljana
Postojna Cave 12, 13, 109
Sminthuridae 109
Smith, Rosa 39
Snail Cave 13
Société de Spéléologie 50
Soecimen Faunae subterranean
Soil
Organism 131
South Africa 93, 104
Bovenplaats, Cape Colony (near
Malmesbury)
Doornkloof, Irene (near Pretoria)
Wonderfontein 191
South America 108, 115, 123
South Carolina 36
South Dakota 85

Index

Southeast Asia 187
Spain
Altamira Caves 69, 206
Barcelona 69
Cueva del Agua de Iznalloz 195
Cueva de las Maravillas 195
El Geodo de Pulpi 196
Mallorca (an anchihaline lagoon) 76
Pont d’En Gil 179
Sorbas 188
Spalax 141
Spathidium faurefremieti 76
Spatial-conceptual axes 166
Length of cave 166
Outside environment 167
Terrestrial-horizontal 166
Water 166
Vertical 166
Spatial organization 166—9
Species Concept
Biological 165
Evolutionary 165
Phylogenetic 165
Specimen Faunae subterraneae 16
Spelaeoecia saturno 93
Spelacogriphacea 93
Spelaeomysis 92
Spelaeomysis bottazzii 131
Speleogenesis 65
Speleoperipatus speleus 104
Speleophria bivexilla 199
Speleophria bunderae 92
Speleophriidae 92
Speleothems 69, 180, 187, 194
Granitic 66
Spencer, Herbert 40
Speonebalia cannoni 93
Speonomus hydrophilus 178
Speoplatyrhinus poulsoni 120, 189
Sphaeroceridae 118
Sphalloplana percaeca 81
Spicules 78
Sponges
Calcareous (in caves) 77
Cave 78-9
Freshwater cave 77
Morphology 78
Sri Lanka 124
Stalactites
Animals on 14, 16, 25
Staphylinidae 116

289



290

Index

Steatornis caripensis 8, 15, 123

Stenasellidae 95

Stenasellus strinatii 95

Steatornidae 123—4

Steatornithidae 163

Steatornis caripensis 163

Stepping-stone habitat 90

Strabo 13

Streblidae 118

Stygiomysis 92

Stygobitic 114

Stygocyclopia australis 92

Stygoparuns 114

Stygoporus 114

Stygotantulus stocki 92

Stylocellus globosus 103

Succession in caves 175-7

Sulfidic springs 64

Sulfuric acid speleogenesis 170

Swiftlets (see also Apodidae) 112, 124,
157

Swim (gas) bladder 138

Switzerland 4, 7, 92

Symphyla 109

Taiwan 72, 126
Tanaidacea 95
Tardigrada 104
Tasmania 88, 109
Tauste, Francisco de 8
Teilla sp. 78
Téissier, Georges 58
Tellkampf, August Otto Theodor 18
Temperate regions 161, 169, 172, 176, 179,
183
Temporal perspective 168
Tenebrionidae 117
Tennessee 36, 84, 121, 167
Tethya omanensis 79
Tethys Sea 84
Tettigoniidae 111
Texas 39, 72, 92, 121, 134, 160, 189,
193
Big Red Cave 200
Bracken Cave 203
San Antonio 125
Thailand 103, 111, 136
Thaumatocypridoidea 93
Thecoscyphus zibrowii 80
Thermosbaenacea 93
Thetispelecaris remix

Things, Georges 57
Thomomys talpoides 207
Thrombus jancai 77
Thrysanoptera 112
Thysanura 111
Tineidae 117
Tipulidae 118
Tonatia bidens 126
Tomoceridae 109
Transient cave-dwelling species 144
Transitional characteristics 131
Transitional forms 209
Translucent
periderm tube 80
Transformisme See evolution
Trichomycterus itacarambiensis 138
Trichopelatidae 107
Tiychophyton
mentagrophytes 71
rubrum 71
terrestre 71
Trichoptera 117
Trigiidae 112
Trinidad 123, 143, 176
Cumaca Cave 153, 163, 168
Trissino, Giovanni Giorgio 6
Troglobitic 88, 95, 121, 132, 170
Beetle 178
Salamanders 152
Species 137
Troglobites 14, 16, 141, 150
Trogloglanis pattersoni 39, 134, 149
Troglomorphic 91, 95, 98, 110, 132, 143,
147,169, 171, 210
Animals 151
character 53, 133, 136, 153, 154, 156
fish 31
fish families 147
gene 153
organisms 153, 172, 176, 212
Species 137, 138, 148, 161, 162, 164
Troglomorphism 55, 111, 112, 115, 118,
120, 132, 133, 134, 149, 150, 152,
153-5, 1567, 162, 171, 175
Among hypogean fishes 134
Troglophile 14, 16, 98, 115, 116, 117
Troglophilic 170
Troglophilius sp. 3, 15
Trogloxenes 14, 132, 174
Trophic structure of caves 169-75, 179, 211
Tropical regions 176, 179
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“True’ Vertebrate

Cave organism 162 cave 39

Cavernicole 162, 171 Vicariance distribution 141
Tiberochernes aalbui 102 Viré, Armand 50
Titberochernes ubicki 102 Virgil 13
Twilight animals 14, 16, 25 Virginia 95, 121
Twilight zone 64, 65, 66, 76 Visual apparatus 151
Typhlichthys subterraneus 29, 30, 151, Reduction or loss of 90, 93, 94, 97, 133

198

Typhlobarbus nudiventris ‘Wallich, Nathaniel 25
Typhlomolge rathbuni 122 Wang, Shouren 6
Typhlomolge robusta 122 ‘Washington state 80

Typhologobius californiensis See  Othonops eos Weismann, August 1194 51
West Virginia 72, 83, 121

Umbellieferous plant 22 Westwood, John Obadiah 24
United States (U.S.) 2, 10, 12, 14, 28, 29, ‘Wind and Jewel Caves 85

30, 31, 43, 44, 50, 59, 60, 70, 75, 108, Wright, Sewall 58

114, 121, 126, 161, 162 ‘Wyman, Jeftries 17, 20, 28, 33
Ursus americanus 193 ‘Wyoming
Ursus arctos 193 Lower Kane cave 63, 64, 169

U.S. Department of Agriculture 83
Xie, Yi Jing 6

Valvasor, Janez Vajkard 9 Xiphosura 96
Vandel, Albert 59
Vatican’s University, the 5 Younglove, J. E. 29
Veliidae 112 Yucatin Peninsula 91, 148, 155
Velkovrhia enigmatica 80
Venezuela 99, 107, 117 Zhu, Xi 6
Cueva del Guacharo (Oilbird cave) Zospeum spelaeum 13, 16

3 Zygomycota 70, 71
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