Freshwater Animal Diversity Assessment






Freshwater Animal Diversity Assessment

Edited by

E.V. Balian', C. Lévéque?, H. Segers'
& K. Martens®

'Belgian Biodiversity Platform, Freshwater Laboratory, Royal Belgian Institute of Natural Sciences, Vautierstraat 29 B-1000,
Brussels, Belgium
2Antenne IRD, MNHN-DMPA, 43 rue Cuvier, Case Postale 26, Paris cedex 05 75231, France
3Freshwater Laboratory, Royal Belgian Institute of Natural Sciences, Vautierstraat 29 B-1000, Brussels, Belgium;
Department of Biology, University of Ghent, K.L. Ledeganckstraat 35, Gent 9000, Belgium

Reprinted from Hydrobiologia, Volume 595 (2008)

. -
Bio‘(;/ersity.be m Useu m ‘ | BELGIAN SCIENCE POLICY m

@ Springer



Library of Congress Cataloging-in-Publication Data

A C.I.P. Catalogue record for this book is available from the Library of Congress.

ISBN-13: 978-1-4020-8258-0

Published by Springer,
P.O. Box 17, 3300 AA Dordrecht, The Netherlands

Cite this publication as Hydrobiologia vol. 595 (2008).

Cover illustration: A few inhabitants of fresh water. (clockwise from top left): Simulium arcticum
(larva) - photo by Michael Spironello; Crangonyx richmondensis - photo by Jonathan Witt;
Protorthemis coronata - photo by Vincent J Kalkman; Altolamprologus calvus (Chisanse) - photo by
Ad Konings

Frontispiece: Diadeco Bild & Produktionsbyra, Sweden

Printed on acid-free paper

All Rights reserved
© 2008 Springer

No part of this material protected by this copyright notice may be reproduced or utilized in any form
or by any means, electronic or mechanical, including photocopying, recording or by any information

storage and retrieval system, without written permission from the copyright owner.

Printed in the Netherlands



TABLE OF CONTENTS

Colour section

Foreword
R.J. Naiman

An introduction to the Freshwater Animal Diversity Assessment (FADA) project

E.V. Balian, H. Segers, C. Lévéque, K. Martens

Global diversity of aquatic macrophytes in freshwater
P.A. Chambers, P. Lacoul, K.J. Murphy, S.M. Thomaz

Global diversity of sponges (Porifera: Spongillina) in freshwater
R. Manconi, R. Pronzato

Global diversity of inland water cnidarians
T. Jankowski, A.G. Collins, R. Campbell

Global diversity of free living flatworms (Platyhelminthes, “Turbellaria’’) in freshwater

E.R. Schockaert, M. Hooge, R. Sluys, S. Schilling, S. Tyler, T. Artois

Global diversity of rotifers (Rotifera) in freshwater
H. Segers

Global diversity of nemerteans (Nemertea) in freshwater
P. Sundberg, R. Gibson

Global diversity of nematodes (Nematoda) in freshwater
E. Abebe, W. Decraemer, P. De Ley

Global diversity of hairworms (Nematomorpha: Gordiaceae) in freshwater
G. Poinar Jr.

Global diversity of gastrotrichs (Gastrotricha) in fresh waters
M. Balsamo, J.-L. d’Hondt, J. Kisielewski, L. Pierboni

Global diversity of bryozoans (Bryozoa or Ectoprocta) in freshwater
J.A. Massard, G. Geimer

Global diversity of tardigrades (Tardigrada) in freshwater
J.R. Garey, S.J. Mclnnes, P.B. Nichols

Global diversity of polychaetes (Polychaeta; Annelida) in freshwater
C.J. Glasby, T. Timm

Global diversity of oligochaetous clitellates (““Oligochaeta’; Clitellata) in
freshwater
P. Martin, E. Martinez-Ansemil, A. Pinder, T. Timm, M.J. Wetzel

Global diversity of leeches (Hirudinea) in freshwater
B. Sket, P. Trontelj

iX, Xiv—xvi

1-2

3-8

9-26

27-33

35-40

41-48

49-59

61-66

67-78

79-83

85-91

93-99

101-106

107-115

117-127

129-137



vi

Global diversity of freshwater mussels (Mollusca, Bivalvia) in freshwater
A.E. Bogan

Global diversity of gastropods (Gastropoda; Mollusca) in freshwater
E.E. Strong, O. Gargominy, W.F. Ponder, P. Bouchet

Global diversity of large branchiopods (Crustacea: Branchiopoda) in freshwater
L. Brendonck, D.C. Rogers, J. Olesen, S. Weeks, W.R. Hoeh

Global diversity of cladocerans (Cladocera; Crustacea) in freshwater
L. Forrd, N.M. Korovchinsky, A.A. Kotov, A. Petrusek

Global diversity of ostracods (Ostracoda, Crustacea) in freshwater
K. Martens, I. Schoén, C. Meisch, D.J. Horne

Global diversity of copepods (Crustacea: Copepoda) in freshwater
G.A. Boxshall, D. Defaye

Global diversity of fishlice (Crustacea: Branchiura: Argulidae) in freshwater
W.J. Poly

Global diversity of mysids (Crustacea-Mysida) in freshwater
M.L. Porter, K. Meland, W. Price

Global diversity of spelaeogriphaceans & thermosbaenaceans (Crustacea;
Spelaeogriphacea & Thermosbaenacea) in freshwater
D. Jaume

Global diversity of cumaceans & tanaidaceans (Crustacea: Cumacea & Tanaidacea) in
freshwater
D. Jaume, G.A. Boxshall

Global diversity of Isopod crustaceans (Crustacea; Isopoda) in freshwater
G.D.F. Wilson

Global diversity of amphipods (Amphipoda; Crustacea) in freshwater
R. Vaindla, J.D.S. Witt, M. Grabowski, J.H. Bradbury, K. Jazdzewski, B. Sket

Global diversity of syncarids (Syncarida; Crustacea) in freshwater
A.l. Camacho, A.G. Valdecasas

Global diversity of crabs (Aeglidae: Anomura: Decapoda) in freshwater
G. Bond-Buckup, C.G. Jara, M. Pérez-Losada, L. Buckup, K.A. Crandall

Global diversity of crabs (Crustacea: Decapoda: Brachyura) in freshwater
D.C.J. Yeo, P.K.L. Ng, N. Cumberlidge, C. Magalhaes, S.R. Daniels, M.R. Campos

Global diversity of shrimps (Crustacea: Decapoda: Caridea) in freshwater
S. De Grave, Y. Cai, A. Anker

Global diversity of crayfish (Astacidae, Cambaridae, and Parastacidae—Decapoda) in
freshwater
K.A. Crandall, J.E. Buhay

Global diversity of water mites (Acari, Hydrachnidia; Arachnida) in freshwater
A. Di Sabatino, H. Smit, R. Gerecke, T. Goldschmidt, N. Matsumoto, B. Cicolani

Global diversity of halacarid mites (Halacaridae: Acari: Arachnida) in freshwater
|. Bartsch

139-147

149-166

167-176

177-184

185-193

195-207

209-212

213-218

219-224

225-230

231-240

241-255

257-266

267-273

275-286

287-293

295-301

303-315

317-322



Global diversity of oribatids (Oribatida: Acari: Arachnida)
H. Schatz, V. Behan-Pelletier

Global diversity of springtails (Collembola; Hexapoda) in freshwater
L. Deharveng, C.A. D’Haese, A. Bedos

Global diversity of mayflies (Ephemeroptera, Insecta) in freshwater
H.M. Barber-James, J.-L. Gattolliat, M. Sartori, M.D. Hubbard

Global diversity of dragonflies (Odonata) in freshwater
V.J. Kalkman, V. Clausnitzer, K.-D.B. Dijkstra, A.G. Orr, D.R. Paulson, J. van Tol

Global diversity of stoneflies (Plecoptera; Insecta) in freshwater
R. Fochetti, J.M. Tierno de Figueroa

Global diversity of true bugs (Heteroptera; Insecta) in freshwater
J.T. Polhemus, D.A. Polhemus

Global diversity of caddisflies (Trichoptera: Insecta) in freshwater
F.C. de Moor, V.D. Ivanov

Global diversity of dobsonflies, fishflies, and alderflies (Megaloptera; Insecta) and
spongillaflies, nevrorthids, and osmylids (Neuroptera; Insecta) in freshwater
M.R. Cover, V.H. Resh

Global diversity of water beetles (Coleoptera) in freshwater
M.A. Jéach, M. Balke

Global biodiversity of Scorpionflies and Hangingflies (Mecoptera) in freshwater
L.C. Ferrington Jr.

Global diversity of non-biting midges (Chironomidae; Insecta-Diptera) in freshwater
L.C. Ferrington Jr.

Global diversity of craneflies (Insecta, Diptera: Tipulidea or Tipulidae sensu lato) in
freshwater
H. de Jong, P. Oosterbroek, J. Gelhaus, H. Reusch, C. Young

Global diversity of black flies (Diptera: Simuliidae) in freshwater
D.C. Currie, P.H. Adler

Global diversity of mosquitoes (Insecta: Diptera: Culicidae) in freshwater
L.M. Rueda

Global diversity of dipteran families (Insecta Diptera) in freshwater (excluding
Simulidae, Culicidae, Chironomidae, Tipulidae and Tabanidae)

R. Wagner, M. Bartak, A. Borkent, G. Courtney, B. Goddeeris, J.-P. Haenni, L. Knutson,

A. Pont, G.E. Rotheray, R. Rozkosny, B. Sinclair, N. Woodley, T. Zatwarnicki, P. Zwick

Global diversity of butterflies (Lepidotera) in freshwater
W. Mey, W. Speidel

Global diversity of hymenopterans (Hymenoptera; Insecta) in freshwater
A.M.R. Bennett

Global diversity of true and pygmy grasshoppers (Acridomorpha, Orthoptera) in
freshwater
C. Amédégnato, H. Devriese

Vii

323-328

329-338

339-350

351-363

365-377

379-391

393-407

409-417

419-442

443445

447-455

457-467

469-475

477-487

489-519

521-528

529-534

535-543



viii
Global diversity of fish (Pisces) in freshwater
C. Lévéque, T. Oberdorff, D. Paugy, M.L.J. Stiassny, P.A. Tedesco

Global diversity of amphibians (Amphibia) in freshwater
M. Vences, J. Kéhler

Global diversity of lizards in freshwater (Reptilia: Lacertilia)
A.M. Bauer, T. Jackman

Global diversity of crocodiles (Crocodilia, Reptilia) in freshwater
S. Martin

Global diversity of turtles (Chelonii; Reptilia) in freshwater
R. Bour

Global diversity of snakes (Serpentes; Reptilia) in freshwater
0.S.G. Pauwels, V. Wallach, P. David

Global diversity of mammals (Mammalia) in freshwater
G. Veron, B.D. Patterson, R. Reeves

Global diversity of freshwater birds (Aves)
O. Dehorter, M. Guillemain

The Freshwater Animal Diversity Assessment: an overview of the results
E.V. Balian, H. Segers, C. Léveque, K. Martens

545-567

569-580

581-586

587-591

593-598

599-605

607-617

619-626

627-637



LEGENDS TO COLOUR SECTION

Copepoda

1. Acanthocyclops trajani (female) Danielle Defaye

2. Ergasilus sieboldi on gills of its fish host Geoff Boxshall

3. Hemidiaptomus ingens (male) Danielle Defaye

4. Argulus on host Geoff Boxshall
Gastrotricha

5. Chaetonotus schultzei Maria Balsamo

6. Heterolepidoderma ocellatum Maria Balsamo

7. Chaetonotus zelinkai Lara Pierboni
Cladocera

8. Daphnia similis (ephippial female) Adam Petrusek

9. Daphnia hispanica (female) Adam Petrusek

10. Acroperus harpae Jan Fott

11. Polyphemus pediculus Jan Fott
Oligochaeta

12. Branchiodrilus hortensis Jane McRae

13. Cernosvitoviella atrata Enrique Martinez-Ansemil

14. Spirosperma velutinus C. Caramelo & Enrique Martinez-Ansemil
15. Nais elinguis C. Caramelo & Enrique Martinez-Ansemil
16. Stylaria lacustris C. Caramelo & Enrique Martinez-Ansemil
Isopoda

17. Notamphisopus dunedinensis
18. Eophreatoicus kershawi

Platyhelminthes, ""Turbellaria'

19. Gyratrix
20. Dugesia sp.

Ostracoda

21. Lacrimicypris kumbar
22. Repandocypris austinensis

Amphipoda

28. Brachyuropus reichertii

George D.F. Wilson
George D.F. Wilson

Bart Tessens
Ronald Sluys

S. Halse & J. McRae
S. Halse & J. McRae

Risto Viinola

29. Niphargus valachicus Boris Sket
30. Acanthogammarus victorii Risto Viinold
31. Typhlogammarus mrazeki Boris Sket
32. Macrohectopus branickii Boris Sket
33. Crangonyx richmondensis JonathanWitt
34. Spinacanthus parasiticus Boris Sket



e

R BT













xiv
Trichoptera

23. Barbarochthon brunneum

24. Ceraclea (Pseudoleptocerus) schoutedeni

25. Petrothrincus circularis
Megaloptera /Neuroptera

26. Neohermes filicornis
27. Sisyra vicaria

Coleoptera (water beetles)

35. Dytiscus marginalis

36. Porrorhynchus latilimbus landaisi
37. Ancyronyx hjarnei

Plecoptera

38. Perla marginata larva

Hydrachnidia

39. Panisopsis curvifrons
40. Piona sp.

Nematomorpha

41. Hairworms in New Zealand stream
42. Hairworm from orthoptera

Gastropoda

43. Valvata studeri

44. Bythiospeum

45. Viviparus acerosus
46. Planorbis carinatus
Mysidacea

47. Praunus flexuosus

48. Americamysis almyra
49. Taphromysis bowmani
50. Spelaecomysis

Diptera Simulidae

51. Simulium arcticum (larva)
Caridea

52 Xiphocaris elongata

53 Macrobrachium carcinus
54 Macrobrachium lar

Ferdy de Moor
Ferdy de Moor
Ferdy de Moor

Matthew Cover
Matthew Cover

Manfred Jach
Harald Schillhammer
Harald Schillhammer

Romolo Fochetti

Reinhard Gerecke
Reinhard Gerecke

George Poinar
George Poinar

Gerhard Falkner
Annette Schultheiss
Gerhard Falkner
Gerhard Falkner

Erling Svensen
Ernst Peebles
Ernst Peebles
Ernst Peebles

Michael Spironello

F. Fasquel
F. Fasquel
A. Anker



Polychaeta

55. Marifugia vjetrenica

Porifera
56. Spongilla lacustris
Brachyura

57. Johora punicea
58. Demanietta khirikhan
59. Johora tiomanensis

Ephemeroptera

60. Compsoneuria njalensis (adult)
61. Tricorythus (male and female nymphs)
62. Guloptiloides (nymph)

Odonata

63. Trithemis annulata on Ictinogomphus ferox
64. Protorthemis coronata
65. Huonia epinephela

Lepidoptera (Water Moths)

66. Paracymoriza sp., (male. Borneo)

67. Margarosticha sp., (male. Sulawesi)
68. Eoophyla boernickei, (male. Borneo)
69. Parapoynx leucographa, (male.Borneo)

Heteroptera

70. Ranatra magna
71. Ptilomera tigrina
72. Laccotrephes pfeifferiae

Diptera Culicidae

73. Anopheles (Anopheles) sinensis
T4. Aedes (Stegomyia) albopictus (Skuse)

Pisces (Cichlidae)

75. Mikrogeophagus ramirezi

76. Aethiomastacembelus elipsifer
71. Cyrtocara moorii

78. Eretmodus cyanostictus

79. Ophthalmotilapia ventralis
80. Neolamprologus pulcher

Boris Sket

Roberto Pronzato

Peter KL Ng
Darren CJ Yeo
Peter KL Ng

Ferdy de Moor
Helen Barber-James
Jean-Luc Gattolliat

Viola Clausnitzer
Vincent J Kalkman
Vincent J Kalkman

Wolfram Mey
Wolfram Mey
Wolfram Mey
Wolfram Mey

J.T. Polhemus
D. A. Polhemus
J. & D. Polhemus

Walter Reed Biosystematics Unit
H. J. Harlan, AFPMB

Ad Konings
Ad Konings
Ad Konings
Ad Konings
Ad Konings
Ad Konings

XV



XVi

81. Julidochromis regani

82. Cyatopharynx foae

83. Cyphotilapia frontosa

84. Labidochromis caeruleus
85. Aulonocara jacobfreibergi
86. Synodontis multipunctatus
87. Vieja synspila

88. Aequidens rivulatus

Reptilia: ”Lacertilia (Lizards)

89. Shinisaurus crocodilurus
90. Varanus salvator

Amphibia

91. Karsenia koreana

92. Scaphiophryne madagascariensis
93. Guibemantis_liber_Ranomafana
94. Xenopus muelleri

95. Boophis occidentalis

Reptilia: “Crocodilia,” (Crocodiles)

96. Alligator mississippiensis
97. Crocodylus niloticus
98. Gavialis gangeticus

Reptilia “Chelonii”” (Turtles)

99. Macrochelys temminckii
100. Emys orbicularis

101. Geoemyda spengleri
102. Sternotherus odoratus
103. Mauremys rivulata
104. Chelodina canni

105. Mesoclemmys nasuta

Reptilia: “Serpentes” (Snakes)

109. Enhydris jagori

Mammalia

106. Trichechus manatus latirostris
(Florida Manatee)

107. Limnogale mergulus

108. Hippopotamus amphibius
110. Pusa sibirica (Baikal seal)

Ad Konings
Ad Konings
Ad Konings
Ad Konings
Ad Konings
Ad Konings
Ad Konings
Ad Konings

Le Khac Quyet
Aaron Bauer

David R. Vieites

Miguel Vences and Frank Glaw
Miguel Vences and Frank Glaw
Miguel Vences

Miguel Vences and Frank Glaw

Samuel Martin
Samuel Martin
Michel Gunther

Roger Bour
Roger Bour
Roger Bour
Roger Bour
Roger Bour
Roger Bour
Roger Bour

Olivier Pauwels

Todd Pusser

S. Zack & B. D. Patterson
B. D. Patterson

Geoff Boxshall



Hydrobiologia (2008) 595:1-2
DOI 10.1007/s10750-007-9168-0

FRESHWATER ANIMAL DIVERSITY ASSESSMENT

Foreword

Robert J. Naiman

© Springer Science+Business Media B.V. 2007

This is a critical time for organisms living in
continental waters. Quite literally, the hydrological
regime of the Earth is being drastically altered to
meet the needs of rapidly expanding societies or in
response to alterations of the land and the atmosphere
(Vorosmarty et al., 2004). Water regimes that helped
shape the evolution of freshwater diversity and the
life history adaptations of individual species will be
different from now on. These major changes, to one
of the Earth’s most basic biophysical systems, is
taking place with only a rudimentary understanding
of the organisms being affected or the large-scale
consequences of those changes (Dudgeon et al.,
2006). Unfortunately, despite centuries of investiga-
tions of the Earth’s biota, the taxonomy of freshwater
organisms and their distributional patterns are just
beginning to become clear—and therein lays the
great value of this volume.

One of the most telling graphics about the state of
fresh waters is from the recent Millennium Ecosys-
tem Assessment (2005). Between 1970 and 2002—a
mere 30 years, freshwater biodiversity declined

Guest editors: E. V. Balian, C. Lévéque, H. Segers &
K. Martens
Freshwater Animal Diversity Assessment

R. J. Naiman ()

School of Aquatic & Fishery Sciences, University of
Washington, Seattle, WA 98195, USA

e-mail: naiman@u.washington.edu

~55%, while that of terrestrial systems and marine
systems, each declined ~32%. One must suspect that
the actual value for continental waters was consid-
erably higher considering the incompleteness of the
taxonomic database on freshwater biodiversity. I find
this to be a sobering statistic as well as a call to action
for freshwater-related sciences and for conservation.

In reading the chapters I was struck by just how
many described species were in some phyla—and
even more, so by how many new species are
described annually, how many are estimated to be
awaiting description, and how little is known about
distributional patterns. Clearly, the overall task is a
daunting challenge for science and for science
administration. Is enough emphasis being given to
training a new generation of taxonomists? Are the
most up-to-date techniques being widely used to
assist with timely descriptions? Are existing and
emerging data on species and distributions being
compiled into databases where the broader research
community has reasonable access? These and other
key questions underpin deep concerns that freshwater
taxonomy needs a ‘fresh’ start—and better coordina-
tion—if it is to fully contribute to global concerns
about the condition and the management of conti-
nental waters.

Fortunately, there are a number of emerging global
initiatives to assist the process of discovering the
taxonomic richness of the Earth’s fresh waters, and to
understand the goods and services they provide to
societies. The leadership by the editors in organizing

@ Springer
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the initial workshop and compiling this volume
cannot be under-estimated. It not only summarizes
a vast array of data on a large number of freshwater
phyla but perhaps more importantly, it has also acted
as a catalyst to garner the interest and support of
international programs focused on understanding and
conserving freshwater environments (e.g., UNE-
SCO’s International Hydrological Programme,
DIVERSITAS International, The Nature Conser-
vancy). The remaining tasks represent a grand
scientific challenge but, with this volume as a starting
point, the path forward seems much clearer.

@ Springer
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Abstract The Freshwater Animal Diversity Assess-
ment (FADA) project aims at compiling an overview
of genus- and species-level diversity of animals in the
continental, aquatic ecosystems of the world. It is a
collective effort of 163 experts, and presents 59
articles treating the diversity and endemism of
different animal taxa, ranging from microscopic
worms to mammals, at global and regional scales.
Given their structural importance, an article on
macrophytes is also added. Here, we give an over-
view of the project’s history, and outline the common
framework of the various articles, as well as the
conventions the experts agreed to adhere to in their
treatises. Furthermore, we briefly introduce future
prospects.
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Introduction

Notwithstanding decades, if not centuries, of taxo-
nomic and faunistic work, it remains difficult to
obtain a global overview of biodiversity of freshwater
ecosystems. Available knowledge on the matter was
never thoroughly compiled and is largely scattered,
localised and focuses on a few well-studied groups.
Consequently, answering the simple question: “How
many species are there in the freshwaters of the
world, on continents or in major biogeographic
regions?” remained difficult. In addition to constitut-
ing relevant basic scientific knowledge on freshwater
biodiversity, such an estimate would be a valuable
tool for conservation purposes in the face of increas-
ing pressure on freshwater ecosystems. Indeed, more
and more evidence documents the major crises faced
by biodiversity and biological resources of inland
waters, and which are directly correlated to water
resource integrity (Postel & Richter, 2003). In
addition to their intrinsic value, freshwater ecosys-
tems provide essential goods and services to
humankind (Postel & Carpenter, 1997), especially
in the third world communities that traditionally
depend directly on the availability of natural
resources.
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Drawing a global picture of freshwater biodiver-
sity has not raised much interest, mainly because of
the peculiarities of freshwater habitats. Their island-
like nature complicates a global approach, and most
taxonomists are overwhelmed by local faunas, espe-
cially when studying the highly diverse communities
inhabiting ancient lakes or the diversity of ground-
water fauna. However, the recognition of changes at a
global scale and their impact on freshwater ecosys-
tems (Dudgeon et al., 2006) as well as the need to
stop the loss of freshwater biodiversity, motivated the
Convention on Biological Diversity (CBD) to support
global assessments of status of and trends in fresh-
water biodiversity, for example Groombridge &
Jenkins (1998, 2000) and Revenga & Kura (2003).
However, till now, no exhaustive literature review
had been performed across all taxonomic animal
groups, and a more extensive approach was required
to provide information on the diversity and distribu-
tion of freshwater species and genera of the world.
The Freshwater Animal Diversity Assessment
(FADA) project took up the challenge of compiling
this information. At the same time, a global assess-
ment was completed on macrophyte diversity, as
vascular plants play a key role in structuring the
habitat of, and providing food to, many freshwater
animals.

In this article, we present a short history of the
FADA project, describe its specific objectives, and
the common standards and agreements the different
FADA experts accepted in order to maintain coher-
ence between the 59 articles of this special issue.

History of the FADA project
Previous assessments

In conjunction with the CBD, some prior attempts to
estimate the number of freshwater organisms, and to
identify priority areas for conservation, have been
made, although these mostly focused on some better-
known groups (Groombridge & Jenkins, 1998, 2000;
Revenga & Kura, 2003). The latter paper not only
compiled a wide range of information on water
resources, water system characteristics, threats and
conservation aspects, but also included a fairly
detailed report of taxonomic diversity for many
freshwater taxa. In addition, Revenga & Kura

@ Springer

(2003) highlighted the need for additional work on
species diversity and distribution in order to better
define conservation priorities.

Toward a global assessment of freshwater animal
diversity

A preliminary phase of the FADA project lasted from
September 2002 to June 2003 and received support
from DIVERSITAS and the “Centre National pour la
Recherche Scientifique”—French National Research
Institute (CNRS). The main objective was to produce
a discussion document that identified gaps in our
knowledge of freshwater biodiversity, and could be
used to triggering experts reactions (Lévéque et al.,
2005). This first study led to a gross estimate based
on existing databases, published reviews and contacts
with taxonomists. The study estimated that known
freshwater animal species diversity worldwide was in
the order of magnitude of 100,000, half of these being
insects. Among other groups, some 20,000 verte-
brates; 10,000 crustaceans and 5,000 mollusc species
were reported as truly aquatic or water-dependent
species.

The preliminary study highlighted gaps in the
basic knowledge of species richness at continental
and global scales:

1. Some groups such as freshwater nematodes or
annelids are understudied and data on their
diversity and distribution is scarce. Because
current richness estimates for such groups are
greatly biased by knowledge availability, we
can expect real species numbers to be much
higher;

2. Research intensity in the different zoogeographic
regions is unbalanced: reliable regional estimates
of diversity on the Neotropical and the Oriental
regions are lacking for many groups, even for
some usually well-known ones such as molluscs
or insects.

In addition, the preliminary study of Lévéque et al.
(2005) generated numerous comments from the
taxonomic community, highlighting that certain key
data had not been included. We welcomed these
comments by inviting the concerned taxonomic
experts to join efforts in the consecutive phase of
the project.
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Implementation of the FADA project

The Belgian Science Policy (BelSPO), the Belgium
Biodiversity Platform and the Royal Belgium Institute
of Natural Sciences (RBINS, Brussels, Belgium)
provided the necessary support to launch the “Fresh-
water Animal Diversity Assessment” project in March
2005. Taxonomic experts were invited to join a team
of authors to write an article on the diversity of each
animal group. These coordinating authors participated
in a workshop during which they presented the data on
their taxonomic group, and together discussed stan-
dards of a common approach (October 13—16, 2005).
The resulting reviews are included in the present
special issue of Hydrobiologia.

As mentioned before, the main goal of FADA is to
provide an expert assessment of animal species
diversity in the continental (fresh) waters of the world,
focusing on taxonomic and biogeographic diversity.
The main three objectives for each group are:

1. to give an as accurate as possible estimate of
global species and generic diversity;

2. to report on geographic distribution (by zoogeo-
graphic region, as described below), and to
identify possible gaps;

3. to highlight the main areas of endemicity.

Because extant patterns are the results of historical
processes, the project also emphasises phylogenetic
aspects and processes of evolution and speciation. In
addition, information on human-related issues, such
as economical and medical uses, threats, conservation
issues, is included when pertinent.

Characteristics of this special issue

Our assessment aims to cover the whole range of
freshwater taxa from sponges and nematodes or
bryozoans to mammals and birds, including a specific
article on macrophytes, but excluding microbes,
virus, protists, and algae. In addition, all groups,
which are exclusively parasitic and not entirely
aquatic are also excluded' (i.e., Acanthocephala,

' Micrognathozoa, a monotypic taxon of moss-dwelling
microscopic organisms of which only two disjunct records
exist (Disco Island, Greenland and the subantarctic Crozet
Islands: De Smet, 2002), is not treated in a full article.

Monogenea, Digenea and others); a total of 59
groups/articles are included in this issue. Some
articles address a whole Phylum (Rotifera, Porif-
era...), other papers address a class, an order or even a
family, depending on factors like the number of
species concerned, level of knowledge on the taxon,
available expertise, or historical treatment of the
taxon. For instance, an article addressing a relatively
species-poor taxon (i.e., Halacaridae), has neverthe-
less been included, as little comprehensive infor-
mation had previously been published. On the other
hand, the insect order Diptera, is far too diverse, both
in number of species and ecology, to be treated in a
single article. Consequently, key freshwater families
are treated in separate articles (Chironomidae, Culic-
idae, Simulidae, Tipulidae), and one article addresses
the remaining Diptera families. Only the family
Tabanidae is not included, as no global expertise
appeared to be available.

Article framework

Strict space limits, especially regarding references,
were imposed on the authors in order to achieve a
single-volume compilation: for each article, space
was allocated according to an initial estimate of the
diversity of the concerned taxon. A model article
framework was imposed to ensure that all standard,
required data and information be included, and to
maintain coherence amongst reviews, as well as to
allow analyses of the data across all taxa.

1. As the main focus of these compilations is not on
biology or ecology, only a brief summary of
these aspects and some key references are
provided in the introduction of each article.

2. The first and main section of each contribution is
the “species and generic diversity section”,
which provides information on the known num-
ber of species and genera, per relevant higher-
level taxon (family, subfamily...). Depending on
the group, optional material in this section
includes diversity of higher taxa, diversity of
groups in selected habitats, data on fossil diver-
sity and estimates of unknown diversity. Only the
Gastropoda and the Coleoptera sections do not
provide data on generic diversity, but the
respective authors provide their arguments for
not submitting this information.
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The second, optional, section deals with “phy-
logeny and historical processes”. Most articles
include a brief treatise on evolutionary origin,
age, and history of the group. Supplementary
information can be added on speciation and
diversification processes over time in various
areas of the world, and on morphological and
molecular phylogenies. Some authors address the
main drivers of change: natural and anthropo-
genic processes of selection and the factors
influencing spatial and temporal changes in the
genetic stock, in population size, and/or regard-
ing habitat fragmentation.

The following, compulsory section on “Present
distribution and endemicity” provides synthetic
maps of species and generic diversity at the level
of the main zoogeographical regions (Palaearctic,
Nearctic...). The section can include reports on
historical patterns and processes, e.g., how the
break-up of Gondwana contributed to the pres-
ent-day distribution. In addition, authors report
on endemicity at the species and genus level, and
identify hotspots of endemicity.

Finally, in a last optional section, *“Human-
related issues” are discussed. This deals with the
(potential) economic or medical relevance of the
taxon treated, its relevance to fundamental or
applied research, or concern for conservation,
e.g., IUCN’s Red Data Book species, special
reserves established or needed, and main threats.

Changes to this framework were allowed for short

articles in which it was more logical to address species
diversity and distribution together, especially if the
optional section on phylogeny was not included.

Terminology

To ensure coherency and homogeneity between
articles, the different experts agreed to adhere to
common concepts and definitions. An overview of
these is as follows.

1.

Hotspot: This term is used in relation to richness
or endemicity, however, not necessarily with
reference to specific threats. In this we deviate
from the definition by Myers et al. (2000), in
which the term is used in relation with threats
and conservation priorities.
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Endemism/Endemicity: Use of these terms
should always include a reference to the relevant
geographical unit. In general, endemicity is
discussed in relation to the main biogeographic
units as defined below. In some cases, endemic-
ity is treated regarding circumscribed local areas,
such as Lake Baikal, Lake Victoria, the Missis-
sippi drainage, or others.

Cosmopolitan species: A taxon is considered
cosmopolitan if it is present in all zoogeograph-
ical regions except Antarctica, unless stated
otherwise.

Regarding terms related to conservation issues
authors refer to the IUCN categories and the
TUCN Red list JUCN, 2006). For example, the
term “extinct” is used only in the situation where
no more living specimens exist on earth, versus
“extirpated” indicating that a taxon or popula-
tion has disappeared locally.

Aquatic and water-dependent species: Defining
what exactly constitutes a freshwater species
proved to be controversial. For practical reasons,
we limited ourselves to non-marine species of
inland waters in two categories:

(1) The ‘real aquatic species’ accomplish all, or
part of their lifecycle in, or on, water.

(2) “Water-dependent” or ‘“paraquatic” spe-

cies show close/specific dependency upon
aquatic habitats (e.g., for food or habitat).
Limno-terrestrial species, i.e., species that
require an aqueous matrix in strictly terres-
trial habitats for active life, like the water
film retained by some mosses, are not
included in the total numbers. However,
they can be discussed in the article when
considered pertinent by the expert.
For some groups, attributing taxa to these
ecological categories (water-dependent,
limno-terrestrial and terrestrial) turned out
to be particularly difficult, mostly owing to
a lack of information on life history or
ecological requirements of the taxa con-
cerned. Authors were asked to argument
their decision on the inclusion or omission
of taxa in the total count.

6. Fresh and brackish water species: While the

present assessment focuses on diversity of non-
marine taxa, a number of thalassic or athalassic
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brackish water ecosystems are nevertheless
considered. Regarding interface environments
(estuaries, anchialine ponds), only the non-
marine fauna is included from such habitats.
Euryhaline species in estuaries are included in
the record, if they show a genuine tolerance to
freshwater (<3 g/l). Species that are restricted to
such interface environments, and that are there-
fore absent from both purely marine or fresh
waters are not normally included in the total
count of freshwater taxa. These cases are specif-
ically addressed in the separate articles, and they
can be recorded separately, according to the
relevant expert’s judgement.

Geographical  distribution: ~ zoogeographical
regions: Regarding the global distribution, refer-
ence is made to standard zoogeographic regions
as defined in classic textbooks (e.g., Wallace
1876; Cox 2001). We acknowledge that it is
impossible to strictly delineate the world’s major
biogeographic regions. Issues were raised regard-
ing the transitional zone between the Palaearctic
and Oriental regions in China and India, the
limits between the Oriental and Australasian

regions, and the Mexican plateau between the
Nearctic and Palaearctic regions. For standardi-
sation purposes, we use the following names and
delineations for regions (Fig. 1):

e The Palaearctic Region (PA) consists of
Europe and Russia, North Africa (not includ-
ing the Sahara) and Northern and Central
Arabian Peninsula, Asia to south edge of
Himalayas.

e The Nearctic Region (NA) consists of North
America, Greenland and the high-altitude
regions of Mexico.

e The Afrotropical Region (AT) consists of
Africa south of the Sahara, the Southern
Arabian Peninsula and Madagascar.

e The Neotropical Region (NT) consists of
Southern and coastal parts of Mexico, Central
America, and the Caribbean islands together
with South America.

e The Oriental Region (OL) consists of India
and Southeast Asia south of Himalayas
(including lowland southern China) to Indo-
nesia down to the Wallace’s Line. It extends

«ds QD

Australasian Region, ANT: Antartic Region, PAC: Pacific
Region and Oceanic Islands

Fig. 1 Standard map of the zoogeographical regions. PA:
Palaearctic Region, NA: Nearctic Region, AT: Afrotropical
Region, NT: Neotropical Region, OL: Oriental Region, AU:
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through Indonesia as far as Java, Bali, and
Borneo to Wallace’s line, and includes the
Philippines, lowland Taiwan and Japan’s
Ryukyu Islands.

e The Australasian Region (AU) consists of
Australia and New Zealand, New Guinea
including Papua New Guinea and the Indo-
nesian province of Papua, and Indonesian
Islands south and east of Wallace’s Line. It
includes the island of Sulawesi, the Moluccan
islands (the Indonesian provinces of Maluku
and North Maluku) and islands of Lombok,
Sumbawa, Sumba, Flores, and Timor.

e The Antarctic Region (ANT) includes the
Antarctic continent and the Antarctic and
subantarctic islands south of the Antarctic
convergence.

e The Pacific Region and Oceanic Islands
(PAC): includes the islands in the North and
South Pacific ocean, with the Bismarck
Archipelago, Vanuatu, the Solomon Islands,
and New Caledonia.

In the few cases where experts were unable to
clearly attribute a taxon to a specific region, argu-
ments are listed in support of the final decision on the
matter.

Conclusion

This is the first publication of the FADA project, and
we are convinced that the information it contains will
prove to be useful. In parallel to the production of this
work, we are developing a database in which the
taxonomic and distributional data on which the
treatments presented here are based. This on-going
task aims not only to provide access to the raw data
the FADA experts have compiled, but we envisage
developing a web portal containing additional func-
tionalities like, for example, a repository for local
distributional data (see Segers, 2007). These services
and any supplementary information resulting from
the project will be made accessible through
http://fada.biodiversity.be (Balian et al., 2007).
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Abstract Aquatic macrophytes are aquatic photo-
synthetic organisms, large enough to see with the
naked eye, that actively grow permanently or peri-
odically submerged below, floating on, or growing up
through the water surface. Aquatic macrophytes are
represented in seven plant divisions: Cyanobacteria,
Chlorophyta, Rhodophyta, Xanthophyta, Bryophyta,
Pteridophyta and Spermatophyta. Species composi-
tion and distribution of aquatic macrophytes in the
more primitive divisions are less well known than for
the vascular macrophytes (Pteridophyta and Sperma-
tophyta), which are represented by 33 orders and 88
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families with about 2,614 species in c. 412 genera.
These c. 2,614 aquatic species of Pteridophyta and
Spermatophyta evolved from land plants and repre-
sent only a small fraction (~ 1%) of the total number
of vascular plants. Our analysis of the numbers and
distribution of vascular macrophytes showed that
whilst many species have broad ranges, species
diversity is highest in the Neotropics, intermediate
in the Oriental, Nearctic and Afrotropics, lower in the
Palearctic and Australasia, lower again in the Pacific
Oceanic Islands, and lowest in the Antarctic region.
About 39% of the c. 412 genera containing aquatic
vascular macrophytes are endemic to a single
biogeographic region, with 61-64% of all aquatic
vascular plant species found in the Afrotropics and
Neotropics being endemic to those regions. Aquatic
macrophytes play an important role in the structure
and function of aquatic ecosystems and certain
macrophyte species (e.g., rice) are cultivated for
human consumption, yet several of the worst invasive
weeds in the world are aquatic plants. Many of the
threats to fresh waters (e.g., climate change, eutro-
phication) will result in reduced macrophyte diversity
and will, in turn, threaten the faunal diversity of
aquatic ecosystems and favour the establishment of
exotic species, at the expense of native species.

Keywords Aquatic macrophyte -
Aquatic weeds - Macroalgae - Diversity -
Distribution - Composition - Lakes -
Rivers
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Introduction

The term ‘aquatic macrophytes’ refers to a diverse
group of aquatic photosynthetic organisms, all large
enough to see with the naked eye. It includes
macroalgae of the divisions Chlorophyta (green
algae), Xanthophyta (yellow-green algae) and Rho-
dophyta (red algae) and the “blue-green algae” (more
correctly known as Cyanobacteria), Bryophyta
(mosses and liverworts), Pteridophyta (ferns) and
Spermatophyta (seed-bearing plants), the vegetative
parts of which actively grow either permanently or
periodically (for at least several weeks each year)
submerged below, floating on, or growing up through
the water surface (Denny, 1985; Pieterse, 1990)
(Table 1). Aquatic macrophytes range in size from
Victoria amazonica with a leaf diameter up to 2.5 m,
to the smallest angiosperms, tiny Wolffia spp. with a
frond diameter less than 0.5 mm. Aquatic macro-
phytes include emergent macrophytes (plants that are
rooted in submersed soils or soils that are periodically
inundated, with foliage extending into the air),
floating-leaved macrophytes (plants rooted to the
lake or stream bottom with leaves that float on the
surface of the water), submersed macrophytes (plants
that grow completely submerged under the water,
with roots or root-analogues in, attached to, or closely
associated with the substrate) and free-floating mac-
rophytes (plants that typically float on or under the
water surface). Plant species which occur in ephem-
eral waterbodies (seasonally filled and refilled waters,

such as floodplains and temporary ponds) challenge
this definition. Our decision has been to include such
species as “aquatic macrophytes”, only if their
environmental survival is clearly dependent upon
regular refilling of their aquatic habitat with a source
of fresh to brackish water.

The freshwater macroalgae are primarily repre-
sented by the green algae, especially the Charales,
commonly known as the stoneworts or brittleworts
(e.g., Chara and Nitella spp.). The Charales are often
mistaken for higher plants because they have erect
central stalks that are divided into short nodes and
long internodes of elongated multinucleate cells, with
a whorl of “branchlets” at each node (Fig. 1).
Individual plants can vary greatly in size, from
5 cm to 1 m in length. This conspicuous stage is the
haploid generation. Sexual reproduction commences
with production by the haploid plant of complex
oogonia and antheridia (often orange in colour and
nested in the bases of the branchlets). Flagellated
sperm produced in antheridia fertilize egg (oo-
spheres) retained in oogonia, with the result being a
diploid oospore. Germination commences with mei-
osis of the diploid oospore; a haploid protonemal
stage develops from one product of meiosis and
develops into the haploid plant. Only six genera and a
few hundred species of Charales are extant, although
a rich fossil record reveals far greater species
diversity extending back to the Silurian (Tappan,
1980). The Charales are found in fresh and brackish
waters on all continents except Antarctica, generally

Table 1 Freshwater macrophyte divisions and representative genera

Kingdom Freshwater Macrophyte Descriptive Term Representative Freshwater
Divisions Macrophyte Genera

Monera Cyanobacteria Blue-green algae Oscillatoria, Lyngbya

Protista Chlorophyta Green algae Chara, Nitella, Cladophora, Enteromorpha
Rhodophyta Red algae Lemanea, Batrachospermum
Xanthophyta Yellow-green algae Vaucheria

Plantae Bryophyta Mosses and liverworts Fontinalis, Riella, Ricciocarpus
Pteridophyta Ferns and allies Azolla, Salvinia, Isoetes
Spermatophyta Seed-bearing plants Sagittaria, Alisma, Butomus, Brasenia,

Cabomba, Callitriche, Ceratophyllum,
Scirpus, Carex, Myriophyllum, Elodea,
Vallisneria, Juncus, Lemna, Utricularia,
Nelumbo, Nymphaea, Nuphar, Spartina,
Eichhornia, Potamogeton, Ranunculus,
Sparganium, Typha
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in slow-flowing water or in lakes, where they can
colonize down to great depths (100 m) in very clear
water. In addition to the Charales, freshwater macroal-
gae include certain other genera of green algae
(Chlorophyta: e.g., Cladophora and Enteromorpha

(b) Salvinia molesta

(a)

(¢) Lemna minor

0.2 cm
| E—

X L

(e) Eichhornia crassipes (f) Hydrilla verticillata

e

)

Fig. 1 Examples of aquatic macrophytes: (a) macroalgae
Chara sp. (Order Charales), (b) Salvinia molesta (Division
Pteridophyta), (¢) Lemna minor (angiosperm), (d) Potamog-
eton richardsonii (angiosperm), (e) Eichhornia crassipes
(angiosperm) and (f) Hydrilla verticillata (angiosperm). Line
drawings are from the University of Florida, IFAS Center for
Aquatic and Invasive Plants

spp.), yellow-green algae (Xanthophyta: e.g., Vauche-
ria) and red algae (Rhodophyta: e.g., Lemanea and
Batrachospermum spp.). Multicellular filamentous
“blue-green algae” (Cyanobacteria: e.g., Oscillatoria
spp.) are also sometimes included in the “macroalgae”,
particularly species which form large tangled floating
mats which can cause a nuisance in freshwater sys-
tems (Pieterse & Murphy, 1993). The brown algae
(Phaeophyta), so characteristic of marine rocky shore
systems, include seven periphytic species that occur in
freshwaters but their inclusion in the “macroalgae” is
debatable as filamentous forms are typically <10-mm
long (Wehr, 2003).

The mosses, ferns and seed plants are all embry-
ophytes, in that they have a common life cycle
involving alternation of sporophyte and gametophyte
generations, with the embryo sporophyte retained
within the gametophyte at least initially. The bryo-
phytes (mosses and liverworts) differ, however, from
ferns and seed plants in that the haploid gametophyte
generation, rather than the diploid sporophyte gener-
ation, is the most conspicuous. Thus the green moss,
with its erect shoot bearing tiny leaf-like structures
arranged in spirals, or the thin leathery liverwort are
haploid gametophytes. The diploid generation arises
after egg and sperm from male and female gameto-
phytes fuse to produce a diploid zygote. The latter
grows into a sporophyte, a stalked structure bearing a
capsule that produces haploid spores (the future
gametophyte generation). The sporophyte is never
independent of the gametophyte, remaining attached
for provision of water and nutrients. Also unlike ferns
and seed plants, bryophytes lack true roots and
vascular tissues for uptake and transport of water and
organic and inorganic nutrients. About 0.5% of the
20,000 to 25,000 species of bryophytes are truly
aquatic macrophytes, in that they require submer-
gence in water to complete their life cycle (Cook,
1999). Other non-aquatic bryophyte species still
require water for transfer of spermatozoids, but this
can be accomplished simply by raindrops splashing
sperm from male to female organs. Aquatic mosses
and liverworts are often seen growing attached to
rocks in mountain streams, but some (e.g., Fontinalis
antipyretica) also grow in the shallow to moderately
deep water of lakes and in slow-flowing lowland
streams and canals. Bryophytes often dominate the
macrophyte community found in polar lakes.
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The Pteridophyta (ferns and allies) differ from the
more primitive bryophytes in that the sporophyte is
the dominant and more conspicuous generation,
typified by the leafy frond of terrestrial ferns.
However, unlike the more advanced seed plants,
Pteridophyta lack seeds. Sporophyte plants develop
sporangia that contain spores and for most ferns, the
spores are identical (i.e., homosporous) and develop
into a gametophyte with both antheridia and arche-
gonia. However, some aquatic ferns (e.g., Isoetes)
are heterosporous, producing separate male spores
(microspores) that develop into male gametophytes
with antheridia and female spores (megaspores) that
develop into female gametophytes with archegonia.
Unlike seed plants, the fern gametophyte is a free-
living organism typically consisting of a small
(<10-mm broad and long) green one-cell thick
structure (the prothallus) with single greatly elon-
gated cells (rhizoids) for absorption of water and
minerals. The prothallus produces gametes (sperm
and egg) that then fuse to form a zygote that grows
by mitosis into the sporophyte. Of the 10,500—
12,500 species of ferns and fern allies, there are
about 171 species (1-2% of all species) that are
truly aquatic macrophytes. Aquatic ferns and fern
allies include horsetail or scouring rush (Equisetum
spp.), quillwort (Isoetes spp.) and giant salvinia
(Salvinia molesta), the latter being one of the
world’s worst aquatic pests (Fig. 1).

The Spermatophyta or seed-bearing plants, consist
of two major groups: angiosperms, which have seeds
enclosed in an ovary (which matures to become a
fruit), and gymnosperms, in which the seeds are not
so enclosed. Only the angiosperms, however, have
aquatic species. Sporophytes are the dominant
generation, and produce haploid microspores and
megaspores that divide to form gametophytes.
Haploid microspores develop by mitosis into haploid
male gametophytes that contain a tube cell and two
nonmotile sperm cells. Male gametophytes (pollen
grains) are distributed by wind, rain, insects or other
organisms. Haploid megaspores develop by mitosis
into a haploid female gametophyte, which is com-
posed of seven cells including a large central cell
with two polar nuclei and an egg cell with one
nucleus. The female gametophyte is retained in the
megasporangium in the ovule. During a process that
is unique to angiosperms and known as double
fertilization, the nucleus of one sperm cell fuses with
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the nucleus of the haploid egg cell to produce a
diploid zygote, and the nucleus of the other sperm
cell fuses with the two polar nuclei of the large
central cell to produce a triploid endosperm cell. Both
the zygote and the endosperm cell divide by mitosis,
producing a diploid embryo (the new immature
sporophyte) and triploid endosperm (a food reserve
for the embryo). Once this embryonic stage is
reached, growth is temporarily halted. This stage is
known as a seed and consists of the diploid embryo,
triploid endosperm and diploid seed coat (from the
female gametophyte). Of the 250,000-400,000 angio-
sperm species, there are only about 2,443 species
(<1% of all species) that are aquatic. Aquatic
angiosperms include the small free-floating duck-
weeds (e.g., Lemna and Wolffia spp.), the
cosmopolitan submerged pondweeds (Potamogeton
spp.) and invasive weeds such as water hyacinth
(Eichhornia crassipes) and hydrilla (Hydrilla verti-
cillata) (Fig. 1).

Species and generic diversity

Aquatic macrophytes are represented in seven plant
divisions: Cyanobacteria, Chlorophyta, Rhodophyta,
Xanthophyta, Bryophyta, Pteridophyta and Sperma-
tophyta, consisting of at least 41 orders and 103
families. Including the filamentous green algae, the
Chlorophyta contribute some 20 genera of aquatic
macrophytes, comprising a few hundred species
(mostly in the Orders Cladophorales and Charales).
There are a few additional freshwater macrophyte
species in the Rhodophyta and Xanthophyta, and
probably fewer than 20 genera (though the taxonomy
is confused) of Cyanobacteria which could be
considered as macrophytes. The Bryophyta contribute
22 genera of aquatic macrophytes with about 110
freshwater species (Cook, 1999). Species composi-
tion and distribution of aquatic macrophytes in these
more primitive divisions are less well known than for
the vascular macrophytes (Pteridophyta and Sperma-
tophyta); the remainder of this article focuses on the
latter two plant divisions only.

Vascular aquatic macrophytes are represented by
33 orders and 88 families, with about 2,614 species
(Table 2) in c. 412 genera (Table 3). Exact numbers
are not possible to determine because it is not known
whether many so-called ‘wetland’ species are truly
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Table 2 Number of vascular aquatic macrophyte species currently known in the major biogeographic areas

Taxon PA NA AT NT OL AU PAC ANT World
Pteridophyta

Azollaceae 2 3 2 4 1 1

Blechnaceae 1 2 2 3 4

Equisetaceae 3 2 1 1 1

Isoetaceae 8 27 1 12 18 8 70
Marsileaceae 11 4 24 12 12 11 2 66
Polypodiaceae 1 1 1
Pteridaceae 1 3 2 3 3 2 2 5
Salviniaceae 1 2 2 8 2 10
Thelypteridaceae 2 1 2 2 2 2
Spermatophyta (Angiosperms)

Acanthaceae 3 3 2 3 10 4 2 18
Acoraceae 1 1 2 2
Alismataceae 19 32 14 39 18 7 1 96
Amaranthaceae 1 1 5 2 7
Amaryllidaceae 1 1 2 1 4
Apiaceae 17 30 3 11 2 1 55
Apocynaceae 1 1 1
Aponogetonaceae 31 10 14 54
Araceae 15 22 19 31 90 19 7 139
Araliaceae 3 2 4 5
Asteraceae 1 12 16 29 18 1 56
Balsaminaceae 1 1 1
Boraginaceae 2 5 2 6 1 6
Brassicaceae 6 3 2 3 2 12
Burmanniaceae 3 1 3
Butomaceae 1 1 1 1
Cabombaceae 1 3 1 6 1 1 6
Campanulaceae 2 22 8 6 4 7 41
Cannaceae 1 1 1
Ceratophyllales 4 3 3 3 3 2 2 4
Commelinaceae 4 1 5 1 13 3 2 13
Convolvulaceae 2 1 2 1 3
Crassulaceae 2 1 2 3 1 8
Cyperaceae 73 123 78 149 87 67 35 3 276
Droseraceae 1 1 1 1 1
Elatinaceae 10 11 2 6 3 1 25
Eriocaulaceae 6 12 7 45 17 1 1 71
Euphorbiaceae 1 4 4
Fabaceae 6 1 13 17
Haloragaceae 10 15 4 11 41 65
Hanguanaceae 1 1 3
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Table 2 continued

Taxon PA NA AT NT OL AU PAC ANT World
Hydatellaceae 1 8 9
Hydrocharitaceae 20 12 43 15 40 23 5 108
Hydroleaceae 1 2 2 1 1 4
Hydrostachyaceae 29 29
Hypericaceae 1 1
Hypoxidaceae 1 1
Iridaceae 1 8 1 1 10
Juncaceae 7 9 4 3 4 2 2 1 14
Juncaginaceae 1 1 1 1 3 5
Lamiaceae 7 8 6 1 9 2 1 23
Lentibulariaceae 11 21 17 26 12 13 70
Limnocharitaceae 2 1 7 1 1

Linderniaceae 2 2 1 5 2 1

Lythraceae 13 8 13 33 26 6 78
Marantaceae 1 2 1 1 1 1 3
Mayacaceae 1 1 4 5
Melastomataceae 6 6
Menyanthaceae 8 5 16 8 15 36 73
Myrsinaceae 1 3 2 5
Nelumbonaceae 1 1 1 1 1 2
Nymphaeaceae 12 15 15 22 13 14 68
Onagraceae 2 7 4 11 5 4 1 17
Orobanchaceae 1 1
Oxalidaceae 2 2
Pedaliaceae 1 1
Philydraceae 1 1 1 1 1
Phrymaceae 1 1 7 8
Phyllanthaceae 1 1 2
Plantaginaceae 20 28 31 41 16 11 2 2 91
Poaceae 65 78 54 84 64 51 21 1 190
Podostemaceae 7 3 84 188 47 3 330
Polemoniaceae 3 1 4
Polygonaceae 9 3 9 3 2 20
Pontederiaceae 9 4 23 4 4 33
Portulacaeae 2 2 2 1 3
Potamogetonaceae 46 28 23 31 28 29 9 2 117
Primulaceae 1 1 2
Ranunculaceae 19 13 19 1 1 2 39
Rapateaceae 1 1
Rubiaceae 1 5 6
Saururaceae 1 1 2 3
Sparganiaceae 20 9 1 6 2 22
Sphenocleaceae 2 1 2
Tetrachonraceae 1 1 2
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Table 2 continued

Taxon PA NA AT NT OL AU PAC ANT World
Theophrastaceae 2 1 3 3
Thurniaceae 1 2 3
Typhaceae 8 3 3 3 7 2 1 9
Xyridaceae 3 1 1 4
Total 497 644 614 984 664 439 108 12 2614

PA: Palaearctic; NA: Nearctic; AT: Afrotropical ; NT: Neotropical; OL: Oriental; AU: Australasian; PAC: Pacific Oceanic Islands;
ANT: Antarctic. Notes: Introduced species not considered. Species were identified as “aquatic” on the basis of published records (in
particular Cook, 1996a, 1996b, 2004; Preston & Croft, 1997; Crow & Hellquist, 2000; Ritter, 2000) and the knowledge of the authors.
Taxonomy (division, order, family, genera) was updated to APG 2003. Geographic distributions were obtained primarily from the
Royal Botanical Gardens, Kew, England checklists for monocots and other selected families (Govaerts et al., 2007a, b) and for grass
flora (Clayton et al., 2006), US Department of Agriculture’s Germplasm Resources Information Network (GRIN, 2007), the Missouri
Botanical Garden’s VAST (VAScular Tropicos) nomenclatural database (Missouri Botanical Garden, 2007) and the International

Plant Names Index (2004)

aquatic (i.e., their vegetative parts actively grow
either permanently or periodically submerged below,
floating on, or growing up through the water surface).
We have been conservative in our identification of
aquatic macrophytes, including only those species
that have been determined by the authors or other
experts to meet the above definition of ‘aquatic’. In
addition, previously unknown species continue to be
discovered, particularly in tropical areas, thus con-
founding our estimates of species numbers and
geographic distribution. Finally, recent advances in
molecular phylogenetics have resulted and will
continue to result in revisions of classification at
nearly all levels. We based our classification at the
ordinal, family and generic levels on the schema of
the Angiosperm Phylogeny Group (APG, 2003).
Overall, vascular macrophyte species diversity is
highest in the Neotropics (984 spp), intermediate in
the Orient, Nearctic and Afrotropics (664, 644 and
614, respectively), lower in the Palearctic and
Australasia (497 and 439, respectively), and lower
again in the Pacific region and Oceanic islands (108
spp), whilst only very few vascular macrophyte
species have been found in the Antarctica bioregion,
all confined to sub-Antarctic freshwater habitats
(Fig. 2). The higher number of species in the
Neotropics is in great part due to the large contribu-
tion from the Podostemaceae (188 species) compared
to other regions. In terms of both number of genera
and species, the Podostemaceae is the largest exclu-
sively aquatic family of angiosperms. Plants in this
family are confined to fast-flowing waters, mainly
in the tropics, and many species have narrow

distributions, such as a single watershed. For all
regions (except Antarctica), two of the three most
species-rich families were Cyperaceae and Poaceae.
The other species-rich family varied amongst regions:
Alismataceae for the Nearctic, Araceae for the
Orient, Haloragaceae for Australasia, Podostemaceae
for the Afrotropics and Neotropics, and Potamog-
etonaceae for the Pacific and Palaearctic.

Generic diversity of vascular aquatic macrophytes
is much less variable compared to species diversity
(Table 3). The total number of genera ranged
between 152 and 196 for 6 of the 8 bioregions and
was highest (192-196) for the Afrotropical, Neotrop-
ical and Oriental regions (Fig. 2). As with species
diversity, lower generic diversity occurred in the
Pacific and Antarctic regions. Within the families,
approximately 47% (41 families) have only one
genus that includes aquatic plants, although there are
often other genera of terrestrial and wetland plants,
not meeting the criteria for true aquatic habit, in each
of these families. The occurrence of isolated genera
that are completely or partially aquatic suggests that
the aquatic species in these genera are relatively
recent returns to water compared to orders or families
that are entirely aquatic and therefore likely returned
to water early in the divergence of their lineages.

Twelve genera encompass about 28% of the total
vascular macrophyte species richness worldwide
(Table 4). With the exception of the genus Apinagia
that is found only in South America, the other genera
have a wide range extension, being present in at least
three bioregions. Two of the genera are ferns; the
remaining 10 are angiosperms. The 12 species-rich
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Table 3 Number of vascular aquatic macrophyte genera currently known in the major biogeographic areas
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Table 3 continued

Taxon PA NA

AT
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OL
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PAC
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World

Hydatellaceae
Hydrocharitaceae 7 4
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Table 3 continued

Taxon PA NA AT NT OL AU PAC ANT World
Theophrastaceae 1 1 1 1
Thurniaceae 1 1 1 2
Typhaceae 1 1 1 1 1 1 1 1
Xyridaceae 2 1 1 2
Total 154 172 196 192 192 152 62 9 412

PA: Palaearctic; NA: Nearctic; AT: Afrotropical; NT: Neotropical; OL: Oriental; AU: Australasian; PAC: Pacific Oceanic Islands;
ANT: Antarctic. Notes are the same as for Table 2

genera also span the full range of plants that are
permanently submerged below, floating on, or grow-

ing up through the water surface.

Phylogeny and Historical processes

In the early Paleozoic, ancestral marine plants
colonized land, giving rise to evolution of vascular
plants. Land plant fossils (small, dispersed spores
dating from the Ordovician; Wellman et al., 2003) as
well as molecular analysis (Sanderson, 2003) place
the origin of land plants at 450—475 Mya. Most major
land plant lineages (i.e., bryophytes, lycophytes,
ferns, gymnosperms) date to the Paleozoic, however
the first unequivocal angiosperm fossils appeared
~135 Mya and thereafter radiated into most of the

major angiosperm lineages over a period of ~ 10—
15 million years (see review of Feild & Arens, 2007
and references therein). Biologists have long acknowl-
edged a link between green algae and terrestrial plants
(Lemieux et al., 2000; Chapman & Waters, 2002;
Pombert et al., 2005; Turmel et al., 2006) with some
suggesting specifically that the green algae known as
stoneworts (Order Charales) are the extant sister
group to all land plants (reviewed by McCourt et al.,
2004).

Of the many species of terrestrial vascular plants
(Pteridophyta and Spermatophyta), only a small
fraction of these land plants returned to life in aquatic
and marine environments. Since aquatic vascular
plants evolved at different times, the return to water
was not a single, or even an infrequent, event. Cook
(1999), in a survey of the number of plants which

Fig. 2 Diversity of
vascular aquatic
macrophytes: number of
species/number of genera
per biogeographic region.
PA: Palaearctic, NA: s
Nearctic, NT: Neotropical, i
AT: Afrotropical, Au:
Australasian, PAC: Pacific
Oceanic Islands, ANT:
Antarctic

! PAC
108 /62
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Table 4 Primary distribution and habitat of vascular plant genera with more than 50 aquatic species

Genus Family Number of Total Number of Distribution Habitat of aquatic species
Aquatic Species Species in Genus
in Genus
Potamogeton  Potamogetonaceae 99 99 All regions Leaves submerged or
floating
Isoetes Isoetaceae 70 ~ 150 All regions except Pacific =~ Permanently or periodically
and Antarctic submerged
Eleocharis Cyperaceae 70 ~200 All regions except Antarctic Emergent
Marsilea Marsileaceae 60 60 All regions except Antarctic Leaves floating on surface
or emergent
Apinagia Podostemaceae 57 57 South America only Permanently or periodically
submerged
Cryptocoryne Araceae 56 56 Paleoarctic, Orient, Leaves submerged
Australasia only or emergent
Aponogeton ~ Aponogetonaceae 54 54 Afrotropics, Orient, Leaves submerged
Australasia only or floating
Myriophyllum Haloragaceae 54 54 All regions except Leaves submerged
Afrotropics, or emergent
Pacific and Antarctic
Nymphaea Nymphaeaceae 53 53 All regions except Leaves floating on surface
Pacific and Antarctic
Cyperus Cyperaceae 53 ~900 All regions except Antarctic Emergent
Nymphoides ~ Menyanthaceae 53 53 All regions except Pacific ~ Leaves floating on surface
and Antarctic
Utricularia Lentibulariaceae 52 216 All regions except Pacific Leaves submerged

and Antarctic or floating

have become secondarily aquatic, estimated that 11
of ~315 genera (or 3%) of ferns and fern allies (i.e.,
Pteridophyta) and 407 of ~ 13,200 genera (or 3%) of
angiosperms include aquatic species. The evolution-
ary step of becoming secondarily aquatic probably
took place at least 211 times but more likely 252
times (possibly more), with reversion to aquatic life
having taken place at least seven times in the
Pteridophyta and 204-245 times in the angiosperms
(Cook, 1999). In cases where entire orders or families
are aquatic, the return to water likely occurred early
in the divergence of the lineage. In a review of early
angiosperms, Feild & Arens (2007) observed that
most molecular analyses place the New Caledonian
shrub Amborella trichopoda as diverging closest
to the root of the angiosperm phylogenetic tree, with
the second basal lineage being the entirely aquatic
families of Cabombaceae, Nymphaeaceae and Hyda-
tellaceae, the third basal lineage being the
Austrobaileyales (lianes occurring in Australia), and
the fourth basal lineage being the entirely aquatic

family Ceratophyllaceae along with the terrestrial
Chloranthaceae. Fossils of water lilies (Nymphaea-
ceae) have been recorded back to the Early
Cretaceous (125-115 Mya) (Friis et al., 2001). The
remaining angiosperms form three, well-supported
monophyletic lineages (the magnoliids, dicots and
monocots), although relations amongst these lineages
are still in flux.

As a result of this return to water from the
terrestrial environment, aquatic angiosperms have
evolved numerous physiological and morphological
adaptations to cope with limited carbon dioxide
(including the problem of scarcity of CO; in solution
in many waters, compared to HCOj3) and oxygen
availability, and reduced light. Aquatic plants operate
under dramatically increased diffusion resistance for
CO, and oxygen as a result of high aqueous
resistance to gas diffusion and formation of boundary
layers, especially in lentic habitats. To enhance
carbon acquisition, submerged leaves are often highly
dissected so as to increase surface area (e.g., the
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thread-like filiform leaves of Cabomba and Cerato-
phyllum) and show concentration of the chloroplasts
near the leaf surface. Macrophytes in relatively
shallow water overcome aqueous inorganic carbon
limitations to photosynthesis by drawing on atmo-
spheric CO, via aerial or floating leaves. Higher
concentrations of CO, in bottom sediments (as a
result of microbial activity) are also exploited by
some macrophytes (e.g., Isoetes) whereby CO, in the
interstitial sediment water diffuses into the roots and
then through gas-filled lacunae to the leaves (Raven
et al., 1988). In addition to morphological changes,
physiological strategies such as utilization of bicar-
bonate (in addition to CO,) as an inorganic carbon
source and additional biochemical carboxylation
pathways (including crassulacean acid metabolism,
found, for example, in Isoetes, Crassula, Littorella,
Sagittaria and Vallisneria, and C4—Ilike metabolism
found in Hydrilla verticillata and Egeria densa) have
evolved to cope with reduced availability of CO, and
the prevalence of HCOj3 as the dominant form of
inorganic carbon in higher-pH waters (Maberly &
Madsen, 2002). The limited availability of oxygen in
aquatic systems has also resulted in development of
aerenchyma—tissue  containing  enlarged  gas
spaces—for transport of oxygen from shoot to roots
and venting of gases (carbon dioxide, ethylene,
methane) from the root and soil (Sculthorpe, 1967).
Roots are often buried in anoxic sediments and
translocated oxygen serves to sustain their aerobic
metabolism, at the same time contributing to
increased uptake of mineral nutrients as a result of
oxygenation of the rhizosphere. To cope with light
limitation and changes in spectral quality underwater,
many species of submerged plants also evolved
strategies such as rapid elongation and physiology,
typical of shade plants (Kirk, 1996). In addition,
many species considered as nuisance weeds, such as
the elodeids E. densa and H. verticillata, increase
their competitive attributes by concentrating their
photosynthethic tissues close to the water surface
(“canopy forming” strategy). In contrast to adapta-
tions specifically developed by macrophytes for
life underwater, many morphological characteristics
that evolved to cope with the terrestrial environ-
ment have been reduced or eliminated, notably the
stomata and cuticles of the leaves, the vascular tissue
such as xylem, and structural tissue such as lignin
(Sculthorpe, 1967).

@ Springer

Present distribution and main areas of endemicity

Vascular aquatic macrophytes have a world-wide
distribution, being found in all biogeographic regions
of the world. The broad distributional ranges of
vascular macrophytes were noted as early as the mid-
1800s by investigators such as de Candolle (1855)
and Darwin (1859), and our analyses confirm that
many vascular macrophytes are cosmopolitan: 11%
of all species occurred in at least three bioregions and
41% of all families spanned =6 bioregions (Tables 2
and 3). Species with broad ranges, found in at least
seven of the eight bioregions, are Arundo donax,
Brachiaria mutica, Brachiaria subquadripara, Carex
echinata, Ceratophyllum demersum, Ceratophyllum
muricatum, Ceratopteris thalictroides, Cladium
mariscus, Cyperus digitatus, C. odoratus, Echino-
chloa colona, Echinochloa crus-galli, Echinochloa
crus-pavonis, Fimbristylis dichotoma, Fimbristylis
littoralis, Ischaemum rugosum, Juncus bufonius,
Landoltia punctata, Lemna aequinoctialis, Lepto-
chloa fusca, Montia fontana, Najas marina, Oryza
sativa, Panicum repens, Paspalum distichum, Pasp-
alum notatum, Paspalum vaginatum, Pistia stratiotes,
Potamogeton nodosus, Ruppia maritima, Schoeno-
plectus tabernaemontani, Spirodela polyrrhiza and
Typha domingensis. Many aquatic vascular plant
families can be classed into one of three floristic
groups on the basis of species richness: cosmopolitan
(e.g., Cyperaceae, Juncaceae, Poaceae), north-tem-
perate (e.g., Potamogetonaceae, Sparganiaceae,
Haloragaceae, Elatinaceae and Hippuridaceae) or
pan-tropical (e.g., Podostemaceae, Hydrocharitaceae,
Limnocharitaceae, Mayacaceae, Pontederiaceae, and
Aponogetonaceae) (Crow, 1993). It should be noted
that whilst families classed as pan-tropical or north-
temperate show much higher species richness in these
climatic regions, they may still include species that
occur outside their climatic region: a good example
being the Haloragaceae, with its numerous Austral-
asian representatives.

The wide distributional ranges of aquatic plants
have traditionally been explained by long-distance
dispersal by migratory birds (Darwin, 1859; Arber,
1920; Sculthorpe, 1967; Hutchinson, 1975) and
human activity (Cook, 1985). However, observations
such as the disjunct distributions of aquatic families
at the base of the angiosperm phylogenetic tree (i.e.,
Cabombaceae, Nymphaeaceae and Hydatellaceae)
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contributed to acceptance of continental drift as a
major explanatory factor for modern angiosperm
distributions (Raven & Axelrod, 1974). Recently, Les
et al. (2003) examined the role of dispersal versus
displacement in the distribution of aquatic macro-
phytes. Using molecular estimates of divergence time
involving 71 aquatic angiosperm species from phy-
logenetically related aquatic taxa that exhibit
discontinuous intercontinental distributions, Les et al.
(2003) found that for 79 of 87 comparisons, diver-
gence times were far too recent (<30 Mya) to
implicate continental drift as a major determinant of
these discontinuous distributions. Even Ceratophyl-
lum demersum, which is found in all continents
except Antarctica, had divergence times of <2.5 Mya
for comparisons of specimens from North America,
Asia and Australia, indicating recent dispersal rather
than a paleodistribution amongst these continents. In
an analysis of aquatic macrophyte species and
subspecies endemic to Europe and portions of North
Africa bordering the Mediterranean, Cook (1983)
considered that c. 75% of 61 endemic taxa evolved
after the ice age whereas only c. 25% were relicts left
by extinction. Long-distance dispersal by birds as
well as human activity (both active, through intro-
duction of useful crop plants, and inadvertent) remain
viable explanations for widely disjunct aquatic plant
distributions although, as Les et al. (2003) note,
continental drift may have influenced dispersal

patterns by facilitating successful transoceanic dis-
persal between continents that were previously
physically closer in proximity. The successful long-
distance dispersal of aquatic plants has been facili-
tated by the broad ecological tolerances and plastic
responses of many aquatic plants, their enhanced
survivorship because of clonal growth (very common
in macrophytes) and the abundance of easily
dislodged propagules (Santamaria, 2002; Les et al.,
2003).

Our results showed that vascular macrophyte
generic diversity is highest in the tropics (Afrotrop-
ics, Neotropics and Orient) and lower in the Nearctic,
Palaeoarctic and Australasia (Fig. 2). Species diver-
sity is highest in the Neotropics followed by the
Orient, with the Nearctic showing the third highest
species diversity (Fig. 2). Previous assessments of
macrophyte diversity between temperate and tropical
regions indicated that richness (S) was similar, or
even richer, in temperate regions (Crow, 1993;
Jacobsen & Terneus, 2001). Whilst we have not
specifically tallied species numbers in tropical versus
temperate latitudes, our comparisons amongst biore-
gions indicate that vascular macrophyte generic
diversity for the tropics is greater than for temperate
regions. Species diversity may also be greater for
certain tropical compared to temperate regions.
Considering the relative lack of data from the tropics
compared with temperate regions, this difference may

Fig. 3 Vascular aquatic
macrophyte endemism, by
species (Sp) and genera
(Gn) presented as
percentage (and number) of
endemics per biogeographic
region. PA: Palaearctic,
NA: Nearctic, NT:
Neotropical, AT:
Afrotropical, Au:
Australasian, PAC: Pacific
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increase with time as more investigations are under-
taken in the tropics, leading to discoveries of new
species or genera. However, even given the high
probability of new macrophyte species being found in
tropical regions, differences in richness between
tropical and temperate regions will likely remain less
for aquatic than for terrestrial plants because condi-
tions favouring greater richness in tropical regions
(e.g., higher and more uniform temperature) may be
offset by increased precipitation in tropical regions
(resulting in water level fluctuation and lower under-
water light) and greater inorganic carbon availability
in temperate regions (Payne, 1986).

Similar to the latitudinal differences in macro-
phyte distribution, aquatic macrophytes also show
decreases in species numbers with altitudinal gain
(Jones et al., 2003; Lacoul & Freedman, 2006a).
Whereas certain species such as Callitriche palustris
cover a wide altitudinal range, from sea-level up to
2,500 m in Europe, 3,000 m in Californian mountains
and >4,000 m in mountains in the Andes and
Himalayas (Beger, 1932; Schotsman, 1954;
McLaughlin, 1974; Lacoul, 2004), others such as
Isoetes  bolanderi, Myriophyllum  exalbescens,
Nuphar lutea and Potamogeton alpinus have
restricted distributions in cold high-altitude waters
(usually softwater lakes: Murphy, 2002) similar to the
restricted distributions observed in the arcto-boreal
environment. Some of the highest published altitude
records for the aquatic angiosperms include Zanni-
chellia sp. at 5,350-5,400 m in Cerro Coéndor,
Argentina (Kiihn & Rohmeder, 1943; Halloy, 1981,
1983); Potamogeton sp., Myriophyllum sp., Isoetes
sp., and Nitella at 4,880 m in Peru (Halloy et al.,
2005; Seimon et al., 2007); Myriophyllum cf. elati-
noides, Potamogeton cf. pectinatus and Isoetes sp. at
4,400-5,244 m in Peru (Seimon et al., 2007); Chara
sp. (algae) at 5,030 m in Tibet (Mitamura et al.,
2003) and Ranunculus trichophyllus at 4,680-
4,750 m in Nepal (Lacoul & Freedman, 2006b).
Moreover, it is not only the number of macrophyte
species that are less at higher altitudes but also the
number of endemic species, an example being the
fewer endemic species in the northern mountainous
regions of Northern India, Nepal and Bhutan com-
pared to peninsular south India and Sri Lanka.

There is strong evidence that within-system diver-
sity (alpha-diversity) of aquatic macrophytes is
related not only to geographical factors (e.g., latitude,
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altitude, as discussed above), and size of waterbody
(e.g., Rgrslett, 1991), but also to within-system
heterogeneity of environmental factors affecting
macrophyte growth (e.g., Murphy et al., 2003; Feld-
mann & Noges, 2007), and to the intensity of
environmental and human-related stress and distur-
bance pressures acting upon the system. In relation to
the last point, data from Swiss lake macrophyte
communities (Lachavanne, 1985), for example, show
strong evidence that environmental stress associated
with nutrient availability (trophic status) of individual
lakes is related to macrophyte alpha-diversity,
following a classic “hump-back™ distribution. Ultra-
oligotrophic and oligotrophic lakes at one end of the
scale support few species. Mesotrophic lakes, in the
middle, tend to support the richest macrophyte
diversity, whilst macrophyte richness declines again
in eutrophic and hypertrophic lakes.

In contrast to the widely distributed genera
(Table 3), it is worth noting that 39% of the genera
containing aquatic vascular macrophytes (ignoring
any terrestrial species in such genera) are endemic to
a single realm. Many of these are genera with single
or few aquatic species, but others are multi-species
genera, especially in the Podostemaceae. Endemism
is rich in two tropical regions (Afrotropical—64% of
total species present; Neotropical—61%); intermedi-
ate in Australasia (46%), the Oriental region (43%)
and the Nearctic (42%); low in the Palaearctic (28%);
and negligible or absent in the Pacific (7.4%) and
Antarctic (no endemic macrophyte species) (Fig. 3).
On a smaller geographic scale, endemism is still rich
in some tropical and subtropical regions but also in
some temperate systems: 119 endemic species were
recorded by Cook (2004) in South Africa; 100
endemic species were recorded in a region including
South Brazil, Uruguay and Paraguay and North
Argentina (Irgang & Gastal Jr., 2003); 61 endemic
species and subspecies were reported for Europe and
the portions of North African countries that border
the Mediterranean (Cook 1983); 38 endemic aquatic
plant species were recorded for New Zealand (Coffey
& Clayton, 1988). Surprisingly, ancient large lakes
such as Baikal and Biwa are poor in endemic aquatic
macrophytes: no endemic aquatic macrophyte has
been reported in Lake Baikal, Russia (Kozhova &
Izmestéva, 1998) and Lake Biwa, Japan has only two
endemics (Vallisneria biwaensis and Potamogeton
biwaensis; Nakajima, 1994).
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Human related issues

Aquatic macrophytes play an important role in the
structure and function of aquatic ecosystems by
altering water movement regimes (flow and wave
impact conditions), providing shelter and refuge,
serving as a food source, and altering water and
sediment quality (e.g., Chambers & Prepas, 1994;
Sand-Jensen, 1998; Chambers et al., 1999). They
provide a structurally complex environment over
spatial scales ranging from millimetres (e.g., foliage
structure of macrophytes: Dibble et al., 2006) to
hundreds of metres (e.g., distance between weed beds
in a lake; Dibble et al., 1996; Rennie & Jackson,
2005). This environmental heterogeneity can increase
numbers and types of niches, and can uncouple
interacting predators and prey (Harrel & Dibble,
2001). As a result, aquatic macrophyte habitats often
represent the most diversified, productive and heter-
ogeneous portions of water bodies. In addition to
their important role in maintaining aquatic biodiver-
sity, diverse macrophyte communities also contribute
to the maintenance of aquatic ecosystem functioning,
for example by sustaining filamentous algal growth
(that potentially supports a greater abundance of fish
and wildlife) and reducing phosphorus concentrations
in the water (Engelhardt & Ritchie, 2001). Eutrophi-
cation is one of the greatest environmental problems
worldwide and aquatic macrophytes may prove to be
“biological engineers” to aid in restoring water
quality (Byers et al., 2006).

Perhaps because many vascular macrophyte spe-
cies exhibit high productivity, broad ecological
tolerances and easily dispersed propagules, several
of the worst invasive weeds in the world are aquatic
macrophytes (Pieterse & Murphy, 1993). Originating
in South America, the aquatic fern Salvinia molesta
and the water hyacinth Eichhornia crassipes have
become serious aquatic weed problems in the south-
ern USA, Australia, South-East Asia, the Pacific and
south, central and eastern Africa. Considered two of
the world’s worst aquatic pests, these plants are
aggressive, competitive species that can cover the
surface of lakes and slow-moving rivers, thereby
impacting aquatic environments, local economies and
human health. Under favourable conditions, plants
can double their dry mass in 3-7 days with mats, in
some cases, being up to 3-m thick. Another serious
aquatic weed is hydrilla (Hydrilla verticillata),

arguably the most problematic invasive aquatic plant
in North America. Native to central and south Asia, it
was introduced to Florida in the 1950s or 1960s via
the aquarium trade and is now well established in the
southern United States and in the west coast states of
California and Washington. Hydrilla forms dense
submerged mats of vegetation (which may reach to
the surface) that interfere with recreation and destroy
fish and wildlife habitat. Each year, US agencies
spend millions of dollars for hydrilla control involv-
ing aquatic herbicides, biological agents, mechanical
removal and physical habitat manipulation. Many
aquatic weed species are tropical to sub-tropical in
origin and global warming will certainly extend the
potential range and frequency of occurrence of such
species in temperate regions.

In contrast to the threat posed by invasive aquatic
macrophytes, a number of macrophyte species are
cultivated for human use. Rice (Oryza spp.) is the
world’s most important staple food crop. In 2005, rice
production exceeded 6 X 10 Mt (FAO, 2006) with
China, India and Indonesia being the top three
producers. More than 2.7 billion people rely on rice
as their major source of food with this number
expected to grow to 3.9 billion by the year 2025.
There is increasing concern about current rice
production practices being unable to meet future
demands as a result of constant or declining yields in
many Asian countries, limited possibilities for arable
area expansion, and fewer water resources for
expanding rice planted areas, as well as concerns
related to environmental degradation, genetic erosion
and nutritional quality of rice. Whilst rice is probably
the most widely used macrophyte by humankind,
many other species receive local or widespread use,
for example in pulp production (e.g., Phragmites), as
thatch for houses, mats, etc (e.g., Cyperus), in
medicine (e.g., Alternanthera philoxeroides and
Sagittaria rhombifolia) and for aesthetic value (e.g.,
Nymphaea spp., Hydrocleys spp. and Victoria amazo-
nica). The use of several species in phytoremediation
has increased recently as an alternative technique for
treatment of domestic as well as industrial effluents.

Large gaps still exist in our knowledge of aquatic
macrophyte abundance and distribution. Several
aquatic vascular macrophytes are recognized as
critically endangered (Isoetes sinensis, I. taiwanensis,
Ledermanniella keayi and Saxicolella marginalis),
endangered (Ledermanniella letouzeyi, L. onanae and
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Macropodiella pellucida) or vulnerable (Lederman-
niella thalloidea), primarily as a result of habitat loss
(caused by forestry and agricultural expansion) and
water pollution (IUCN, 2004). Many of the threats to
fresh waters (e.g., climate change, eutrophication,
acidification, alien species introductions) will lead to
reduced macrophyte diversity and will, as a result,
threaten the faunal diversity of aquatic ecosystems,
favour the establishment and expansion of exotic
species at the expense of native species, and
challenge our abilities to sustain productions of
aquatic macrophytes that are needed to meet human
consumptive demands.
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Abstract Porifera is a primarily marine phylum
comprising more than 15,000 species. The successful
and wide adaptive radiation of freshwater sponges
(Haplosclerida: Spongillina) has resulted in the
colonization of an extremely wide variety of habitats
at all latitudes. Colonization is dated back to the
Mesozoic, and the mono- or poly-phyletism of
Spongillina, and the number of potential sponge
invasions into freshwater is still under debate. Living
freshwater sponges belong to 45 genera in six
families for a total of 219 species. The highest
diversity, at the scale of zoogeographic regions, is
recorded from the Neotropical (65 species), Palae-
arctic (59 species), and Afrotropical regions (49
species). Endemic freshwater sponge species are 103
(47%) out of 219. All species belonging to the
families Lubomirskiidae, Metschnikowiidae, and
Malawispongiidae are endemic. Endemic species
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among the other families are 72% for Potamolepidae,
38% for Spongillidae, and 32% for Metaniidae. Data
on some wide geographic areas are scattered and
fragmentary if not almost completely lacking. Spe-
cies richness is probably underestimated and
doubtless destined to increase with further research.

Keywords Taxonomic richness -
Geographic distribution - Endemicity -
Habitat

Introduction

The successful and wide adaptive radiation of
freshwater sponges has resulted in the colonization
of an extremely wide variety of habitats at all
latitudes, from cold deserts of the Arctic Circle and
Patagonia, to the tropical and equatorial rain forests.
Freshwater sponges are dispersed in both lentic and
lotic habitats, in continental and insular waters with
perennial or temporary regimes, from coast lines to
high plain and from high mountains to subterranean
environments.

An extremely wide variety of habitats have been
colonized by sponges such as springs, streams, rapids,
falls, swamps, rivers, estuaries, lakes, thermal vents
and springs, caldera lakes, tectonic lakes, alpine lakes,
ancient lakes, salt lakes, karstic caves, anchialine
caves, ephemeral water bodies in both temperate and
strictly arid climates (pools, billabongs, oued in the
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Sahara, and pans in the Namibia deserts), man-made
basins from pools in zoological-botanical gardens to
fonts in archaeological sites, to water tanks, pipelines,
reservoirs, and channels.

Recorded bathymetric distribution ranges from
habitats at hundreds meters of depth in some lakes
(Baikal, Tanganyika, Poso) to the surface of water
bodies exposed to direct sun irradiation during low-
water levels (e.g. tropical swamps, oueds, and coastal
lines of rivers and lakes).

Freshwater sponges are able to tolerate and survive
extreme chemico-physical conditions ranging from
permafrost, thermal waters, long-lasting dry-up,
fluctuating water levels, stagnant to high speed
waters, anoxy, oligotrophy to eutrophy, high levels
of chemicals, and natural or man-made pollution by
hydrocarbons and heavy metals (Harrison, 1974;
Pronzato & Manconi, 2002).

Colonised substrata include rocks, boulders, peb-
bles, shells of bivalves and gastropods, wood debris,
roots or branches of riparian trees and bushes, aquatic
plants, and various man-made substrata such as glass,
cement, plastic, and metallic objects (Pronzato &
Manconi, 2002).

Freshwater sponges display highly variable body
shape and dimensions, consistency and colour. Spec-
imens range from thin whitish crusts a few mm thick
strictly adhering to the substratum, to dark brown
massive cushions, to branching or erected growth
forms. In most species the body texture is soft and
fragile while other species are hard and massive. In
unfavourable conditions, such as hard climate, fresh-
water sponges are represented on the substratum
exclusively by carpets of small spherules or resting
bodies known as gemmules.

The main diagnostic traits that enable us to identify
freshwater sponges are skeletal architecture, range of
spicule geometry, size and shape of spicules, and
gemmular traits. Skeletal network is a reticulum of
siliceous spicules associated to a notably variable
amount of spongin. Spicules, megasclere and micros-
cleres, are typically monaxial. Gemmules of
freshwater sponges are subspherical, 100-1200 pum
in diameter, and bear a structured coat of spongin to
protect a mass of totipotent cells contained inside.
Morphological characters of this resting stage (such as
gemmular cage, gemmular theca, gemmular foramen,
arrangement of spicules, architecture of spongin
structures, shape, and ornamentations of spicules) are
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notably diversified and diagnostic at the genus and
species level (Manconi & Pronzato, 2002). Identifica-
tion of gemmule-producing sponges, however, is not
possible when gemmules are absent from specimens
according to their life cycle phase. Moreover, a number
of freshwater sponges, mostly belonging to taxa
endemic to ancient lakes, do not produce gemmules.

Diversity

The knowledge on diversity and distribution of
sponges from inland waters is reported in a number
of historical synopses (Potts, 1887; Weltner, 1895;
Annandale, 1911; Arndt, 1926) and in more recent
syntheses (Penney & Racek, 1968; Racek, 1969;
Volkmer-Ribeiro, 1981; Poirrier, 1982; Frost, 1991;
Ricciardi & Reiswig, 1993; Silva & Volkmer-Ribe-
iro, 2001; Manconi & Pronzato, 1994, 2002, 2004,
2005; Pronzato & Manconi, 2002; Efremova, 2004).

Living freshwater sponges are ascribed, at present,
to 219 species belonging to 45 genera in six families,
namely Lubomirskiidae Rezvoi, 1936 (4 genera, 10
species), Malawispongiidae Manconi & Pronzato,
2002 (5 genera, 6 species), Metaniidae Volkmer-
Ribeiro, 1986 (5 genera, 25 species), Metschnikow-
iidae Czerniawsky, 1880 (one genus, one species),
Potamolepidae Brien, 1967 (6 genera, 29 species),
and Spongillidae Gray, 1867 (21 genera, 145 species)
(Tables 1, 2). The family Palaeospongillidae Volk-
mer-Ribeiro & Reitner, 1991 contains exclusively
one monotypic genus of fossil sponges. Three
monotypic genera of living sponges, namely Balliv-
iaspongia, Makedia, and Ohridospongilla are
incertae sedis. The most speciose genera contains
15-17 species as in the case of Corvospongilla,
Radiospongilla, and Eunapius.

Species richness of freshwater sponges is high
when compared to that of the other freshwater sessile
invertebrates belonging to Cnidaria and Bryozoa. The
total value of 219 species, considered valid at present
by the authors, is emended since the Systema Porifera
(Manconi & Pronzato, 2002). Species richness is,
however, probably underestimated in both temperate
and tropical latitudes, where new findings often
correspond to the discovery of a new species or
genus (Manconi & Pronzato, 2004, 2005). The
present diversity values appear doubtless destined to
increase with further research on unexplored or



Hydrobiologia (2008) 595:27-33

29

Table 1 Species richness of Spongillina and distribution at the scale of zoogeographic regions

PA NA NT AT OL AU PAc ANT World
Lubomirskiidae 10 0 0 0 0 0 0 0 10
Malawispongiidae 3 0 0 2 0 1 0 0 6
Metaniidae 0 2 17 3 3 3 0 0 25
Metschnikowiidae 1 0 0 0 0 0 0 0 1
Potamolepidae 0 0 11 15 0 0 2 0 29
Spongillidae 44 30 35 28 34 29 3 0 145
Incertae sedis 1 0 1 1 0 0 0 0 3
Total 59 32 65 49 37 33 5 0 219

PA: Palaearctic, NA: Nearctic, NT: Neotropical, AT: Afrotropical, OL: Oriental, AU: Australasian, PAc: Pacific oceanic islands,

ANT: Antartic

Table 2 Genera diversity of Spongillina and distribution at the scale of zoogeographic regions

PA NA NT AT OL AU PAc ANT World
Lubomirskiidae 4 0 0 0 0 0 0 0 4
Malawispongiidae 2 0 0 2 0 1 0 0 5
Metaniidae 0 1 5 1 1 1 0 0 5
Metschnikowiidae 1 0 0 0 0 0 0 0 1
Potamolepidae 0 0 3 4 0 0 1 0 6
Spongillidae 13 12 14 9 10 11 3 0 21
Incertae sedis 1 0 1 1 0 0 0 0 3
Total 21 13 23 17 11 13 4 0 45

PA: Palaearctic, NA: Nearctic, NT: Neotropical, AT: Afrotropical, OL: Oriental, AU: Australasian, PAc: Pacific oceanic islands,

ANT: Antartic

poorly sampled areas, and on the basis of morpho-
logical-molecular analyses focused mainly on
cosmopolitan and widespread species presently
assumed to consist of complexes of cryptic species.

Phylogeny and historical processes

Porifera is a primarily marine phylum comprising
more than 15,000 marine species ascribed to three
classes, Hexactinellida, Calcarea and Demospongiae
(Hooper & van Soest, 2002). Only the suborder
Spongillina of the highly evolved order Haplosclerida
of the Demospongiae is represented in freshwater
(Manconi & Pronzato, 2002).

The oldest fossil records of freshwater sponges are
so far known only from the genera Palaeospongilla
and Eospongilla dating back to the Cretaceous and
Jurassic from Patagonia and Colorado (Manconi &
Pronzato, in press). Palaeospongilla chubutensis

shares most gemmular traits with living Spongillidae
(Volkmer-Ribeiro & Reitner, 1991) strongly suggest-
ing that gemmular architecture is highly conservative,
since the Mesozoic.

The successful colonization of inland waters by
these primitive invertebrates seems to be strictly
related to cryptobiosis and to the evolutionary
novelty represented by gemmules. These peculiar
survival devices have a double functional role as
resistant resting bodies to persist in situ, and propa-
gules for dispersal in the same or in distant
hydrographic basins. Gemmules allow sponges to
overcome critical or extreme environmental condi-
tions and to re-establish an active sponge by the rapid
proliferation of the totipotent cells contained within
them. The pluriannual life cycle of gemmule-pro-
ducing sponges is characterised by four steps:
vegetative growth phase, gemmulation/sexual repro-
duction, cryptobiosis, hatching of gemmules, and
regeneration (Pronzato & Manconi, 1994).
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Spongillina share many reproductive characters
with marine Haplosclerida. Sexual reproduction
occurs by gonochorism, with the development of
brooded parenchymula larvae with a short planktonic
life. The adaptation to inland fragmented and ephem-
eral habitats constrained sponges to particular
changes resulting in differences between marine and
freshwater haplosclerids at the level of sperms, eggs,
embryos and larvae supporting an evidence of an
early divergence (Ereskovskii, 2004).

Sponge phylogeny at the level of higher taxa
(orders) has been outlined based on morphological
traits by van Soest (1991). The mono- or poly-
phyletism of Spongillina, and the number of potential
sponge invasions into freshwater is still under debate
(Brien, 1969; Manconi & Pronzato, 2002; Pronzato &
Manconi, 2002). The absence of gemmules in some
families of freshwater sponges and the high possibil-
ity of convergence/parallelism at the level of
gemmular morpho-traits resulted in inconsistencies
with the nearby well-settled systematics (Penney &
Racek, 1968; Manconi & Pronzato, 2002), and biased
the attempts to match phylogenetic relationships at
the genus/species level.

Geographic distribution

At present it is impossible to define the precise
geographic ranges for several genera/species without
firstly undertaking a systematic revision of materials
in both historical and unstudied collections, and a
critical analysis of taxonomic data from the literature.
Several species and some genera have been recorded
only once or exclusively from very restricted geo-
graphic areas and the knowledge on some geographic
areas is scattered and fragmentary if not almost
completely lacking (e.g. Madagascar, Central Asia,
Wallacea, West Indies).

Freshwater sponges occur worldwide except so far
in the Antarctica region, and their geographical
distribution is related to both geological and climatic
vicissitudes of the continents, and to the long-term
dynamics of hydrographic basins. Different biogeo-
graphic patterns are evident, with some species being
very common and widespread, as in the case of the
Holoarctic Spongilla lacustris (Manconi & Pronzato,
2000), while other species are apparently discontin-
uously distributed, rare or monotopic, as for
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Spongilla prespensis and Spongilla stankovici ende-
mic to the Balkanian area (Pronzato & Manconi,
2002).

The highest diversity, at the scale of zoogeo-
graphic regions, is recorded from the Neotropical
with 65 species (23 genera, 3 families), Palaearctic
with 59 species (21 genera, 4 families), and Afro-
tropical regions with 49 species (17 genera, 4
families). Diversity is lower in the other regions,
namely the Oriental with 37 species (11 genera, 2
families), the Australasian with 33 species (13
genera, 3 families), and the Nearctic with 32 species
(13 genera, 2 families). The lowest diversity is known
from the Oceanic Pacific Islands with five species (4
genera, 2 families) (Tables 1, 2; Fig. 1).

The geographic range of families varies from a
cosmopolitan diffusion (Spongillidae), to a condition
of an extremely restricted area (Lubomirskiidae in the
Baikal, and Metschnikowiidae in the Caspian Sea). A
peculiar case is represented by Malawispongiidae
recorded only from ancient lakes (e.g. Tanganyika,
Malawi, Tiberias) along the African Great Rift Valley
in SE-Africa to the Sirian-Palestine Jordan Rift
Valley, to the Ohrid lake in the Balkanian area and
Poso lake in the Sulawesi microplate (Manconi &
Pronzato, 2002).

Potamolepidae are present in the rainforests of the
Neotropical, Afrotropical and Pacific Oceanic
Islands, whereas Metaniidae shows a true Gondwa-
nian pattern being spread in the circum-tropical rain-
forests of the Neotropical, Afrotropical, Oriental and
Australian regions with an enclave (one genus) in the
Nearctic. Incertae sedis genera are endemics to old
lakes scattered in South America, Africa and Asia
(Titicaca, Tana and Ohrid lakes) (Manconi & Pronz-
ato, 2002).

Endemic freshwater sponge species sensu stricto
(endemic to small areas) are 103 (47%) out of 219.
All species belonging to the families Lubomirskiidae
(10) from Lake Baikal, Metschnikowiidae (1) from
the Caspian Sea, and Malawispongiidae (6) from
Tanganyika, Malawi, Tiberias, Ohrid and Poso Lakes
are exclusively endemic. Also, the three incertae
sedis species are endemic each to a single lake. The
highest value of endemic species among the most
speciose families is 72% for Potamolepidae, 38% for
Spongillidae, and 32% for Metaniidae.

The highest values of endemicity s.s. are known
for the Oceanic Pacific Islands (60%), Palaearctic
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Fig. 1 Distribution of
Porifera species and genera
per biogeographic region.
PA: Palaearctic; NA:
Nearctic; NT: Neotropical;
AT: Afrotropical; OL:
Oriental; AU: Australasian;
PAC: Pacific Oceanic
Islands, ANT: Antartic

(58%) and Afrotropical (51%) regions. Lower values
are shown by the Neotropical (35%), Oriental (24%),
Australasian (15%), and Nearctic (16%) regions.

Endemic sponges also occur in ancient, old and/or
crateric basins such as Titicaca (South America),
Yunnan lakes (W-China), Tana (Ethiopia), Mweru
and Luapula (E-Africa), Barombi ma Mbu and Soden
(W-Africa).

As far as insular freshwater are concerned,
endemics are recorded from Japan, New Zealand,
Cuba, Fiji, New Caledonia, Philippines, and Indone-
sian islands. Endemics are reported also from coastal
basins such as those of Louisiana, Florida, Western
North America and Brazil. Ancient hydrographic
basins such as Amazonian, Orinoco, Parana-Uru-
guay-Paraguay, Zaire, and several others host a rich
endemic sponge fauna. Main biodiversity hotspots
(i.e. highest species richness) are ancient hydro-
graphic basins in tropical latitudes (Manconi &
Pronzato, 2002).

Sponges as a natural resource

Sponges represent a natural resource for their func-
tional role involved in natural processes of water
purification in freshwater ecosystems. These active
filter feeders and their pumping activity play a key-
role in the re-cycling of organic matter and contribute

to the energetic equilibrium of freshwater ecosys-
tems. The feeding activity is performed by
phagocytosis on a high fraction of organic particles
and bacteria, and by absorption of dissolved organic
matter. Pumping rate is high, S. lacustris can filter
more than 6 ml/h/mg dry mass; at this rate, a finger-
sized sponge could filter more than 1251 in a day
(Frost, 1980; Pronzato & Manconi, 2002).

Sponges are centres of biological associations,
representing a suitable but selective refuge micro-
habitat, and are host to a notably diverse assemblage
of organisms ranging from other metazoans and
protists to bacteria and algae. Representatives of most
freshwater invertebrate taxa are recorded in sponges,
namely hydrozoans, turbellarians, nematods, oligo-
chaetes, leeches, bivalvs, gastropods, amphipods,
copepods, ostracods, hydracarina, and bryozoans to
several families of insects (Pronzato & Manconi,
2002). The inter-specific relationships range from
endocellular symbiosis, to commensalism or highly
specialized predation as in the case of Neuroptera
(spongillaflies or Sisyridae), Tricoptera, and Diptera.
Some fishes and amphibians were also reported to
nest their fertilized eggs in sponges (Pronzato &
Manconi, 2002).

Freshwater sponges have been used also by Homo
sapiens, since ancient times. Some Amazonian tribes
perform sponge farming using gemmules as seeds to
obtain conspicuous quantities of sponges to strength
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pottery. An unusual practice is known in cosmetics as
in the case of young ladies in Russia that, in the 19th
century, used dried spongillids to scrub their skin to
have rosy cheeks, but some modern cosmetics are
based on the same material. At present bioactive
products extracted from sponges are considered one
of the most promising source of natural compounds
for the pharmacological and biomedical fields. It is
well known that S. lacustris and Ephydatia fluviatilis
are homeopathic remedy, since 1700 with the com-
mon prelinnean Russian name of Badiaga (Pronzato
& Manconi, 2002). No freshwater sponges are
currently listed on the official threatened species
lists, although in some cases they are indirectly
protected being sympatric or syntopic with more
“important” taxa such as fishes and amphibians.
Successful experimental transplants of freshwater
sponges in natural habitats have also been attempted.
Conservation of the freshwater sponge fauna and
their increase in prevalence and abundance in waters
receiving high inputs of organic matter would
represent an approach to maintain biodiversity, and
to improve the sustainable management of freshwater
natural resources (Pronzato & Manconi, 2002). A
potential role of sponges to control invasive alloc-
tonous species (e.g. dreissenid bivalves) has been also
highlighted (Ricciardi et al., 1995).
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Abstract Global diversity of inland water cnidari-
ans is low, containing <40 species belonging to
phylogenetically distinct groups representing inde-
pendent invasion events: the common and
cosmopolitan hydras (12-15 species); the sporadi-
cally occurring freshwater medusae (6-16 sp.); the
Cordylophorinae (2 sp.); the parasitic Polypodium
(1 sp.); the medusae occurring in saline lakes (4 sp.).
Freshwater cnidarians inhabit nearly all types of
freshwater on all continents (except Antarctica), but
only a few species have cosmopolitan distributions.
Due to uncertainty in species knowledge, fine scale
regions of endemicity are not yet clear.
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Introduction

The Cnidaria is composed of medusae, anemones,
corals, and other polyps. Although the phylum is
remarkably successful in the marine realm
(7000+ species), there are few cnidarian representa-
tives in inland waters. The freshwater species fall into
four phylogenetically disparate groups, all save
perhaps one belonging to Hydrozoa (Bouillon &
Boero, 2000a, b; Collins, 2002): (1): the common
Hydpra, a group of secondarily simple, solitary polyps
(Fig. 1A) without medusae; (2) Cordylophorinae, an
anthoathecate group that contains freshwater colonial
hydroids (Cordylophora and Pachycordyle) (Fig. 1
C); (3) freshwater medusae, e.g., Craspedacusta and
Limnocnida, which have simple polyp stages that
lack tentacles (Fig. 1B); and (4) Polypodium, an
unusual parasite of fish eggs recently assigned to its
own class, Polypodiozoa (Bouillon & Boero, 2000a).
Medusae species from saline lakes belong to two
distinct groups within Anthoathecata.

Cnidarians are found in nearly all types of
freshwater, i.e., streams, rivers, ponds, and lakes,
but they mainly occur in mesotrophic to eutrophic
habitats. When they are abundant, they can be major
predators on small invertebrates (Dumont, 1994;
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Fig. 1 Habitus of
freshwater cnidarians. (A)
Hydra (3-10 mm). (B)
Medusa (3—20 mm) and
Polyp stage (3 polyp
colony, 0.5 mm) of
Craspedacusta sowerbii.
(C) Part of colony of
Cordylophora (5 mm). (A
and C from Holstein, 1995
and B from Slobodkin &
Bossert, 2001)

Jankowski et al., 2005) and occasionally tiny fish,
which they catch and immobilize with their charac-
teristic stinging cells, cnidocytes. They are basically
planktivorous (Dumont, 1994), though polyps are
also benthivorous.

Freshwater cnidarians are of minor economic or
medical interest. Cordylophora occasional grow such
massive colonies that they foul boats and clog
waterways, hydras are considered pests in fish
hatcheries, and Polypodium is a threat to the caviar
industry.

Species diversity

Worldwide diversity of inland water cnidarians is
low, probably less than 40 species (in <15 genera,
Tables 1, 2).

Freshwater medusae—More than 20 species (in 6
genera) have been recorded. However, about half of

them may not be valid, because the specific value of
many characters is presently uncertain (Bouillon &
Boero, 2000b; Jankowski, 2001). Within Crasped-
acusta, Astrohydra, and Limnocnida, only three to
five, one, and six species, respectively, are certain. It
is even possible that Limnocnida contains just two
species, one each in India and Africa (Bouillon &
Boero, 2000b). The Indian genera Mansariella and
Keralika are uncertain (Bouillon & Boero, 2000b), as
is the holarctic Calpasoma (Holstein, 1995). In sum,
the number of accepted freshwater medusae species
ranges from 6 to 16, though the true diversity may be
higher.

Hydras—Of the 80 described species, probably
fewer than 15 are distinct. Species are clustered into
four groups (Campbell, 1987) that reflect and extend
Schulze’s (1917) genera, Hydra, Pelmatohydra, and
Chlorohydra, which are no longer recognized. These
groups are: viridissima group (green, due to intracel-
lular symbiotic algae), probably consisting of a single

Table 1 Species diversity by Family of inland water cnidarian in different biogeographic regions

Biogeographic region PA NA NT AT OL AU PAC ANT World
Olindiidae* 4-8 1€ 1 24 2-6 1 1 0 6-16
Australomedusidae” 0 0 0 2 0 0 2
Moerisiidae” 1 0 0 0 0 0 0 2
Hydridae* 4-6 6-7 2-3 2-3 4-5 24 0 0 0
Polypodiidae® 1 1 0 0 0 - 0 1
Cordylophoridae® 2 1 1 1 1 - 0 2
Total 12-18 9-10 4-5 6-9 7-12 6-8 2 0 13-23

PA: Palaearctic, NA: Nearctic, NT: Neotropical, AT: Afrotropical, OL: Oriental, AU: Australasian, PAC: Pacific Oceanc Islands,

ANT: Antarctic
? Freshwater species

b Salt lake species

¢ Halmomises lacustris—found only once in a lagoon in Trinidad—was not considered due to the uncertain status (see Jankowski

2001 for discussion)
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Table 2 Genera diversity by Family of inland water cnidarian in different biogeographic regions

Biogeographic region PA NA NT AT OL AU PAC ANT World
Olindiidae* 2 1° 1 2 2-4 1 1 0 2-4
Australomedusidae” 0 0 0 0 0 1 0 0 1
Moerisiidae” 1 0 0 1 0 0 0 0 1
Hydridae® 1 1 1 1 1 1 0 0 0
Polypodiidae® 1 1 0 0 0 0 - 0 1
Cordylophoridae® 2 1 1 1 1 1 - 0 2
Total 7 4 3 5 4-6 4 1 0 11

PA: Palaearctic, NA: Nearctic, NT: Neotropical, AT: Afrotropical, OL: Oriental, AU: Australasian, PAC: Pacific Oceanc Islands,

ANT: Antarctic
* Freshwater species

b Salt lake species

¢ Halmomises lacustris—found only once in a lagoon in Trinidad—was not considered due to the uncertain status (see Jankowski

2001 for discussion)

species; oligactis group (large stalked hydras), con-
sisting of 3-5 species; braueri group (small
hermaphroditic hydras), consisting of 3-5 species,
and the remaining vulgaris group (sometimes called
common hydra), consisting of 4-6 species.

Polypodium hydriforme is the only described
species of Polypodium.

Cordylophorinae—Cordylophora and Pachycor-
dyle are usually considered to each contain a single
species in freshwater.

Fig. 2 Hypothesis of

cnidarian relationships

highlighting independent

origins of at least four
freshwater groups (bold, all

—

caps), based on Collins
(2002), Collins et al.
(2005), and Collins et al.
(2006)

Hydrozoa
Aplanulata

Hydroidolina

Trachylinal

-

Saline lake medusae—Australomedusa and Mo-
erisia each have two species described from saline
lakes.

Phylogeny and historical processes

Not surprisingly, given their small sizes and soft
bodies, there is no fossil record for freshwater
cnidarians. Nevertheless, their morphologies and

Anthozoa

Staurozoa

Scyphozoa

Cubozoa

POLYPODIUM

Other Trachylina (Narcomedusae & Trachymedusae)
Marine Members of Olindiidae

Maeotias marginata (Brackish Member of Olindiidae)
FRESHWATER MEDUSAE (Craspedacusta, Limnocnida)

}Marine Members of Aplanulata

HYDRIDAE (Hydra species)

p—_eptothecata

Siphonophorae
CORDYLOPHORINAE (Cordylophora, Pachycordyle)

}Other Anthoathecata
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Fig. 3 Distribution of
freshwater cnidarians. (A)
Distribution of the
freshwater medusae genera
Craspedacusta (light gray)
and Limnocnida (dark gray)
(extended after Dumont,
1994). C. sowerbii is the
only cosmopolitan species.
East Asia (China and Japan)
is the only area with more
than one Craspedaucsta
species (2-5 species).
Limnocnida is distributed in
Africa (1-3 species) and
India (1-3). From India two
other species with uncertain
status were described. (B)
Diversity of Hydra. There
are no distribution data for

large dry areas of Africa,

Australia and Asia. These
areas have been filled in
according to the
surrounding areas. Hydra
are present on continental
islands (Japan, Madagascar,
New Zealand, New
Caledonia, Greenland, Sri
Lanka, and British Isles
including Orkney and
Shetland Islands). They are
absent from most oceanic

A4

islands. Hydra have been Number of
reported from Faroe Islands, Species
Iceland and La Reunion but 1-2

not from Antarctica W34

W >4

distributions have been used to infer some evolution-
ary histories. Analysis of molecular sequence data is
now putting some of these relationships on a firm
basis (Fig. 2). Freshwater medusae originated within
Trachylina and form the sister group to the brackish
species Maeotias marginata (Collins, 2002; Collins
et al., 2006). Hydra (Hydridae) falls within a clade
(Aplanulata) of anthoathecate hydrozoans that
develop from egg to polyp via a nonciliated stereo-
gastrula stage, i.e., lacking the characteristic ciliated
planula (Collins et al., 2005, 2006). These data show
that Moerisia is not part of Aplanulata, but they have
not provided resolution among the many lineages
comprising Anthoathecata. Molecular data have yet
to be published for Cordylophora, Pachycordyle, or

@ Springer

Australomedusa, but they are classified in the antho-
athecate group Filifera. There may have been
multiple invasions of freshwater within Cordylophor-
inae, as most species within the group are adapted to
brackish conditions (Stepanjants et al. 2000). Molec-
ular data from the 18S ribosomal gene have been
gathered for Polypodium, but this gene has undergone
such a high rate of divergence in Polypodium, that it
appears to be an unreliable indicator of its phyloge-
netic position (Kim et al., 1999). Unfortunately, no
molecular clock estimates have been published for
the divergences of lineages of freshwater cnidarians.

Although the freshwater cnidarian groups have
independent phylogenetic origins, three out of the
four have some tie to the Ponto-Caspian basin
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Fig. 4 Distribution of
cnidarian species and
genera in each
zoogeographical region
(species number/genus
number). PA—Palaearctic,
NA—Nearctic, NT—
Neotropical, AT—
Afrotropical, OL—Oriental,
AU—Australasian, PAC—
Pacific Oceanc Islands,
ANT—Antarctic

encompassing the Black, Azov, Caspian and Aral Sea
regions. By providing relatively stable brackish water
conditions over many millions of years, this basin
may have been critical for the origin of freshwater
groups (Croghan, 1983). Three observations fit with
such a scenario for three of the freshwater cnidarian
groups: (1) the living sister group to the freshwater
medusae is a brackish species (Maeotias marginata)
from the Black Sea (Collins et al., 2006); (2)
Cordylophora caspia was originally identified from
the Caspian Sea; and (3) the Volga River empties into
the Caspian Sea and it is in this region that
Polypodium is most prevalent (Raikova, 2002).

Present distribution and main areas of endemicity

Tables 1 and 2 summarize the species and genera
diversity of inland water cnidaria in particular
biogeographic regions. Freshwater cnidarians are
distributed worldwide (Figs. 3, 4).

Freshwater medusae—Craspedacusta sowerbii is
the most widespread freshwater medusa (Fig. 3A),
and has successfully colonized all continents, except
Antarctica, during the 20th century (Dumont, 1994).
This still ongoing expansion is probably related to
intercontinental human mediated co-transportation of

drought-resistant resting stages with plants and fish
(Dumont, 1994) and climate changes. The probable
origin and most diverse region of Craspedacusta is
the Yangtze River basin, in which up to 4 species are
endemic (Jankowski, 2001). Whereas Craspedacusta
seems to have mainly a subtropical to temperate
distribution, Limnocnida is tropical from West-Africa
to India and Myanmar.

Hydras—Hydra are probably unable to disperse
across oceans (they are absent from oceanic islands)
and this is reflected in their geographical distribu-
tions. The viridissima and vulgaris hydras are
essentially cosmopolitan, and were probably present
before the continents separated. But boreal and
austral vulgaris hydra have diverged slightly from
each other. The oligactis and braueri hydra are
restricted to the northern continents and presumably
arose after the separation of northern and southern
land masses. In these two groups there has been some
divergence between species of N. America and
Eurasia. Species diversity is lower at low and very
high latitudes and higher in mountainous regions
(Fig. 3B). Most species are broadly distributed within
one or several continents.

Polypodium—Polypodium is known from water
basins of Russia, Romania, Iran, and North America
(Raikova, 2002).
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Cordylophorinae—Cordylophora is  normally
found in brackish water, but its unusual tolerance of
salinity allows it to span ecosystems from oceans to
fresh water. It has been recorded sporadically but
widely in freshwater on all continents except Ant-
arctica (Folino, 2000). Pachycordyle kubotai is
known only from Lake Biwa in Japan (Stepanjants
et al., 2000).

Salt lake medusae—Australomedusa (2 sp.) is only
known from Australia. Moerisia (2 sp.) is known
from Lake Qurun (Egypt) and the Caspian Sea
(Jankowski, 2001).
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Abstract This contribution reviews diversity of
turbellarian species by biogeographical regions, with
comments on species biology. The review draws on
the database available at http://www.devbio.umesci.
maine.edu/styler/turbellaria. Comparisons between
regions suggest that species richness may be at least
one order of magnitude higher than the currently
reported number of species. In the context of the
recent reconstructions of phylogeny of Platyhelmin-
thes based on molecular data, the paper allows
inferences as to the history of colonization of fresh-
waters by turbellarians. Specifically, four, or perhaps
six, major invasions of freshwater habitats may have
occurred in the Pangean period, each of which gave
rise to a monophyletic freshwater taxon. In addition,
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several occasional invasions by representatives of
marine taxa must have taken place.

Keywords Platyhelminthes - Freshwater -
Distribution - Phylogeny - History

Introduction

The taxon Platyhelminthes is traditionally divided
into four or five “classes”, one of which is the
“Turbellaria”, characterised by the ciliated epider-
mis. The other “classes” are all parasites and
constitute the monophyletic taxon Neodermata,
where, at some stage of their development, the
original ciliated epidermis is shed and replaced by a
new body lining, the neodermis. The ciliated epider-
mis is clearly a plesiomorphy, and the “Turbellaria”
is thus a paraphyletic assemblage, sometimes referred
to as “free-living Platyhelminthes”. Since some of
them are symbionts, we prefer to use “Turbellaria”
(between quotation marks) or the vernacular name
turbellarians. The turbellarian database (http://
turbellaria.unimaine.edu), compiled and maintained
by Tyler and co-workers (2005), lists close to 6,500
species (with a valid name), of which 1/5 have been
found in freshwater. Far more turbellarian species are
thus known from marine habitats and the marine taxa
are more diverse as well.

Platyhelminthes are hermaphrodites, mostly simul-
taneously male and female, with an internal
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fertilisation. The reproductive system may be rather
complex, especially in the Neoophora (Fig. 1H for an
example) where yolk is stored in yolk cells, produced
in separate vitellaria, a unique feature in animals. The
organisation of the reproductive apparatus and of the
digestive system—along with some other morpho-
logical characters—have traditionally been the major
basis for taxonomy (Fig. 3).

Turbellarians are seldom, if ever, taken into
account in biodiversity studies of freshwater habitats,
even though they are mostly present in high numbers
of species and of individuals. About 1/3 of the
freshwater species known are the larger triclads
(known as “planarians”). Due to their size (1-5 cm
and more) and their “popularity”, they have often
received more attention than the other taxa. Repre-
sentatives of the other taxa, only a few millimetres
large, must preferably be studied alive for a proper
identification. Once fixed, they become opaque and
hard, and the internal anatomy, necessary for the
identification, can barely be seen under the micro-
scope. Moreover, they contract at fixation and appear
as a little sphere that is not even recognised as an
animal in a bulk sample. If living material is
available, identification is relatively easy. With some
training, the major taxa can be recognised and many
turbellarians have hard parts in the copulatory organ
that provide unambiguous species characters.

Flatworms are bottom dwellers, the triclads often
under stones, or live on immersed plants. Only very
few species are occasionally found in plankton. Many
are heavy predators. Several Dalyelliidae and some
Typhloplanidae carry symbiotic algae. The rhabdo-
coel freshwater flatworms produce dormant and
subitaneous eggs (unknown for the other turbellarian
taxa), some are viviparous. Several species of tem-
poral waters have been described from individuals
that developed in the laboratory from dormant eggs
after immersion of sediment (e.g. Artois et al., 2004).

The planarians are known for their tremendous
capacity to regenerate, but also other and smaller
species of turbellarians are able to regenerate. This
regeneration capacity is exclusively due to a reserve
of undifferentiated cells, stemcells or neoblasts,
which are the only cells able to divide by mitosis, a
unique feature in the animal kingdom. Somatic cells
do not divide, as in nematodes; they may grow and
die and, contary to what happens in nematodes can be
replaced by differentiating  stemcells.  The

@ Springer

turbellarians have recently been “discovered” by
cell biologists for stemcell research, research on the
processes of differentiation and other similar topics.

Other human related issues are accidental inva-
sions, only known for triclads. Invasions of the
smaller flatworms must have occurred but are not
documented for the reasons explained above. In the
first half of the 20th century, Girardia tigrina
(Girard, 1850) has been introduced in Europe from
N. America, while the European Schmidtea polych-
roa (Schmidt, 1861) was introduced in N. America.
Girardia dorotocephala (Woodworth, 1897) has also
undoubtedly been imported in Hawai from the North
American continent.

Species diversity and present distribution

Turbellarians can be found in almost all aquatic
habitats, marine and freshwater, or in damp terrestrial
locations. The Tricladida Terricola (with about 830
species) are exclusively terrestrial. Some 20-25
species of Rhabdocoela have been found in wet
terrestrial habitats. They are included in the numbers
in Table 1, since some have been found also in fresh
water and we suspect that several of the other species
may also occur in water bodies.

The number of freshwater species of the various
biogeographic regions in fact reflects the scientific
activities of the past. In the 19th and 20th century, up
to about 1970, the European and Russian continental
waters have been investigated rather intensively by
e.g. von Graff, Reisinger and Steinbock in Austria,
Luther in Finland, Nassonov and Beklemischev in the
former USSR, and several other authors. A number of
references can be found in Cannon (1986) and in
Schockaert (1996). With the on-going research in the
Lake Baikal, several species have more recently been
added to the list for the Palearctic (see Timoshkin,
2004). Many fewer species have been recorded in
North America (see Kenk, 1989; Kolasa, 2000 and
the references therein), while the species from South
America are mainly known through the activity of
Marcus in Brasil in the 1940s and 1950s (see Marcus,
1958 and references in Sluys et al., 2005) and
recently of Norefia-Janssen (e.g. Norefia et al,
2005) and Damborenea (for Temnocephalida: Dam-
borenea & Cannon, 2001) in and around Argentina.
Records from Africa are all from occasional sampling
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Fig. 1 Some representatives of the major freshwater taxa, as
seen alive—(A) Catenula lemnae, £1 mm (Catenulida) repro-
ducing asexually—(B) Macrostomum  spec., 1-2 mm
(Macrostomida); note the absence of vitellaria (“archoopho-
ran” organisation)—(C) Prorhynchus stagnalis, +5 mm
(Lecithoepitheliata) the vitellocytes form a follicle around the
ovocytes; the male pore is combined with the mouth—(D)
Bothrioplana semperi, +5 mm (uncertain taxonomic posi-
tion)—(E) Dugesia spec., 10-50 mm; position of some
structures can be seen—(F) Mesostoma lingua, =5 mm
(Mesostomidae) with the uterus filled with dormant eggs—
(G) Olisthanella spec., +1 mm (Mesostomidae)—(H)

Microdalyellia spec. 1-3 mm (Dalyelliidae)—(I) Temnocep-
hala spec. £10 mm (Temnocephalida: in the Temnocephalida
the number of tentacles ranges from 2 to 10)—(J) Opistocystis
goettei £2 mm (Eukalyptorhynchia) Abbreviations: bc: bursa
copulatrix, br: brain, co: copulatory organ, eg: egg (in uterus),
ev: excretory vessel, ex: excretory canal (protonephridium), ey:
eye, fp: female pore, gp: common male and female genital
pore, in: intestine, m: mouth, mp: male pore, oc: ovocyte, ov:
ovary, ph: pharynx, pr: proboscis, pv: prostate vesicle, rh:
rhabdite tracks, sc: statocyst, sp: sensory pits, st: stylet, sv:
seminal vesicle, te: testis, vc: vitellocyte, vi: vitellarium
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Table 1 Number of species recorded in the various biogeographical regions

Taxon PA NA NT AT OL AU PAc ANT TOT OBS >1
Acoela 2 2 2 0
Catenulida 36 36 45 10 1 1 90 129 30
Macrostomida 43 26 3 14 2 1 84 89 5
Polycladida 1 1 1 0
Lecithoepitheliata 20 4 4 3 3 1 31 35 2
Proseriata® 6 1 3 1 1 11 12 1
Prolecithophora 12 2 1 12 12 0
Dalyellioida 98 28 25 13 1 3 159 168 10
Typhloplanoida 233 56 13 19 4 10 1 307 336 26
Temnocephalida 18 20 1 3 56 98 98
Kalyptorhynchia 82 2 1 1 1 1 82 88
Tricladida 238 66 36 23 23 40 2 3 426 431 3
Total 788 221 150 85 36 116 2 1,303 1,404 79
% obs. of total obs. 56.2 15.8 10.7 6.1 2.6 8.3 0.1 0.4 - - 5.6

TOT: number of species; OBS: total number of observations of those species; >1: number of species observed in more than one

region

% Including Bothrioplana semperi Hofsten, 1907. PA: Palaearctic; NA: Nearctic; NT: Neotropical; AT: Afrotropical; OL: Oriental,
AU: Australasian; PAc: Pacific & Oceanic Islands; ANT: Antarctic

campaigns (see Marcus, 1955; Young, 1976); virtu-
ally nothing is known of the Oriental region, except
some records of triclads, one prolecithophoran and
the only known freshwater polyclad, Limnostylochus
borneensis (Stummer-Traunfels, 1902); of the Aus-
tralian region only the Temnocephalida and
Tricladida are relatively well known (see Sewell &
Cannon, 1998; Sluys & Kawakatsu, 2001). In some
areas almost only triclads have been studied, as in
Japan by Kawakatsu and the Japanese “school” (cf.
Kawakatsu, 1991).

The number of species known today in each region
is listed in Table 1 and Fig.2 (following the tradi-
tional taxonomy: see below). Questionable species,
i.e. species we consider insufficiently described or
impossible to identify with the existing data, are not
included in the counts.

Of the 1,403 records of turbellarian species, 56%
were in the Palaearctic, 16% in the Nearctic and 28%
in the rest of the world. All together 1,303 different
species were recorded. Only 79 species were observed
in more than one region, representing 5.6% of the
observations and 6.1% of the species. Of those, 16
have been found in three or more regions, 10 of which
are Catenulida, difficult to identify for various reasons.

The number of representatives of each genus ever
found in each region is given in Table 2 and Fig.2.
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Species of 181 genera, or 46%, occur in the Palaearc-
tic, 16% in N. America and 37.5% in the rest of the
world. To classify the Palearctic species, taxonomists
need one genus for every 5.8 species, in North
America 4.7 species/genus, in the Neotropic area 4.5
species/genus, 4 in Australia, but one genus for every 3
species in Africa and even less in the other regions.
This is of course due to the fact that completely new
organisation types are found in those areas which have
been studied the least, and the more species get known,
the few genera are “needed” and “created” to contain
these species. This puts a strong bias in the conclusions
when numbers of genera are used as a measurement for
biodiversity. Interesting considerations about the pit-
falls of measuring biodiversity-using categories above
the species level (taxonomic surrogacy) can be found
in Bertrand et al. (2006).

Phylogeny

The first comprehensive phylogenetic approach to
platyhelminth relationships, based on morphological
characters (including ultrastructure) and life histories,
was published by Ehlers (1985). The old turbellarian
“orders” and “suborders” are now at the same
“level” as the former parasitic “classes” (Fig. 3), but
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Fig. 2 Species and genus
distribution of freshwater
platyhelminth per
zoogeographic region
(species number/genus
number). PA—Palaearctic,
NA—Nearctic, NT—
Neotropical, AT—
Afrotropical, OL—Oriental,
AU—Australasian, Pac—
Pacific & Oceanic Island,
ANT—Antarctic

S R
O" PA

788 /137 |
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Table 2 Number of genera of which representatives were recorded in the various biogeographical regions

Taxon PA NA NT AT OL AU PAc ANT TOT OBS
Acoela 2 2 2
Catenulida 9 6 8 5 1 1 10 30
Macrostomida 2 1 2 1 4 12
Polycladida 1 1 1
Lecithoepitheliata 2 3 2 1 1 3 12
Prolecithophora 1 1 1 8 8
Proseriata® 1 3 1 9 11
Dalyellioida 14 6 3 4 3 16 30
Typhloplanoida 37 15 6 10 2 1 42 73
Temnocephalida 5 1 1 1 10 15 18
Kalyptorhynchia 20 2 1 1 1 1 20 26
Tricladida 33 12 6 3 3 10 2 3 51 72
Total 137 47 33 28 12 30 2 6 181 295
% obs. of total obs. 46.4 159 11.2 9.5 4.1 10.2 0.7 2.0 - -
# species observed 788 221 150 85 36 116 2 5 1303 1404
# species/# genera 5.8 4.7 4.5 3.0 3.0 39 1.0 0.8 7.2 -

TOT: number of genera; OBS: total number of observations of those genera; >1: number of genera observed in more than one region.
PA: Palaearctic; NA: Nearctic; NT: Neotropical; AT: Afrotropical; OL: Oriental; AU: Australasian; PAc: Pacific & Oceanic Islands;
ANT: Antarctic

? Including Bothrioplana semperi Hofsten, 1907

some important uncertainties remained. In Table 1 New views on flatworm phylogeny are being
we have used these “classic” taxa since these are the developed, based on DNA-sequences. The Platyhel-
names found in the existing literature. minthes may not be monophyletic and the
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Acoelomorpha may not belong to the same clade
as the Catenulida + Rhabitophora (see Ruiz-Trillo
et al., 2004 and references therein). However, since
only two species of acoels have been found in
continental waters, we are not considering this matter
further.

The phylogenetic relationships of the Platyhelmin-
thes, as they seem to emerge from molecular data, are
represented in Fig. 4. This cladogram is a combina-
tion of the cladograms of several authors who used
various methods of tree building and to assess the
support of the clades. Of the marine Retronectidae
and Gnosonesimida there are currently no sequences
known, and the monophyly of the Catenulida and of
the Lecithoepitheliata, as they are defined today on
morphological grounds, is still to be confirmed. The
monophyly of the freshwater representatives in both
these taxa is, however, highly supported. The support
for the taxon Trepaxonematida is rather weak and the
sistergroup of the Neodermata is still unclear, but is
certainly not the “Dalyellioidea”, a taxon that even
does not seem to exist! The taxon “Typhloplanoidea”
does not seem to exist either, and the representatives
of these two old groups are distributed over a number
of new taxa. Despite remaining questions about
flatworm phylogeny, some conclusions on the history
of the freshwater turbellarians can be made.
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@ uncertain synapomorphies

The taxa in bold in the top row in Fig. 4 are all
monophyletic and exclusively found in continental
habitats. Five out of these six taxa have representa-
tives on all continents, suggesting that their ancestors
invaded Pangea before it broke up. There have been
at least four major and independent invasions of
freshwater: (1) the freshwater Catenulida (i.e. all
catenulids except the Retronectidae), (2) the Pro-
rhynchida, (3) the Continenticola (=Tricladida
Paludicola + Tricladida Terricola) and (4) Dalyellii-
dae + Typhloplanidae + Temnocephalida (if their
common ancestry is confirmed; if not, then there
must have been one or two more independent
invasions). The Temnocephalida, ecto-symbionts on
crayfish and atyid shrimps, considered a Gondwana
taxon by Cannon & Joffe (2001), may have origi-
nated later than the other two taxa, but probably not
from brackish water ‘“dalyellioids”, since these
marine species are members of the Neodalyellida
which have no close relationship with the
Temnocephalida.

The invasion history of the Macrostomida cannot
be deduced from this cladogram yet. All freshwater
Macrostomida are members of the Macrostomidae
and Microstomidae. However, Macrostomum and
Microstomum species are found almost equally
abundant in marine and in freshwater habitats and
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Fig. 4 Phylogenetic
relationships of the
Platyhelminthes as they
appear from 18S rDNA. All
named clades are strongly
supported, except where
indicated by “?”.
(combined from Baguna

et al., 2001; Joffe &
Kornakova, 2001; Norén &
Jondelius, 2002; Willems
et al., 20006)
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on all continents. Also the biogeographic history of
the freshwater “Eukalyptorhynchia” remains unre-
solved: representatives of the different “families” (as
they are defined today) occur in freshwater.

In the other taxa with representatives in freshwa-
ter, independent invasions must have occurred: one
single species of Polycladida, some Thalassotyphlo-
planida and Neodalyellida, and 11 species of
Proseriata with different species in the different parts
of the world. They all occur in the freshwater zone of
rivers and canals connected to the sea.

Conclusions

The number of freshwater flatworms known in the
various regions reflects the scientific activity of the
past. Although relatively many scientists have been
active in Europe, there are still many areas and
habitats that have been sampled very poorly, such as
the temporary waters around the Mediterranean Sea.
Except for lake Baikal and environs, only some old
and very scattered data are available for Asia. With
these facts in mind, and making a very cautious
estimate, the number of species in the Palaearctic
must be about 5-10 times higher than known today.

Rhabditophora

Is it realistic then, that only 200-100 or even fewer
species occur in the other regions? Certainly not, and
without exaggeration it can be said that the number of
species of freshwater flatworms is at least one
magnitude larger than what is known today.

In view of the above, it is evident that on the basis
of such scant and unbalanced information, not many
considerations can be made on the distribution of
species and higher taxa. Nor can areas with high
species richness or endemism be indicated, except
perhaps the Baikal Lake with its high sympatric
speciation processes.

More sampling in the different parts of the world
and further phylogenetic analyses will certainly tell
us more about the distribution and the origin in time
and space of the freshwater Platyhelminthes. More
(young) zoologists should therefore be trained to
identify and to describe flatworms. Turbellarians
have the reputation to be “difficult” to identify, but
they are not, provided one knows how to study them.
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Abstract Rotifera is a Phylum of primary freshwater
Metazoa containing two major groups: the heterogonic
Monogononta and the exclusively parthenogenetic
Bdelloidea. Monogononta contains 1,570 species-
level taxa, of which a majority (1,488) are free-living
fresh or inland water taxa. Bdelloidea contains 461
“species,” only one of which is marine, but with many
limnoterrestrial representatives or animals of unknown
ecology. Actual numbers may be much higher,
considering the occurrence of cryptic speciation in
Monogononta and the unsatisfactory nature of taxo-
nomic knowledge. Rotifers, mostly monogononts,
occur in all types of water bodies, worldwide. They
are particularly diverse in the littoral zone of stagnant
waterbodies with soft, slightly acidic water and under
oligo- to mesotrophic conditions. The rotifer record is
highest in the Northern hemisphere, which may be due
to the concentration of studies in those regions.
Diversity is highest in the (sub)tropics; hotspots are
northeast North America, tropical South America,
Southeast Asia, Australia, and Lake Baikal, endemic-
ity is low in Africa (including Madagascar), Europe,
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the Indian subcontinent, and Antarctica. Although the
lack of fossil evidence and of molecular phylogenetic
studies are major hindrances, contrasting hypotheses
on the origin and evolutionary history of Brachionus,
Macrochaetus, and Trichocerca are presented.

Keywords Monogononta - Bdelloidea -
Freshwater - Biodiversity - Zoogeography - Review

Introduction

Rotifera (see Wallace et al., 2006 for a recent,
comprehensive introduction to the taxon) is a group
of primary freshwater invertebrates. Rotifers play a
pivotal role in many freshwater ecosystems. They are
ubiquitous, occurring in almost all types of freshwa-
ter habitat, from large permanent lakes to small
temporary puddles, and interstitial and capillary
water; from acidic mining lakes to natron lakes and
the open ocean, from hyperoligotropic Alpine lakes
to sewage ponds. They commonly occur in densities
up to 1,000 individuals per liter, and are important
filter-feeders on algae and bacteria. Their ubiquity
and abundance explain their standing as one of the
three main groups of freshwater zooplankton in
limnological studies, together with the ‘Cladocera’
(Anomopoda) and Copepoda, and as organisms used
in mass aquaculture. They are permanently and
obligatorily connected to aquatic habitats in all active
stages, only their resting stages are drought-resistant.
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Classically, three groups are recognized within the
Phylum Rotifera. The species-poorest is Seisonacea,
with only three species living epizootically on marine
crustaceans of the genus Nebalia. Most well-known
and diverse are the predominantly freshwater Bdel-
loidea and Monogononta. Molecular studies have
indicated that a fourth group, Acanthocephala, pre-
viously considered a separate Phylum of exclusively
endoparasitic organisms, actually belongs to Rotifera
(Mark Welch, 2000; Giribet et al., 2000). Little is
actually known about the phylogeny of rotifers, due
to a lack of modern comprehensive studies (but see
Sgrensen & Giribet, 2006), and the lack of a robust
fossil record.

Rotifers are minute metazoans (50-2,000 um),
characterized by the presence of an anterior ciliated
corona, a stiff body wall named lorica bearing variable
appendages, and a specialized pharyngeal organ, the
mastax, containing hard elements, termed trophi
(Fig. 1). Especially, the rotifer’s small size, capability
of phenotic plasticity and highly adaptable masticatory

Fig 1 (a) Schematic
representation of a
Brachionus rotifer; (b)
Incudate trophi
(Asplanchna); (c)
Malleoramate trophi
(Sinantherina). Scale bars:
10 pm
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apparatus are important elements explaining the suc-
cess of the group. Their propagules consist of single,
hard-shelled, and durable encapsulated cysts (monog-
ononts) or anhydrobiotic individuals (bdelloids).
These propagules being small and drought-resistant,
makes rotifers perfectly adapted to passive, aerial or
phoretic dispersal. Monogononts and bdelloids repro-
duce parthenogenetically. In monogononts, periods of
parthenogenetic reproduction are interspersed with
sexual phases (heterogony), but bdelloids are unique in
being the most diverse group of metazoans in which
reproduction is by diploid, mitotic parthenogenesis
only. The combination of their high dispersal capacity
and their parthenogenetic reproduction, enabling them
to establish or renew a population starting off from a
single resting stage, and to reach high effective
population sizes relatively quickly, makes them theo-
retically superbly apt (re)colonizers.

The ability of many bdelloids to shift from active to
anhydrobiotic stage enables them to live in particularly
ephemeral, even predominantly dry conditions such as
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lichens or terrestrial mosses. As such, they should
probably be considered limnoterrestrial rather then
limnetic. Bdelloid rotifers, however, can at present
only be identified while alive and need to be examined
during feeding and creeping. Their study is, conse-
quently, tedious and very little if any information is
available on the ecology of the majority of them. So,
notwithstanding that the present project focuses on
limnetic representatives of these animals, I include
counts of the diversity and distribution of all freshwa-
ter bdelloid taxa, as it is not possible to distinguish
reliably between the two ecological groups.

Biodiversity of Rotifera
Data collection

Data on which the present analysis is based are restricted
to those rotifer taxa that are freshwater or brackishwater
and marine. Exclusively marine species have not been
included but are listed in the electronic appendix
(http://fada.biodiversity.be; see Fontaneto et al., 2006
for a recent review). The taxonomy follows recent tax-
onomic views as expressed in recent revisions of
selected rotifer families (Nogrady et al., 1995; Segers,
1995a,2003; De Smet, 1996; De Smet & Pourriot, 1997,
Nogrady & Segers, 2002), and numerous taxonomic
publications. When alternative taxonomies exist, a
splitting rather than lumping approach was followed.
Species that are insufficiently described and therefore
have to be considered species inquirenda are not
counted. A more complete account on the taxonomic
approach is provided in Segers (2007).

Distributional data are based on the literature review
of De Ridder (1986, 1991, 1994), De Ridder & Segers
(1997), Segers (1995b, 2003) and recent articles (e.g.,
Jersabek, 2003; Ricci et al,, 2003). Rare regional
records of species otherwise common in other regions
were critically assessed and eventually included only
after verifications of published illustrations or material.
The data are presented in Segers (2007) and in the
electronic appendix (http://fada.biodiversity.be).

Rotifer taxonomy and zoogeography: state
of the art

Before analyzing rotifer diversity and distribution, it
is necessary to give an account on the limitations of

the data. The usual caveat, that new species are still
to be discovered, applies, but there is more. Rotifer
taxonomy is almost exemplary of the taxonomic
impediment, as recognized by governments through
the Convention on Biological Diversity (see
http://www.biodiv.org/programmes/cross-cutting/
taxonomy/default.shtml). Serious knowledge gaps
exist in the taxonomic system of rotifers and trained
taxonomists and curators are (very) few. These defi-
ciencies have a significant impact on our ability to
understand the diversity and chorology of these ani-
mals. Rotifer taxonomy is all but adequate, an
observation that was already made some 25 years ago
(Dumont, 1980) but which still holds. Basic, detailed
morphological revisions still contribute significantly
to our understanding (e.g., Giri & José de Paggi,
2006). Molecular studies with an impact on taxon-
omy are still scarce. However, the work by Gémez
et al. (2002) on the economically important and
particularly well-studied B. plicatilis O.F. Miiller has
shown that the taxon, which was long treated as a
single but variable species, contains no less then nine
different, phylogenetically distinct lineages. Only few
of these are morphologically diagnosable (see Ciros-
Pérez et al., 2001). Such cryptic speciation is proba-
bly common in rotifers, as hinted at by the
reproductive isolation of geographically separated,
yet morphologically identical strains of Asplanchna
brightwellii Gosse (see Snell, 1989). These problems
are further convoluted in bdelloid rotifers. Here, the
difficulties are not only the classic ones hampering
rotifer taxonomy (small size of the animals, scarcity
of useful morphologic features, high variability: see
Ruttner-Kolisko, 1989), but also the practical prob-
lem that, to date, only living and actively moving
animals can be identified or serve as a basis for tax-
onomic study. In addition, the animal’s unique
exclusively parthenogenetic reproduction implies that
most species concepts are inapplicable as theoretical
framework for their study. Clearly, the counts of
rotifer diversity as presented here are tentative and
should be interpreted with great caution.

Due to the caveat mentioned above, and because
identification of rotifers is difficult, rotifer literature is
littered with dubious records. Our knowledge on the
diversity and distribution of rotifers is moreover
biased by the uneven research intensity in different
regions (Dumont, 1983). There are only a few rotifer
families for which a large number of fairly reliable
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data is available. These are loricate taxa, which can
mostly be identified using external morphology of
contracted, fixed material, notably Brachionidae:
Pejler (1977) and Dumont (1983), Lecanidae: Segers
(1996), and Trichocercidae: Segers (2003).

Genus- and species-level diversity

A total of 1,570 Monogononta and 461 Bdelloidea
valid species are presently recognized worldwide
(Table 1). Of these, the vast majority (1488 monog-
ononts, 460 bdelloids) are either exclusively
freshwater or brackishwater and marine; only 70
described species are exclusively marine (Table 2).
The most diverse taxa are Notommatidae, with
Cephalodella as most speciose genus, the monogen-
eric Lecanidae, and Dicranophoridae. All of these
contain almost exclusively benthic-littoral or psam-
mon-inhabiting species, with a majority inhabiting
oligo- to mesotrophic, slightly acidic, soft waters.
The same holds for Lepadellidae; Brachionus is a
notable exception, as most of these prefer alkaline
and eutrophic conditions. These preferences are well
known and have been commented upon as early as
Harring & Myers (1928).

Beres et al. (2005) found that the distribution of
genera over families in rotifers is a hollow curve
distribution which fits a model given by Hubbell’s
unified neutral theory of biodiversity (Hubbell, 2001).
Basically, this distribution infers that there are
relatively numerous taxa containing only one or a
few subordinate taxa; that the relative frequency of
taxa decreases sharply with increasing number of
included subordinate taxa, whereas there are only a
few highly diverse taxa (e.g., Lecane: 200 species,
Cephalodella: 159 species). The same seems to hold
for the relation between genera and species in
Monogononta (Fig. 2), however, it is as yet unclear
what this may signify in respect to evolution or
biodiversity.

Rotifers, especially monogononts, form a rela-
tively diverse constituent of the fauna of stagnant
freshwater ecosystems. Dumont & Segers (1996)
calculated that a non-polluted lake with developed
weedy littoral would harbour about 150 species in
temperate, and up to 250 species in tropical regions.
This implies that 7.5-12.5% of all species globally,
and ca. one fifth of the regional fauna can be found in
a single locality. Myers’ (1942) intensive studies on
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some lakes and ponds in and near the North-
American Pocono region (Pennsylvania) yielded
457 Monogononta and 32 Bdelloidea, which consti-
tute more than half of the known Nearctic rotifer
fauna in a relatively small region. This remarkably
high species diversity, which actually concerns
littoral and benthic rotifers, which are mostly present
in relatively low numbers, can be ascribed to fine
niche partitioning amongst rotifer species in combi-
nation with high micro- and macroscale habitat
heterogeneity, especially in littoral and benthic
environments. On the other hand, local diversity
can represent a sizable fraction of regional diversity.
This is probably a result of the high (re)colonization
and dispersal capacity of rotifers: available niches,
even if these are only temporarily present, are
relatively quickly filled by recruitment from resting
stages that may or may not already be present in the
habitat. This situation may be different from that in
pelagic habitats, where the presence of a large resting
propagule bank produced by locally adapted popula-
tions consisting of large numbers of individuals,
presents an effective barrier against newly invading
genotypes (the Monopolization Hypothesis: De Me-
ester et al., 2002). Alternatively, the observation may
be due to a lack of taxonomic resolution in littoral
rotifers.

Present distribution and main areas of endemicity

The most diverse and, not coincidently, best-studied
region is the Palaearctic, closely followed by the
Nearctic region (Map 1). A substantial research effort
resulting in a relatively high species record has been
devoted to the Neotropical region and, more recently,
the Oriental region. There are a fair number of
contributions on the Australian and Afrotropical
(Ethiopian) regions, but far less on Oceanic islands
(see Wallace et al., (2006) for a literature review).
That research intensity is largely responsible for this
ranking is best illustrated by the regional diversity of
taxonomically difficult illoricate taxa such as Dicr-
anophoridae and Notommatidae: the diversity of
these in the best studied Palaearctic and Nearctic
regions, where most rotifer taxonomists live(d), is
almost 7- to 8-fold that of the least studied African
region; this is much less so for the relatively easier
loricate taxa such as Brachionidae and Lecanidae.
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Table 1 Number of genera per family, per region

Number of genera  Palearctic ~ Afrotropical ~ Australian  Oriental ~Nearctic Neotropical ~ Antarctic  Pacific  Total

Monogononta

Asciaporrectidae 1 1 1
Asplanchnidae 3 2 2 3 3 3 1 3
Atrochidae 3 1 2 3 2 1 3
Birgeidae 1 1
Brachionidae 7 7 6 7 7 7 3 1 7
Collothecidae 2 1 2 2 2 2 1 1 2
Conochilidae 1 1 2 1 2 1 2
Dicranophoridae 14 5 8 5 12 6 2 5 19
Epiphanidae 5 4 5 5 5 3 2 4 5
Euchlanidae 4 4 4 5 4 4 1 2 5
Flosculariidae 7 6 7 6 7 7 1 4 7
Gastropodidae 2 2 2 2 2 2 2
Hexarthridae 1 1 1 1 1 1 1 1
Ituridae 1 1 1 1 1 1 1
Lecanidae 1 1 1 1 1 1 1 1 1
Lepadellidae 3 3 3 4 4 4 2 3 4
Lindiidae 1 1 1 1 1 1 1 1 1
Microcodidae 1 1 1 1 1 1 1 1
Mytilinidae 2 2 2 2 2 2 2 1 2
Notommatidae 15 9 11 9 15 10 3 5 18
Proalidae 4 3 3 2 4 3 3 4
Scaridiidae 1 1 1 1 1 1 1 1 1
Synchaetidae 3 3 3 3 4 3 2 4
Testudinellidae 2 2 2 3 2 2 1 3
Tetrasiphonidae 1 1 1 1 1 1 1
Trichocercidae 3 2 3 3 3 2 1 2 3
Trichotriidae 3 3 3 3 3 3 1 3
Trochosphaeridae 3 3 3 3 2 3 1 3
Subtotal: 94 70 80 78 94 76 23 40 108
Bdelloidea

Adinetidae 2 1 1 1 1 1 1 1 2
Habrotrochidae 3 3 1 3 2 1 2 3
Philodinavidae 3 1 1 2 2 3
Philodinidae 11 10 10 6 9 9 4 4 12
Subtotal: 19 15 16 9 15 15 6 7 20
Total: 113 85 96 87 109 91 29 47 128

* Total number of species includes exclusively marine taxa, not included are Clariaidae (1 species, Claria segmentata Kutikova,
Markevich & Spiridonov, 1990), and 3 Seisonacea.

Antarctica is a special case; there are quite a few Endemicity at higher taxonomic levels is rare in
studies but here rotifer diversity is markedly and rotifers. There is a single endemic free-living rotifer
effectively lower then in other regions (Fig. 3). family, the Nearctic (northeast North American)

@ Springer



54 Hydrobiologia (2008) 595:49-59

Table 2 Number of species-level taxa per family, per biogegraphic region

PA NA NT AT OL AU PAC ANT End. Cosmo. World Mar.
Monogononta®
Asciaporrectidae 3 2 0 0 0 0 0 0 1 0 3
Asplanchnidae 11 11 10 9 12 9 2 0 2 8 15
Atrochidae 4 2 1 1 3 2 0 0 0 1 4
Birgeidae 0 1 0 0 0 0 0 1 0 1
Brachionidae 94 66 71 51 57 58 4 16 94 36 169 1
Brachionus 32 23 32 26 33 34 3 5 29 20 63
Keratella 21 22 18 15 12 15 0 5 26 7 48
Notholca 31 13 8 3 2 2 0 6 27 2 40 1
Collothecidae 42 18 15 14 8 12 2 2 24 10 47
Conochilidae 5 7 5 5 5 6 0 0 1 5 7
Dicranophoridae” 137 93 21 19 15 24 5 6 98 9 181 39
Dicranophorus 36 38 10 12 8 1 0 21 7 52 1
Encentrum 64 28 3 2 4 6 1 5 54 1 78 31
Epiphanidae 16 10 10 9 9 4 2 4 9 16
Euchlanidae 19 18 14 15 15 18 3 2 8 11 27
Flosculariidae 35 38 37 22 23 30 5 2 7 19 50
Gastropodidae 10 7 8 8 6 7 0 0 2 6 12
Hexarthridae 11 11 3 0 7 4 18
Ituridae 4 4 4 2 3 0 0 0 2 6
Lecanidae 93 108 94 82 99 61 30 2 81 49 200
Lepadellidae 95 67 70 54 59 55 18 11 81 37 160
Lepadella 66 42 52 39 42 41 11 7 70 25 122
Lindiidae 7 11 4 2 3 7 2 1 4 3 13
Microcodidae 1 1 1 1 1 0 1 1
Mytilinidae 21 10 14 12 12 12 1 2 13 8 29
Notommatidae 201 165 70 29 48 72 11 11 149 45 277
Cephalodella 118 79 37 6 26 31 14 8 93 16 159
Notommata 29 36 12 10 8 14 6 1 25 10 47
Proalidae 34 34 7 10 7 14 5 0 20 6 47 9
Scaridiidae 3 3 4 4 4 3 1 1 3 2 7
Synchaetidae 38 26 18 13 15 17 3 0 16 12 45 12
Testudinellidae 19 19 19 18 15 17 1 0 19 9 40
Tetrasiphonidae 1 1 1 1 1 1 0 0 0 1
Trichocercidae 50 53 45 39 41 43 18 4 13 34 70 2
Trichotriidae 13 11 15 12 11 10 1 0 10 9 23
Trochosphaeridae 13 8 1 13 10 13 0 0 5 9 19
Subtotal 980 805 566 453 486 511 119 63 663 345 1488 70
Bdelloidea
Adinetidae 17 8 6 7 5 12 1 6 7 5 20
Habrotrochidae 130 25 37 45 18 53 7 7 75 14 152
Habrotrocha 108 22 33 39 18 44 6 7 64 13 128
Philodinavidae 3 2 2 1 2 2 0 0 3 0 6
Philodinidae 220 77 71 85 33 109 6 15 152 41 282 1
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Table 2 continued
PA NA NT AT OL AU PAC ANT End. Cosmo. World Mar.
Macrotrachela 75 19 22 31 11 41 3 7 50 14 95
Mpniobia 41 11 10 5 0 21 2 29 2 49
Philodina 35 17 14 24 6 18 1 5 28 10 50
Subtotal 370 112 116 138 58 176 14 28 237 60 460 1
Total 1,350 917 682 591 544 687 133 91 900 405 1948 71

PA: Palaearctic; NA: Nearctic; NT: Neotropical; AT: Afrotropical; OL: Oriental; AU: Australasian; PAC: Pacific Oceanic Islands;
ANT: Antarctic. End. = Endemics, Cosmo. = Cosmopolites, Mar. = Marine

a

Excluding Clariaidae, a monospecific family of exclusively parasitic animals living in terrestrial Oligochaeta

Excluding Albertia (4 species) and Balatro (7species), exclusively endoparasitic in Oligochaeta (both) and gastropods (Albertia);

Endemics: present in one region only
Cosmopolites: present in 5 or more regions

Marine: exclusively marine species

number of genera
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Fig 2 Distribution of rotifer species diversity over different
genera. (a) normal representation, (b) number of species
(x-axis) sorted out in octaves

Birgeidae. A number of endemic genera exist: In the
Palaearctic these are Pseudoharringia, the psammo-
biotic Wigrella, the European Alpine Glaciera and
the Baikalian Inflatana; in the Nearctic (northeast

North American) Rousseletia and the littoral
Streptognatha, and, probably, Pseudoploesoma (the
appurtenance of P. greeni Koste to this genus is
doubtful: De Smet & Segers, unpublished); in the
Oriental region Pseudoeuchlanis and Anchitestudinella;
and the Subantarctic (Kerguelen Island) Pourriotia. The
biogeographical relevance of these is, however, low:
all but Wigrella are monospecific, many (Glaciera,
Inflatana, Pseudoeuchlanis, Anchitestudinella and
Pourriotia) have only been found once. The fate of
Dorria is revealing: this monospecific genus was long
considered a rare northeast North American endemic
taxon, until it was found in southern Australia
and on Hawaii (Jersabek, 2003). More reliable, also
taxonomically, are Birgeidae, Streptognatha and
Pseudoploesoma; all three of these are northeast North
American. This concurs with the main center of
endemicity of Trichocercidae (Segers, 2003).

Endemic species occur in all regions and in all but
the species-poorest rotifer genera and families. The
count of endemics in Table 2, however, underrepre-
sents endemicity and complexity of the distributions
of rotifers: quite a few species technically occur in
more than one biogeographical region as accepted for
this study, yet are clearly restricted to a circumscribed
area (e.g., Keratella kostei Paggi occurs in Patagonia,
the Falkland Islands and South Georgia Island hence
both in the Neotropical and Antarctic region) or have
far more restricted ranges (e.g., the numerous Baika-
lian endemics, mostly of Notholca). Lecanidae is a
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Fig 3 Rotifer diversity in
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good illustration of the diversity of distribution
patterns (Segers, 1996). Since this 1996 paper, over
30 Lecane have been added as valid, either as a result
of the application of a less inclusive taxonomic
concept or by the description of new species. In
general, ranges of Lecane have been refined and
counts of regional endemicity increased, notwith-
standing that some range extensions have been
reported. Lecanidae species are predominantly
(sub)tropical or warm-water, with numerous regional
and local endemics, and some Holarctic, Palaeotrop-
ical, Australasian, New World, and Old World taxa
illustrating more complex patterns.

Also Brachionidae contains taxa with well-docu-
mented ranges (see Pejler, 1977; Dumont, 1983). An
update on the distribution of some Brachionidae is as
follows:

Anuraeopsis

Of the eight species considered valid here, four are
regional endemics. Whereas A. cristata Beérzips,
A. miracleae Koste and A. urawensis Sudzuki are
rare, taxonomically difficult and may have been
overlooked, the two Neotropical taxa (A. quadrian-
tennata (Koste) and A. sioli Koste are meaningful, as
they are unmistakable and have been recorded
repeatedly. As all Anuraeopsis species are warm-
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water animals, and as the only reliable endemics are
Neotropical, it can be hypothesized that the taxon
may be of Neotropical origin.

Brachionus

This species-rich and predominantly warm-water
genus contains 29 endemic (sub)species, most of
which are Neotropical (9) or Australian (7). There are
only three Oriental, and one Afrotropical endemics.
Three taxa are American but probably of Neotropical
origin (B. havanaensis Rousselet, B. satanicus
Rousselet and B. zahniseri Ahlstrom). Brachionus
dichotomus reductus Koste & Shiel is Australasian
and most likely of Australian origin, by its relation
with the Australian B. dichotomus dichotomus Shep-
hard. Most of the Neotropical and Australian
endemics are phylogenetically and taxonomically
distinct. This is much less clear for the Palaearctic
and Nearctic endemics, most of which are clear
relatives of the B. plicatilis complex (B. asplanchnoides,
B. ibericus, B. spatiosus). The emerging pattern is one of
centered endemicity in South America and Australia,
with hardly any endemicity in Africa and the Northern
hemisphere. Such a pattern may hint at a late Cretaceous
South American-Antarctic-Australian (see Hay et al.,
1999), rather than a Gondwanan (Dumont, 1983) origin
of the taxon.
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Keratella

Within Brachionidae, Keratella is the genus with the
highest degree of endemicity (52%), and this may
even be an underestimate considering the confused
taxonomy of a number of species complexes like
Keratella cochlearis. Endemicity is high in the
Eastern Palearctic (K. mongoliana Segers & Rong,
K. sinensis Segers & Wang, K. trapezoida Zhuge &
Huang, K. wangi Zhuge & Huang and K. zhugeae
Segers & Rong) and Northern Nearctic (K. armadura
Stemberger, K. canadensis Bérzips, K.
Ahlstrom, K. taurocephala Myers). Here, a Southern
hemisphere cold-water faunal component is repre-
sented by K. kostei Paggi, K. sancta Russell
(New Zealand, Kerguelen, Macquarie Island) and
K. reducta (Huber-Pestalozzi) (Cape region, South
Africa), amongst others. Considering the relatively
small area of southern hemisphere temperate regions,
these taxa balance the northern hemisphere tem-
perate Keratella fauna. In addition, there are some
reliable Australian (e.g., K. australis Berzins),
Oriental (K. edmondsoni Ahlstrom), and warm-water
Neotropical (K. nhamundaiensis Koste) endemics, as
well as Palaeotropical (K. javana Hauer) and Holarctic
(K. hiemalis Carlin) taxa. In contrast to Brachionus,
no clear general pattern emerges in Keratella.

Another remarkable genus is Macrochaetus. 1t
contains 6 endemics out of 13 species, 4 of which are
Neotropical. Three of these are clearly distinct and
quite primitive in lacking the elongate dorsal spines
typical of the genus. Hence, also Macrochaetus
could be Neotropical in origin. The surmised origin
of Brachionus and Macrochaetus contrasts with
Trichocerca, in which a northern hemisphere pre-
Pleistocene origin, followed by glacial extinctions in
the (west) Palearctic, was postulated to account for an
observed lack of endemics in the tropics versus high
endemicity in northeast North America (Segers,
2003).

Clearly, and notwithstanding the unsatisfactory
nature of our knowledge of their taxonomy, rotifers
do exhibit complex and fascinating patterns of
diversity and distribution as illustrated in a number
of contributions (Green, 1972; Pejler, 1977; De
Ridder, 1981; Dumont, 1983; Segers, 1996, 2003).
In summary, many species are cosmopolitan, either or
not exhibiting latitudinal variation as a result of
temperature preferences. Regional differences may

crassa

result from environmental conditions such as water
chemistry. Endemism is real and occurs at diverse
geographical scales; more complex patterns exist.
Rotifer diversity is highest in the tropics, with
endemicity centered in tropical South America and
Australia; tropical Africa including Madagascar and
the Indian subcontinent are notable for their relatively
poor rotifer fauna including few endemics. Hotspots
occur in northeast North America, Australia (proba-
bly west Australia) and, in contrast to the low
endemicity on the Indian subcontinent, Southeast
Asia. On a more local scale, Lake Baikal is most
noteworthy by its high endemicity; much less is
known of other ancient lakes. (Harring & Myers,
1928; Green, 1972; Pejler, 1977, Dumont, 1983;
Segers, 1996, 2001, 2003). The remarkable rotifer
diversity in northeast North America, in contrast to
the low endemicity in European waters is attributed
to the presence of glacial refugia in the region during
the Pleistocene, at least for Trichocerca (Segers,
2003).

Fenchel & Finlay (2004) postulated that small-
sized organisms (<1 mm) tend to have a cosmopol-
itan distribution as a consequence of huge absolute
population sizes. At the local scale, their diversity
exceeds that of larger organisms yet at the global
scale this relation is reversed because endemism is
largely responsible for the species richness of large-
sized taxa. A latitudinal diversity gradient is absent or
weak. Monogonont rotifers appear to comply with
this pattern: their local diversity is relatively high
compared to the total species diversity of the group,
and cosmopolitanism is important. On the other hand,
a latitudinal diversity gradient is clearly evident in
rotifers (e.g., Green, 1972). Two factors may account
for this apparent contradiction: first, the statement
that all rotifer resting stages are eminently suited for
dispersal may not be correct. Such a generalization is
contradicted by the abundance of well-documented
cases of locally endemic rotifers. Second, the
monopolizing effect of large resting propagule banks
may counteract successful colonization.

Human-related issues
Rotifer distribution and diversity is largely influenced

in two ways. The most important is that of the decline
of the water quality in freshwater ecosystems. As
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mentioned above, the most diverse rotifer assem-
blages can be found in soft, slightly acidic, oligo- to
mesotrophic waters. These are particularly vulnerable
to eutrophication and salinization. Regarding water
pollution by pesticides, there are numerous laboratory
studies on rotifer ecotoxicology, even using rotifers
as test organisms for ecotoxicological assessments.
The effects of pollutants on rotifer diversity in nature
also has been studied. Rotifers are often less sensitive
to insecticides than cladocerans and their sensitivity
to specific compounds varies widely. They also
exhibit indirect effects from exposure to toxicants,
e.g., through reduction of competition from more
sensitive organisms or cascading food web effects
(see Wallace et al., 2006).

Due to the large dispersal and colonization capac-
ities of many species, rotifers are easily transported to
new habitats by man. An illustrative case is that of
Filinia camasecla Myers, 1938, which was described
from the Panama Canal zone; however, the species
has subsequently never been found back in the
Americas, but has been shown to be a relatively
common Oriental species. Several additional
instances are known of rotifers being introduced to
regions where they did not naturally occur before
(e.g., Dartnall, 2005; see Wallace et al., 2006). This
phenomenon may have been going on for a long time
(see Pejler, 1977) and may be responsible for isolated
records of regionally common species outside their
natural range. It may, however, have passed unno-
ticed because of the small size of rotifers and dearth
of comprehensive studies. The same reasons explain
why rotifers have hardly been used in biodiversity
assessments and conservation, notwithstanding their
economic relevance in aquaculture.
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Abstract Most ribborn worms (phylum Nemertea)
are marine and only 22 of the currently named around
1,200 species are known from freshwater habitats
(mainly lakes/ponds). They are all free-living benthic
forms found in all continents except Antarctica. The
vast majority of species have been recorded from the
Palearctic region, but this may reflect sampling
efforts rather than biogeography.

Keywords Ribbon worms - Freshwater -
Diversity - Phylogeny

Introduction

Nemertean worms are typically bilaterally symmetri-
cal, with long, slender, soft, and contractile bodies
covered by a ciliated epidermis. Their major morpho-
logical feature is an eversible muscular proboscis
contained, when retracted, in a dorsal fluid-filled
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tubular chamber (the rhynchocoel) that extends above
the gut. In anoplan nemerteans the proboscis is either
unarmed or provided with rhabdites, in enoplan
species the structure is armed by one (Monostilifera)
or several (Polystilifera) needle-like stylets. With one
known exception (the entocommensal hoplonemerte-
an genus Malacobdella) nemerteans are carnivorous,
either as active predators or as scavengers. Most
species within the phylum are dioecious and the
exceptions of hermaphroditic species belong almost
all to the taxon Monostilifera. Most nemerteans are
oviparous; from the species, where the mode of
spawning is known it ranges from broadcast release of
gametes into the sea, to pseudocopulation with eggs
attached to the benthic substratum (Norenburg &
Stricker, 2002). Many heteronemerteans are known to
have different forms of pelagic larvae, while hoplo-
nemerteans appear to have direct development. A few
nemertean species bear living young. It should be
pointed, however, that the reproductive biology for
the majority of nemerteans is unknown.

Most nemertean species are from marine or estua-
rine habitats, but some terrestrial forms are known, and
a small number of species have been recorded from
freshwater environments. These freshwater species are
all free-living benthic, like most of all nemerteans
(exceptions are a few endoparasitic species and some
pelagic species). They are found under rocks and
boulders, among algae, and on mud bottoms on all
depths from the littoral and down. The phylogenetic
position of nemerteans among the metazoans is
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enigmatic and unsettled, although the evidence now
points in the direction of an affiliation with protostome
coelomates rather than having evolved from an acoe-
lomate stock (e.g., Giribet et al., 2000).

Species diversity

Gibson (1995) listed 1,146 species of nemerteans
distributed between 250 genera. Several additional
taxa have been established subsequently and the
current number of named species is estimated at about
1,200-1,250. However, this is certainly an underesti-
mate of the actual number and new genetic evidence
(e.g., Strand & Sundberg, 2005a) furthermore shows
that sibling and cryptic species are more common than
previously recognized. There is no universal agree-
ment on the actual number of genera and species, but
current figures indicate that the Anopla accounts for
approximately 38% of the known genera and 44% of
the named species, and Enopla for 62% and 56%,
respectively. The number of known freshwater nem-
erteans is small; the 22 reported species (Table 1)
represent less than 2% of the total number recorded.

The classification of nemertean species into higher
taxa is not based within a phylogenetic framework and
many groups are clearly nonmonophyletic. Family
placement must, therefore, be considered as provisional
and viewed with care. Heteronemerteans account for
23% of the known freshwater forms and comprise five
monospecific genera, all placed in the family Lineidae.
Conversely, the hoplonemertean species are distributed
between six genera and three families; Campbellon-
emertes and Potamonemertes are placed in the family
Plectonemertidae, a taxon that also contains several
terrestrial genera, whereas Koinoporus, Limnemertes
and Prostoma are united in the family Tetrastemmidae
(Moore & Gibson, 1988). Dawydoff (1937) linked
Otonemertes (a genus which also contains one marine
species) to the exclusively interstitial marine and
brackish-water genus Ototyphlonemertes (Ototyphlo-
nemertidae) but Moore & Gibson’s (1985) discussion
suggests that the familial placement of Otonemertes is
particularly uncertain (Fig. 1).

Phylogeny and historical processes
Phylogenetic analyses (e.g., Sundberg et al., 2001;

Thollesson & Norenburg, 2003) indicate that nemert-
eans are ancestrally and primarily a group of marine
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Table 1 The freshwater nemerteans of the world (with
authors)

Phylum Nemertea

Class Anopla, Subclass Heteronemertea
Amniclineus Gibson & Qi 1991
Apatronemertes Wilfert & Gibson 1974
Apatronemertes albimaculosa Wilfert & Gibson 1974
Planolineus Beauchamp 1928
Planolineus exsul Beauchamp 1928
Siolineus Du Bois-Reymond Marcus 1948

Siolineus turbidus Du Bois-Reymond Marcus 1948 Yinia
Sun & Lu, 1998

Yinia pratensis Sun & Lu 1998

Class Enopla, Subclass Hoplonemertea, Superorder
Monostilifera

Campbellonemertes Moore & Gibson 1972
Campbellonemertes johnsi Moore & Gibson 1972
Koinoporus Sanchez & Moretto 1988
Koinoporus mapochi Sanchez & Moretto 1988
Limnemertes Gibson & Wang 2002

Limnemertes poyangensis Gibson & Wang 2002
Otonemertes Dawydoff 1937

Otonemertes denisi Dawydoff 1937
Potamonemertes Moore & Gibson 1973

Potamonemertes gibsoni Hickman & Moore 1990
Australia

Potamonemertes percivali Moore & Gibson 1973
Prostoma Duges 1828

Prostoma asensoriatum (Montgomery 1896)
Prostoma canadiensis Gibson & Moore 1978
Prostoma communopore Senz 1996

Prostoma eilhardi (Montgomery 1894)

Prostoma eilhardi eilhardi (Montgomery 1894)

Prostoma eilhardi macradenum Sun and Yin 1995
(Chernyshev et al. 1998, elevate this subspecies to
specific rank as Prostoma macradenum Sun & Yin 1995)

Prostoma graecense (Bohmig 1892)
Prostoma hercegovinense Tarman 1961
Prostoma jenningsi Gibson & Young 1971
Prostoma kolasai Gibson & Moore 1976

Prostoma ohmiense Chernyshev Timoshkin and
Kawakatsu 1998

Prostoma puteale Beauchamp 1932

Several additional taxa reported from freshwater habitats, not
included in the list below, are either not nemerteans or are too
poorly described to be accepted as valid (Moore & Gibson,
1985). See Gibson (1995) for full bibliographic references to
taxa
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Fig. 1 Habitus of freshwater nemertean Prostoma graecense
(drawing by R. Gibson)

organisms. Moore & Gibson (1985) and Gibson &
Moore (1989) have argued on morphological and
physiological grounds that the invasion of freshwater
habitats has happened along two distinct routes, either
directly via estuarine ancestors, or secondarily via
terrestrial/semi-terrestrial relatives. However, when it
comes to the hoplonemertean freshwater species, later
cladistic analysis did not support this view. Sundberg
(1989) instead suggested that the two freshwater
genera Campbellonemertes and Potamonemertes had
a common marine ancestor. When it comes to the
freshwater genus Prostoma, where Moore & Gibson
(1985) suggested that they were derived from estua-
rine/brackish-water species, the phylogenetic analysis
based on 18S sequences in Strand & Sundberg
(2005b) is inconclusive (Fig. 2). The brackish water
species Cyanophthalma obscura forms a sister species
to the included Prostoma species in this analysis, and
this clade is in turn a sister to marine species. Thus,
the analysis cannot distinguish between whether the
most recent common ancestor of Cyanophthalma and
Prostoma was marine or brackish-water. When it
comes to the heteronemertean freshwater species
there are no phylogenetic analyses testing the hypoth-
esis of Moore & Gibson (1985) that they have
occupied the freshwater habitat via an estuarine/
brackish-water ancestor.

The information of the distribution of freshwater
nemerteans is far too scattered to draw any conclu-
sions, when it comes to historical processes. However,

it appears that some records are cases of introduced
species (see also below). For example, Strand &
Sundberg (2005b) estimated the genetic difference
between specimens of Prostoma graecense from New
Zealand and Sweden to be less than 3% based on
mtDNA COI sequences, and around 0.15% based on
18S rRNA sequences. Compared to genetic differen-
tiation within other conspecific nemerteans, and based
on analysis of most probable ancestral area, it
indicates that this species has been introduced in
New Zealand in recent time.

Present distribution and main areas of endemicity
(Table 2, Fig. 3)

By far the majority of freshwater nemertean species are
known from only single or, at most, very few locations.
Two taxa, Apatronemertes albimaculosa from fresh-
water aquarium tanks at the Diisseldorf City Aquarium,
Germany, and Planolineus exsul from garden ponds at
Buitenzorg, Java, were originally described from what
were almost certainly artificially introduced specimens
and have never been found elsewhere. The remaining
heteronemertean species have only been found in single
areas, and may be regarded as probably endemic to
those regions. Siolineus turbidus is known from only
four individuals collected in the River Tapajos, a
tributary of the Amazonas. The other two Amniclineus
zhujiangensis (Gibson & Qi, 1991), and Yinia pratensis
have only been found at their respective locations in the
People’s Republic of China.

Three of the hoplonemertean species are known
only from single locations and are almost certainly
endemic to the Australasian region. These species are
Campbellonemertes johnsi from Campbell Island,
Potamonemertes gibsoni from Tasmania, and Pot-
amonemertes percivali from South Island, New
Zealand. Koinoporus mapochi has been found at
several locations in the central zone of Chile but
nowhere else and is probably endemic to this
Neotropical region. Two of the other hoplonemertean
species are possibly endemic to their regions. These
are Limnemertes poyangensis, known only from
People’s Republic of China (Palearctic region), and
Otonemertes denisi from Tonlé Sab (the Great Lake),
Kampuchea (Oriental region).

The remaining, and most diverse, genus of fresh-
water hoplonemerteans, Prostoma, currently contains
11 species; see Gibson & Moore (1976) for a
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Fig. 2 The phylogeny for a
selected number of
hoplonemertean taxa to
show the position of the
genera Prostoma
(freshwater) and
Cyanophthalma (brackish
water) and sistergroup
relationships. The majority
rule consensus tree from a
Bayesian analysis based on
18S gene sequences is from
Strand & Sundberg (2005b).
(T. stands for Tetrastemma)

— Nipponnemertes pulcher

0.82

discussion about the validity of several other supposed
species, previously included in this genus. Within the
genus Prostoma two species, Prostoma eilhardi and
Prostoma graecense, have been reported with a
worldwide distribution although the authenticity of
the specific identifications cannot always be con-
firmed from the literature. Prostoma eilhardi has been
recorded from Europe, Kenya, Rhodesia, southern
Africa, South America, St. Vincent, Australia, and
New Zealand, whereas Prostoma graecense has been
found in Europe, Kenya, southern Africa, Australia,
New Zealand, Japan, Russia, and South America
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possibly. The remaining Prostoma exhibit very much
more restricted distributions. There are two Nearctic
species Prostoma asensoriatum, from Pennsylvania,
USA, and Prostoma canadiensis; the latter species was
originally found in Lake Huron, Canada, but subse-
quently recorded from Holland (Moore & Gibson,
1985). Palearctic taxa are Prostoma communopore
known only from Austria and Prostoma hercegovin-
ense found in caves in Bosnia, Prostoma jenningsi
known from UK, Prostoma kolasai, reported from
Poland, Prostoma macradenum from People’s Repub-
lic of China, Prostoma ohmiense from Japan, and
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Table 2 The species of freshwater nemerteans recorded from
each of the zoogeographic areas of the world (A: species names
listed in bold italics may be endemic taxa), together with a
tabulation of the zoogeographic distribution (B: species

number (genus number); PA—Palearctic; NA—Nearctic;
NT—Neotropical; AT—Afrotropical ; OL—Oriental; AU—
Australasian; PAC—Pacific Oceanic Islands, ANT: Antarctic)

Zoogeographic area Species recorded

A
Australasian Campbellonemertes johnsi
Potamonemertes gibsoni
Potamonemertes percivali
Prostoma eilhardi
Prostoma graecense
Afrotropical Prostoma eilhardi
Prostoma graecense
Nearctic Prostoma asensoriatum
Prostoma canadiensis
Neotropical Koinoporus mapochi
Prostoma eilhardi
Prostoma graecense
Siolineus turbidus
Oriental Otonemertes denisi
Planolineus exsul
Palearctic Amniclineus zhujiangensis
Apatronemertes albimaculosa
Limnemertes poyangensis
Prostoma canadiensis
Prostoma communopore
Prostoma eilhardi

Prostoma graecense
Prostoma hercegovinense
Prostoma jenningsi
Prostoma kolasai

Prostoma macradenum
Prostoma ohmiense
Prostoma puteale

Yinia pratensis

PA NA AT
Nemertea 14 (5) 2(D) 2 ()

OL AU PAC ANT World
22 503) 0 (0) 0 (0) 22 (12)

Prostoma puteale, found in France and Switzerland.
Which, if any, of these species can genuinely be
recorded, as endemic is uncertain.

Most freshwater species are known from the
Palearctic region (Table 2, Fig. 3); it is, however,
important to point out that this probably is a reflection
of sampling efforts rather than true geographic
distribution of freshwater species. Historically, there
is a clear predominance of taxonomists that are

interested in nemerteans from this region, which may
introduce a bias in the species distribution.

Human related issues
Presently, we know that no freshwater nemertean

species that has any economic or medical relevance.
One species (Prostoma jenningsi) has been listed in
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Fig. 3 Map showing
designated zoogeographic
regions and the number of
freshwater nemertean
species and genera in each
region. PA—Palearctic,
NA—Nearctic, NT—
Neotropical, AT—
Afrotropical, OL—Oriental,
AU—Australasian, PAC—
Pacific Oceanic Island,
ANT—Antarctic

Qﬂ{”ﬂo QD

the Red Data Book as a taxon under threat by habitat
usage. Other species may also be at risk, but any
conclusions can only be conjecture since nemerteans
as a group have not been as extensively investigated
as many other phyla.
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Abstract Despite free-living nematodes being pres-
ent in all types of limnetic habitats including unfavor-
able conditions that exclude many other meiobenthic
invertebrates, they received less attention than marine
and terrestrial forms. Two-fifths of the nematode
families, one-fifth of the nearly 1800 genera and only
7% of the about 27,000 nominal species are recorded
from freshwater habitats. The Dorylaimia are the most
successful in freshwater habitats with nearly two-
thirds of all known freshwater nematodes belonging to
this subclass. Members of the subclass Enoplia are
principally marine though include some exclusively
freshwater taxa with extreme endemism. The subclass
Chromadoria includes half of the freshwater nematode
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families and members of the Monhysterida and
Plectida are among the most widely reported fresh-
water nematodes. Studies on freshwater nematodes
show extreme regional bias; those from the southern
hemisphere are extremely underrepresented, espe-
cially compared to European freshwater bodies. The
majority of records are from a single biogeographic
region. Discussion on nematode endemism is largely
premature since apart from Lake Baikal, the nema-
tofauna of ancient lakes as centers of speciation is
limited and recent discoveries show high nematode
abundance and diversity in cryptic freshwater bodies,
underground calcrete formations and stromatolite
pools potentially with a high number of new taxa.

Keywords Free-living nematodes - Freshwater
nematodes - Nematode biogeography - Distribution -
Biodiversity - Global estimate

Introduction

Nematodes are the most abundant and arguably the
most diverse Metazoa in aquatic sediments. Free-
living nematodes are ubiquitous and may be present
in all types of limnetic habitats including unfavorable
conditions (high temp., acidic, anoxic) that exclude
many other meiobenthic invertebrates. Nematode
parasites of vertebrates living or frequenting fresh-
water habitats usually occur only as eggs or within an
intermediate host; these are not included here.
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However, the insect parasitic mermithids with eggs
and different developmental stages (either infective
or postparasitic juveniles) and adults in freshwater
habitats, are.

Nematodes are generally ranked as a phylum—
Nematoda or Nemata. They are unsegmented pseu-
docoelomates that are typically thread-like. Free-
living specimens are, except for representatives of the
Mermithidae and Leptosomatidae, under 1 cm in
length and usually quite small (0.2-2 mm long).
Despite their great diversity in morphology and
lifestyle (free-living, parasites of animals and plants),
nematodes display a relatively conserved basic body
plan that consists of an external cylinder (the body
wall with cuticle, epidermis, somatic musculature)
and an internal cylinder (the digestive system)
separated by a pseudocoelomic cavity that functions
as a hydrostatic skeleton. Externally, the body shows
little differentiation into sections. The ventral side
bears a secretory—excretory pore, the vulva and anus
(female) or cloacal opening (male). The lateral sides
carry the apertures of the sensory-secretory amphids
and may have additional secretory and/or sensory
structures. The outer body surface or cuticle may be
smooth or ornamented (with transverse striae, punc-
tuations,...) and together with the epidermis functions
as a semi-permeable barrier to harmful elements
while allowing secretion, excretion, and uptake of
various substances. The mouth opening is usually
located terminally at the anterior end and surrounded
by six lips (basic form) bearing various sense organs
which may be papilliform, poriform, or setiform, and
which may include the paired amphid openings
(mainly in plant-parasitic forms).

Nematodes are in general translucent with much of
their internal anatomy observable by light micros-
copy. Many aquatic species are gland-bearers; they
usually possess three epidermal glands in the tail
region (caudal glands) mostly ending in a common
outlet or spinneret. Secretions of these glands play a
role in locomotion and anchoring by allowing
temporary attachment of the body to substrates.

All freshwater nematodes, except the adult
Mermithidae, possess a continuous digestive tract.
The wide diversity of food sources and methods of
ingestion is reflected in the structure of the digestive
system, especially in the morphology of the buccal
cavity and pharynx. Current proposals for dividing
nematodes by feeding habit recognize seven types:

@ Springer

plant feeders, hyphal feeders, substrate ingesters,
bacterial feeders, carnivores, unicellular eukaryote
feeders, and animal parasites (Moens et al., 2004).
All of these can be found in freshwater habitats; some
nematodes may fit in multiple feeding types. The
intestine in most freshwater nematodes is a cylindri-
cal tube. In adult Mermithids, however, the intestine
is modified into a storage organ or trophosome,
separated from the pharynx and rectum.

The central nervous system consists of a nerve ring
that usually encircles the pharynx and which connects
various ganglia via anteriorly and posteriorly running
longitudinal nerves. As noted above, sensory struc-
tures (papillae or setae) are concentrated on the
anterior end; they function either as mechanorecep-
tors, chemoreceptors, or a combination of both. In
free-living aquatic nematodes, the body may also
bear few or numerous somatic sensilla (poriform or
setiform). A few Freshwater taxa possess photore-
ceptor organs such as pigmented areas or ocelli in the
pharyngeal region. The secretory—excretory system in
most free-living Freshwater taxa consists of a ventral
gland or renette cell connected by a duct to the
ventral secretory—excretory pore. This system may
play a role in excretion of nitrogen in the form of
ammonia or urea as well as contributing to osmo-
regulation and locomotion (Turpeenniemi & Hyvi-
rinene, 1996).

Nematodes are typically amphimictic and have
separate males and females. Many species, however,
lack males and reproduce either by parthenogenesis
or by hermaphroditism (rare among freshwater nem-
atodes, e.g., Chronogaster troglodytes). The repro-
ductive system is quite similar in both sexes and
generally comprises one or two tubular genital
branches. In the female the basic system has two
opposed uteri connected to the vagina that opens to
the outside via the mid-ventral vulva. Each genital
branch consists of a gonad (ovary) and a gonoduct
(oviduct and uterus); a spermatheca may be present.
Some aquatic species exhibit traumatic insemination
whereby the male penetrates the female cuticle with
his spicules and releases sperm into the body cavity.
A derived system with a single uterus is called
monodelphic. The male reproductive system is typ-
ically diorchic (with two testes that open into a
common vas deferens). A part of each festis or the
anterior part of the vas deferens may act as vesiculum
seminalis. A monorchic condition occurs when only
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one testis is present after reduction of the posterior
(usually) or anterior testis. The copulatory apparatus
consists of two sclerotized spicula, rarely fused or
reduced to a single spiculum, and a gubernaculum or
guiding piece.

Nematode development typically passes through an
egg stage and four (occasionally three) juvenile stages
with a moult at the end of each stage. During each
moult the cuticle is shed and replaced by a new one
secreted by the epidermis. In free-living aquatic
nematodes, single-celled egg laying appears to be the
rule, while mermithids may deposit eggs with fully
developed juveniles. The juvenile that hatches from the
egg is usually the first stage or J1, although a few
groups pass through the first moult before hatching.
The generation time of nematodes can, depending on
the species concerned, vary from a few days to a year or
more. Females are usually oviparous, but in some
groups the eggs can hatch inside the body of the female
(ovoviviparity). Very little is known about resistant
stages, dispersal, and survival of freshwater nematodes.

Species diversity

Estimates of global nematode species diversity have
varied widely in the past 15 years, i.e., between one
hundred thousand (Andrassy, 1992) and one hundred
million (Lambshead, 1993). The current conservative
estimate seems to stabilize at about one million
species (Lambshead, 2004), a magnitude comparable
to estimates for other diverse animal phyla. More than
97% of these potential one million nematode species
are currently unknown; the total number currently
known to science is close to 27,000 and a large
proportion of these are free-living (Hugot, et al.,
2001). Some of the reasons for this limited attention
include the small size of nematodes and small number
of taxonomists unevenly distributed throughout the
world. In light of the critical importance of freshwater
bodies to humans and the ‘International Year of
Freshwater’ in 2003, it is disheartening to see that
nematodes from freshwater habitats have received
even less attention than marine or terrestrial forms.
Another factor contributing to the low total number
of globally known freshwater nematode species is the
relative inaccessibility of taxonomic literature and the
possible misidentification of many populations, usu-
ally resulting in the creation of “species complexes”

with an amalgam of identifying characters (Jacobs,
1984). Two examples are: (1) African populations of
Brevitobrilus that were considered to belong to B.
graciloides, later found to comprise more than one
species (Tsalolikhin, 1992), and (2) Monhystera
stagnalis, a species long considered to be ubiquitous
with a wide range of morphological characters, might
well represent many species (Coomans, pers. comm.).
Species complexes mask the true biogeographical and
environmental range of individual species within
complexes, and discussions on the diversity and
biogeography of freshwater nematodes need to be
seen within the context of this limitation.

The most recent systematic scheme divides the
phylum Nematoda into two classes, three subclasses,
19 orders and 221 families (De Ley and Blaxter,
2004). Andrassy (1999), following a slightly different
systematic scheme, provides us with the most recent
census of genera of free-living nematodes. He listed a
total of 570, 650, and 705 free-living (non-animal
parasitic) genera for groups corresponding to De Ley
& Blaxter’s order Rhabditida, class Chromadorea
minus Rhabditida, and Enoplea, respectively.

At family level, both classes Chromadorea and
Enoplea, all three sub-classes, two-thirds of the 19
orders, two-fifths of the 221 families, and one-fifth of
the nearly 1800 free-living genera have freshwater
representatives (Fig. 2). At species level, about 7% of
the estimated 27,000 nominal species are considered
to be denizens of freshwater habitats (Table 1).

Among the Nematoda, the Dorylaimia are the most
successful in freshwater habitats with nearly two-
thirds of all known freshwater nematodes belonging
to this subclass and 22 of its 26 families having
freshwater representatives. Not only are two of its
orders, i.e., Dorylaimida and Mononchida, the most
common nematodes in freshwater environments with
global distribution, but also the zooparasitic Merm-
ithida comprise many species that spend part of their
life cycle in freshwater habitats (Fig. 2). Further-
more, Dorylaimia are taxonomically and ecologically
diverse, which may suggest an even much larger
historical diversity (De Ley et al., 2006).

Dorylaimida are especially species-rich with cur-
rently 250 known valid genera and about 2000
species (Pefia-Santiago, 2006), of which 80% of the
families, more than 40% of the genera and 30% of the
species are freshwater and dominate these environ-
ments in species diversity except for Antarctica
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Fig. 1 Distribution of
freshwater Nematoda
species and genera by
zoogeographical region
(species number/genus
number). PA, Palearctic;
NA, Nearctic; NT,
Neotropical; AT,
Afrotropical; OL, Oriental;
AU, Australasian; PAC,
Pacific Oceanic Islands,
ANT, Antartic

PA
1020/ 235

Table 1 Distribution of the number of nematode freshwater species in each biogeographic region. PA: Palearctic, NA: Nearctic, NT:
Neotropical, AT: Afrotropical, OL: Oriental, AU: Australasian, PAC: Pacific and oceanic islands, ANT: Antartic

PA NA NT AT OL AU PAC ANT World
Enoplea
Enoplida 55 5 12 5 3 2 1 79
Triplonchida 99 25 26 36 10 0 1 140
Dorylaimida 282 116 93 155 186 20 3 0 610
Mononchida 55 36 37 37 27 14 4 0 99
Mermithida 229 63 33 8 164 1 0 0 417
Subtotal 720 245 201 244 392 44 9 2
Chromadorea
Chromadorida 29 5 5 6 4 5 1 0 36
Desmoscolecida 4 0 1 1 0 1 4 0 7
Desmodorida 4 3 3 3 0 0 1 1 9
Monhysterida 70 10 12 33 23 5 4 2 114
Araeolaimida 6 3 2 0 3 0 0 0 8
Plectida 54 30 48 35 22 7 4 5 125
Rhabditida 133 66 9 29 25 8 0 0 164
Subtotal 300 117 80 107 77 26 14 8
Total 1020 362 281 351 469 70 23 10

(Fig. 2). Many have also successfully adapted to
xeric and cryogenic environments, and to moist soils
and intermittently drying habitats.

Dorylaimia (except for the zooparasitic Mari-

mermithida) are by
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large absent from marine

environments, hinting at innate physiological con-
straints that may not be able to address osmotic stress
typical of the salty marine environment.

The Mononchida, a less speciose order than
Dorylaimida, are also well represented in freshwater
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Fig. 2 Proportion of nematod orders in species (1), genus (2), and family (3) numbers per zoogeographic region. In each region: first

circle = Enoplea, second circle = Chromadorea
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habitats; about 80% of their families and 50% of their
genera have freshwater representatives, and about
one-quarter of the total 400 species inhabit freshwater
environments, many exclusively so (Fig. 2).

The Mermithida have interesting life cycles, many
species spending their early juvenile stage as well as
their preadult and adult stages in freshwater bodies or
sediments. The family of Mermithidae is highly
speciose and contributes significantly to freshwater
nematode diversity: 16% at genus-level and 23% at
species-level (Fig. 2). Despite their diversity, these
organisms are encountered infrequently during rou-
tine nematode surveys because many mermithid
species have a very patchy occurrence, both in space
and time.

Members of the subclass Enoplia, comprising the
two orders Enoplida and Triplonchida, are principally
marine but include important freshwater species.
Many are exclusively freshwater taxa with extreme
endemism, for example, species in the suborder
Tobrilina. About 19% of freshwater nematode fam-
ilies, 15% of genera and 12% of the species belong to
Enoplia. Furthermore, this subclass also includes
some of the most commonly reported freshwater
nematode species. About 50% of the families in the
subclass and one quarter of its 700 genera have
freshwater representatives. The three genera Ironus,
Amphidelus and Paramphidelus are among the most
widely reported in freshwater environments.

Triplonchida include the almost exclusively fresh-
water suborder Tobrilina and the mainly freshwater
Tripylina. With its mosaic of large worms of diverse
stoma morphology and a largely uncertain systematic
position within the Nematoda, the Triplonchida is an
important order with close to 150 species reported
from freshwater bodies (Zullini, 2006; Fig. 2).

The subclass Chromadoria is the largest of the
three subclasses of Nematoda and includes nearly
half of the freshwater nematode families in its seven
diverse orders (Araeolaimida, Chromadorida, Des-
modorida, Desmoscolecida, Monhysterida, Plectida,
and Rhabditida). The first four orders are essentially
marine with only two species of Araeolaimida, about
2.5% of the species of Desmodorida and Desmos-
colecida and about 3.5% of the Chromadorida having
been recorded from freshwater habitats. Furthermore,
even these low numbers are considered to be
overestimates of the actual diversity because the
majority of those species reported in these freshwater
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habitats are also claimed to have been reported in
marine habitats (Decraemer and Smol, 2006). Mon-
hysterida and Plectida, on the other hand, are among
the most widely reported freshwater nematodes and
nearly half of their species are freshwater inhabitants
(Fig. 2). These groups include many speciose genera
such as Monhystera and Plectus with wide environ-
mental and zoogeographic ranges, and manifold
taxonomic problems.

Among Rhabditida, the suborders Rhabditina and
Tylenchina are overall largely terrestrial in their
habitat preferences. Both are very diverse groups
however, and include many true denizens of fresh-
water bodies, as well as others that are reported to be
accidental occurrences. Usually the Rhabditina only
dominate freshwater nematode communities of
highly impacted habitats (Zullini, 1988; Bongers,
1990). The Tylenchina, on the other hand, are chiefly
parasites of plants and are associated with aquatic
plants. As a result they have been the focus of many
studies, which probably resulted in a greater effort to
record diversity than in most non-parasitic forms
(Tables 1, 2, 3).

We do not attempt to estimate the global total
number of freshwater nematode species in existence
for the simple reason that many inland water bodies
are either not sampled at all or are not studied
extensively (see also discussion on biogeography
below). Existing studies on freshwater nematodes
show extreme regional bias; those from the south-
ern hemisphere are extremely underrepresented,
especially compared to European freshwater bodies
(Fig. 1). The total number of species reported from
freshwater environments in Europe is currently nearly
1000. Although very few researchers work on
freshwater nematodes, many new species are added
every year. There is no reason to expect a different
trend in other continents. For instance, we (EA)
sampled a number of lakes in the northeastern USA
and encountered many new species and genera
(unpublished). Consequently, the current total num-
ber is primarily a reflection of sampling effort rather
than of any genuine differences in regional richness.
Nematode biogeography is still in its early stages and
in general, distribution of major nematode taxa are
discussed per continent. About 53% of the freshwater
species are recorded from the Palearctic, more
specifically from Europe and Russian territories.
Assuming that the total species count will double in
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Table 2 Distribution of the number of nematode freshwater genera in each biogeographic region. PA: Palearctic, NA: Nearctic, NT:
Neotropical, AT: Afrotropical, OL: Oriental, AU: Australasian, PAC: Pacific and oceanic islands, ANT: Antartic

PA NA NT AT OL AU PAC ANT World
Enoplea
Enoplida 16 5 5 6 2 3 2 1 19
Triplonchida 22 25 15 13 7 4 0 1 27
Dorylaimida 59 46 45 40 56 12 3 0 103
Mononchida 14 16 14 14 11 9 4 0 20
Mermithida 36 20 5 11 31 0 0 52
Subtotal 147 112 84 84 107 29 9 2
Chromadorea
Chromadorida 8 5 2 2 2 3 1 0 9
Desmoscolecida 1 0 1 1 0 1 1 0 1
Desmodorida 2 2 3 2 0 0 1 1 5
Monhysterida 11 5 5 6 10 1 2 2 14
Araeolaimida 1 1 0 1 1 0 0 0 1
Plectida 13 10 10 10 7 6 3 1 13
Rhabditida 52 26 21 6 14 6 0 0 55
Subtotal 88 49 42 28 34 17 8 4
Total 235 161 126 112 141 46 17 6

Table 3 Distribution of the number of nematode freshwater families in each biogeographic region. PA: Palearctic, NA: Nearctic,
NT: Neotropical, AT: Afrotropical, OL: Oriental, AU: Australasian, PAC: Pacific and oceanic islands, ANT: Antartic

PA NA NT AT OL AU PAC ANT World
Enoplea
Enoplida 8 4 5 5 2 2 2 1 8
Triplonchida 6 6 6 6 6 3 0 1 6
Dorylaimida 12 12 11 11 13 7 2 0 16
Mononchida 4 5 5 5 5 5 3 0 5
Mermithida 2 1 1 1 1 1 0 0
Subtotal 32 28 28 28 27 18 7 2
Chromadorea
Chromadorida 4 4 2 2 2 3 1 0 4
Desmoscolecida 1 0 1 1 0 1 1 0 1
Desmodorida 2 2 3 2 0 0 1 1 3
Monhysterida 3 2 2 2 2 1 1 2 4
Araeolaimida 1 1 0 1 1 0 0 0 1
Plectida 6 4 5 5 4 4 2 1 6
Rhabditida 18 12 15 6 9 6 0 0 19
Subtotal 35 25 28 19 18 15 6 4
Total 67 53 56 47 45 33 13 6

European freshwater bodies, and that seen in the light
of many uninventoried ancient lakes in various parts
of the world, a roughly similar number of species

could be expected from most the other biogeographic
regions except for Antarctica, the Oceanic and Pacific
Islands and Australia, the global species count from
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freshwater bodies undoubtedly will be at least about
14,000 species.

Phylogeny and historical processes

In the past 10 years, hypotheses of nematode rela-
tionships have become considerably more detailed
thanks to the advent of molecular phylogenetics. It is
now fairly clear that the old grouping of pseudoco-
elomates into a phylum Aschelminthes has no
phylogenetic basis, and that the closest living
relatives of nematodes are probably found in other
phyla comprising vermiform moulting animals such
as Nematomorpha or Priapulida—but not in ciliated
interstitial or aquatic invertebrates such as Turbellar-
ia, Gastrotricha, or Rotifera. The recent proposal of
Ecdysozoa (Aguinaldo et al., 1997), an encompassing
clade of all moulting invertebrates that would include
both Nematoda and Arthropoda, remains much more
controversial. Although originally based on molecu-
lar data, follow-up analyses based on increasing
numbers of molecular loci have produced conflicting
results and at this point the molecular and morpho-
logical evidence is decidedly ambiguous with regular
publication of mutually contradictory studies (see,
e.g., Philippe et al., 2005 versus Philip et al., 2005).

Within Nematoda, small subunit ribosomal DNA
sequences support three major clades (Aleshin et al.,
1998; Blaxter et al., 1998; De Ley & Blaxter, 2004),
corresponding largely to the previously recognized
subclasses Chromadoria, Enoplia and Dorylaimia
(Pearse, 1942; Inglis, 1983)—but not to the tradi-
tional classes Secernentea and Adenophorea (Chit-
wood, 1958). Chromadoria and Enoplia each include
various groups of marine, estuarine, and freshwater
nematodes, while Dorylaimia are common in fresh-
water habitats but with very few exceptions unknown
from marine or estuarine environments. The relation-
ships between these three clades remain as yet
unresolved, a problem that may in part be due to
problems with outgroup choice and lingering uncer-
tainty about the exact sister phylum of Nematoda. It
is usually assumed that the most recent common
ancestor of nematodes was a marine organism,
although the lack of resolution for the basal dichot-
omies in the nematode tree allows for the alternative
scenario that nematodes arose in a freshwater envi-
ronment instead.
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The relationships within nematode subclasses,
orders, and families are becoming increasingly clear,
thanks to a small explosion of phylogenetic studies
(e.g., Mullin et al., 2005). Unfortunately, the biogeo-
graphical record is, in most cases, far too incomplete
to allow for any rigorous analyses of species distri-
bution and the historical processes that have enabled
or constrained it. In a few groups of terrestrial
nematodes, notably in Leptonchoidea, Hoplolaimus,
and Longidoridae, patterns of dispersal and vicari-
ance have been detected that reflect limited dispersive
abilities and suggest an effective role of oceans as
barriers for dispersal between continents of these
particular nematodes (Ferris et al., 1976; Topham &
Alphey, 1985; Geraert, 1990; Coomans, 1996). No
comparable studies exist for freshwater nematodes,
however, and it remains unclear to what extent
phylogenesis has been driven or constrained by
physical barriers and plate tectonics.

Present distribution

Zoogeographic regions and the distribution of
nematodes

Current contribution presents a first attempt to
summarize and map the biogeographic distribution
of freshwater nematode taxa. However, the resulting
data have to be interpreted with care.

Nematodes are often microscopic and many have
resistant life stages which allow them to take advantage
of many effective passive distribution mechanisms
through wind, flowing water, and biological agents
such as moving animals. Migratory birds typically
gravitate toward freshwater sources and, though spec-
ulative, may transport resistant stages of nematodes
across long distances. In a study of a remote limnetic
location in the Galdpagos archipelago, Eyualem and
Coomans (1995) concluded that ten out of 18 species
were cosmopolitan and the remaining six were widely
distributed in the Southern hemisphere (two were new
records). They argued that the most likely hypothesis to
explain the presence of these freshwater nematodes on
the Galapagos was through passive and very occasional
transport by birds.

Once transported, many freshwater nematodes have
special reproductive strategies: parthenogenesis, rela-
tively rapid maturation upon hatching, short generation
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times and considerable numbers of progeny per female,
rendering nematodes efficient colonizers.

Studies of fluctuating environments such as vernal
pools and ephemeral water bodies (Hodda et al.,
2006) provide excellent examples of the resilience of
nematode communities. Their ability to withstand
harsh environmental fluctuations allows them to cross
barriers that may significantly limit the distribution of
larger organisms. Furthermore, the spatial and tem-
poral scales at which evolutionary processes work
and diversity hot spots emerge may not be the same
for microscopic forms as for larger organisms.

Taxonomical bias

As previously illustrated, records of many species
need to be checked for correct identification, a task
which is often not possible because no voucher
specimens, especially of ecological studies, are stored
and literature is not always available. Further, several
taxa need revision. Most aquatic genera (including
limnetic genera) are either claimed to be ubiquitous
or widely distributed (Jacobs, 1984; Eyualem and
Coomans, 1995; Michiels and Traunspurger, 2005).
As noted above, however, the large majority of
species are recorded in the literature from single
locations. This apparent contradiction could very well
be due to issues of ‘doubtful identification’ and poor
morphological resolution (Jacobs, 1984; Tsalolikhin,
1992; see discussion above). If ubiquity is a general
phenomenon in freshwater nematodes, as claimed, we
need to confirm it using additional methods than
morphology alone.

Distribution versus sampling bias

Although free-living nematodes are present in all types
of limnetic habitats, including extreme conditions,
discussion of their biogeographic distribution is ham-
pered largely by the regionally biased surveys con-
ducted so far. Some regions are well studied compared
to others: for example, the Palearctic region (more
specifically Europe and Russian territories) is the most
sampled zoogeographic region for freshwater nema-
todes. Also the more extensive sampling is carried out,
the greater the chance that “soil” nematodes are
collected from waterlogged habitats and recorded as
freshwater nematodes. As a result, the number of
freshwater nematodes is biased and in-depth discussions

about distribution and endemicity of nematode species
are still largely premature.

The recorded limnetic fauna of Antarctica with its
extreme environmental conditions is at present
restricted to 10 species, 2 species belonging to the
Enoplea and 8 to the Chromadorea (5 of these are
plectid species). Important orders such as Dorylaimi-
da and Rhabditida have not been reported from
antarctic freshwater habitats, although they do occur
in antarctic soils. It could well be that some of these
species are seasonally aquatic but have not yet been
collected at the right moment and in the right places
during the brief antarctic summer. Few information is
available form the Oceanic and Pacific Islands except
for the Solomon Islands and New Caledonia. The
freshwater nematofauna of the other biogeographic
regions is represented by all orders of the Enoplea
and the Chromadorea apart from the mainly marine
order Desmoscolecida not observed in Nearctic,
Oriental, and Australasian regions. The largely
marine order Desmodorida with only a few freshwa-
ter taxa has also not been recorded from Australasia
and Oriental and Araeolaimida appeared to be absent
in the Afrotropical region. In general, the proportion
of representatives of the seven orders of the Chrom-
adorea does not vary much between continents; the
majority of families belong to the Rhabditida. The
largest number of families has been recorded for the
Palearctic region with 89% of the total number of
freshwater nematode families while Australiasia
shows a more aberrant picture on the lower side of
the range with 44% representation of freshwater
families; the number of species for both biogeo-
graphic regions is, respectively, 56% and 3.8% of the
total freshwater species.

A closer look at specific groups, for example, the
Mononchina, reveals that of the 99 species recorded
from freshwater habitats, 58 were recorded from a
single biogeographic region, 17 species from 2
regions, 8 species from 4 regions, 4 species from 5
or 6 regions and 7 species were recorded worldwide
(except Antarctica). Similar results were found for
the typical freshwater taxa within the Tobrilina. Of
100 species, 83 are recorded from a single biogeo-
graphic region, 10 species from 2 regions, 4 species
from 3 regions and a single species for 4-6 bioge-
ographic regions. No species were recorded for the
Antarctic region. Records from one continent are
often confined to a single locality.
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The effect of bias in sampling effort on the bioge-
ography of nematodes can be most clearly demonstrated
by considering the case of Mermithida. The current
picture at the genus and species level (Fig. 2) shows a
pattern where mermithids are much more diverse in the
northern than the southern hemisphere. Consequently,
the family Mermithidae is claimed to have a Holarctic
distribution (Rubtsov, 1974 in Kozhova et al., 2000). In
reality, the current data is inconclusive with regard to
global distribution and the observed pattern may simply
be an artifact of sampling bias: nematological literature
reveals that there has been very little research focus on
mermithids in the southern hemisphere and as a result
we know little about mermithids of that region (see also
discussion above). Furthermore, differences in taxo-
nomic approaches are likely to muddle the picture even
further. Thus, the higher number of mermithid species
reported from Europe and Asia compared to North
America is probably partly due to the tendency of
mermithid specialists in North America to be more
reluctant in proposing new species or accepting known
ones (compare, e.g., Curran & Hominick, 1981 with
Rubtsov, 1981).

Endemism

Discussions of nematode endemism are largely
premature because of the extremely limited efforts
devoted to inventorying freshwater nematodes on a
geographic scale, compounded by the almost inevitable
operational bias and patchy nature of sampling efforts
in hitherto conducted studies. A case in point is the
study of nematodes in ancient lakes. These lakes are
particularly important in view of the fact that they are
natural laboratories for speciation (Rossiter &
Kanawabe, 2000) and a deserved focus on their
nematofauna may be of paramount significance to our
understanding of freshwater nematode biogeography.
Decraemer & Coomans (1994) summarized the
nematode species count from the ancient lakes
Malawi, Kinneret, Titicaca, Tanganyika, and Ohrid
tobe 3,7, 11, 14, and 24, respectively. Lake Baikal is
one of the better studied among the ancient lakes with
a rich nematofuana of 92 species in 20 families of
which about 90% are considered endemic to the lake
(Kozhova et al., 2000). Taxonomically, tobrilids
disproportionately dominate the community with
globally unparalleled diversity making this lake the
center of known tobrilid diversity (Tsalolikhin, 1980,
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1983). In light of the continuing new species
discovery (e.g., Shoshina, 2003) and the effects of
sampling effort on species richness estimates (e.g.,
Michiels & Traunspurger, 2004), the actual nematode
species diversity in Lake Baikal could well be much
higher than thus far reported. Furthermore, employ-
ing taxon delimitation criteria other than morphology
may reveal cryptic species. However, no detailed
population genetic studies were carried out on
freshwater nematodes and only few on free-living
marine nematodes (Derycke et al., 2005). The latter
molecular study showed a strong genetic differenti-
ation among populations and an inverse correlation
between dispersal ability and genetic differentiation.
Understanding historical and ecological processes
that led to the evolution of a tobrilid flock in lake
Baikal, for example, would provide clues in under-
standing mechanisms of speciation and biogeography
of nematodes in other freshwater bodies. This being
S0, it is plausible that all ancient lakes could similarly
be centers of diversity for nematode (sub)groups.
Unfortunately nematode communities of many ancient
lakes (Lakes Lanao, Victoria, Malawi, Tanganyika,
Khubsugul, Biwa, Pannon, and Shanwang) have not
been studied in any meaningful way and our knowl-
edge of even these scientifically famous lakes remains
extremely patchy. This lack of information is even
greater for smaller or much more cryptic freshwater
bodies. Recent discoveries of invertebrate hyperdiver-
sity in freshwater habitats such as the underground
calcrete formations in western Australia (Leys et al.,
2003) or the stromatolite pools in Cuatro Ciénegas,
Mexico (Dinger et al. 2005) stand out as locations that
are likely to reveal an abundance of nematodes,
potentially with a high number of new taxa.
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Abstract Freshwater hairworms (Gordiaceae) and
marine hairworms (Nectonematoidea) comprise the
phylum Nematomorpha. Only the freshwater forms
are discussed here. While freshwater hairworms
develop as parasites of both aquatic and terrestrial
arthropods, they all enter fresh water to mate,
oviposit and produce infective stages (preparasitic
larvae). The global species diversity of freshwater
hairworms based on published descriptions is approx-
imately 326 species and a conservative estimate for
the global species diversity in this group would be
around 2,000 species.

Keywords Nematomorpha - Hairworms -
Gordiaceae

Introduction

There are two classes in the phylum Nematomorpha:
the freshwater hairworms or Gordiaceae, comprising
a dozen genera and the marine hairworms or Necto-
nematoidea, with a single genus. The host range,
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species diversity and distribution of the Nectonem-
atoidea were summarized by Poinar and Brockerhoff
(2001) and since all of the five known species are
marine, they will not be included here.

While all freshwater hairworms develop as para-
sites in arthropods, all enter fresh water to mate,
oviposit, and infect paratenic hosts. Freshwater
hairworm adults, eggs and preparasitic larvae occur
in ponds, streams, lakes, and various man-made
structures that retain water. The adults range from tan
to black in color and from several centimeters to over
a meter in length. The body wall is covered with a
hard, opaque, multilayered cuticle that varies in
texture from smooth to highly sculptured. The surface
projections (areoles), warts and/or bristles on the
epicuticle as well as the male tail, provide important
taxonomic characters. While the anterior end can be
attenuated, the tail may be rounded, bilobed, or even
trilobed. Hairworm preparasitic larvae are capable of
encysting (without development) in a wide range of
paratenic hosts, including invertebrates and verte-
brates. Development occurs in the body cavity of
invertebrates (especially insects) that have ingested
paratenic hosts (Poinar, 2001; Schmidt-Rhaesa, 1997,
Smith, 2001; Hanelt et al., 2005) Fig. 1.

Species/generic diversity

Some 21 extant and two fossil genera of freshwater
hairworms have been described worldwide (Table 1).
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Fig. 1 A typical hairworm
life cycle. (A). Hairworm
adults emerge from an
insect host (Orthoptera).
(B). Hairworms mate and
oviposit in freshwater. (C).
A preparasitic hairworm
larva ready to hatch from its
egg. (D). Using anterior
stylets and posterior spines,
a larva penetrates the gut of
a paratenic host. (E). Larvae
encyst in the body cavity of
paratenic host (here a caddis
fly larva). (F). A hairworm
larva encysted in the tissues
of its paratenic host.
Development of the
hairworm is completed
when the paratenic host is
eaten, together with the
encysted hairworm larvae,
by the final (definitive) host.
Not drawn to scale

Some of these genera are questionable and further
studies are needed to test their reliability. Species
diversity is difficult to determine since the intraspe-
cific variation of most species is unknown and some
characters now used for species separation may not
be reliable. The global species diversity based on
published descriptions varies according to authorities,
but is around 326 species (Table 2). An estimate for
the projected global species diversity in this group
would be around 2,000 species (Table 3). The
Nematomorpha is an ancient group that probably
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extends back at least to the Carboniferous, although
fossils are extremely rare, the oldest dating from the
Early Cretaceous (100 mya) (Poinar & Buckley,
2006) Fig. 2.

Phylogeny and historical processes

The hairworms represent a relict group that is not
closely related to any other living phylum. Various
authors have attempted to show phylogenetic
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relationships between hairworms and other ‘pseudo-
coelomate’ phyla (summarized by Schmidt-Rhaesa,
1998). However, it is difficult to determine the
phylogenetic relationships of a group when there are
no completely free-living members and the morphol-
ogy and development are incompletely known
(Bresciani, 1991). Also since the preparastic larvae
are quite different from the adults, a phylogenetic
position based on morphology will differ depending
on the character states chosen. The morphology of
adult and preparasitic larval freshwater hairworms is
unique and supports the view that hairworms sepa-
rated from the main body of the Aschelminthes at an
early stage. Perhaps molecular studies will reveal if
hairworms are related to the kinorhynchs, priapulids,
rotifers, or nematodes, the groups considered by most
to be their closest relatives.

Table 1 Freshwater hairworm families and genera

Gordiidae May 1919

Acutogordius Heinze, 1952

Gordius L. 1766

Chordodidae May 1919

Beatogordius Heinze, 1934

Chordodiolus Heinz, 1935

Chordodes Creplin, 1847

Cretachordodes Poinar & Buckley, 2006 (fossil genus)
Dacochordodes Capuse, 1965

Digordius Kirjanova, 1950

Euchordodes Heinze, 1937

Gordionus G. W. Miiller, 1927
Lanochordodes Kiryanova, 1950
Neochordodes Carvalho, 1942
Noteochordodes Miralles & Villalobos, 2000
Paleochordodes Poinar, 1999 (fossil genus)
Pantachordodes Heinze, 1954
Parachordodes Camerano, 1897
Paragordius Camerano, 1897
Paragordionus Heinze, 1935

Progordius Kirjanova, 1950
Pseudogordius Yeh & Jordan, 1957
Pseudochordodes Carvalho, 1942
Semigordionus Heinze, 1952

Spinochordodes Kirjanova, 1950

Table 2 Approximate number of hairworm species in geo-
graphical regions (total # of species = 326)

Regions Number of  Major references
hairworm
species
Africa 64 Camerano (1915);
Sciacchitano (1958)
Asia 28 Sciacchitano (1958)
Australia 9 Schmidt-Rhaesa et al.
(2003);
Schmidt-Rhaesa (2002);
Schmidt-Rhaesa &
Bryant (2004b)
China 8 Camerano (1915)
Europe 99 Schmidt-Rhaesa (1997)
India 31 Camerano (1915)
Japan 11 Schmidt-Rhaesa (2004a)
Madagascar 5 Sciacchitano (1958)
Malaysia 3 Poinar (2004)
New Zealand 5 Poinar (2006)
North America 18 Poinar & Chandler (2004)

Pacific Islands 13 Sciacchitano (1958);

Schmidt-Rhaesa (2003)

Camerano (1915);
Sciacchitano (1958);
Schmidt-Rhaesa &
Menzel (2005)

South & 32
MesoAmerica

Table 3 Estimated species diversity of hairworms (total
# = 2000)

Zoogeographic Estimated number
Region of species
Palaearctic 250

Nearctic 200

Neotropical 500

Afrotropical 400

Australasian 300

Oriental 300

Pacific Oceanic Islands 50

Present distribution and main areas of endemicity

A worldwide study of the biodiversity of hairworms
developing in ground beetles (Carabidae: Coleoptera)
showed that at least 70 species of beetles are
parasitized by 47 species of hairworms belonging to
at least five genera (Poinar et al., 2004). The
environmental conditions for hairworm survival are
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Fig. 2 Biodiversity of hairworm species/genera in each
zoogeographic region. Since hairworm genera are widespread,
many of the 21 known genera occur throughout the world.
There are some 326 described hairworm species. The high
level of biodiversity in the Palaearctic probably indicates the

more complex than that for the host, since most
hairworms need both an aquatic paratenic and a
terrestrial developmental host.

Human related issues

There is no direct economic or medical importance of
freshwater hairworms. Hairworms can serve as
natural biological control agents by reducing plant-
feeding orthopterans, however they also parasitize
predatory insects (Poinar et al., 2004).

Freshwater hairworms are rarely collected since
they normally occur in small numbers and are well
camouflaged. However in some localities, such as the
South Island, New Zealand, one species (Euchord-
odes nigromaculatus) occurs along forest streams in
the hundreds at certain times of the year.

The main threats to freshwater hairworms are
habitat changes that destroy their hosts and water
sources, polluted waters that kill their eggs and newly
hatched larvae and predators, parasites and pathogens
that attack their paratenic and developmental hosts,
and in some cases, hairworms themselves (Poinar,
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higher number of studies undertaken rather than an especially
high level of biodiversity. PA—Palaearctic; NA—Nearctic;
NT—Neotropical; AT—Afrotropical ; OL—Oriental; AU
Australasian; PAC—Pacific Oceanic Islands; ANT—Antarctic

2001). Most hairworm species probably would be
candidates for the Red Data Book species, although a
thorough sampling to determine the natural distribu-
tion of most species has not been undertaken.
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Abstract The global diversity of inland water
Gastrotricha is poorly known, and information is
extremely heterogeneous. Gastrotricha have been
studied most widely in Europe and America, whereas
data from the other continents are scattered or not
even available. This scanty information is related to
several reasons, first of which is the technical
difficulty in collecting and studying microscopic
and soft-bodied species. In addition, the research
has been limited mostly to the epibenthos and
periphyton in lentic waters, and the gastrotrich
taxonomy is still under discussion mainly because
of the great intraspecific variability. Three of the five
freshwater families are widespread or cosmopolitan,
and most genera have been reported from at least two
continents. There is strong evidence of a high
diversity in genera and species in tropical areas.
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Nearly a half of the freshwater species are known
from only one country or even only from one site, but
the insufficient faunistic knowledge does not allow
defining them as endemic. The phylogenetic relation-
ships and possible evolutionary trends of inland water
species of Gastrotricha are outlined.
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Introduction

Gastrotricha are aquatic microinvertebrates compos-
ing a constant, important component of the benthic
communities in marine and freshwater habitats. In
spite of the often high number of populations,
gastrotrichs are not yet well known, possibly due to
their minute size and body fragility, which make
studying them very difficult. The phylum consists of
nearly 690 named species, grouped into two orders,
Macrodasyida and Chaetonotida, greatly different in
morphology, reproductive biology and ecology. Mac-
rodasyida are about 240 worm-like species, all
interstitial in marine and estuarine habitats except
for two freshwater ones. The roughly 450 species of
Chaetonotida are tenpin-shaped, interstitial or epi-
benthic in marine, brackish, but mainly freshwater
habitats (Balsamo & Todaro, 2002; Fig. 1). Most of
the 318 inland waters gastrotrich species have been
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Fig. 1 Chaetonotus schultzei, SEM

reported from the periphyton and the surface layer of
organic sediments in eutrophic, lentic biotopes
(Kisielewski, 1998). About 70 species are known
from an interstitial habitat, a half of which can be
found in lotic waters (see Ricci & Balsamo, 2000).
Freshwater Gastrotricha are presently grouped into 21
genera in 5 families of Chaetonotida, and into two
genera ‘incertae sedis’ of Macrodasyida. Many
species have been discovered in the last 50 years,
but the list of the species accepted in the current
systematization of the group is currently under review
following recent extensive and careful faunistic
surveys (see for references Schwank, 1990; Kisie-
lewski, 1991, 1998; Naidu & Rao, 2004).

Global species diversity
Past research

First descriptions of freshwater gastrotrich species go
back to the XVIII-XIX centuries in detailed studies
carried out by famous zoologists, but the systematic
research started in late XIX century leading to the
first, important monograph by Zelinka (1889) on the
European and North American freshwater species. In
the beginning of the 1900s scattered faunistic and
systematic information was gathered mainly in
Europe, but as far away as Africa, India, Ceylon,
Tibet, Japan, New Guinea, Jamaica, Paraguay, and
America. Since 1970 a significant rise of interest
brought about a series of studies mostly in Europe but
also in Israel, India, Japan, Korea, US, Argentina and
Brazil. Research has touched almost only continental
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biotopes, but some data are also available for insular
fresh waters (Tuscan Archipelago, Italy; Azores,
Portugal; Jamaica; see Schwank, 1990; Kisielewski,
1998). The history of the knowledge of brackish-
water species is much shorter. Scattered, occasional
findings in low-salinity environments have concerned
European coastal lagoons, estuaries, deltas, Brazilian
mangroves and Amazonian estuaries, even hundreds
of kilometres from the sea (see Kisielewski, 1991).
Brackish-water gastrotrichs are mostly marine, chae-
tonotidan species, clearly adapted to great salinity
variations. Only a minority of freshwater species can
survive salinity, and very few are exclusive to
brackish waters and may be endemic of these habitats
(Kisielewski, 1991; Tongiorgi et al., 1999).

Estimated global diversity

At a high taxonomical level, the Chaetonotida
families Dasydytidae, Neogosseidae and especially
Chaetonotidae (subfamily Chaetonotinae) appear to
be widely distributed. The other families show a
limited distribution: the rare Dichaeturidae have been
occasionally found in few European sites, the ditypic
Proichthydiidae are only known from South America
and Asia, and the subfamily Undulinae (Chaetonot-
idae) is reported from one site in Amazonia (see
Schwank, 1990; Kisielewski, 1991). The only two
freshwater monotypic genera of the order Macrod-
asyida, each recorded in one site, are known only in
Europe and South America, respectively (Ruttner-
Kolisko, 1955; Kisielewski, 1987). At a super-
specific level, almost a half of the genera show an
intercontinental distribution. A high diversity of
endemic genera in the Brazilian fauna, but not in
the European and Levantine ones has been evidenced
by Kisielewski (1991). About 1/3 of European
species and 1/3-1/2 of South American ones appear
cosmopolitan. The distribution of the other species, as
well as that of subgenera and genera seems to be
restricted to a single continent or, if intercontinental,
to the tropical zone. The few studies carried out in the
tropical area show a very high generic and specific
diversity even of families rare in temperate zones
(Kisielewski, 1991). This strongly suggests that
freshwater fauna, especially the highly specialized
families, will be much richer in the tropical regions.
Detailed and reliable faunistic comparisons were
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made by Kisielewski (1991, 1999), through exhaus-
tive studies carried out in Poland, Brazil and Israel.
About 1/3 (33.7%) of the species found in Brazil was
known also in Europe, while the percentage of
European species was higher (54.5%) in Israel,
probably due to the closer zoogeographical relation-
ships and shorter distance between Levant and
Europe.

Aspects of phylogeny and evolution

Gastrotricha for a long time have been placed at the
base of the ‘Aschelminthes’, close to Kinorhyncha,
Nematoda, Rotifera or Gnathostomulida (see Boaden,
1985). Recent phylogenetic analyses of the protostomes,
based on morphological, molecular, developmental
and ecological evidences, have agreed on the basal
position of the phylum. Gastrotricha have been
included in Cycloneuralia, or linked to Gnathosto-
mulida or to Platyhelminthes (see Zrzavy et al.,
2002). The phylum has been considered as the sister-
group of Ecdysozoa, included in the Spiralia, and in
the ‘Platyzoa’ (see Zrzavy et al., 2002). Despite the
key role generally assigned to Gastrotricha in the
protostomes phylogeny, their relationships to other
lower metazoans are not yet defined (Schmidt-
Rhaesa, 2002). The numerous and great differences
between the two orders have given rise to hypothesize
that they are paraphyletic to Nematoda, or even that
they belong to different phyla (Manylov et al., 2004).
The monophyly of the orders and of the phylum has
been strongly supported by cladistic morphological
and molecular (18S rRNA) analyses (Hochberg &
Litvaitis, 2000, 2001; Todaro et al., 2006), but the
ancestry of each order and the relationships among
families are still open questions. Further efforts in
detecting possible plesiomorphies useful to clarify
internal phylogeny are needed (Ferraguti & Balsamo,
1995; Hochberg & Litvaitis, 2000, 2001). Among
Chaetonotida, Neodasyidae and Xenotrichulidae are
marine families, Dasydytidae, Neogosseidae and
Proichthydiidae are exclusively freshwater, and Di-
chaeturidae are freshwater with unclear connections
with brackish and marine habitats (Kisielewski, 1990).
The largest family Chaetonotidae has three marine
genera (Diuronotus, Halichaetonotus, Musellifer), three
freshwater ones (Arenotus, Polymerurus, Undula), and
five including both marine and freshwater species

(Aspidiophorus,  Chaetonotus, — Heterolepidoderma,
Ichthydium, Lepidodermella). Hence, most primitive
forms were possibly marine, psammic Macrodasyida
and Chaetonotida might evolve later, mainly radiating
in freshwaters as epibenthic or semipelagic forms. The
only two extant freshwater Macrodasyida may repre-
sent successful attempts of colonization of inland
waters by this marine order. In addition, a few other
macrodasyidan species occur in brackish waters, even
at salinity, as low as 1%o (see Kisielewski, 1990). The
presence of Macrodasyida far from river mouth, and
also in deep beach freshwater springs, suggests a
colonization of freshwaters not only through estuarine
sediments, but also through water bodies created
near beach springs during the marine regression
(Kisielewski, 1990). Few, mainly marine Chaetonotida
are psammic in brackish waters, but only two species
appear exclusive to this habitat, perhaps being rare
survivors of the Messinian crisis of the Mediterranean
(Tongiorgi et al., 1999). The much greater success of
Chaetonotida in colonizing inland waters is proved by
the high number of freshwater species, more than 2/3 of
the total number of chaetonotidans. The general
epibenthic lifestyle is probably related to the organic
and muddy nature of these sediments, and appears to
have been favoured by particular morphological and
biological adaptations [e.g. cuticular sculpturing, par-
thenogenesis, resting eggs]. Periphytic and semipelagic
habitus have possibly developed as adaptations to new,
abundant, trophic substrata (vegetation), that are
better exploited by this group in lentic waters rather
than in lotic ones or in the turbulent, littoral
sediments. The primary or secondary presence in
the freshwater psammon of the few Chaetonotida
cannot be stated with certainty. The radiation of
marine Gastrotricha, all interstitial, probably occurred
in sandy sediments, whereas the ecological evolu-
tionary trends of inland-water gastrotrichs and the
importance of the psammic habitat in this process are
still unclear, and could have occurred in different ways
in Europe and in South America (see Kisielewski,
1990).

Zoogeography and endemicity
The geographic distribution of the marine gastrotrich

fauna is well-known from many world areas (see
Hummon, 2001; Naidu & Rao, 2004; Todaro &
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Table 1 Total number of inland-water (freshwater + brackish-water) species of Gastrotricha per family and per biogeographical

region

Biogeographical Region PA NA NT AT OL AU PAC ANT World
Order/Family

Chaetonotida 221 +2 71 91 10 29 8 0 0 316 + 2
Chaetonotidae 192 + 2 60 76 7 25 8 0 0 281
Dasydytidae 21 9 10 0 2 0 0 0 34
Dichaeturidae 3 0 0 0 0 0 0 0 3
Neogosseidae 4 2 4 3 1 0 0 0 8
Proichthydiidae 1 0 1 0 0 0 0 0 2
Macrodasyida 1 0 1 0 0 0 0 0 2
incertae sedis 1 0 1 0 0 0 0 0 2

Total 222 +2 71 92 10 29 8 0 0 318 +2

PA: Palearctic; NA: Nearctic; NT: Neotropical; AT: Afrotropical; OL: Oriental; AU: Australasian, PAC: Pacific Oceanic Islands,

ANT: Antarctic

Rocha, 2005), whereas that of freshwater species is
still very limited, mainly reflecting researchers
nationality. Freshwater Gastrotricha have been stud-
ied at extremely different levels in the various parts
of the world. In Europe, where most research has
been done, 213 species have been identified; 92
species have been reported in South America, 71 in
North America, 64 in Asia, 10 in Africa, 8 in Oceania
and none in Antarctica (Table 1). Some European
countries have been the object of special surveys:
France (29 spp.; d’Hondt, 1967), Germany (90 spp.;
Remane, 1935-36; Schwank, 1990), Italy (92 spp.;
Balsamo & Tongiorgi, 1995), Poland (98 spp.; see
Kisielewski, 1998), Romania (90 spp.; see Rudescu,
1967); Russia (91 spp, see Tretjakova, 1991), and
United Kingdom (58 species; see Martin, 1990).
Single or few records are available for other Euro-
pean countries, or even none at all from Portugal
[except for Azores] and Netherlands. Data from
North America mainly concerns the US (see Weiss,
2001), and Canada (Schwank, 1990), whilst from
Central and South America records regard Argentina
(see Grosso & Drahg, 1991), Brazil (Kisielewski,
1987, 1991) and French Guyana (d’Hondt et al.,
2006). Some information is available for Colombia,
Jamaica, Paraguay, Uruguay (see Schwank, 1990). Of
the Asian countries only India (see Naidu & Rao,
2004), Israel (Kisielewski, 1999), Japan (see Sudzuki,
1975) and Korea (Lee & Chang, 2000) have been
investigated. Few, scattered records are available for
Africa and Oceania: New Guinea and Australia (see
de Beauchamp, 1932; Hochberg, 2005; Fig. 2). There
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is no data available for Antarctica and Pacific Islands.
This whole picture points out many gaps in the
distribution knowledge, as entire world areas have
not yet been explored.

Research has especially focused on the epibenthos
and periphyton of mesotrophic and eutrophic lentic
waters, in which a rich, diversified fauna is known to
exist (Kisielewski, 1998). Some special studies have
found a few species in sandy and sandy-silty
sediments of lentic and lotic fresh waters, in lagoons
and estuarine brackish waters, areas generally con-
sidered unsuitable for gastrotrichs for various reasons
(water turbulence, substrate perturbation, saline
excursion etc.) (see Ricci & Balsamo, 2000). We
know almost nothing about gastrotrichs from extreme
habitats of biogeographic interest, such as inland
saline lakes, deep-sea freshwater springs, river
springs, warm springs, oasis springs, cave pools and
hyporheic waters. A zoogeographical analysis of the
inland-water Gastrotricha is at present very difficult
due to a heterogeneous faunistic knowledge in
different world regions, and a general insufficiency
of data. At least a third of the genera and a half of the
species known in inland waters have been recorded
from only one country, often from only one site
(Table 2). The scanty faunistic information from
large areas of the world suggests caution in defining
these taxa as endemic ones.

Taxonomic descriptions of freshwater species and
iconography have been produced by the authors
according to personal, not standardized criteria.
Permanent slides wuseful for comparisons are
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Fig. 2 Total number and
zoogeographical
distribution of inland water
(freshwater + brackish
water) species and genera of
Gastrotricha. PA,
Palearctic; NA, Nearctic;
NT, Neotropical; AT,
Afrotropical; OL, Oriental;
AU, Australasian, PAC,
Pacific Oceanic Islands;
ANT, Antarctic

Table 2 Total number of inland-water genera of Gastrotricha per family and per biogeographical region

Biogeographical Region PA NA NT AT OL AU PAC ANT World
Order/Family

Chaetonotida 17 12 16 6 7 2 0 0 21
Chaetonotidae 7 7 8 4 4 2 0 0 9
Dasydytidae 6 4 5 0 2 0 0 0 7
Dichaeturidae 1 0 0 0 0 0 0 0 1
Neogosseidae 2 1 2 2 1 0 0 0 2
Proichthydiidae 1 0 1 0 0 0 0 0 2
Macrodasyida 1 0 1 0 0 0 0 0 2
incertae sedis 1 0 1 0 0 0 0 0 2
Total 18 12 17 6 7 2 0 0 23

relatively few, often with scarce diagnostic value.
Most researchers have only worked in one continent;
so that an effective comparison of specimens from
different continents, but apparently of the same
morphospecies, has been possible in very few cases
(see Kisielewski, 1991). Even if some molecular
studies have tried to shed light on the relationships of
and within the phylum, the current taxonomy is still
based on morphological and ultrastructural features.
Comparisons are difficult, especially with old species,
most of which have been insufficiently described and
drawn without details that are now required for identi-
fication. Many species show a great morphological

variability, and several ‘forms’, or even subspecies,
have been described, but the value of these taxa is
questionable. All this makes the gastrotrich taxonomy
still unreliable, in spite of the recent systematic
revisions by Schwank (1990) and Kisielewski (1991,
1998).

Human related issues
As yet there is a no apparent human related issue for

freshwater Gastrotricha but they could be used as
bioindicators for the quality of the inland waters, as is
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the case of Macrodasyida in marine habitats. Diver-
sity of freshwater gastrotrich communities is highest
in mesotrophic-eutrophic unpolluted lentic waters,
although some species appear to be relatively tolerant
to changes in some abiotic factors.
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Abstract The present study considers 88 bryozoan
species occurring in freshwater: 69 phylactolaemate
and 19 gymnolaemate species. Roughly 49% of these
species are confined to one zoogeographical region.
The cosmopolitan status of species like Fredericella
sultana, Plumatella repens or P. emarginata has to be
reconsidered. Among the Phylactolaemata, which are
phylogenetically older than the Gymnolaemata, the
gelatinous species (Lophopodidae, Pectinatellidae,
Cristatellidae) are more primitive than the branching
tubular species (Plumatellidae, Fredericellidae).

Keywords Bryozoa - Ectoprocta - Phylactolaemata -
Gymnolaemata - Phylogeny - Zoogeography

Introduction

Bryozoa (Ectoprocta) are small benthic aquatic
invertebrates growing on submerged objects as
colonies of genetically identical zooids produced by
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budding (clonal asexual reproduction). They are
suspension feeders capturing organic particles with
a whorl of ciliated tentacles (lophophore). Whereas
earlier estimations amounted to 5600-5700 species,
Ryland (2005) estimates that there are more than
8000 extant bryozoan species. Fewer than a hundred
species (88 in our checklist) occur in freshwater; most
of them belong to the class Phylactolaemata (exclu-
sively living in freshwater), the rest to the class
Gymnolaemata (Order: Ctenostomatida) (Fig. 1).
All freshwater and most marine bryozoans are
hermaphroditic. Besides sexual reproduction and
clonal budding the phylactolaemates reproduce asex-
ually by means of statoblasts (buoyant floatoblasts
and fixed sessoblasts), which are very important for
species identification. Ctenostomes such as Paludi-
cella, Victorella, Tanganella, Pottsiella are known
for producing overwintering buds called hibernacula.
A new insight into the sexual and asexual reproduc-
tion structures of the phylactolaemates is given by
Walzl & Woss (2005) in a recent scanning electron
microscopy study of the soft body parts of this group.
All species with branching colonies are strictly
sessile, whereas a certain motility has been observed
in the gelatinous species Cristatella mucedo, Pectin-
atella magnifica, Lophopodella carteri and Lophopus
crystallinus. Freshwater bryozoans are not always
inconspicuous: giant gelatinous masses of Pectina-
tella magnifica—about 2.5 m long and 0.5 m wide—
have been found in Japan; according to T. Wood
(pers. comm.) large colonies are also known from
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Fig. 1 Habitus of freshwater bryozoans. (a) Paludicella
articulata, portion of a colony, bar = 2 mm (from Prenant &
Bobin, 1956). (b) Plumatella casmiana, young colony,
bar = 2 mm (after Rogick, from Geimer & Massard, 1986).
(¢) Lophopus crystallinus, zooids of a young colony still
attached to the valves of the floatoblast, bar = 1 mm (from
Brien, 1960 )

@ Springer

both Koreas. Plumatella fungosa may form colonies
exceeding the size of an adult human head.

Chromosome numbers are known for certain
species: Fredericella sultana: 2n = 14; Plumatella
emarginata: 2n =14 or 16; Cristatella mucedo:
2n = 16; Pectinatella magnifica: 2n = 18; Paludicel-
la articulata: 2n =20 or 22, Pottsiella erecta:
2n =22 or 24.

Taxonomy and species/generic diversity

Since the publication of the classic works of Prenant
& Bobin (1956), Brien (1960) and Wiebach (1960),
phylactolaemate taxonomy has advanced consider-
ably (Lacourt, 1968; Mukai, 1999; Wood & Okam-
ura, 2005). The latest revision of phylactolaemate
systematics is due to Vinogradov (2004) and still
waiting for general acceptance.

The number of species has significantly increased,
but proper species discrimination remains problem-
atic and often requires the examination of the
floatoblasts and/or sessoblasts by scanning electron
microscopy, whose taxonomical potentialities were
made out by Wiebach (1975) and Mundy (1980).
Geimer & Massard (1986) were “the first to use this
tool in a systematic way, clearly distinguishing
Plumatella repens from P. fungosa, and laying to
rest the enigmatic P. coralloides” (Wood & Okam-
ura, 2005).

Some of the 19 gymnolaemate species in our
checklist (Table 1) may be synonymous and need
further studies. The most recently discovered species
is Sineportella forbesi Wood & Marsh, 1996. Just like
Wiebach & d’Hondt (1978), we have not included
ctenostomate species such as Bowerbankia, nor the
brackish and estuarine representatives of the cheilos-
tomates (Membraniporidae, Electridae).

Lacourt (1968) lists 32 phylactolaemate species
(including 3 species he considers as doubtful), and
Bushnell (1973) 39 species. Wood (2002) assumes that
there are a total of 77 species (including 24 new species
and the confirmation of 14 others). More cautiously
Wood & Okamura (2005) state that “the number of
phylactolaemate species well exceeds 65, with more
expected from Asia and South America”. Our own list
includes 69 phylactolaemate species (Table 1), but we
are aware that some may be doubtful.
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Table 1 Numeric data for the different taxa of freshwater
Bryozoa

Taxon Families Genera Species

—_
=)

Gymnolaemata Allman, 1856 5 8
Victorellidae Hincks, 1880

Bulbella Braem, 1951

Sineportella Wood & Marsh, 1996

Tanganella Braem, 1951

Victorella Saville Kent, 1870

Pottsiellidae Braem, 1940 1
Pottsiella Kraepelin, 1887

Paludicellidae Allman, 1885 1
Paludicella Gervais 1836

Arachnidiidae Hincks, 1877 1
Arachnoidea (Moore, 1903)

Hislopiidae Jullien, 1885 1
Hislopia Carter, 1858*

Phylactolaemata Allman, 1856 5 16
Fredericellidae Hyatt, 1868 2
Fredericella Gervais 1838

Internectella Gruncharova, 1971

Plumatellidaec Allman, 1856 9 54
Afrindella Wiebach, 1964 3
Australella Annandale, 1910 1
Gelatinella Toriumi, 1955

Hyalinella Jullien, 1885

Plumatella Lamarck, 1816

Stephanella Oka, 1908

Stolella Annandale, 1909

Swarupella Shrivastava, 1981

Varunella Wiebach, 1974

Pectinatellidae Lacourt, 1968 1
Pectinatella Leidy, 1851

Cristatellidae Allman, 1856 1
Cristatella Cuvier, 1798

Lophopodidae Rogick, 1935 3
Asajirella Oda & Mukai, 1989

Lophopodella Rousselet, 1904

Lophopus Dumortier, 1835

Ectoprocta Nitsche, 1870 10 24

N = = NN = = RN = =

[eX)
— L O\ O

w
~N W =

Y T S B e Y e

(o]
(o]

*Incl. Norodonia Jullien, 1880 and Echinella Korotnev, 1901

The most recently described new species are:
Plumatella geimermassardi Wood & Okamura, 2004;
Plumatella bushnelli Wood, 2001; Plumatella mukaii
Wood, 2001; Plumatella nodulosa Wood, 2001;
Plumatella similirepens Wood, 2001.

Phylogeny and historical processes

The most ancient bryozoans are marine stenolae-
mates from the Lower Ordovician (about 500 million
years old). Traces of fossil marine gymnolaemates
are present in the Upper Ordivician; there are no
fossil records of freshwater gymnolaemates. Fossil
phylactolaemates are known only by their statoblasts;
among the oldest are plumatellid statoblasts from the
Upper Permian in the Asian part of the former
U.S.S.R. and possibly pectinatellid statoblasts from
the Upper Triassic Molteno Formation in South
Africa.

The phylogeny of the gymnolaemate superfamilies
with fresh or brackish water representatives (Hislo-
pioidea, Paludicelloidea, Arachnidioidea, Victorelloi-
dea) is illustrated by Todd (2000).

Concerning the phylactolaemates, Toriumi (1956)
established the following phylogenetic series based
on statoblast structure: Fredericella, Stephanella,
Plumatella/Hyalinella, Gelatinella, Lophopus, Lo-
phopodella, Pectinatella and Cristatella. A similar
but more extended phylogenetic tree, additionally
based on the number of tentacles, has been published
by Lacourt (1968). Using a cladistic approach Mukai
(1999) proposes a tree (Fig. 2) where first Frederi-
cella and subsequently Stephanella separate from the
stem of the remaining genera. Then two evolutionary
lines appear: (1) Hyalinella, Lophopus, Lophopodel-
la, Asajirella; (2) Gelatinella, Pectinatella, Crista-
tella. The genus Plumatella and these two
monophyletic groups are assumed to be “sister
groups that form an unresolved trichotomy”.

Fredericella  Fredericellidae

Stephanella  Stephanellidae
Asdajirella
/ Lophopodella Lophopodidae

Lophopus
Hyalinella

Plumatella Plumatellidae

Gelatinella

Pectinatella

Cristatella } Cristatellidae

Fig. 2 Phylogeny of the Phylactolaemata proposed by Mukai
(1999). The genus Hyalinella is here represented by a single
species (H. punctata) and the genus Plumatella includes some
allied genera
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The phylogenetic tree suggested by distance
analysis of 18S rDNA is quite different (Wood &
Lore, 2005). At the base of the tree (Fig. 3a) are all
globular colonies with large, hooked statoblasts and
large lophophores (Lophopodidae, Pectinatellidae,
Cristatellidae); at the top of the tree we find the
branching, tubular colonies with relatively smaller
statoblasts and lophophores (Plumatellidae incl. Hy-
alinella punctata, Fredericellidae). The same study
suggests that the phylactolaemates are more closely
linked to the phoronids and the brachiopods than to
the gymnolaemates (Fig. 3b). This is consistent with
studies on NOR-chromosome morphology that sug-
gest a possible derivation of the phylactolaemates
from the morphologically similar phoronids (Backus
& Banta, 2002).

Outgroup

—— Fredericellidae

L—— Plumatellidae

Cristatellidae

Pectinatellidac

(@

Lophopodidae

Outgroup

Phylactolacmata

E Phoronida

Brachiopoda

(b)

Ctenostomata

Cheilostomata

Fig. 3 (a) Phylogenetic tree suggested by distance analysis
(UPGMA) of 18S rDNA sequence data for 5 families (9
species) of phylactolaemate bryozoans using two phoronid
species as the outgroup. Dotted lines have an undefined length
(from Wood & Lore, 2005. © Taylor & Francis Group,
London). (b) Phylogenetic tree suggested by distance analysis
(UPGMA) of 18S rDNA sequence data for 14 lophophore-
bearing species representing 4 distinct groups, with two
cnidarian species serving as the outgroup (from Wood & Lore,
2005. © Taylor & Francis Group, London)

@ Springer

Present distribution and main areas of endemicity

Continental bryozoans are found in all types of
waterbodies: ponds, lakes, rivers, estuaries. All the
phylactolaemates are freshwater inhabitants. The
freshwater gymnolaemates are the ctenostome spe-
cies: Paludicella articulata, Pottsiella erecta, Hisl-
opia spp., Sineportella forbesi, Victorella symbiotica
(Lake Tanganyika) and Arachnoidea raylankesteri
(Lake Tanganyika, but also brackish lake Birket el
Quarum in Eypt). Some other ctenostome species
have a preference for brackish water, but may occur
also in freshwater: Victorella continentalis, Bulbella
abscondita (Upper Elbe, Germany), Tanganella
muelleri (Lake Trasimeno, Italy); V. bengalensis is
even common in purely freshwaters of Southeast
Asia. Victorella pavida and V. bergi are more tightly
bound to brackish water, but traditionally included in
the freshwater list (one known inland ocurrence of V.
bergi is the salt rich Lake Aral in central Asia).

The zoogeographical distribution of freshwater
bryozoans has been analysed by Lacourt (1968),
Bushnell (1973) and Wood (2002). The checklist
compiled for the present article includes a total of 88
species (Tables 2, 3, Fig. 4). A total of 43 species
(48.8%) are limited to one zoogeographic region: 12
gymnolaemates (13.6%) and 31 phylactolaemates
(35.2%). A total of 22 out of these 43 species are
known only from a very restricted area (one or two
sites).

The long time accepted cosmopolitan status of
species like Fredericella sultana, Plumatella repens
and P. emarginata (Bushnell, 1973) has been
challenged (Wood, 2002). Former records of P.
emarginata may correspond to P. mukaii, a new
species whose present range includes Japan, Taiwan,
Korea, China, India, Indonesia and even Chile, or to
P. reticulata, another newly described species
strongly resembling P. emarginata. Former records
of P. repens may include new species such as P.
nitens, P. nodulosa, P. orbisperma, P. recluse, P.
rugosa and P. similirepens (Wood, 2002). Only P.
casmiana now approaches cosmopolitan status
(Wood, 2002), although it is lacking in Australia
and South America.

Formerly considered as a holarctic species
(Lacourt, 1968, Bushnell, 1973), Plumatella fungosa
has been identified in New Zealand. Lophopus
crystallinus, Cristatella mucedo and probably also
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Table 2 Number of genera recorded in the various zoogeo-
graphic regions

Taxon PA NA NT AT OL AU PAC World
Gymnolaemata 6 4 4 2 3 2 - 8
Victorellidae 3 2 1 11 - 4
Pottsiellidae - 1 1 - - - - 1
Paludicellidae 1 1 1 - 1 1 - 1
Arachnidiidae 1 - = 1 - - - 1
Hislopiidae 1 - 1 - 1 - - 1
Phylactolaemata 13* 9* 6 8* 14 4 1 16
Fredericellidae 2 1 1 21 - 2
Plumatellidae 6 4 3 6 9 2 1 9
Pectinatellidae 1 1 1 - 1 - - 1
Cristatellidae 1 1 - - - - - 1
Lophopodidae 3 2 1 1 21 - 3
Total 19* 13* 10 10* 17 6 1 24

*Including Stolella

PA: Palaearctic; NA: Nearctic; NT: Neotropical; AT:
Afrotropical; OL: Oriental; AU: Australasian; PAC: Pacific
Oceanic Islands

P. fruticosa have kept their holarctic status. P.
fruticosa reports from India are incorrect (Wood,
pers. comm.), and those from Brazil are doubtful. A
specimen of C. mucedo in the Bryozoa collection at
the Zoological Survey of India in Calcutta is not from
India but from England (Wood, pers. comm.).

Some species have a disjunct distribution. Plum-
atella reticulata is frequent in North America, but
also known from Panama, Israel and Italy. Plumatella
bushnelli has been recorded in North America and
New Zealand. Some of these disjunct distribution
patterns are possibly related to the special dispersion
means of bryozoans: statoblasts transported by
migrating birds (on their feathers and feet, in their
guts) or human activity (trade in fish and aquatic
plants, shipping traffic, etc.).

There are large gaps in our knowledge of the
freshwater bryozoan fauna of Africa, South America,
Australia, etc. Even in Europe there remain practi-
cally unexplored countries: Portugal, Greece, Alba-
nia, etc.

Table 3 Zoogeographical distribution (number of species per family in the different zoogeographic regions)

Taxon PA NA NT AT OL AU PAC World
Gymnolaemata 10 (6) 4 (1) 6 (1) 2 (1) 73) 2 0 (0) 19 (12)
Victorellidae 54) 2(D) 1 1(1) 2 (1) 1 - 8 (7)
Pottsiellidae - 1 1 - - - - 1 (0)
Paludicellidae 1 1 2 - 1 1 - 2 (0)
Arachnidiidae 1 - - 1 - - - 1 (0)
Hislopiidae 3(2) - 2(1) - 42 - - 7 (5)
Phylactolaemata 34 (5) 28 (4) 24 (7) 20 (4) 34 (9) 14 (2) 2 (0) 69 (31)
Fredericellidae 4 4 3(1) 2 4 2 - 6 (1)
Plumatellidae 24° (5) 20°(4) 199 (6) 14° (3) 25 (8) 11 (2) 2 54 (28)
Pectinatellidae 1 1 1 - 1 - - 1 (0)
Cristatellidae 1 1 - - - - - 1 (0)
Lophopodidae 4 2 1 4° (1) 4° (1) 1 - 72)
Total 44* (11) 32° (5) 304 (8) 22° (5) 41° (12) 16 (2) 2 (0) 88 (43)

World = total of species per taxon (one given species often occurring in more than one zoogeographic region, the sum of the species
numbers of the different regions normally exceeds the total number of species of the family); number in brackets = number of species
confined to one zoogeographic region only. PA: Palaearctic; NA: Nearctic; NT: Neotropical; AT: Afrotropical; OL: Oriental; AU:

Australasian; PAC: Pacific Oceanic Islands

* Including Fredericella australiensis, Plumatella javanica, Stolella indica (occurrence/identification to be confirmed)

b Including Stolella indica Annandale, 1909 (occurrence/identification to be confirmed)

¢ Including Lophopodella stuhlmanni Kraepelin, 1914 (doubtful species, considered as L. carteri by Toriumi)

4 Not including Plumatella fruticosa (occurrence/identification to be confirmed)
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Fig. 4 Zoogeographical
distribution map (species
number /genus number per
region; total: 88/24). PA,
Palaearctic; NA, Nearctic;
NT, Neotropical; AT,
Afrotropical; OL, Oriental;
AU, Australasian; PAC,
Pacific Oceanic Islands;
ANT, Antarctic

ANT
o/o0

Human related issues

A non-protein neurotoxin produced by Lophopodella
carteri is able to kill fish, probably through inhibition
of neurotransmission. Other bioactive components
are known from several marine bryozoan species, e.g.
bryostatin, an anti-cancer drug produced by Bugula
neritina (Gymnolaemata: Cheilostomatida).

Freshwater bryozoans are the hosts of the myxo-
zoan parasite Tetracapsuloides bryosalmonae, the
causitive agent of “proliferative kidney disease”
(PKD), a disease of salmonids responsible for
economically significant losses in farmed fish and
severe reductions in wild fish populations in Europe
and North America.

As common fouling animals freshwater bryozoans
are occasionally thriving in waterpipes; moreover
they may be a nuisance in drinking water treatment
stations, wastewater treatment plants and in cooling
circuits of thermal or nuclear power stations.
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Abstract Tardigrada is a phylum closely allied with
the arthropods. They are usually less than 0.5 mm in
length, have four pairs of lobe-like legs and are either
carnivorous or feed on plant material. Most of the
900+ described tardigrade species are limnoterrestrial
and live in the thin film of water on the surface of
moss, lichens, algae, and other plants and depend on
water to remain active and complete their life cycle.
In this review of 910 tardigrade species, only 62
species representingl3 genera are truly aquatic and
not found in limnoterrestrial habitats although many
other genera contain limnoterrestrial species occa-
sionally found in freshwater.
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Introduction

Tardigrada is a phylum allied with arthropods.
Tardigrades are generally less than 0.5 mm in size,
bilaterally symmetrical, and have four pairs of legs.
Their biology has been reviewed by Kinchin (1994),
Nelson & Marley (2000), and Nelson (2002).
Tardigrades are found in freshwater habitats, terres-
trial environments, and marine sediments. The
tardigrades living in terrestrial environments are
the most well-known, where they live in the thin
film of water found on mosses, lichens, algae, other
plants, leaf litter, and in the soil and are active when
at least a thin film of water is present on the
substrate. Tardigrades often live alongside bdelloid
rotifers, nematodes, protozoans and other animals.
Aquatic freshwater tardigrades live upon submerged
plants or in the sediment but are not inhabitants of
the water column. Some tardigrade species can live
in both aquatic freshwater and limnoterrestrial
environments. In this article, the term aquatic and/
or freshwater will be used to describe tardigrades
that live in relatively large bodies of freshwater such
as ponds, lakes, streams and rivers. The term
limnoterrestrial will be used to describe tardigrades
that live in the thin film of water found on mosses,
algae and other plants, leaf litter, and soil.
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Most tardigrades are gonochoristic with relatively
minor sexual dimorphisms that include males being
slightly smaller than females. Hermaphrodism and
self-fertilization has been documented in only a few,
mostly aquatic species. Parthenogenesis is common
and can be associated with polyploidy (Bertolani,
2001). Development from egg deposition to hatching
can range from 5-40 days. Eutardigrades have direct
development but heterotardigrades can display indi-
rect development where first instar larvae lack an
anus and gonopore and have fewer claws than adults.
Tardigrades become sexually mature after 2-3 molts
and molt 4-12 times during a lifetime of 3 or more
months. Many tardigrades can undergo various forms
of cryptobiosis to enter an environmentally resistant
quiescent state. Examples of cryptobiosis include
cryobiosis, resistance to freezing (Somme, 1996) and
anhydrobiosis, in which internal water is replaced by
trehalose to produce a highly resistant tun that can be
revived months later (Guidetti & Jonsson, 2002).

Tardigrades have five indistinct segments; a head,
three trunk segments each with a pair of lobe-like legs
and a caudal segment that contains a fourth pair of
legs. The legs of freshwater aquatic and limnoterres-
trial tardigrades terminate in claws. The body is
covered with a chitinous cuticle that also lines the fore
and hind gut. Heterotardigrades are distinguished by
cephalic sensory cirri lacking in eutardigrades. Many
heterotardigrades are armored by the presence of thick
dorsal cuticular plates. Claw structure is important in
tardigrade taxonomy (Pilato, 1969). There are numer-
ous major claw types with many recognized variations
that distinguish genera. Tardigrades have a complete
gut with a complex buccal-pharyngeal apparatus that
is also important in taxonomy. The buccal apparatus
consists of a mouth, a buccal tube, a muscular sucking
pharynx, and a pair of stylets that can extend through
the mouth. Most limnoterrestrial and freshwater
aquatic tardigrades feed on juices sucked from moss,
lichens, algae, and other plants although some tardi-
grades are carnivorous and consume other mesofauna
such as rotifers and nematodes.

Species/generic diversity
Tardigrades are composed of two classes, four orders,

at least 90 genera and 900+ species have been
described to date. The most complete taxonomic
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reference for tardigrade species up to 1982 is that of
Ramazzotti & Maucci (1983), while Bertolani (1982)
focused on aquatic tardigrade species. The number of
described tardigrade species has nearly doubled since
1982 (Guidetti & Bertolani, 2005). Tardigrades can
be difficult to classify and in some cases the eggs are
needed to discriminate among species. The true
number of tardigrade species is clearly higher than
the 900+ that are currently described. A few species
are cosmopolitan, but most tardigrade species appear
to be endemic to limited areas. Many other species
once thought to be cosmopolitan are now known to
be complex species groups (Pilato & Binda, 2001).

Only a few tardigrade taxa are found exclusively
in freshwater aquatic habitats in the literature
reviewed for this study. Table 1 lists the 62 species
of tardigrades known to be exclusively aquatic.
Table 2 lists the 13 genera representing five families
that contain freshwater aquatic tardigrade species.
Only five genera, Carphania, Dactylobiotus, Macr-
oversum, Pseudobiotus, and Thermozodium were
found to be exclusively aquatic in the literature
reviewed for this study that included 910 species.
Other genera, including Amphibolus, Doryphoribius,
Eohypsibius, Hypsibius, Isohypsibius, Mixibius, Mur-
rayon and Thulinius contain some species that are
aquatic. Limnoterrestrial species and genera are listed
in Tables 3 and 4 because limnoterrestrial tardigrades
are occasionally found in aquatic habitats. The
Palaearctic region has the most aquatic genera and
species of tardigrades but this is likely to be a
sampling artifact due to differences in the intensity of
study in that area while the Oceanic Islands have the
least.

Little is known of the distribution of freshwater
aquatic tardigrades within a habitat. With limnoter-
restrial tardigrades microhabitat can be an important
factor in distribution. It has been suggested that
oxygen tension, pH of the substratum, moisture
content of the moss, the thickness of the moss
cushion and altitude may all play a role. The extreme
patchy distribution of limnoterrestrial tardigrades
within seemingly homogeneous habitat has made it
difficult to determine which factors cause the
unevenness in their distribution. Habitat distribution
studies typically do not include enough sampling to
test for statistical significance and many of these
studies are essentially species lists from different
regions (Garey, 20006).
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Table 1 Number of freshwater tardigrade species found in listing. PA = Palaearctic, NA = Nearctic, NT = Neotropical,
biogeographic regions by family. The zeroes represent either AT = Afrotropical, OL = Oriental, AU = Australasian,
a null record (no information) or absence. See Annex 1 in PAC = Pacific Oceanic islands, ANT = Antarctic

the online supplemental materials for a more detailed

Families PA NA AT NT OL AU PAC ANT Total freshwater Total species
species per genus per genus
Heterotardigrada
Oreellidae 0 0 0 0 0 0 0 0 0 2
Carphaniidae 1 0 0 0 0 0 0 0 1 1
Echiniscidae 0 0 0 0 0 0 0 229
Eutardigrada
Murrayidae 13 7 3 5 0 1 1 1 19 24
Macrobiotidae 0 0 0 0 0 0 0 0 0 226
Calohypsibiidae 0 0 0 0 0 0 0 0 0 21
Microhypsibiidae 0 0 0 0 0 0 0 0 0 7
Eohypsibiidae 2 1 0 0 0 0 0 0 2 9
Necopinatidae 0 0 0 0 0 0 0 0 0 1
(Incertae sedis) 0 0 0 0 0 0 0 0 0 3
Hypsibiidae 33 12 7 8 3 4 1 6 39 368
Milnesiidae 0 0 0 0 0 0 0 0 0 18
sp inquirenda 0 0 0 0 1 0 0 0 1 1
Total 49 20 10 13 4 5 2 7 62 910

Thermozodium esakii is a species of tardigrade reported from a hot spring in Japan and has been proposed to represent a third class of
tardigrades known as Mesotardigrada. Neither the type specimens nor locality exist and similar specimens have not been found
(Nelson 2002)

Table 2 Number of freshwater tardigrade genera found in biogeographic regions. PA = Palaearctic, NA = Nearctic, NT = Neo-
tropical, AT = Afrotropical, OL = Oriental, AU = Australasian, PAC = Pacific Oceanic islands, ANT = Antarctic

Families PA NA AT NT OL AU PAC ANT Total freshwater Total genera
genera per family per family
Heterotardigrada
Oreellidae 0 0 0 0 0 0 0 0 0 1
Carphaniidae 1 0 0 0 0 0 0 0 1 1
Echiniscidae) 0 0 0 0 0 0 0 0 0 12
Eutardigrada
Murrayidae 1 1 1 1 0 1 1 1 3 3
Macrobiotidae 0 0 0 0 0 0 0 0 0 11
Calohypsibiidae 0 0 0 0 0 0 0 0 0 5
Microhypsibiidae 0 0 0 0 0 0 0 0 0 5
Eohypsibiidae 1 1 0 0 0 0 0 0 2 2
Necopinatidae 0 0 0 0 0 0 0 0 0 1
(Incertae sedis) 0 0 0 0 0 0 0 0 0 1
Hypsibiidae 3 3 1 1 0 0 0 0 6 20
Milnesiidae) 0 0 0 0 0 0 0 0 0
sp inquirenda® 0 0 0 0 1 0 0 0 1
Biogeographic totals 6 5 2 2 1 1 1 1 13 66

% See footnote in Table 1
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Table 3 Number of limnoterrestrial tardigrade species found PA = Palaearctic, NA = Nearctic, NT = Neotropical,
in biogeographic regions by family. The zeroes indicate either AT = Afrotropical, OL = Oriental, AU = Australasian,
a null record (no information) or absence. See Annex 2 in the PAC = Pacific Oceanic islands, ANT = Antarctic

online supplementary materials for a more detailed listing.

Families PA NA AT NT OL AU PAC ANT Total species per genus
Heterotardigrada

Oreellidae 0 0 0 2 0 1 0 1 2
Carphaniidae 0 0 0 0 0 0 0 0 1
Echiniscidae 130 55 31 64 18 37 12 13 229
Eutardigrada

Murrayidae 6 5 2 1 1 0 0 0 24
Macrobiotidae 104 35 40 47 21 51 13 14 226
Calohypsibiidae 14 7 0 5 1 1 0 2 21
Microhypsibiidae 5 1 1 0 1 1 0 7
Eohypsibiidae 8 3 0 0 0 0 0 0 9
Necopinatidae 0 0 0 0 0 0 0 1
(Incertae sedis) 2 0 1 0 0 1 0 0 3
Hypsibiidae 235 82 35 60 18 43 8 35 368
Milnesiidae 2 2 3 3 1 3 1 1 18
sp inquirenda 0 0 0 0 0 0 0 0 1
Total 506 194 113 183 60 138 35 66 910

See footnote in Table 1

Table 4 Number of limnoterrestrial tardigrade genera found in biogeographic regions. PA = Palaearctic, NA = Nearctic,
NT = Neotropical, AT = Afrotropical, OL = Oriental, AU = Australasian, PAC = Pacific Oceanic islands, ANT = Antarctic

Families PA NA AT NT OL AU PAC ANT Total genera per family
Heterotardigrada

Oreellidae (1) 0 0 0 1 0 1 0 1 1
Carphaniidae (1) 0 0 0 0 0 0 0 0
Echiniscidae (12) 9 4 3 6 3 12
Eutardigrada

Murrayidae (3) 2 1 1 1 1 1 1 1 3
Macrobiotidae (11) 8 5 5 3 4 3 2 2 11
Calohypsibiidae (5) 3 4 0 4 1 1 0 2 5
Microhypsibiidae (2) 2 2 1 1 0 1 1 0 5
Eohypsibiidae (2) 1 1 0 0 0 0 0 0 2
Necopinatidae (1) 1 0 0 0 0 0 0 0 1
(Incertae sedis) (1) 1 0 1 0 0 1 0 0 1
Hypsibiidae (20) 13 11 9 11 6 9 7 8 20
Milnesiidae (3) 1 1 1 1 1 3 1 1 3
sp inquirenda® 0 0 0 0 0 0 0 0 1
Biogeographic totals: 42 34 22 30 16 26 15 21 66

# See footnote in Table 1
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Phylogeny and historical processes

Tardigrada is a phylum associated closely with
Onychophora and Arthropoda to form Panarthropoda.
Like arthropods and nematodes, tardigrades grow
through ecdysis and it has been suggested that they
belong to a taxon known as Ecdysozoa that contains
all molting animals (Aguinaldo et al., 1997). The two
groups of tardigrades known today are the heterotar-
digrades and the eutardigrades and both groups have
marine and freshwater members. A recent family
level phylogenetic analysis suggests that tardigrades
adapted to freshwater aquatic habitats multiple
times (Nichols et al., 2006). The present study
suggests tardigrades adapted to freshwater aquatic
environments at least twice, once among the hetero-
tardigrades in the family Carphaniidae and at least
once among the eutardigrades where representatives
of three families (Murrayidae, Eohypsibidae, and
Hypsibidae) have freshwater aquatic species.

Little is known of the factors that drive change or
speciation in tardigrades. Geographic barriers,
reproductive biology and substrate quality all are
likely involved. It has been suggested that tardigrades
evolve slowly (Pilato & Binda, 2001), aided by

periods of cryptobiosis, and because of parthenogen-
esis, new species or populations can readily appear
(McInnes & Pugh 1998). There is only weak
evidence that anthropogenic forces have an effect
on tardigrade evolution although it is clear that
tardigrade distribution is affected by pollution
(Steiner, 1994; Hohl et al., 2001).

Biogeographical studies

Figure 1 shows the data from Tables 1 and 2
summarized in the form of a biogeographical map.
The northern hemisphere appears to have the most
diversity, particularly the palaearctic region, which
could be due to the more intensive sampling in
Europe compared to other regions. Only a few
biogeographical studies have been carried out on
terrestrial/freshwater tardigrades (e.g., Mclnnes &
Pugh, 1998; Pilato & Binda, 2001). Terrestrial
tardigrades appear to be remarkably endemic at the
continental level. One study (Pilato & Binda, 2001)
found 68% of terrestrial tardigrade species were
found in only one biogeographical region while only
6.8% were cosmopolitan. They also found that within
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T

Fig. 1 Summary of the data from Tables 1 and 2 in the
context of a biogeographical map. The number preceding the
slash represents the number of species that are found
exclusively in freshwater aquatic habitats as defined in the
text. The number after the slash represents the number of

genera with at least one species known to be found exclusively
in freshwater aquatic habitats. PA = Palaearctic, NA = Nearc-
tic, NT = Neotropical, AT = Afrotropical, OL = Oriental,
AU = Australasian, PAC = Pacific Oceanic islands,
ANT = Antarctic
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a complex group of species, most often one of the
species was cosmopolitan while the other species in
the group were endemic to one or a few biogeo-
graphical regions. Similar results were found by
MclInnes & Pugh (1998) where only 22 of the ~ 800
species considered at that time and 10 of 51 genera
were cosmopolitan. They also carried out cluster
analyses of tardigrade distribution at the generic and
familial level which suggest that 97% of tardigrade
species and 82% of genera belong to regional clusters
that can be associated with geological events. For
example, their cluster analyses show that a laurasian
and two gondwanan clusters correlate with the
breakup of Pangaea 135 million years ago while
two other clusters correspond to the division of East
and West Gondwana 65 million years ago.

Economic Importance

Tardigrades have very little economic impact to
humans. Their ability to undergo cryptobiosis has
created an interest in the medical community and
approaches to cell or organ preservation in humans
have been tested. Due to the potential medical
applications and their pivotal phylogenetic position,
branching from the stem lineage that led to arthro-
pods, there has been a renewed interest in the biology
of tardigrades at the genomic and proteomic levels.
As studies of tardigrade distribution and ecology
become more complete they may yet become a useful
tool for biogeography (Pilato & Binda, 2001).
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Abstract A literature review of Polychaeta (Annel-
ida) including Aphanoneura (the oligochaete-like
Aeolosomatidae and Potamodrilidae), living in fresh-
water yielded 168 species, 70 genera and 24 families
representing all of the major polychaete clades, but
less than 2% of all species. The best-represented
families were, in order, Nereididae, Aeolosomatidae,
Sabellidae, Spionidae and Histriobdellidae. Fourteen
families were represented by a single species and
genus. Regions supporting the highest diversity of
freshwater polychaetes were in order, Palaearctic,
Neotropical, Oriental, Nearctic, Australasian, and
Afrotropical. More than half of all species and genera
inhabitat lakes and rivers, followed by lagoons/
estuaries, which have a high proportion of euryhaline
species, and inland seas. Less common, atypical
polychaete habitats include subterranean waters, the
hyporheic zone of rivers and plant container habitats
(phytotelmata). At least three distinct ecological/
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historical processes appear to account for the colo-
nisation of continental waters: invasion of a clade
prior to the break-up of Gondwana, as in Aphanone-
ura, Namanereis, Stratiodrilus, and Caobangia,
relatively recent stranding of individual species
(relicts); and the temporary visitation of euryhaline
species.

Keywords Annelida - Polychaeta - Aphanoneura -
Relict - Introduced species - Endemicity -
Zoogeography

Introduction

Polychaeta (bristle worms) and Clitellata (oligochae-
tes and leeches) together comprise the phylum
Annelida, or true-segmented worms; however, the
taxonomic status of both are currently uncertain,
because the Clitellata cluster among the polychaetes
making the latter paraphyletic (Rouse & Pleijel,
2001; Struck & Purschke, 2005 and references,
therein). Polychaetes have no common morphologi-
cal features; nevertheless, they can usually be distin-
guished from Clitellata by the following combination
of features: a head with sensory appendages, seg-
mental parapodia bearing numerous chaetae, and
most typically they have ciliated pits or patches
(nuchal organs) on the back of the head (Glasby
et al., 2000; Rouse & Pleijel, 2001). They show sizes
from less than a millimetre to over 3 m, although
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freshwater species tend to be small. There is no
typical freshwater polychaete form: motile types tend
to be carnivorous or omnivorous and generally have a
well-developed head with sensory appendages
including eyes, sometimes jaws, and flap-like para-
podia which can be highly infused with capillaries
that facilitate oxygen exchange (Fig. la); sessile
types usually live in tubes (soft or calcareous) from
which emerge tentacles used in suspension or deposit

Fig. 1 Habitus of selected
freshwater polychaetes. (A)
Namanereis cavernicola,
inhabits subterranean
aquifers and sinkholes (after
Glasby, 1999: Fig. 8c).

(B) Manayunkia athalassia,
from saline lake of southern
Australia (after Hutchings
et al., 1981). (C)
Stratiodrilus arreliai
inhabits the branchial
lamellae of crabs and
crayfish (after Amaral &
Morgado, 1997: Fig. 1).
(D, E) Aeolosoma
hemprichi (after Bunke
1967: Fig. 1a, b). (D) Entire
body. (E) Close up of head
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feeding (Fig. 1b); and commensal or parasitic forms
tend to be highly modified for life on their hosts,
mostly bivalves and crustaceans (Fig. 1c).

Included among the polychaetes in this review are
the enigmatic Aphanoneura, one to several millime-
tres long, without parapodia but mostly equipped
with chaetae arranged in four bundles per segment
(Fig. 1d). They usually move by gliding with the help
of cilia on the underside of their large prostomium

0.1 mm
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(Fig. 1e). The nominal taxon, as introduced by Timm
(1981), comprises two families, Aeolosomatidae and
Potamodrilidae; before this, they were treated
together as an oligochaete family, Aeolosomatidae.
Brinkhurst (1971) first suggested that they do not
belong to oligochaetes. Their ‘polychaete’ nature, as
well as the sister-group relationship between Aeolo-
somatidae and Potamodrilidae, was recently con-
firmed in gene sequence studies (Struck & Purschke,
2005). Taxonomic reviews are available in Bunke
(1967) and Van der Land (1971); some well-known
but synonymous names are omitted, as well as
numerous species inquirendae or dubiae.

The only previous global review of freshwater
polychaetes reported 43 species, comprising 31
purely freshwater species and 12 species found in
both fresh and saline waters (Wesenberg-Lund,
1958), although a number of junior synonyms were
included. Subsequent reviews are available for Cen-
tral and South America and the Caribbean (Orensanz,
1977, 1981, 1982); North America (Hartman, 1959;
Foster, 1972), South-east Asia (Rouse, 2004), and
southern Africa (Day & Day, 2002). The present
review includes freshwater species and euryhaline
species that have been reported in freshwater. Not
counted are the terrestrial species, including Parer-
godrilus heideri Reisinger, Hrabeiella periglandulata
Pizl & Chalupsky, and a few nereidid species rarely
encountered in tropical soils. Also excluded are the
coastal interstitial species, Stygocapitella subterranea
Knollner, Aeolosoma maritimum Westheide & Bunke
and A. maritimum dubiosum Westheide & Schmidt,
and species living in marine-dominated subterranean
and karst/volcanic habitats such as caves, anchialine
ponds and cenotes (sinkholes); this latter habitat
supports over 200 polychaete species worldwide
(Hartmann-Schroder, 1986).

Diversity

A total of 168 ‘freshwater’ species belonging to 70
genera and 24 families representing all of the major
polychaete clades were identified. This includes a few
species yet to be formally described. It represents less
than 2% of the estimated 9,000 polychaete species,
but about 1/3 of the families. The best represented
families are in order, Nereididae (55 species, 17
genera), Aeolosomatidae (27/3), Sabellidae (22/8),

Spionidae (17/11), Histriobdellidae (10/1), Ampha-
retidae (6/6), Capitellidae (6/4), Serpulidae (5/2),
Nephtyidae (3/1) and Cirratulidae (2/2); the remain-
ing 14 families are represented by a single species
and genus (Table 1). Nereididae, Sabellidae and
Spionidae are also well represented in marine envi-
ronments worldwide, while Aeolosomatidae and
Histriobdellidae are primarily in freshwater. Histri-
obdellids are represented in freshwater by the genus
Stratiodrilus, commensals on the branchial lamellae
of crabs and crayfish. Over half of the nereidids
belong to a single subfamily, the aptly-named
Namanereidinae (Greek, Nama, refers to a spring or
stream). Most freshwater sabellids belong to the
subfamily Fabriciinae, and are either free living
(Monroika and Manayunkia) or bivalve commensals
(Brandika and Caobangia).

Aphanoneura contains 27 valid species of Aeolo-
soma, one species of Hystricosoma, one of Rheo-
morpha, and one of Potamodrilus; many
insufficiently known nominal taxa are omitted,
including several subterranean taxa (see lists of
species inquirendae and dubiae in Van der Land
(1971)). Several species can co-occur in the same
benthic habitats; however, the actual diversity at a
site often remains obscure without further taxonomic
study. The oldest, and therefore, ‘most typical’
nominal species, Aeolosoma hemprichi Ehrenberg,
has been extensively recorded from most continents;
however misidentifications can be suspected. Sup-
posed ‘endemic’ species reported from other conti-
nents may turn out to be synonyms and some
supposedly widely distributed species may be split
after subsequent study.

Distribution and endemicity

Freshwater polychaetes are most diverse in the
Palaearctic region (67 species representing 32 gen-
era), followed by the Neotropical (53/20), Oriental
(48/26), Nearctic (33/22), Australasian (31/15), and
Afrotropical regions (12/8) (Table 1; Fig. 2). They
rarely occur on oceanic islands (only Nereididae),
and are essentially absent from the Antarctic region,
except for Namanereis quadraticeps Blanchard in
Gay, a circum-subantarctic species found in the
freshwater seep zones of the upper shores. Although
earlier reviews suggested that the Oriental and
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Table 1 Numbers of polychaete species and genera (in parentheses) for each major zoogeographical region, arranged alphabetically

by family

Taxon PA NA NT AT OL AU PAC ANT World
Aeolosomatidae 25 (3) 8 (1) 14 (1) 3(1) 5(1) 2 (1) 1(1) - 27 (3)
Ampharetidae 3(3) 1(1) - - - - - - 6 (6)
Capitellidae 2 (2) 2 (2) 2(2) - (D) 32 - - 6 (4)
Cirratulidae - 2(2) - - - - - - 2 (2)
Eunicidae - - - - 1 (1) - - - 1(1)
Goniadidae - - - - 1(1) - - - 1(1)
Histriobdellidae - - 7() 1(1) - 2 (1) - - 10 (1)
Lumbrineridae - - 1(1) - - - - - 1(1)
Maldanidae - - - - 1(1) - - - 1(1)
Nephtyidae 2 (1) - 1(1) - 2 (1) - - - 3()
Nereididae 84 10 (8) 21 (9) 503) 17 9) 15 (5) 9(3) 1(1) 55 (17)
Nerillidae 1(D) 1(1) - - - - - - 1(1)
Onuphidae - - - - 1(1) - - - 1(1)
Orbiniidae - - - - 1(1) - - - 1(1)
Paraonidae 1(1) - - - - - - - 1(1)
Phyllodocidae 1(1) - - - 1(1) - - - 1(1)
Pilargidae - - - - 1(1) - - - 1(1)
Pisionidae - - 1(1) - - - - - 1(1)
Potamodrilidae 1 (1) - - - - - - - 1(1)
Protodrilidae 1(1) - - - - - - - 1(1)
Sabellidae 8 (3) 2(2) - 2(2) 9(3) 2 (1) - - 22 (8)
Serpulidae 32 2 (1) 2 (1) 1(1) 3(1) 2 (1) - - 5(2)
Spionidae 11 (9) 4 (3) 4 (3) - 3(2) 5@ - - 17 (11)
Sternaspidae - - - - 1(1) - - - 1(1)
Nereidiformia - 1(1) - - - - - - 1(1)
Total 67 (32) 33 (22) 53 (20) 12 (8) 48 (26) 31 (15) 10 (4) 1(1) 168 (70)

Nereidiformia are Polychaeta incertae sedis. PA: Palaearctic; NA: Nearctic; NT: Neotropical; AT: Afrotropical; OL: Oriental; AU:
Australasian; PAC: Pacific & Oceanic Islands; ANT: Antarctic

Neotropical regions were the main areas of diversity
(e.g., Hartman, 1959; Foster, 1972), they did not
include Aphanoneura, a group strongly represented in
the Palaearctic. Due to sampling biases and likely
taxonomic problems (especially in Aphanoneura), it
is not possible to make general statements on large
scale endemicity. In particular, the less intensively
studied regions (e.g. Afrotropical, eastern Palaearc-
tic) would be expected to show a greater increase in
diversity levels following further surveys.

At the regional scale, two areas within the
Palaearctic region are notable: Lake Baikal and its
tributaries with five endemic species (Aeolosoma
arenicola Semernoy, A. singulare Semernoy, Mana-
yunkia baicalensis (Nussbaum), M. godlewskii
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(Nussbaum) and M. zenkewitschii Sitnikova) and
the Ponto-Caspian region, comprising low saline
(0.5-5%) waters of the Black and Caspian Seas, has
several characteristic species including Hypania
invalida (Grube), Hypaniola kowalewskii (Grimm),
Parahypania brevicirra Grimm in Grube, Manayun-
kia caspica Annenkova and Fabricia stellaris caspica
(Zenkevitsch).

The most common freshwater habitats are lakes
and rivers (treated together because of the large
number of shared species) with 94 species and 39
genera, followed by coastal lagoons, intermittently
isolated lakes and the upper reaches of estuaries with
76 species, 49 genera (Table 2). Inland seas are home
to 13 species and 9 genera. Oases/springs and
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1/1

Fig. 2 Numbers of species/genera in each of the major
zoogeographical regions (numbers reflect totals in Table 1).
Abbreviations used are: PA: Palaearctic; NA: Nearctic; NT:

subterranean habitats support a limited polychaete
fauna comprising mainly Namanereis species (six
and seven species, respectively), with most species
common to both habitats; the monotypic serpulid,
Marifugia cavatica Absalon & Hrabé, is apparently
restricted to subterranean waters of Croatia. The
hyporheic zone is home to the amphi-Atlantic nerillid
Troglochaetus beranecki Delachaux and the elusive
Namanereis tiriteae (Winterbourn) from New Zea-
land and Fiji; the disjunct distribution of both species
probably indicates ancient taxa. Plant-associated
polychaetes include two species of Namanereis and
one species of Namalycastis, which live in water
deposits in the leaf axils (phytotelmata) of suitably
formed plants, and some Aphanoneura which live on
macrophytes in freshwater lakes, rivers, and streams;
however, most Aphanoneura live in sediment (inter-
stitial) and one species is commensal in the branchial
chamber of crayfish.

Most freshwater species occur not too far from the
sea. Exceptions are the Aphanoneura, the Lake
Baikal species, and the river-dwelling species Nam-
alycastis indica (Southern) and Nephtys oligobran-
chia Southern found in the Yamuna river about

Neotropical; AT: Afrotropical; OL: Oriental; AU: Austral-
asian; PAC: Pacific & Oceanic Islands; ANT: Antarctic

1600 km from the Ganges delta; even at this distance
from the sea the elevation is only 70-100 m above
sea level (H. Nesemann, pers. comm.). Other species
have been reported at higher elevations, apparently
associated with recent tectonic uplift; the most
extreme case is that of the nereidid Lycastoides
alticola Johnson, known only from Sierra de Laguna,
Baja California, Mexico, about 2150 m above sea
level (Glasby, 1999).

Phylogeny and zoogeography

Although the fossil record for polychaetes is poor,
most of the major lineages evidently appeared by the
end of the Carboniferous (Rouse & Pleijel, 2001).
Surprisingly only a few lineages of Annelida have
been successful in colonising freshwater in this time.
Apart from the Clitellata, which have had a major
radiation on the land, only four other extant annelid
clades—Aphanoneura, Caobangia (and Brandika),
Namanereis and Stratiodrilus—appear to have suc-
cessfully invaded continental waters either in the
Palaeozoic or Mesozoic.
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Table 2 Numbers of polychaete species and genera (in parentheses) for each major habitat, arranged alphabetically by family

Lake/River Estuary/Lagoon Inland Sea Oases/Springs Hyporheic zone Subterranean water Phytotelmata

Family

Aeolosomatidae 26 (3) 1(1) -
Ampharetidae 2(2) 4 (4) 2 (2)
Capitellidae 1(1) 4 (3) 1(1)
Cirratulidae - 2(2) _
Eunicidae — 1 (1) _
Goniadidae — 1 (1) _
Histriobdellidae 10 (1) - -
Lumbrineridae 1(1) - _
Maldanidae - 1 (1) -
Nephtyidae 2 (1) 2 (1) 2 (1)
Nereididae 22 (11) 29 (14) 4 (3)
Nerillidae — - _
Onuphidae - 1 (1) _
Orbiniidae - 1 (1) _
Paraonidae 1(D) 1(1) -
Phyllodocidae 1(D) 1(D) -
Pilargidae - 1(1) _
Pisionidae 1 (1) - _
Potamodrilidae 1(1) - _
Protodrilidae 1(1) - _
Sabellidae 17 (7) 6 (4) 4(2)
Serpulidae - 4 (1) _
Spionidae 7 (6) 14 (9) -
Sternaspidae - (D) —
Nereidiformia 1(1) - -
Total 94 (39) 76 (49) 13 (9)

7(2)

1) 7 (1) 3
1 (1) 1) -
— 1 (1) —
2(2) 9(3) 3

Nereidiformia are Polychaeta incertae sedis

A gondwanan radiation is postulated here for the
nereidid Namanereis, inhabiting subterranean karst
environments in New Zealand, Australia, New
Guinea, the Arabian Peninsula, Canary Islands and
the Caribbean (Fig. 3). Glasby (1999, p. 142) also
found support for a southern origin of the group,
although a non-gondwanan explanation was sug-
gested at the time. A gondwanan origin has also been
postulated for Stratiodrilus, most species of which
live on freshwater crayfish in Australia, southern
South America and Madagascar (Harrison, 1928;
Fig. 3). The distribution of both genera supports the
idea of a single colonisation of freshwater prior to the
break up of Gondwana. The fabriciin sabellids
Caobangia (and Brandika), whose members bore
into the shells of freshwater gastropods of South-east
Asia and India, also may have a gondwanan origin as
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parts of South-east Asia are thought to have frag-
mented from Gondwana before its final breakup
(Metcalfe, 1998; Fig. 3). More ancient—possibly
Pangaean—radiations may have occurred in the
Aphanoneura, and the questionably monotypic genus
Troglochaetus, which both show amphi-Atlantic dis-
tribution patterns. Unlike clitellates, aphanoneurans
evidently never have had soil-dwelling ancestors.
Other freshwater taxa belong to several unrelated
clades and often occur in isolation from related taxa
and their main centre of distribution. Their ancestors
may have been stranded during past, relatively recent,
climatic (e.g., glaciations and marine transgressions)
or eustatic (tectonic uplift) events. A freshwater relict
is indicated when there is co-occurrence with unre-
lated taxa and both show close affinities with marine
species in the region (e.g., Croskery, 1978; Schmidt
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Fig. 3 Distribution of
species of Stratiodrilus
(Histriobdellidae) and
Namanereis (Nereididae)
across Gondwana before its
break-up in the mid-Jurassic

SOUTH AMERICA

& Westheide, 1999). Examples include the Ponto-
Caspian sabellids (Manayunkia spp.) and ampharetids
(Hypania, Hypaniola, Parhypania), the cave-dwell-
ing serpulid Marifugia cavatica of Croatia, Hesio-
nides riegerorum Westheide from a US east coast
river, and other species of Manayunkia from North
America, Lake Baikal and inland saline lakes of
Australia (Croskery, 1978; Hutchings et al., 1981;
Schmidt & Westheide, 1999).

Freshwater species of a third category are the
temporary (either space or time) inhabitants of waters
with fluctuating salinity such as estuaries and coastal
lagoons, including many Nereididae, Spionidae, and
the serpulids, Ficopomatus species. At low salinities
(below about 10 ppt) and in freshwater, euryhaline
species must osmoregulate to maintain correct body
volume. Polychaetes living in freshwater also have
reproductive modifications that protect their larvae
from osmotic stress. These include direct sperm
transfer (involving mating) and direct development
(i.e., no trochophore stage), either in the body of the
adult (e.g., Hediste limnicola (Johnson)), or in the
parental tube (e.g., Manayunkia spp.). Eggs are
typically large and yolky. The acolosomatids undergo
asexual reproduction with budding zones (paratomy).
Sexual reproduction in all Aphanoneura is performed
with copulation, storing the sperm in spermathecae,
and laying of single eggs in cocoon-like envelopes.
Although most polychaetes have separate sexes, the
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Aphanoneura are hermaphrodites. Hermaphroditism
has also been suggested also for some Namanereid-
inae (Glasby, 1999) and Caobangia (Jones, 1974),
but strong evidence is lacking. Reproduction in
euryhaline species showing the typical marine pattern
of reproduction (broadcast spawning and a pelagic
trochophore)—such as Alitta succinea (Leuckart;
formerly Neanthes) and Ficopomatus enigmaticus
(Fauvel)—is limited to periods of higher salinity, or
else the freshwater populations are maintained by
recruitment of osmoregulating adults from more
saline waters.

Human-related issues

The geographical range of several species has been
increased by human activities, both intentionally
(e.g., aquaculture) and unintentionally (e.g., inter-
connection of water basins through canals; shipping
activities) (Bij de Vaate et al., 2002). In the Palae-
arctic, two nereidids, Hediste diversicolor and Alitta
succinea, have been introduced as food for commer-
cially or recreationally exploited fish to the Caspian
and Aral Seas (Proskurina, 1980; Khlebovich &
Komandentov, 2002). The spionid Marenzelleria
neglecta Sikorski & Bick was introduced to Europe
from North America (Bastrop et al. 1997, as Maren-
zelleria sp. Type II), and the Ponto-Caspian amp-
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haretid Hypania invalida (Grube) has successfully
spread to the Rhine and Meuse River basins via the
Danube (Vanden Bossche et al., 2001; Bij de Vaate
et al., 2002) and, together with the zebra mussel,
Dreissena polymorpha, to the Volga (Shcherbina,
2001). In the Nearctic, the ampharetid Hobsonia
florida (Hartman), a native of south-eastern USA has
been translocated to Oregon (Castillo et al., 2000),
the serpulid Ficopomatus miamiensis (Treadwell)
was introduced from the eastern US to the Gulf of
California (Salgado-Barragan et al., 2004) and Alitta
succinea was intentionally introduced to the Salton
Sea, California (Kuhl & Oglesby, 1979).

Few freshwater species have direct economic
importance. The Japanese Palolo, Tylorrhynchus
heterochaetus (Quatrefages) is both a nuisance and
of benefit to humans. In Japan the worm causes
damage to rice seedlings (Okuda, 1935), whereas
in southern China it is eaten either fresh or ground to
a fine meal (Chamberlin, 1924). The sabellid
Manayunkia speciosa (Leidy) is host to Ceratomyxa
shasta (Noble), a myxosporean parasite of salmonid
fishes in the north-western USA (Bartholomew et al.,
1997).

One species, the ampharetid polychaete Alkmaria
romijni Horst, which occurs in sheltered lagoons and
estuaries in the UK, is known to be protected by law
(UK Wildlife and Countryside Act, 1981) (Gilliland
& Sanderson, 2000). Probably other fresh- and
brackish-water species will be given similar protec-
tion in the future because of their restricted distribu-
tions and evolutionary significance.
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Abstract Oligochaeta sensu stricto, namely clitel-
lates exclusive of branchiobdellids and leeches, occur
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species described to date is aquatic. With the
exception of some earthworm-like genera (the “me-
gadriles™), aquatic oligochaetes are usually small,
ranging from 1 mm to a few centimetres in length
(the “microdriles”). Although predominantly terres-
trial, 4 of the 14 described megadrile families include
species that occur in aquatic or semi-aquatic habitats.
The microdriles are fully aquatic, with the exception
of the primarily terrestrial family Enchytraeidae, and
comprise 13 families. About 1,700 valid species of
aquatic oligochaetes are known to date; of these,
about 1,100 are freshwater. The most speciose group
is the Tubificidae with over 1,000 described species
including 582 being considered as freshwater inhab-
itants. No fewer than 60 species of megadriles are
also considered aquatic. Recent years have seen a
continuous increase in the number of described
species, so that any estimate of the proportion of
known freshwater oligochaete species to unknown
species would be very imprecise. Molecular studies
have recently confirmed the long suspected paraphyly
of the Oligochaeta if the group does not include
branchiobdellids and leeches, so that Clitellata has
become synonymous with “Oligochaeta”. The family
Capilloventridae has been recently shown to repre-
sent a basal clade of Clitellata, supporting an aquatic
(freshwater?) origin of the clitellates. In contrast, the
adaptation to freshwater of the aquamegadriles is
most likely secondary. The Palaearctic region sup-
ports the most abundant and diverse freshwater
oligochaete fauna, with more than 600 valid species
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described to date; 80% of these are considered
endemic. However, it is likely that the apparent
concentration of genera and species in the Northern
Hemisphere is biassed given the relatively late and
still limited interest in the oligochaete fauna of the
Southern Hemisphere. Ancient lakes, as well as
ground waters, are important centres of endemicity
but, except for Lake Baikal, they represent important
knowledge gaps. Aquatic oligochaetes perform eco-
logical functions and roles with potentially important
repercussions for human health issues. These ecolog-
ical values of oligochaetes include their importance
in aquatic food chains; their impact on sediment
structure and water-sediment exchanges; their long
history of use in pollution monitoring and assess-
ment; their potential to reduce sludge volumes in
sewage treatment systems; and their role as interme-
diate host for several myxozoan parasites of fishes,
including commercially exploited species.

Keywords Freshwater Oligochaeta - Diversity -
Phylogeny - Distribution - Endemism

Introduction

The Clitellata Michaelsen, 1919 include all seg-
mented worms (Annelida) that possess a clitellum.
This modification of the epidermis develops as a
glandular girdle partly behind the female pores and
secretes a cocoon in which eggs are laid. Among the
annelids, they are commonly distinguished from the
Polychaeta by their relative lack of setae (Brinkhurst,
1982a) and other distinctive features such as her-
maphroditism, the organisation of the reproductive
system and sperm ultrastructure (Purschke et al.,
1993; Rouse & Fauchald, 1995; Westheide, 1997).
Clitellates are most often divided into the oligo-
chaetes (sludge worms, earthworms), branchiobdellids
(ectoparasites of freshwater crayfish) and leeches
(Sawyer, 1986; Rouse & Fauchald, 1995; Brusca &
Brusca, 2003). The Oligochaeta have long been
suspected, on morphological grounds, to be a para-
phyletic group unless it includes branchiobdellids and
leeches (Erséus, 1987; Jamieson et al., 1987; Jamie-
son, 1988; Gelder & Brinkhurst, 1990; Brinkhurst &
Gelder, 1991; Ferraguti & Gelder, 1991; Purschke
et al., 1993; Brinkhurst, 1994; Brinkhurst, 1999;
Ferraguti & Erséus, 1999; Siddall & Burreson, 1996).
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This paraphyly was recently confirmed by molecular
analyses (Martin et al., 2000; Martin, 2001; Siddall
et al., 2001) so that Clitellata has become synonymous
with “Oligochaeta”. No formal revision of the current
classification has yet been proposed, however. In this
article, we will only consider the Oligochaeta sensu
stricto: namely, clitellates exclusive of branchiobdel-
lids and leeches (Sket & Trontelj, 2007).

Oligochaetes s.s. (Fig. 1) occur in marine, estua-
rine, freshwater (Balian et al., 2007) and terrestrial
environs. About two-thirds of the almost 5,000 valid
described species (Erséus, 2005) belong to ‘earth-
worm’ families, which vary in length from 2 cm to
over 3 m (Avel, 1959). These ‘earthworms’ are
loosely termed “megadriles” (Stephenson, 1930;
Brinkhurst, 1982b) and constitute the taxon Crassi-
clitellata (Jamieson, 1988). Although predominantly
terrestrial, 4 of the 14 described megadrile families
include species that occur in aquatic or semi-aquatic
habitats. They constitute the Aquamegadrili, in
contrast to the Terrimegadrili, and consist of the
families Almidae, Biwadrilidae, Lutodrilidae and
Sparganophilidae (Jamieson et al., 2002).

With the exception of some earthworm-like genera,
aquatic oligochaetes are usually very thin and small,
ranging from about 1 mm to a few cm in length. They
are loosely termed “microdriles” and comprise 13
families. Most microdriles are fully aquatic, with the
exception of the Enchytraeidae, a family that is
primarily terrestrial; of the 650 described species, 200
are aquatic and 150 marine (Rota, pers. comm.).

Fig. 1 Habitus Haemonais (Credit: drawing by A. Pinder)
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Freshwater oligochaetes occur in a diversity of
waterbodies (Timm & Veldhuijzen van Zanten,
2002). Most of them are benthic deposit feeders and
burrow in the sediment, ingesting large amounts of
particles. A distinctive group of the family Tubific-
idae, the subfamily Naidinae, is adapted to live on the
sediment surface or to swim among the macrovege-
tation where they feed on algae. Only a few
freshwater oligochaetes (e.g., species of Chaetogas-
ter) are predatory, but such a behaviour is rare
throughout the group. Many oligochaetes carry
haemoglobin in the blood and are tolerant of oxygen
shortage. Some species have also developed respira-
tory organs, in the form of long gills or modified
posterior end of the body—a probable adaptation to
common hypoxic conditions.

All oligochaetes can reproduce sexually, although
asexual reproduction is far more common in some
genera. The Naidinae, as a whole, reproduce asexu-
ally by paratomy (division at special budding zones
where regeneration has already begun) or by archi-
tomy (fragmentation with subsequent regeneration).
The latter process is also common in some lumbric-
ulids and tubificids. Under peculiar environmental
conditions, parthenogenesis also occurs in a few
species that otherwise most commonly reproduce
sexually. There is no larval stage of development
(Timm & Veldhuijzen van Zanten, 2002).

Species diversity

About 1,700 valid species of aquatic oligochaetes are
known to date; of these, about 600 are marine
(Erséus, 2005) and about a hundred exclusively found
in groundwater environments (Sambugar et al., 1999;
Creuzé des Chatelliers et al. 2007).

The most speciose aquatic oligochaete group is the
Tubificidae, which at present includes over 1,000
described species, 582 of which are considered fresh-
water inhabitants (Table 1). The family is divided into
six subfamilies: Tubificinae, Naidinae (formerly Na-
ididae but now treated as a subfamily; Erséus &
Gustavsson, 2002), Telmatodrilinae, Rhyacodrilinae,
Phallodrilinae and Limnodriloidinae. While most
subfamilies have marine representatives, the latter is
almost exclusively marine (with the notable exception
of Doliodrilus puertoricensis Erséus & Milligan, 1988:
Martinez-Ansemil et al., 2002). The Phallodrilinae is

primarily marine but has several freshwater taxa, most
of which inhabit groundwater. Among the tubificid
subfamilies, the Naidinae, Tubificinae and Rhyacod-
rilinae are especially rich in terms of species,
comparable to two microdrile families—the Lumbri-
culidae and the Enchytraeidae (Table 1).

Although megadrile oligochaetes are primarily
terrestrial, no fewer than 60 species are considered
aquatic or semi-aquatic (Table 1). These occasionally
represent a significant biomass of an aquatic site, yet
are often overlooked or merely referred to as
“earthworms”.

One genus, Metataxis Righi, 1985, previously
thought to belong in the Haplotaxidae, has been
shown to be an incerta sedis aquatic, megadrile
(Brinkhurst, 1988) and for this reason, it has been
treated separately from the other aquatic megadriles
(Table 1). Some terrimegadrile species, belonging to
the families Lumbricidae, Megascolecidae and Ocn-
erodrilidae, have been repeatedly noted from
freshwater environs. These supposedly terrestrial
species have been collected in freshwater often
enough to suggest that they might be genuine aquatic
or semi-aquatic species rather than incidentals.

Among the microdriles, the species richness of the
Enchytraeidae is considered to be greatly underesti-
mated. Due to taxonomic difficulties, lack of modern
identification guides for most taxa, and few trained/
practising systematists, enchytraeids have long been
neglected, and rarely are identified, even to genus. We
presently recognize 136 nominal species of aquatic
enchytraeids, but the proportion of semiaquatic to truly
aquatic species is unknown. The enchytraeid system-
atist Emilia Rota (pers. com.) suggests that as few as 50
enchytraeids may be truly freshwater species. This
discrepancy suggests that an accurate estimate of the
total number of freshwater enchytraeid species is not
possible at this time. The Haplotaxidae, comprised of
but 21 recognized species that occur almost exclu-
sively in groundwater habitats, is often neglected for
similar reasons and because they are scarce and
commonly immature (so are rarely identifiable).

Estimating the potential total number of freshwater
oligochaetes is problematic. Knowledge of some
biogeographic regions, such as the Nearctic (North
America: Kathman & Brinkhurst 1998; Wetzel et al.
2006, 2007) and the Australasian (Pinder et al. 2006)
has been well established, while that for other regions
(Africa, parts of the Neotropical and Oriental) is still
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Fig. 2 Evolution of numbers of valid species names of
oligochaetes (Annelida, Clitellata) over time

in its infancy. The oligochaete diversity of ground
waters is also still poorly known (Juget & Dumnicka,
1986; Giani et al., 2001), especially in Asia. The
accumulation of numbers of presently valid names
over time shows no trend towards stabilization at a
global scale (Fig. 2). Recent years have seen a
continuous increase in the number of described
species, even in well-studied regions (Palaearctic,
Nearctic) (Reynolds & Cook, 1976, 1981, 1989,
1993; Reynolds & Wetzel, 2007) so that any
proposed ultimate number would simply be a guess.

Phylogeny and historical processes

The phylogeny of the Oligochaeta has been debated
for a long time. As introduced above, the term
“Oligochaeta” is itself phylogenetically invalid since
it designates a paraphyletic group that does not
include all its descendants (leeches and branchiob-
dellids). Although Oligochaeta is an older name than
Clitellata, the latter was explicitly established to
include the leeches and branchiobdellids (Michael-
sen, 1919) and, hence, should be preferred to the
former (Martin, 2001).

In this phylogenetic context, the nature of an
ancestor to the Clitellata is inherently problematical,
given that there are no fossil remains and most
probable outgroups, such as the Polychaeta, share
very few characters with clitellates (Jamieson, 1988;
Brinkhurst, 1994). The position of the Clitellata in
relation to the Annelida remains inconclusive, despite
numerous molecular studies addressing the issue

(Rota et al., 2001; Erséus, 2005; McHugh, 2005).
Placement of the Clitellata within the Polychaeta is
not supported, and there are as many candidate sister
groups to the Clitellata as there are molecular studies
focussed on resolving these relationships.

Based on a particularly defined hypothetical
ancestor, it was generally assumed that all oligochae-
tes s. s. could have derived from a segmented worm
very close to extant haplotaxids (Brinkhurst, 1984;
1991), thus implying that the split between aquatic
and terrestrial groups (the Microdrili and the Megad-
rili) occurred early in the evolution of the clitellates.
The discovery of many marine tubificid species
during recent years, belonging to several subfamilies
of Tubificidae, prompted Erséus (1987) to propose
that oligochaetes could be derived from small forms
of marine origin. In contrast, Westheide (1997) and
Westheide et al. (1999) postulated a terrestrial origin
for the Clitellata, on the basis of functional consid-
erations of clitellate morphological structures.

A recent molecular study (Erséus & Kiillers;jo,
2004) supports an earlier hypothesis (Erséus, 1993;
Ferraguti et al., 1996) based on morphological fea-
tures that Capilloventridae represents a basal clade of
Clitellata, and that an aquatic (freshwater?) origin of
the clitellates is the most likely. Interestingly, the
sister group to the primarily terrestrial megadriles
(Crassiclitellata) are the Enchytraeidae, of which
two-thirds of the known species are terrestrial. The
aquamegadrile families are suspected to have always
had an aquatic or amphibious existence. However,
molecular studies show that if the monophyletic
nature of the Aquamegadrili is not supported, this
group does not constitute a basal clade of the
Crassiclitellata, which implies that their adaptation
to freshwater was secondary (Jamieson et al., 2002).

Present distribution and main areas of endemicity

The Palaearctic region supports the most abundant
and diverse freshwater oligochaete fauna, with 616
valid species and 113 genera described to date (or
476 species and 104 genera if the mostly endemic
fauna of Lake Baikal is excluded) (Fig. 3; Tables 1,
2). About 80% of Palaearctic species are endemic.
The Holarctic region harbours 766 species (626
without Lake Baikal) versus 404 species in all other
regions combined.
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Fig. 3 Species and genus
diversity (species number/
genus number), and rate of
endemism (%) of the
freshwater Oligochaeta
(Annelida, Clitellata) by
primary zoogeographical
regions. PA: Palaearctic;
NA: Nearctic; NT:
Neotropical; AT:
Afrotropical ; OL: Oriental;
AU: Australasian; PAC:
Pacific Oceanic Islands
(subantarctic Islands were
independently considered
with the closer continents
except for Antarctica);

ANT: Antarctic
PAC

NT
178162 (51%)

ANT

fm

The Tubificidae is the only family with a cosmo-
politan distribution. The Rhyacodrilinae are present
in all regions, including subantarctic islands. Exclud-
ing the Antarctic region, the two other numerically
most important tubificid subfamilies, the Naidinae
and Tubificinae, are recorded from all continents,
although their relative contribution to tubificid diver-
sity can change according to the zoogeographical
region considered. In particular, the Tubificinae
dominate in the Holarctic region (189 spp., vs. 44
spp. in all other regions) whereas the Naidinae are
more homogeneously distributed (143 spp., and 156
spp. in the Holarctic, and all other regions,
respectively).

The Enchytraeidae is a large and probably cosmo-
politan family, but there are no records of freshwater
representatives for the Afrotropical region. Given that
the family exists in North Africa, and taking into
account the taxonomic difficulties associated with
this family, it is very likely that freshwater enchyt-
raeids will be found in the Afrotropical region.
Enchytraeids are the most diverse group in ground
water, but many of them are suspected to be
terrestrial and to occur only incidentally in aquifers.

The Lumbriculidae are more limited in distribu-
tion, with most species known only from the
Holarctic region (204 spp.; Lake Baikal included).
Southern occurrences include only two peregrine
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species, Lumbriculus variegatus and Stylodrilus her-
ingianus, both of which may have been introduced
via shipping (Brinkhurst & Jamieson, 1971). In
contrast, the Phreodrilidae have long been known to
occur only in the Southern Hemisphere, interpreted in
terms of continental drift theory as a relict of an
ancient Gondwanan distribution (Brinkhurst & Ja-
mieson, 1971; Giani et al., 1995). The recent
accumulation of newly described species from Aus-
tralia and adjacent areas falls well within this scheme.
To date, 49 species are known to occur in the
southern regions (Neotropical, Afrotropical, Oriental,
Australasia and Antarctica) while only Astacopsidri-
lus naceri Giani & Martin, 1995 is mentioned in the
Holarctic region (Morocco). The theory of continen-
tal drift was also invoked to explain the observed
division of the Alluroididae between the Afrotropical
and Neotropical regions, although similarities with
the Japanese Biwadrilus (Biwadrilidae) give support
to a northerly origin (Brinkhurst & Jamieson, 1971).

Seven families only occur in one zoogeographical
region. With the exception of the Megascolecidae, these
are small, monogeneric families (the Dorydrilidae and
the Capilloventridae) or even monospecific families
with a (sometimes highly) localized distribution—
Biwadrilidae (Japan); Lutodrilidae (Louisiana, USA);
Narapidae (interstitial waters of the Parana River,
Argentina) and Tiguassidae (Amazonian basin, Brazil)
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Table 2 Genus diversity of freshwater oligochaetes (Annelida, Clitellata) delineated by primary zoogeographical regions (a column
enumerating taxa restricted to groundwater habitats has also been included)

Family Subfamily PA PA without NA NT AT OL AU ANT Groundwater World
Baikal
Megadrile Aqua- Almidae 3 3 1 2 3 2 1 0 1 7
Megadrile Aqua- Biwadrilidae 1 1 0o 0 o0 o0 0 0 0 1
Megadrile Aqua- Lutodrilidae 0 0 1 0o 0 0 0 O 0 1
Megadrile Aqua- Sparganophilidae 1 1 1 2 0 0 0 O 0 2
Megadrile Aqua- Lumbricina fam. 0 0 1 1 1 0 0 O 1 1
(Metataxis)

Megadrile Terri- Lumbricidae 5 5 4 0 3 0 0 O 5 9
Megadrile Terri- Megascolecidae 1 1 0O 0 o0 o0 0 O 0 1
Megadrile Terri- Ocnerodrilidae 1 1 1 o 2 0 0 O 0 2
Microdrile Alluroididae 0 o0 0 3 4 0 0 O 0 7
Microdrile Capilloventridae 0 0 0o 0 0 0 1 0 1 1
Microdrile Dorydrilidae 1 1 0o o o o0 0 O 1 1
Microdrile Enchytraeidae 8 8 7 11 0 2 4 4 13 18
Microdrile Haplotaxidae 5 5 1 1 2 1 4 0 3 8
Microdrile Lumbriculidae 19 17 12 0 1 1 2 0 12 26
Microdrile Narapidae 0 o0 o 1 0 0 0 O 1 1
Microdrile Opistocystidae 0 0 2 2 1 0 0 O 0 4
Microdrile Parvidrilidae 1 1 1 0 0 O 0 O 1 1
Microdrile Phreodrilidae 1 1 0O 4 4 1 6 2 5 10
Microdrile Propappidae 1 1 1 0 0 O 0 O 1 1
Microdrile Tiguassidae 0 0 o 1 0 0 0 O 0 1
Microdrile Tubificidae Limnodriloidinae 0 0 o o 1 o0 0 O 1 1
Microdrile Tubificidae Naidinae 2220 19 16 15 17 11 1 16 28
Microdrile Tubificidae Phallodrilinae 4 4 30 0o 2 0 5 9
Microdrile Tubificidae Rhyacodrilinae 13 9 4 6 5 6 9 3 5 19
Microdrile Tubificidae Telmatodrilinae 1 1 20 0 o0 0 2
Microdrile Tubificidae Tubificinae 25 24 4 12 4 7 7 0 21 31
Microdrile Tubificidae 65 58 42 34 27 31 29 4 48 90

Total 113 104 75 62 48 38 47 10 93 193

Subantarctic islands were independently considered with the closer continents (except for Antarctica). PA: Palaearctic; NA: Nearctic;
NT: Neotropical; AT: Afrotropical; OL: Oriental; AU: Australasian; ANT: Antarctic

(Tables 1, 2). The family Dorydrilidae is currently
known only from Europe, with records most likely
resulting from extensive research focussed on the
underground fauna of this region. Interestingly, fresh-
water Capilloventridae are known only from south-
eastern Australia, although marine species are present
elsewhere. The monogeneric Propappidae, long
restricted to the Palaearctic region (Europe and Asia),
is now known from North America where it is
considered a probable introduction (Coates, pers.
comm.).

The presence of freshwater Megascolecidae only
in the Palaearctic region is all the more surprising
since this primarily terrestrial family is native in all
zoogeographical regions (with the exception of the
Antarctic) (Jamieson et al., 2002). This observation is
not informative, however, in view of uncertainties
about how to consider those species occasionally
found in aquatic habitats and given that such
occurrences are not documented in many regions.

Aquatic and semi-aquatic megadriles are present
in all zoogeographical regions (with the exception of
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the Antarctic). The Almidae are predominantly
associated with tropical regions (Oriental, Afrotrop-
ical and Neotropical). In  contrast, the
Sparganophilidae are primarily Nearctic, with occa-
sional occurrences in the Palaearctic and the
Neotropical regions. The presence of the Almidae
in the Holarctic region is mostly due to one genus,
Criodrilus Hoffmeister, 1845. As native species,
almids are absent from the Australasian region with
the single exception of Glyphidrilus weberi Horst,
1889—a species that has crossed the Wallace line
(Wallace, 1876) and has reached Sulawesi (formerly
Celebes). This absence, with other evidence, suggests
that the family has had a northern origin (Brinkhurst
& Jamieson, 1971).

Lake Baikal is a unique biogeographical region
unto itself and a hotspot of oligochaete diversity.
About 192 species have been described in this lake so
far, of which more than 70% are endemic and species
flocks are recognizable or suspected e.g.: Baikalo-
drilus (23 spp.), Lamprodrilus (19 spp.), Stylodrilus
(11 species) and Isochaetides (11 spp.) (Semernoy,
2004). Ancient lakes (long-lived waterbodies which
have existed for at least 1 Myr; Gorthner, 1994) are
important centres of endemicity (Martin, 1996).
Unfortunately, they have not yet been comparably
studied. For instance, Lake Tanganyika (East Africa)
has a similar to age Lake Baikal but yet supports only
16 known species, nine of which are endemic, and no
endemic genera (versus 9 in Lake Baikal). This is
partly due to an obvious lack of studies, and the
oligochaete faunas of the other great African lakes
(Lake Malawi, Lake Victoria) are virtually unknown.
Recent interest in the great lakes in Africa has
revealed a more diverse oligochaete fauna than
previously assumed, but better studies of this fauna
are still needed.

If only described species are taken into account,
54% of freshwater oligochaete species occurring in
the Australasian region are endemic. Numerous
species have yet to be described, however, so
endemicity may be as high as 70%, making this
long-isolated zoogeographical region similar to the
Palaearctic in terms of rates of endemicity. The
Oriental region is presently represented by surpris-
ingly few endemic species (27%), yet the total
number of species is similar to that of some other
regions, where the rate of endemicity is much higher.
This discrepancy may be the result of a biassed study
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of the local fauna—one more focussed on areas with
high human pressure, and where more banal species
live due to their wide ecological valence (see
examples in Naidu, 2005). In addition, bias resulting
from misidentifications cannot be excluded, given
that more than 60% of freshwater oligochaete species
occurring in this region are naidines, a group for
which the taxonomy is presently deemed unreliable
due to a paucity of systematic studies (Brinkhurst &
Wetzel, 1984).

Ground waters are important centres of endemicity
and refuges for relictual species. Among the 313
nominal species described to date (193 genera), one-
third is exclusively found in this environment (sty-
gobionts). The fact that ground waters hold a
combination of endemic, sometimes very old and/or
thalassoid lineages makes them of the utmost interest
as far as biodiversity and conservation topics are
concerned.

Human related issues

The oligochaetes have long been known to play a
preponderant role in aquatic ecosystems (Giani,
1984). In particular, the impact of benthic oligochae-
tes on sediment structure and water-sediment
exchanges can have important repercussions as far
as human issues are concerned. Taking this impact
into account is crucial in the study of movement and
transport of toxic pollutants in the aquatic ecosystem,
since, as a result of the reworking of sediment
(bioturbation), some contaminated sediment layers
can be re-exposed at the water-sediment interface
many years after active discharge of pollutants and
deposition have ceased (Golterman et al., 1983).

Aquatic oligochaetes (and in particular, the Tub-
ificidae) have long been associated with polluted
waters; perhaps the first mention of oligochaetes and
pollution (from foul mud associated with domestic
sewage) was by Aristotle [384-322 B.C.] (Thiene-
mann, 1912). Some aquatic oligochaetes are indeed
very tolerant to low oxygen levels associated with
organically polluted waters and can be abundant in
this environment where food supply is abundant and
competition absent.

The tolerance of some species to these conditions
has led to them being investigated for their potential
to reduce sludge volumes in sewage treatment



Hydrobiologia (2008) 595:117-127

125

systems (e.g., Wei and Lui (2006). In addition, they
are also easy to culture and have rapid and simple life
cycles, making them ideal subjects for laboratory
sediment toxicity studies.

The cosmopolitan Tubifex tubifex is one of the
most commonly studied freshwater oligochaetes—
both as a health indicator of aquatic environments
and as an intermediate host for several myxozoan
parasites of fishes. Unfortunately, recent molecular
studies have indicated that there may be several
cryptic species of Tubifex co-occurring in North
America and Europe—species that exhibit unique
physiological and toxicological responses to the
environment as well as resistance to infection by
myxozoans (Sturmbauer et al., 1999; Beauchamp
et al., 2001, 2006). Such studies are compelling,
lending additional support to the importance of
taxonomic studies and repercussions of the lack of
these on human health related issues.

In spite of these challenges, aquatic oligochaetes
have great potential for use in studies relating human
health issues to the quality of the freshwater
environment, for many reasons, including: their
importance in the aquatic food chain; many species
are widely distributed and well studied; representa-
tives include freshwater, estuarine, and marine
species; as a group, they range from sensitive to
insensitive to a wide range of environmental vari-
ables; they have a long history of use in pollution
monitoring and assessment; and, relevant toxicity and
bioaccumulation tests exist (e.g., Reynoldson et al.,
1991; Reynoldson & Rodriguez, 1999; Chapman,
2001).
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Abstract Leeches (Hirudinea) constitute a relatively
small monophyletic group of highly specialized
annelids, but may play important roles as invertebrate
predators in freshwater, while others are infamous for
their ectoparasitic bloodsucking. About 15% of the
680 described species are marine and slightly less
have switched to terrestrial life; the rest are freshwa-
ter, divided among 91 genera. They are globally
distributed on all continents except Antarctica,
reaching the highest diversity in the Holarctic region
with one-half of all continental species. Known areas
of local endemism are the ancient Siberian lake
Bajkal and lake Ohrid (about 10 species each) on the
Balkan Peninsula, which is an endemicity area in
itself. A small number of sanguivorous species
known as “medicinal leeches” have played an
important role in traditional and modern medicine,
most noticeably four Hirudo spp. from the Western
Palearctic.
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Introduction

Leeches (Hirudinea) used to be considered as deriv-
atives of oligochaetes, Acanthobdella, with few
chaetae still present, being the connecting link. It
is now clear that Hirudinea (Achaetobdellae, Euhiru-
dinea, Hirudinida) constitute a monophylum that
renders the Oligochaeta paraphyletic (Martin, 2001;
Siddall et al., 2001). The Acanthobdellida and the
Branchiobdellida (crustacean epizoans or parasites
traditionally linked with Oligochaeta) are the two
closest relatives of true leeches, the latter being the
more likely sister group, according to molecular
phylogenetic investigations (Siddall et al., 2001).

Leeches are hermaphroditic annelids with
totally reduced both parapodia and chetae, with
unpaired male and female genital openings in the
region of the glandulose belt called clitellum, and
with a sucker on both the anterior and posterior
end of the body (Fig. 1). Each somite is superfi-
cially divided into usually three to five, but
sometimes more than 10 annuli. The coelomic
cavity is transformed into a contiguous system of
channels. Many leeches are blood-sucking on
vertebrates or invertebrates; the others are mainly
predators, rarely scavengers. Most inhabit fresh-
waters, but there are marine and terrestrial species,
too. They reproduce by eggs deposited in cocoons
secreted by the clitellum. Their ontogeny is direct,
without larval stages.
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Fig. 1 Habitus of three typical representatives of major
hirudinean taxa: (A) Cystobranchus fasciatus, a fish leech
(Piscicolidae), dorsal view; (B) Placobdella costata, a gloss-
iphoniid, dorsal view; (C) — Barbronia assiuti, an
erpobdelliform, lateral view; (D) Ventral view of the clitellum
with genital and accessory openings; the latter are found only
in some species. os—oral sucker, ecs—caudal sucker, mgo—
male genital opening; fgo—female genital opening. Original
drawings are a courtesy of Hasko Nesemann

Species diversity

This compilation was greatly facilitated by some
previous local or global monographs, mainly indi-
rectly through Sawyer (1986); beside the latter, such
are by Harding & Moore (1927), Klemm (1972),
Lukin (1976), Ringuelet (1980), Yang (1996), Nese-
mann & Neubert (1999), and a series by Soos (1965-
1969). Numerous primary sources (not listed in
References) were used to complete the work.
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Linnaeus (1789) described 14 species of Hirudo,
classified as Vermes Intestina. The classical taxon-
omy used to be based on the general shape, color
pattern, position and number of eyes, later also on
distance between genital openings. Moquin-Tandon
(1846) presented anatomical pictures which were
later used extensively; so was also the system of
annulation with an appropriate coding, proposed by
Moore (1898). Pawlowski (1948) added the male
atrium shape. However, nobody assessed the vari-
ability level of the morphological and anatomical
characters. A study of the hirudinean diversity of the
former Yugoslavia area, notorious for its complex
biodiversity, showed that neither the anatomy of the
reproductive apparatus nor the annulation is stable
enough to be reliable, as character above the species
level (Sket, 1968). This, and some phylogenetic
uncertainties, triggered first molecular studies (Tron-
telj et al., 1996; Siddall & Burreson, 1998) followed
by many others that are nowadays yielding surprising
solutions predicting discovery of further unexpected
errors of the current taxonomy.

However, morphological means allowed us to
describe approximately 680 species till now, some
480 of which are freshwater. Bielecki (1997) intro-
duced new detailed morphological and anatomical
standards in the systematics of piscicolids (fish
leeches) that gave rise to a manifold increase of
European fish leech species. This, along with a
considerable ‘cryptic’ diversity among European
erpobdellids (own studies, unpublished), suggests
that a large number of species has still remained
unrecognized even within the traditionally best-
studied European hirudinean fauna. The cumulative
plot of described species (Fig. 2) shows no sign of a
plateau.

These facts also imply that leech taxonomy—at
the species level and higher—is in a revolutionary
phase right now. In the present overview (Table 1),
we mainly follow the system of Sawyer (1986) but
we could not ignore some novel findings; there-
fore, some of our solutions are partial and
provisional. Too little care has been taken till
now to represent genera in molecular studies by
their type species and species by their topo-type
populations, as these are the only reliable means
for assuring the taxonomical identity of objects.
Neither the number of families, nor their generic
subdivision, are final.
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Fig. 2 Cumulative number of described hirudinean species
per decade. Authors with significant contributions (if 15 or
more species after 1900, 20 or more after 1950) and the phase
of their publishing activity are shown

Species diversity is relatively evenly distributed
among four major hirudinean clades, the proboscis-
bearing Piscicolidae and Glossiphoniidae, the jawed
Hirudiniformes, and the predaceous Erpobdelliformes
(see Table 1 for classification and species numbers).
The latter two groups are sisters, often referred to as

Table 1 Taxonomic overview and diversity of the Hirudinea®

arhynchobdellids for their lack of a proboscis. This
leaves the small tropical marine and freshwater
family Ozobranchidae with an uncertain position
among the paraphyletic group of proboscis-bearing
leeches, traditionally known as rhynchobdellids.
Piscicolidae are parasites, mainly on fishes, a large
part of them being the only marine leeches. Bound to
freshwater only, but ecologically very diverse and
globally distributed, are the Glossiphoniidae. They
feed as parasites on vertebrates and invertebrates;
some may be predators if the prey is small enough.
Arhynchobdellids live predominantly in freshwaters,
but might also be amphibious or terrestrial. Most
hirudiniform species are parasitic on vertebrates;
some are also predators of small invertebrates,
occasionally even scavengers. Erpobdelliforms are
exclusively predatory species with an aquatic or
amphibious lifestyle. They swallow their prey as a
whole using their muscular pharynx. They may occur
in high densities and are among the most important
invertebrate predators in freshwater communities.
Traditionally a part of the Hirudinea but now
recognized as a clade of their own, the

Major higher taxon Family Freshwater genera Freshwater species Terrestrial (T) or Marine (M) species
Acanthobdellida Acanthobdellidae 1 2 0
“Rhynchobdellida” Glossiphoniidae 25 208 0
Piscicolidae 17 57 100 M)
Ozobranchidae 2 7 2 (M)
Arhynchobdellida
Erpobdelliformes Americobdellidae 0 0 1(T)
Erpobdellidae 10° 69 0
Salifidae 7 28 1(T)
Hirudiniformes Cylicobdellidae 0 0 28 (T)
Semiscolecidae 4 13 0
Haemopidae 3 18 0
Hirudinidae® 17 60 4 (T)
Macrobdellidae 5 20 0
Haemadipsidae 0 0 50 (T)
Xerobdellidae 0 0 8 (T)
Total 91 482 102 M
92T

a

The traditional conception including acanthobdellids but not branchiobdellids. Not considered are species inquirendae (of ca 110

species inquirendae listed by Soos 1965-1969, only 10 have been classified later and considered here)

" Traditional genera are mostly para- or polyphyletic, a final subdivision of the family is not yet established

¢ Including Hirudinariinae, Praobdellinae, Richardsonianinae, Ornithobdellinae; provisionally also Limnatis
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Acanthobdellida are limited to two species at the
boreal fringe of the Holarctic. They parasitize fishes.
The larger, more than 100 spp. strong Branchiob-
dellida have been traditionally discussed with
Oligochaeta.

Phylogeny and historical processes

Based on recent molecular phylogenetic hypotheses
(e.g., Apakupakul et al., 1999; Trontelj et al., 1999;
Borda & Siddall, 2004; Utevsky & Trontelj, 2004), it
can be concluded that leeches are primarily and
essentially freshwater animals with few switches to
marine and terrestrial habitats (Fig. 3). Further, their
notorious ectoparasitic bloodsucking might be a
sophistication of a less specialized commensalism or
parasitism inherited from ancestors shared with bran-
chiobdellids and acanthobdellids. It has been
proposed that the first true leech was a proboscis-
bearing bloodsucker, and that bloodfeeding facilitated
by jaws as in the medicinal leech evolved

=
Hirudiniformes =3
3
o
o
o
&
<U Erpobdelliformes | =
o
il ob]
\
Glossiphoniidae | =@
2
=]
[e]
i 0
Ozobranchidae 22
Q.
o
A Piscicolidae ;',j
Acanthobdellida ~
—< Branchiobdellida

Fig. 3 Simplified phylogenetic tree of main hirudinean and
sister taxa, the height of the triangle reflecting the species
richness of each clade. Waves represent the share of marine,
bricks the share of terrestrial species, while white areas
correspond to freshwater (and amphibian) species. The share of
terrestrial erpobdelliforms and marine ozobranchids (two
species each) is too small to be shown. Dark vertical bars
represent ecto-commensal or parasitic feeding, light bars
predatory behavior. Only relationships that have consistently
received high support in all molecular phylogenetic studies are
drawn as resolved
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independently, following a predatory stage (Trontelj
et al., 1999; Borda & Siddall, 2004).

A second focus of current molecular phylogenetic
work is on species-level relationships and alpha
taxonomy. A number of studies have indicated that
not only much of the traditional low-level taxonomy
is mislead by highly homoplastic characters, but also
a great deal of species diversity remained overlooked
or ignored. Perhaps the most striking example of the
former case is the family Erpobdellidae, in which,
after molecular scrutiny, virtually all characters used
for subfamilial and generic subdivision (e.g., annu-
lation, genital anatomy, and color patterns) turned out
to be useless for this purpose (Trontelj & Sket, 2000;
Siddall, 2002). Lack of reliable taxonomic characters
is the main reason for recently discovered cases of
cryptic diversity among erpobdellids. Finally, the
most famous of all leeches, the European medicinal
leech, is represented by at least three species as
demonstrated by phylogenetic analyses of nuclear
and mitochondrial DNA sequences (Trontelj &
Utevsky, 2005). Their coloration pattern, often
rejected as too variable, has ultimately proven to be
a reliable identification feature.

Present distribution and main areas of endemicity
Global distribution patterns

Erpobdellidae are evidently limited to the Holarctic.
The only species in New Zealand can hardly avoid the
suspicion of a taxonomical mistake, while in Mexico
the group crosses the border of the Neotropical region.
Closely related species are widely distributed across
the Palearctic, as well as between Palearctic and
Nearctic. A particularly high number of erpobdellid
species are known from Europe, but the degree of
knowledge is territorially biased. The Haemopidae
s.str are mainly Nearctic (Haemopis) and East Pale-
arctic (Whitmania), with a few species of Haemopis
distributed in Europe. Generally Holarctic, and
mainly Western Palearctic, is the whole freshwater
section of Piscicolidae. Myzobdella (Neotropical) and
Limnotrachelobdella spp. (E Palearctic) might be
secondary invaders from the sea. Limited to the
Holarctic are also some genera of Glosiiphoniidae:
Glossiphonia, Placobdella with the majority of spe-
cies in the Nearctis, and Torix limited to the east of the
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Fig. 4 Total species and
genus numbers of Hirudinea 4
per zoogeographic regions
(Species number/Genus
number). PA—Palearctic,
NA—Nearctic, NT—
Neotropical, AT—
Afrotropical, OL—Oriental,
AU—Australasian, PAC—
Pacific Oceanic Islands,
ANT—Antarctic

Eastern Palearctis. In unison, they make the Holarctic
with one-half of all continental leech species the most
diverse biogeographic region (Fig. 4, Table 2).

In the Neotropical region, the glossiphoniid genus
Haementeria is mainly tropical and hardly crossing
the northern border of the region. Biogeographically
similar, and probably closely related, are the smaller
genera Gloiobdella and Adaetobdella. The genus
Helobdella has, on the other hand, richly speciated
(more than 35 species known) in colder (elevated)
regions of South America. It developed a couple of
ecologically very successful species, one of which
spread widely into the Holarctic region, possibly as
an accidental passenger on migrating aquatic birds.
Two additional species succeeded to spread out of the
Neotropical region by some human means. A similar
distribution display the hirudiniform sister families
Semiscolecidae and Macrobdellidae, the former
being limited to the Neotropical region, the latter
with at least one genus each in the Neotropics and the
Nearctis.

The Oriental region is still relatively rich in
leeches but has virtually no endemic groups. The
region can be characterized by some smaller genera
with predominantly Oriental species and only slight
extrusions into the Eastern Palearctic. Such are
the glossiphoniid Paraclepsis and hirudiniform

Myxobdella, Poecilobdella and Hirudinaria. Most
Oriental groups are in fact Paleotropical, occuring
also in the Afrotropical region. Oriental and
Afrotropical is the genus Asiaticobdella; mainly
Oriental, although generally tropical are freshwater
Ozobranchidae and the rich glossiphoniid genus
Placobdelloides. Limnatis is also present outside
tropics in southern parts of Europe. The hirudinid
Praobdella seems to be purely African.

Somehow in the warmer East is also the gravity
point of the family Salifidae; its main genera, Salifa
and Barbronia, are both present in the Oriental region
and in the eastern Palearctis, spreading slightly to the
Afrotropical, the Western Palearctic, and even into
the Australian regions. Since some of its species have
clearly demonstrated good spreading abilities, it is
questionable whether such a distribution pattern is
ancient, and if it is natural at all.

The Australasian region, except for the endemic
hirudinid subfamily Richardsonianinae (Bassianob-
della, Goddardobdella, Richardsonianus), is inhabited
by very few freshwater leech species. They belong to
different genera and might be either results of late
natural introductions (e.g., by birds) or even of
taxonomical errors. The most numerously represented
are the snail leeches Alboglossiphonia, a globally
distributed genus. Australasia is the domain of the
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Table 2 Number of freshwater hirudinean species and genera found in major biogeographical regions

PA NA NT AT OL AU World
Number of species
Acanthobdellida
Acanthobdellidae 2 1 0 0 0 0 2
Rhynchobdellida
Glossiphoniidae 64 39 69 20 31 13 208
Piscicolidae 40 7 5 2 0 57
Ozobranchidae 1 0 1 1 3 1 7
Arhynchobdellida
Americobdellidae 0 0 0 0 0 0 0
Erpobdellidae 46 18 3 0 2 1 69
Salifidae 10 0 0 8 9 4 28
Cylicobdellidae 0 0 0 0 0 0 0
Semiscolecidae 1 13 0 0 0 13
Haemopidae 9 7 1 1 1 0 18
Hirudinidae 15 0 1 18 14 15 60
Macrobdellidae 0 6 14 0 20
Haemadipsidae 0 0 0 0 0 0 0
Xerobdellidae 0 0 0 0 0 0 0
Total species 187 79 107 50 64 34 482
Number of genera
Acanthobdellida
Acanthobdellidae 1 1 0 0 0 0 1
Rhynchobdellida
Glossiphoniidae 15 11 12 9 10 4 25
Piscicolidae 10 3 2 2 4 0 17
Ozobranchidae 1 0 1 1 1 1 2
Arhynchobdellida
Americobdellidae 0 0 0 0 0 0 0
Erpobdellidae 6 5 3 0 1 1 10
Salifidae 4 0 0 3 3 2 7
Cylicobdellidae 0 0 0 0 0 0 0
Semiscolecidae 0 1 4 0 0 0 4
Haemopidae 2 1 1 1 1 0 3
Hirudinidae 6 0 1 6 7 7 17
Macrobdellidae 0 2 3 0 0 0 5
Haemadipsidae 0 0 0 0 0 0 0
Xerobdellidae 0 0 0 0 0 0 0
Total genera 45 24 27 22 27 15 91

PA: Palaearctic Region, NA: Nearctic Region, NT: Neotropical Region, AT: Afrotropical Region, OL: Oriental Region, AU:

Australasian Region

terrestrial Haemadipsidae, which might be most
diverse here, while spreading throughout the Oriental
region and even crossing into the SE of the Eastern
Palearctic.
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The distribution type of some phyletic groups is
at present not definable, e.g., the glossiphoniid
Theromyzon has species distributed across all bio-
geographical regions except for the Australasian. One



Hydrobiologia (2008) 595:129-137

135

could easily explain this by their relation to water-
fowl. The explanation of the even distribution of
Alboglossiphonia throughout all regions is more
enigmatic. In oceans, piscicolids are present around
all continents and at all latitudes. Previous biogeo-
graphical analyses have been published by Soos
(1970), Ringuelet (1980), and Sawyer (1986).

Endemicity areas

Discovery of species flocks and therefore of rich
endemic faunas can be predicted for the next future.
They may occur in SE Europe (own studies) and in the
southern United States (according to Govedich et al.,
1999). Most ancient lakes have single or no endemic
leech species. Likewise, with only two Caspiobdella
spp., the number of endemics in the (brackish) Caspian
is surprisingly low, but a number of European species
seems to originate from Ponto-Caspian waters. Richer is
Lake Bajkal with three piscicolids (Baicalobdella
torquata, Codonobdella truncata, C. zelenskiji) and
some glossiphoniids (Baicaloclepsis echinulata, B. gru-
bei, Torix baicalensis and probably some Theromyzon
spp.). The Balkan lake of Ohrid harbors the richest
known endemic leech fauna (Sket, 1968, 1989) with
some endemic glossiphoniids (Glossiphonia compla-
nata maculosa, G. pulchella) and a flock of eight
erpobdellid species (‘Dina’ ohridana aggregate). The
latter are young species according to their mitochondrial
DNA divergence (unpublished results), but remarkably
differentiated in their body shapes (Sket, 1989).
Another probable Lake Ohrid endemic is Piscicola
pawlowskii.

Ecological specialists

Some species occur in caves (Sket, 1986; unpub-
lished data). These may be generalists, like Haemopis
sanguisuga, or troglobionts, like H. caeca from
Dobrogea in Romania. Particularly rich in troglo-
bionts is the family Erpobdellidae. Some described or
undescribed cave species are present in southern
Europe (N Italy—Balkans—Turkey—Caucasus), their
derivative is also the extraordinarily transformed
Croatobranchus mestrovi form deep caves in the
Croatian Dinaric mountains. Some undescribed spe-
cies, probably erpobdellids, occur in caves of China
and the US.

Another habitat less frequently inhabited by
leeches are brackish waters, like lakes and lagoons
along the SE Indian coast (lake Chilka) with
Pterobdella amara, Aestabdella caeca, Calliobdella
olivacea. Both Caspian piscicolids and the Ponto-
Caspian Archaeobdella esmonti can be attributed to
this group.

Among terrestrial specialists the giant Chilean
Americobdella valdiviana, representing its own fam-
ily, is one of the largest leeches (reportedly
measuring more than 20 cm, along with two other
giants, the Amazonian freshwater species Haemente-
ria ghiliani and the Antarctic marine Megaliobdella
szidati). Ornithobdellinae, a couple of terrestrial
hirudinid species, are feeding on sea-birds and can
be found in their colonies in Australia and New
Zealand. In the Xerobdellidae, Xerobdella spp. are
terrestrial predators in temperate to alpine climates of
Europe, whereas the neotropical Mesobdella and
Diestecostoma spp. are reported as sanguivorous.
Entirely terrestrial are also the haematophagous
Haemadipsidae and predatory Cylicobdellidae.

Human related issues

Leeches have been intimately connected to humans
throughout nearly 2000 years of documented history
of Western medicine. While in ancient times the
haematophagous medicinal leech (Hirudo medicinal-
is) was considered as panacea, nowadays mainly
its bio-active anticoagulant and anti-inflammatory
substances are attracting medical and pharmaceutical
attention (Sohn et al., 2001; Whitaker et al.,
2004). Moreover, the direct therapeutic application
of leeches is experiencing a renaissance, albeit for
different purposes, e.g., to restore blood circulation
after reconstructive surgery or, recently, to treat
osteoarthritis (Pilcher, 2004). Although the leeches
are now commercially bred in leech farms, the
annual consumption will probably never approach the
nineteenth century numbers when up to 100 mil-
lion leeches per year were imported to France alone.
It has only recently become clear that most
commercially used leeches are not the species
officially declared (H. medicinalis), but rather its
congener H. verbana or sometimes H. orientalis.
Other species, mainly of the SE Asian genus
Hirudinaria have been exploited medically and are
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sometimes even offered for sale as genuine medicinal
leeches. Even some rhynchobdellids (Haementeria
officinalis in Mexico, Placobdella costata in Krym)
have been in medical use.

The “medicinal leech” is protected and/or listed as
endangered species in many European countries. It is
not clear to what extent the alleged unfavorable
conservation status is a consequence of past over-
harvesting and how much of it can be contributed to
more recent habitat destruction. Moreover, as long as
the new taxonomic knowledge is not taken into
account, we will not even know which species we are
struggling to preserve.

Through centuries of exploitation and translocation
the natural distribution of all Hirudo spp. was probably
substantially affected by humans. More conspicuous,
however, are transcontinental introductions, like the one
of SE Asian Hirudinaria manillensis to the West Indies
(Kutschera & Roth, 2006), probably also as a conse-
quence of transport for medical purposes. Accidental
transfers of leeches have resulted in several successful
invasions of new ranges, most noticeably by the
misleadingly named Neotropic glossiphoniid Helob-
della europaea to Europe and Australia (e.g., Kutschera
2004), or the salifid Barbronia weberi from Asia to
Europe and Australia. Other non-native Helobdella spp.
have been reported from Europe, and the Australian
Barbronia arcana from Mexico (Oceguera-Figueroa
et al., 2005). Although B. weberi has been character-
ized as invasive (Govedich et al., 2003), the
invasiveness of most non-native leech species does
not approach the aggressive nature of some invasive
crayfishes and fishes.
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Abstract The term freshwater bivalve is very
inclusive and not very informative. There are repre-
sentatives of at least 19 families that have at least one
representative living in freshwater. This suggests at
least 14 different invasions of freshwater. At least
nine families have small to large radiations in the
freshwater environment: Corbiculidae, Sphaeriidae,
Dreissenidae, and the unioniforme families: Hyriidae,
Margaritiferidae, Unionidae, Etheriidae, Iridinidae,
and Mycetopodidae. The unioniforme families con-
tain at least 180 genera and about 800 species. This
order is characterized by the unique parasitic larval
stage on the gills, fins or the body of a particular host
fish. This order of freshwater bivalves is suffering a
very high rate of extinction, with about 37 species
considered presumed extinct in North America alone.
The level of endangerment and extinction facing
these animals is primarily the result of habitat
destruction or modification.
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Introduction

Freshwater bivalves provide a filtering service in
rivers and lakes. Many species are often found in
dense aggregations and filter out large quantities of
blue—green algae, diatoms, bacteria, fine-particulate
organic particles, as well as silt, absorb heavy metals
and large organic molecules. All of the taxa included
here are obligate freshwater organisms and spend
their entire life cycle in freshwater.

Freshwater bivalves are not a monophyletic group
and represent at least 19 families in three subclasses
of bivalves. Most families are represented by only a
few genera or species. Taxa with large radiations
in freshwater include the Sphaeriidae, Corbiculidae,
and the Order Unioniformes with 6 families, about
180 genera and about 800 species. Bivalves are
mollusks without a head have a single foot enclosing
the visceral mass, two pair of gills, and the sexes
are typically separate. Each individual has two
valves surrounding the body composed of calcium
carbonate, either as calcite or aragonitic crystal
structure. Unioniforme shells have aragonitic crystal
structure.

The life history of freshwater bivalves is varied and
depends on the family being discussed. Those species
from primarily marine bivalve families have veliger
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or brooded larvae (McMahon & Bogan, 2001). The
unioniforme bivalves are unique among bivalves,
having an obligate parasitic larval stage on the gills,
fins or sides of a host fish (Wichtler et al., 2001).

Shell shape varies among the families reflecting
partially their phylogentic history and partially the
habitat in which they are living. Byssally attached
mussels are often much thinner shelled than those
species living buried in cobble and gravel substrates.
Many of the species of the Unionforme families have
heavy shells with a variety of surface sculpture that
aid in stability in the substrate.

Most of the species in this group are infaunal
organisms burrowing into substrates varying from
sand to cobbles and gravel but a few species exploit
the exposed hard surfaces by attaching to hard
surfaces with byssal threads like blue mussels and
the zebra mussels.

Species/generic diversity

Freshwater bivalves are found in 3 different subclass-
es, separated into 5 separate orders and divided among
19 families within the Class Bivalvia (Deaton &
Greenberg, 1991) (Table 1). There are 206 recognized
genera of freshwater bivalves, most families repre-
sented by only one to five genera. Species diversity in
the Dreissenidae follows Rosenberg & Ludyanskiy
(1994). Large bivalve radiations in freshwater have
occurred in the Sphaeriidae and the six unioniforme
families. The species diversity mirrors the diversity of
genera with about 1026 species (Tables 1, 2). Once
again the highest diversity is found in the Sphaeriidae
and the six unioniforme families. Corbiculidae species
are over described based on variable shell form, and
indications are that there are only a few species
(Brandt, 1974; Morton, 1979; Subba Rao, 1989).
Generic and species counts were based on literature for
Sphaeriidae (Burch, 1975; Mandahl-Barth 1988;
Smith, 1992; Dreher Mansur 1993; Daget, 1998;
Korniushin & Glaubrecht, 2002; Lee & O Foighil,
2003). Estimates of the generic and specific diversity
were more difficult to compile for the unioniforme
families, due to the variation in systematic philosophy,
lack of overview data for areas of the world. We have
chosen to ignore for purposes of this exercise the over-
inflation of taxonomic levels by the Russian malacol-
ogist of the Starobogatov school. Total genera and
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species were based on major reviews and localized
faunal accounts (Ortmann, 1912; Pilsbry & Bequaert,
1927; McMichael & Hiscock, 1958; Haas, 1969;
Brandt, 1975; Liu, 1979; Mandahl-Barth, 1988; Subba
Rao, 1989; Smith, 1992; Starobogatov 1995; Bonetto,
1997; Daget, 1998; Turgeon et al., 1998; Bogan and
Hoeh, 2000; Smith, 2001; Walker et al., 2001; Huff,
et al., 2004).

Phylogeny and historical processes

Our current understanding of the phylogeny of the
bivalves is still developing. Higher level phylogenies
have been developed for bivalves supporting the
subclasses recognized on the basis of morphological
characters. However, phylogenetic analyses at the
family level are just developing. The overall phylog-
eny of the Order Unioniformes, a monophyletic
group is still in a state of flux. Based on recent DNA
analyses, the Margaritiferidae, Unioidae, Mycetopo-
didae, Iridinidae are all monophyletic. Hyriidae
genera from South America and Australasia form
monophyletic sister clades, but whose relationships to
other unioniforme families is still uncertain (Graf,
2000; Hoeh, et al., 1998, 1999, 2001). Curole and
Kocher (2002) based on DNA anlyses suggested the
family Margaritiferidae branched off from the
Unionidae at a minimum of 230 MYA and estimated
the subclass Paleoheterodonta diverged from the rest
of Bivalvia at approximately 500 MYA (Middle
Cambrian).

Speciation in freshwater bivalves may be driven
by separation of stream systems by vicariant events or
separate invasions of freshwater. In the Unioniformes
speciation may be tied to speciation in host fishes.
There has been little discussion of the factors driving
speciation in unioniforme bivalves.

Present distribution and main areas of endemicity

Diversity of freshwater bivalves across the main
zoogeographic areas is extremely variable (Tables 1,
2; Fig. 1). A total of 19 families with 206 genera and
an estimated 1026 species are reported from fresh-
water. Two main areas of diversity and endemism in
freshwater bivalves are the southeastern United States
and the Oriental region. This diversity is primarily in
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Table 1 Total number of genera in families of freshwater bivalves with representatives found in freshwater

PA NA AT NT OL AU PAC ANT World
Subclass Pteriomorpha
Order Arcoida
Arcidae 0 0 0 0 1 0 0 0 1
Order Mytiloida
Mpytilidae 0 0 2 1(D) 1 0 0 0 31
Subclass Paleoheterodonta
Order Unioniformes
Etheriidae 0 0 1 0 0 0 0 0 1
Hyriidae 0 0 0 9 0 8 0 0 17
Iridinidae 0 0 6 0 0 0 0 0 6
Margaritiferidae® 3 2 0 0 1 0 0 0 3
Mycetopodidae 0 0 0 12 0 0 0 0 12
Unionidae® 26(1) S1(D) 6 20(I) 38(1) 1 0 0 142
Total Unionifomes 29 53 13 41 39 9 0 0 180
Subclass Heterodonta
Order Veneroida
Cardiidae 2 0 0 0 0 0 0 0 2
Corbiculidae 1 1(D 1 2(D 2 2 0 0 3
Sphaeriidae 4 4 3 5 2 2 2(D 0 5
Dreissenidae 2 1) 1 0 0 0 0 0 3
Solenidae 0 0 0 0 1 0 0 0 1
Donacidae 0 0 2 0 0 0 0 0 2
Navaculidae 0 0 0 0 1 0 0 0 1
Order Myoida
Corbulidae 1 0 0 0 0 0 0 0 1
Erodonidae 0 0 1 1 0 0 0 0 2
Teridinidae 0 0 0 1 0 0 0 0 1
Subclass Anomalodesmata
Lyonsiidae 0 0 0 1 0 0 0 0 1
Total 40 59 23 51 47 13 2(D) 0 206

PA, Palaearctic; NA, Nearctic; NT, Neotropical; AT, Afrotropical; OL, Oriental; AU, Australasian; PAC, Pacific Oceanic Islands;

ANT, Antarctic
(I) are taxa introduced outside of their native range
? The genus Margaritifera occurs in three regions

° The genus Unio occurs in two different regions

the Unionidae. The distribution of unioniforme
families does not completely correspond to the
standard zoogeographic regions (Fig. 2A-F).

Antarctic area

There are no known modern freshwater bivalves from
Antarctica.

Oceanic Islands-Pacific area

There are two genera and two species of Sphaeriidae
known as introduced species from Hawaii.

Australasian area

The freshwater bivalve fauna of this region includes
representatives of 4 families, 13 genera and 43
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Table 2 Total number of species in families of freshwater bivalves with representatives found in freshwater

PA NA AT NT OL AU PAC ANT World
Subclass Pteriomorpha
Order Arcoida
Arcidae 0 0 0 0 4 0 0 0 4
Order Mytiloida
Mytilidae 0 0 2 1) 2 0 0 0 5

Subclass Paleoheterodonta

Order Unioniformes

Etheriidae 0 0 0 0 0 0 0 1
Hyriidae 0 0 0 55 0 28 0 0 83
Iridinidae 0 0 41 0 0 0 0 0 41
Margaritiferidae 6 5 0 0 1 0 0 0 12
Mycetopodidae 0 0 0 39 0 0 0 0 39
Unionidae 86(I) 297(D) 32 85(I) 120 1 0 0 621
Total Unionifomes 92 302 74 179 121 29 0 0 797
Subclass Heterodonta

Order Veneroida

Cardiidae 5 0 0 0 0 0 0 0 5
Corbiculidae a 2(D 2 2(D a a 0 0 6"
Sphaeriidae 34 45() 35 41 20 14 2(D 0 196
Dreissenidae 5 2D 1 0 0 0 0 0 5
Solenidae 0 0 0 0 1 0 0 0 1
Donacidae 0 0 2 0 0 0 0 0 2
Navaculidae 0 0 0 0 2 0 0 0 2
Order Myoida

Corbulidae 1 0 0 0 0 0 0 0 1
Erodonidae 0 0 1 1 0 0 0 0 2
Teridinidae 0 0 0 1 0 0 0 0

Subclass Anomalodesmata

Lyonsiidae 0 0 0 1 0 0 0 0 1
Total 137 351 117 226 150 43 2 0 1026

PA, Palaearctic; NA, Nearctic; NT, Neotropical; AT, Afrotropical; OL, Oriental; AU, Australasian; PAC, Pacific Oceanic Islands;
ANT, Antarctic

(I) are taxa introduced outside of their native range

? The total number of species in the genus is unkown at this time. The group is over-described based on shell shape variation

species. Diversity in the area is dominated by the Palaearctic area

Hyriidae with 8 genera and 28 species. Hyriids are

restricted to Australia, Tasmania, New Zealand, New The diversity found in this region is dominated by the
Guinea and the Solomon Islands. The number of diversity of the Unionidae and Sphaeriidae with the
species of Corbiculidae found in Australia is remaining diversity contributed by six other families.
unknown but represented by an abundance of named Considering the vast area covered by this region, the
shell shapes (Smith, 1992). diversity is not evenly distributed. Western Europe,
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Fig. 1 Distribution of
freshwater bivalvia species
and genera (SP/GN) per
zoogeographic region:
ANT, Antarctica; AT,
Afrotropical; AU,
Australasia; NA, Nearctic;
NT, Neotropical; OL,
Oriental; PA, Palaearctic;
PAC, Pacific Oceanic
Islands, ANT, Antarctic

Russia, the trans-Caucasus region and Siberia have a
rather limited diversity including representatives of
seven families from the area but the greatest diversity
in the Unionidae occurs in the eastern region
extending from the Amur River basin in the north
to southern China, including the Yangtze River basin
(Wu, 1998). The diversity of the Unionidae in
Western Europe and the region east to the Trans-
Caucasus and south to Israel is limited to 6 genera
while the Yangtze River basin has 14 genera.

Afro-tropical area

Nine families represented by 23 genera and 117
species are reported from sub-Saharan Africa and the
Nile River. Two families with 2 genera and 4 species
of freshwater unioniforme bivalves have been
reported for Madagascar. Two families, Iridinidae
and the Unionidae account for the greatest amount of
the generic and species level diversity in this area.

Oriental area

This region’s freshwater bivalve fauna is represented by
8 families, 47 genera and 150 species. This fauna can be

broken into two separate components, one on the Indian
plate extending from extreme eastern Iran east through
Pakistan, Afghanistan, India and Bangladesh, and
western Myanmar. Southern India is home to two
monotypic endemic genera, one a cemented Unionidae
(Subba Rao, 1989). The second faunal component
extends from Myanmar east down the Malay Peninsula
to Java, Borneo, the Philippines, Thailand, Laos,
Cambodia, Vietnam, and southern China.

Nearctic area

The Nearctic freshwater bivalve fauna is globally the
most diverse with 5 families, 59 genera and 302
species. The greatest diversity of freshwater bivalve
genera and species occurs in this area followed by the
Oriental region, especially in the Mekong River basin
(Brandt, 1974). This diversity is the result of the high
level of diversity of the Unionidae of the southeastern
United States with 42 genera of and 271 species (e.g.,
Neves et al., 1998).

Neotropical area

The fauna of this area is diverse with 9 families, 51
genera and 226 species. The freshwater bivalve fauna
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Fig. 2 (A) Distribution of Etheriidae, (B) Distribution of Hyriidae, (C) Distribution of Iridinidae, (D) Distribution of
Margaritiferidae, (E) Distribution of Mycetopodidae, (F) Distribution of Unionidae

of this region is poorly known and has not been
synthesized recently. The Hyriidae and Mycetopodi-
dae along with the Sphaeriidae account for the
majority of the diversity in South America. One
genus of Mycetopodidae extends northward through
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Central America to west Central Mexico. The
Unionidae in the Neotropical Area account for 20
genera and 85 species, but are only found in the area
from Central Mexico south to Panama and are absent
from South America.
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Fig. 2 continued

Human related issues

In various areas of the world, freshwater bivalves are
a supplemental food source. The status of freshwater
faunas is only incompletely known, but for freshwa-
ter mollusks it is declining (Bogan, 1993; Bogan,
1998; Lydeard et al., 2004). This decline is well

documented for the very diverse freshwater mollus-
can fauna of the southeastern United States and
suggested for the rest of the world (Bogan 1993;
Neves et al., 1998; Lydeard et al., 2004). The con-
sensus is the most dramatic cause of the declines and
extinctions of freshwater bivalves is habitat modifi-
cation and destruction. This can be due to the effects
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of dams, canalization, changes in water depth, due to
flow changes and changes in fine particle deposition
(silt and sand). These modifications affect not only
the freshwater mussels, but also the fish they rely on
for the unioniforme mussel’s parasitic life stage.
Additional impacts include water withdrawal for
industry and irrigation, and pollution, including the
creation of impervious areas within the watershed,
due to urbanization and road building.

The freshwater bivalve fauna of Africa and South
America is poorly known and there is still much
confusion around the number of species recognized.
As pointed out in Lydeard et al. (2004), the basic
surveys of invertebrate animals are “critically impor-
tant, particularly in poorly inventoried areas, if
managers are to determine appropriate locations for
conservation efforts.” Taxonomic studies go hand in
hand with these surveys.

Brackish water bivalves

Many families of marine bivalves have a few
representative genera or species that have invaded
brackish water but have not made it into freshwater
habitats. Representatives of at least 27 bivalve
families are found in brackish water: Anomiidae,
Arcidae, Cardiidae, Corbiculidae, Corbulidae, Cyren-
oididae, Cultellidae, Donacidae, Dreissenidae, Glau-
conomidae, Gryphaeidae, Isognomonoidae, Limidae,
Lyonsiidae, Lucinidae, Mactridae, Mesodesmatidae,
Mpytilidae, Ostreidae, Pharidae, Pholadidae, Psammo-
biidae, Tellinidae, Teredinidae, Trapezidae, Ungulin-
idae, and Veneridae (Deaton & Greenberg, 1991; P.
Mikkelsen, Personal communication).
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Abstract The world’s gastropod fauna from conti-
nental waters comprises ~4,000 valid described
species and a minimum of 33-38 independent lineages
of Recent Neritimorpha, Caenogastropoda and Het-
erobranchia (including the Pulmonata). The caeno-
gastropod component dominates in terms of species
richness and diversity of morphology, physiology, life
and reproductive modes and has produced several
highly speciose endemic radiations. Ancient oligo-
trophic lakes (e.g., Baikal, Ohrid, Tanganyika) are key
hotspots of gastropod diversity; also noteworthy are a
number of lower river basins (e.g., Congo, Mekong,
Mobile Bay). But unlike many other invertebrates,
small streams, springs and groundwater systems have
produced the most speciose associations of freshwater
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gastropods. Despite their ecological importance in
many aquatic ecosystems, understanding of even their
systematics is discouragingly incomplete. The world’s
freshwater gastropod fauna faces unprecedented
threats from habitat loss and degradation and intro-
duced fishes and other pests. Unsustainable use of
ground water, landscape modification and stock dam-
age are destroying many streams and springs in rural/
pastoral areas, and pose the most significant threats to
the large diversity of narrow range endemics in springs
and ground water. Despite comprising only ~5% of
the world’s gastropod fauna, freshwater gastropods
account for ~20% of recorded mollusc extinctions.
However, the status of the great majority of taxa is
unknown, a situation that is exacerbated by a lack of
experts and critical baseline data relating to distribu-
tion, abundance, basic life history, physiology, mor-
phology and diet. Thus, the already considerable
magnitude of extinction and high levels of threat
indicated by the IUCN Red List of Threatened Species
is certainly a significant underestimate.

Keywords Phylogeny - Taxonomy - Biogeography -
Endemicity - Radiations - Life history - Fossil record -
Biomonitoring - Disease transmission - Conservation

Introduction

The Mollusca is an extraordinarily varied phylum—
with estimates of 80,000—100,000 described species
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and total diversity possibly as high as 200,000, they
are second only to arthropods in species richness. The
largest molluscan classes—Gastropoda and Bival-
via—have repeatedly and successfully colonized
continental (“fresh”) waters. Freshwater gastropods
are found on every continent except Antarctica and in
nearly all aquatic habitats including rivers, lakes,
streams, swamps, underground aquifers and springs,
as well as temporary ponds, drainage ditches and
other ephemeral and seasonal waters. Most live
submerged, and many are specialized for particular
habitats—aquatic vegetation, stones, rocks, wood and
other solid surfaces, or soft sediment. Some are
amphibious and a few are able to tolerate periods of
time out of water (e.g., some Ampullariidae); others
are capable of prolonged periods of aestivation in soil
during dry periods. Few groups (notably some of the
rissooidean families) are found in highly saline inland
habitats such as the Caspian Sea or salt lakes in
Central Asia, Africa and Australia.

Most freshwater gastropods are micro-herbivorous
and/or micro-omnivorous grazers feeding on bacterial
films, algae and diatoms, but there are a number of
exceptions: the predominantly marine Buccinidae,
Marginellidae and Acochlidiida and the entirely fresh-
water Glacidorbidae are predators; Viviparidae and
Bithyniidae are ctenidial suspension feeders at least in
part; Ampullariidae are primarily macroherbivorous
and are also known to feed on bryozoans and planorbid
eggs. There are no pelagic/nektonic or parasitic
species, with the great majority being benthic crawlers.
A rare exception is the Helicostoidae—a monotypic
caenogastropod family of uncertain affinity from China
that lives cemented to limestone blocks (Lamy, 1926).

Taxonomic composition

New suites of anatomical, ultrastructural and molec-
ular characters developed in the past 30 years have
fuelled a revolution in our understanding of gastropod
phylogenetics (Haszprunar, 1988; Ponder & Lind-
berg, 1997; Colgan et al,, 2003; Strong, 2003).
Several well supported clades are currently recog-
nized: Caenogastropoda (containing most of the
former Mesogastropoda and all the Neogastropoda);
its sister group, Heterobranchia (containing the
former Opisthobranchia and Pulmonata, as well as a
few “mesogastropod” groups); Vetigastropoda
(including many of the former Archaeogastropoda)
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and Neritimorpha (previously a subgroup of “archae-
ogastropods”).

The world’s freshwater gastropod fauna is domi-
nated by two main components: the Caenogastropoda
and pulmonate heterobranchs. Several additional
basal lineages of heterobranchs have also invaded
freshwater (Valvatidae, Glacidorbidae, Acochlidiida)
as well as some Neritimorpha (Neritiliidae, Neriti-
dae). Only the Viviparoidea, Glacidorboidea and
nearly all Hygrophila comprise superfamilial (or
above) groupings with members represented exclu-
sively in freshwater. Of the 409 families of Recent
gastropods currently recognized (Bouchet & Rocroi,
2005), 26 are composed of taxa that are wholly or
mostly restricted to freshwater, four have significant
taxonomic representation in freshwater biotopes
(Neritidae, Assimineidae, Hydrobiidae, Stenothyri-
dae), and three are marine groups with isolated
genera that have invaded freshwater [ Cremnoconchus
(Littorinidae), Clea (Buccinidae), Rivomarginella
(Marginellidae)] (Table 1).

The caenogastropod component of the freshwater
fauna represents numerous independent lineages and
many separate colonization events. Several clades
have produced spectacular endemic radiations,
namely Rissooidea (Hydrobiidae s.I., Pomatiopsidae)
and Cerithioidea (Pachychilidae, Paludomidae and
Pleuroceridae). With the exception of a few parthe-
nogenetic taxa [Campeloma (Viviparidae), Melano-
ides  (Thiaridae), Potamopyrgus  antipodarum
(Hydrobiidae)], they are exclusively dioecious and
reproduction is sexual. Of all the freshwater groups,
only the cerithioids are aphallate and transfer sperm
using spermatophores; all others use a penis. Most lay
egg capsules, and development is intracapsular with
embryos emerging as crawling juveniles. A free-
swimming dispersal stage is present in some species,
particularly those that inhabit the lower reaches of
coastal streams, with a free-swimming veliger larva
that may develop in the sea (Neritidae, some
Thiaridae). However, many species are brooders [all
Viviparidae, some Cerithioidea, Rissooidea and Het-
erobranchia (see below)] and retain their young in
brood pouches that represent modifications of the
oviduct, mantle cavity or cephalic haemocoel. While
it has been suggested that there is a significant
selective advantage for parental care and hence
brooding among freshwater molluscs (e.g., Kohler
et al., 2004), the great majority of freshwater
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Table 1 Taxonomic representation and distribution of freshwater gastropods

Taxon

Representation
In Freshwater

Habitat

Neritimorpha
Superfamily Helicinoidea
Family Neritiliidae
Superfamily Neritoidea
Family Neritidae
Caenogastropoda
Architaenioglossa
Superfamily Ampullarioidea
Family Ampullariidae

Superfamily Viviparoidea
Family Viviparidae
Sorbeoconcha
Superfamily Cerithioidea
Family Melanopsidae
Family Paludomidae

Family Pachychilidae

Family Pleuroceridae

Family Thiaridae

Hypsogastropoda

Superfamily Littorinoidea

Family Littorinidae (Cremnoconchus)
Superfamily Rissooidea

Family Amnicolidae

Family Assimineidae

Family Bithyniidae

Family Cochliopidae

Family Helicostoidae (Helicostoa)

Family Hydrobiidae

Family Lithoglyphidae
Family Moitessieriidae
Family Pomatiopsidae

Family Stenothyridae
Neogastropoda
Superfamily Buccinoidea
Family Buccinidae (Clea)
Superfamily Muricoidea
Family Marginellidae(Rivomarginella)
Heterobranchia
Superfamily Glacidorboidea
Family Glacidorbidae

*/<

Anchialine and coastal running waters

Primarily lower reaches of coastal rivers and streams, estuaries

Quiet, muddy rivers, lakes, ponds, canals, rice paddies,
swamps

Rivers, lakes, ponds, swamps, canals

Springs, streams

Lakes, rivers, streams (including radiation in Lake
Tanganyika)

Lakes, rivers, streams (including radiation in Sulawesi lakes)

Rivers, streams

Rivers, streams

Waterfalls

Rivers and streams

Estuaries, freshwater rivers and streams, springs
Quiet muddy rivers, lakes, ponds, canals, swamps
Rivers and streams, swamps, lakes

Cemented on limestone rocks

Greatest diversity springs; also streams and rivers, lakes,
groundwater systems, caves, estuarine marshes and mudflats

Streams, rivers
Groundwater systems, caves

Rivers, permanent wetlands, stream edges, some saline springs/
lakes.

Rivers, streams, estuarine

Lower reaches of rivers

Rivers, lakes and canals

Swamps, lakes, streams
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Table 1 continued

Taxon
In Freshwater

Representation

Habitat

Superfamily Valvatoidea
Family Valvatidae *
Opisthobranchia
Acochlidiida
Superfamily Acochlidioidea
Family Acochlidiidae *
Superfamily Hedylopsoidea
Family Tantulidae *
Superfamily Strubellioidea
Family Strubelliidae *
Pulmonata
Basommatophora
Hygrophila
Superfamily Chilinoidea
Family Chilinidae *
Family Latiidae *
Superfamily Acroloxoidea
Family Acroloxidae *

Superfamily Lymnaeoidea
Family Lymnaeidae *
Superfamily Planorboidea

Family Planorbidae *

Family Physidae *

Cold, clean lakes rivers, streams

Lower reaches of rivers

Lakes

Lower reaches of rivers

On stones and rocks in lakes and running water

On stones and rocks in running streams and rivers

Lakes (including several Lake Baikal and Lake Ohrid
endemics)

Flowing rivers and streams, lakes to stagnant ponds, swamps

Low energy temporary and permanent ponds, streams, rivers,
springs, lakes

Ponds, wetlands, eutrophic streams, temporary aquatic
habitats, springs

Classification follows Bouchet & Rocroi (2005). Note that the higher classification of the Acochlidiida is uncertain. Bouchet &
Rocroi (2005) refer to it as “Group Acochlidiacea”; we tentatively use the recently proposed ordinal level name, Acochlidiida. ‘*’ —

3

Wholly/mostly freshwater; ‘+” — Partly freshwater;

gastropods are not brooders. Partly as a consequence
of their life-history traits, many species are poor
dispersers as reflected in high degrees of genetic
differentiation between populations (e.g., Ponder &
Colgan, 2002). In addition, they are typically habitat
specialists, have restricted geographic ranges, long
maturation times, low fecundity and are compara-
tively long lived, rendering them more susceptible to
human-mediated threats (e.g., Lydeard et al., 2004;
see also below).

The heterobranch component is less diverse and
represents relatively few independent colonization
events (see below). Heterobranchs are exclusively
hermaphroditic and some pulmonates are capable of
self-fertilization, although sperm exchange is typical.

@ Springer

—’ — Isolated freshwater; ‘<* —Amphibious

As in most caenogastropods, development is intra-
capsular. Brooding is rare and has only been docu-
mented in a planorbid limpet (Albrecht & Glaubrecht,
2006), and some glacidorbids (Ponder, 1986; Ponder
& Avern, 2000).

Freshwater pulmonates have their greatest diversity
primarily in the holarctic, but are distributed world-
wide, with some species widely dispersed pests. They
are characterized by comparably few, relatively
widespread taxa and have produced a few endemic
radiations, but never approaching the scale of caeno-
gastropods. Most pulmonates have only limited ability
to exploit deeper water habitats because they lack a
ctenidium (true molluscan gill) and instead use a thin,
vascularized “lung” for gas exchange. However,
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planorbids have a secondary gill (pseudobranch) and
the efficient respiratory pigment haemoglobin so are
better equipped to exploit oxygen-depleted environ-
ments. Others are associated with lentic habitats,
occupying the shallows of lakes and/or temporary or
ephemeral bodies of water. Many pulmonates have
broad environmental tolerances, tend to be more
resistant to eutrophication, anoxia, and brief exposure
to air and have short generation times. Nevertheless,
there are many exceptions, with some pulmonates
having very short ranges including some endemic to
(ancient) lakes (Boss, 1978), springs (Brown, 2001;
Taylor, 2003) or a short section of a single river
(Ponder & Waterhouse, 1997) while others are
endangered (e.g., Camptoceras in Japan). These traits,
together with at least some being capable of self-
fertilization, enable many pulmonates to be readily
passively dispersed (see below) and some are highly
successful colonizers, as reflected in their ability to
occupy new or ephemeral habitats (e.g., @kland,
1990) and in comparably less genetic structuring
(e.g., Dillon, 2000). This renders many of them more
resilient to human-mediated threats and less extinc-
tion prone than other freshwater gastropods (Boss,
1978; Davis, 1982; Michel, 1994).

Species diversity

Global patterns of freshwater gastropod species
diversity are notoriously difficult to evaluate. The
current taxonomy is a complex mixture of taxonomic
traditions and practices of numerous generations of
workers on different continents (Bouchet, 2006).
Early studies of some taxa resulted in the recognition
of a few conchologically variable and widespread
species, or conversely in the unwarranted enormous
inflation of nominal taxa, including species, subspe-
cies and “morphs”, particularly so in North America
and Europe [e.g., North American Pleuroceridae with
over 1,000 nominal taxa and ~ 200 considered valid
(Graf, 2001); Physidae with ~460 nominal taxa,
~80 considered valid (Taylor, 2003); European
Lymnaeidae (see below)]. When applied to such
complex groups, modern analytical methods incor-
porating molecular and newly interpreted morpho-
logical characters, combined with a new appreciation
of ecological and geographical patterns, have led to a
more refined understanding of genera and species.

Such studies have demonstrated that many currently
recognized species are not monophyletic (Minton &
Lydeard, 2003; Wethington, 2004) and/or have
revealed unrecognized species complexes [e.g., Euro-
pean and North American lymnaeids (Remigio &
Blair, 1997; Remigio, 2002); North American pleu-
rocerids (Lydeard et al., 1998); Indonesian pachychi-
lids (von Rintelen & Glaubrecht, 2005)].
Alternatively, some past studies have overindulged
in synonymy, for example Hubendick’s (1951) major
review of world wide Lymnaeidae recognized only
38 valid species and two genera, while recent studies
(e.g., Remigio & Blair, 1997; Kruglov, 2005) have
indicated that there are several valid genera and a
number of additional species, including several
synonymized by Hubendick. Morphological studies
on large new collections can also reveal significant
previously unsuspected diversity, particularly with
minute taxa, as for example among Australian
glacidorbids and bithyniids (Ponder & Avern,
2000; Ponder, 2004c) and the so-called hydrobioids
(see below). There is, nevertheless, a strong bias
towards larger sized taxa and towards the developed
world, such as North America, Europe, Japan and
Australasia. A testament to our incomplete knowl-
edge is that ~45 new freshwater gastropod species
are described on average each year, with about 87%
from these better studied regions (Bouchet, unpubl.
data).

Complicating efforts to evaluate their diversity, it
is not feasible to accurately assess genus-level
diversity for freshwater gastropods. In the absence
of provincial or global revisions at the level of
families or superfamilies, generic concepts are often
applied locally and vary between regions—some
studies employing narrow generic concepts, others
very broad ones. In many areas, there are no modern
treatments for much of the fauna while in others the
faunas are well known and many groups have
undergone recent systematic revision using molecular
and/or morphological methods. In general terms, the
concepts of tropical genera tend to be older and hence
broader and more likely polyphyletic. In contrast,
genera from many temperate biomes are often more
narrowly defined. We believe that species-level data
do not suffer so much from geographic differences in
historical treatment and conceptual approach.

With the above caveats, the global freshwater
gastropod fauna is estimated as approximately 4,000
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Table 2 Total number of valid described species of freshwater gastropods arranged by main zoogeographical region; number of
introduced species is indicated in parentheses

PA NA NT AT OL AU PAC ANT World
Neritimorpha
Neritiliidae 4 00 2 4 2 3 0 5
Neritidae 45-55 2 ~10 14 20-45 ~40 42 0 ~110
Caenogastropoda
Ampullariidae 1) 1(1) 50-113 28 25 (4) 1) 04 0 105-170
Viviparidae 20-25 27 1 19 40-60 19 (1) 0(2) 0 125-150
Sorbeoconcha
Melanopsidae 20-50 00 00 1 2 0 ~25-50
Paludomidae 0 00 66 28 ? 0 0 ~ 100
Pachychilidae 0 0 30-60 22 70-100 43 0 0 165-225
Pleuroceridae 35 156 0 0 4 0 0 0 ~200
Thiaridae 20 0 30 34 20-40 2040 20-35 0 135
Hypsogastropoda
Littorinidae 0 00 0 2 0 0 0 2
Amnicolidae 150-200 19 0 0 0 0 0 0 ~200
Assimineidae 0 2 7 11 4 2 0 0 ~20
Bithyniidae 45 00 34 ~25 24 0(1) 0 ~130
Cochliopidae 17 50 176 30 0 0 0 246
Helicostoidae 0 00 0 1 0 0 0 1
Hydrobiidae 700-750 105 21 13 7 252 (1) 75(1) 0 ~1250
Lithoglyphidae 30 61 ? 0 0 0 ~100
Moitessieriidae 55 00 00 0 0 0 55
Pomatiopsidae 17 6 1 10 ~130 9 0 0 ~170
Stenothyridae 6 00 0 ~50 ~5 0 0 ~60
Neogastropoda
Buccinidae 0 00 0 8-10 0 0 0 8-10
Marginellidae 0 00 0 2 0 0 0 2
Heterobranchia
Glacidorbidae 0 0 00 19 0 0 20
Valvatidae 60 10 0 10 0 0 0 71
Acochlidiida
Acochlidiidae 0 00 00 2 2 0 4
Tantulidae 0 0 00 0 0 0 1
Strubelliidae 0 00 00 1 0 1
Pulmonata
Chilinidae 0 0 ~15 00 0 0 0 ~15
Latiidae 0 00 0 0 1 0 0 1
Acroloxidae 40 00 0 0 0 ~40
Lymnaeidae 40-120 56 7 2 19 7 5() 0 ~ 100
Planorbidae 100-200 57 59 116 49 43 8(2) 0 ~250
Physidae 15 31 38 1 1 @) 04) 0 ~80
Total 1,408-1,711 585 440-533 366 509-606 490-514 154-169 O 3,795-3,972
All red list categories (Excluding LC) 94 215 10 100 2 92 11 0

PA: Palaearctic, NA: Nearctic, NT: Neotropical, AT: Afrotropical, OL:

ANT: Antarctic
@ Springer

Oriental, AU: Australasian, PAC: Pacific Oceanic Islands,
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valid described species (Table 2). In some cases, the
number of species is certainly overestimated, but
these are vastly overshadowed by areas of the world
yet to be even superficially inventoried with most
likely thousands waiting to be discovered (Lydeard
et al., 2004), either as entirely new entities or through
the recognition of cryptic taxa. The most speciose
assemblage by far is the hydrobioids (Rissooidea)—a
diversity long masked by their tiny, rather featureless
shells and often very restricted ranges. While most
families are probably known within 70-90% of actual
diversity, the estimated 1,000 species of hydrobioids
may represent as little as 25% of their actual diversity
as evidenced by the fact that they comprise about
80% of current new species descriptions (compiled
1997-2003; Bouchet, unpubl. data). This suggests
that the total number of freshwater gastropods is
probably on the order of ~ 8,000 species.

Phylogeny and historical processes
The phylogenetic framework

In addition to our changing concepts of higher
classification and species diversity, the phylogenetic
framework for a few freshwater clades has been
considerably refined, especially with the use of
molecular techniques (see below). However, few
comprehensive phylogenies for individual families or
the higher taxonomic groupings that contain fresh-
water taxa have been published to date. For those that
have been published, variable taxon sampling, incon-
gruence between morphological and molecular data,
compounded by weak support of basal nodes, has
often resulted in conflicting interpretations concern-
ing the monophyly and/or affinity of freshwater
clades and the number of freshwater invasions [e.g.,
Neritimorpha (Holthuis, 1995; Kano et al., 2002);
Architaenioglossa (Colgan et al., 2003; Simone,
2004); Hygrophila (Barker, 2001; Dayrat et al.
2001); Cerithioidea (e.g., Lydeard et al., 2002);
Rissooidea (see below)].

The large assemblage of marine, brackish and
freshwater lineages currently placed in the Rissooi-
dea arguably are in the most urgent need of revision.
This putative superfamily encompasses the largest
and most threatened radiations of freshwater taxa
and yet their systematics are just beginning to be

clarified. The only phylogenetic analysis encom-
passing the whole group (Ponder, 1988) requires
rigorous testing using molecular data and a sub-
stantial sampling of outgroup taxa; results with a
small subset of taxa indicate that the rissooideans as
presently recognized, are at least diphyletic (Colgan
et al., 2007). In the past, all brackish and freshwater
members of the group were united in the heteroge-
neous “Hydrobiidae” (=hydrobioid, or Hydrobiidae
s.l.) by some authors, while others recognized
different families and even superfamilies. Based on
molecular and refined anatomical data, the compo-
sition of several monophyletic lineages from within
this assemblage has begun to be elucidated (e.g.,
Amnicolidae, Cochliopidae, Moitessieriidae and
Lithoglyphidae) (e.g., Wilke et al., 2001; Hausdorf
et al., 2003). Nevertheless, the affinities and com-
position of many families remain to be more
thoroughly evaluated; indeed monophyly of the
Hydrobiidae as currently defined is unlikely (Haase,
2005). Additionally, establishing a robust phyloge-
netic framework for this group will clarify our
understanding of their conquest of freshwater. For
example, it was estimated that New Zealand “hyd-
robiids” (=Tateinae, possibly a distinct family;
Ponder, unpubl. data) independently conquered
freshwater three times (Haase, 2005); it appears
that this has happened separately in a number of
other hydrobioid groups.

The affinities of valvatids and their allies were
long unstable and they were often placed in the
wrong higher taxa, in part due to their combination of
plesiomorphic and autapomorphic features and small
body size (Fig. 1). Detailed anatomical work and
refinement of morphological homologies clarified the
basal position of valvatoideans in the Heterobranchia
and the assemblage of other allied lineages (Haszpr-
unar, 1988; Ponder, 1991; Barker, 2001) with confir-
mation from molecular studies (Colgan et al., 2003).
However, the position of the probably paedomorphic
glacidorbids within the Heterobranchia is still dis-
puted (see Ponder & Avern, 2000).

Surprisingly little has been done regarding the
phylogenetic relationships of the freshwater pulmo-
nates (Hygrophila), although some families, notably
Planorbidae (Morgan et al., 2002; Albrecht et al.,
2004), Physidae (Wethington, 2004) and Lymnaeidae
(see above) have recently been investigated
using mainly molecular data. However, some old
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Fig. 1 Valvata studeri. Boeters & Falkner, 1998. Size 3 mm.
Photo courtesy G. Falkner

classifications remain firmly entrenched. For exam-
ple, the major group of freshwater limpets, the
Ancylidae, was shown by Hubendick (1978) to be
almost indistinguishable from Planorbidae, a finding
ignored by many subsequent workers outside Europe.
Recent molecular analyses have shown that the
limpet form has arisen several times within the
planorbids (Albrecht et al., 2004), with the typical
ancylids nested within that family.

But for many taxa, no modern cladistic and/or
taxonomic treatment is available (Chilinoidea, Ac-
ochlidiida). In contrast, some freshwater representa-
tives have not been sampled in existing cladistic
studies, leaving their systematic affinities unresolved
(e.g., Clea in the Buccinidae); rarely the taxonomic
placement of taxon is unknown (Helicostoidae).

Despite our often limited grasp of phylogenetic
relationships, it is clear that gastropods have invaded
freshwater biotopes many times. Published estimates,
although not comparable as classifications have
changed and fossil lineages have been variably
included or excluded, range from 6 to 7 (Hutchinson,
1967), or 10 (Taylor in Gray, 1988), to as many as 15
Recent freshwater gastropod colonizations (Vermeij
& Dudley, 2000). Based on the current classification
(Bouchet & Rocroi, 2005) and our present under-
standing of gastropod phylogenetic relationships, we
estimate that there are a minimum of 33-38 inde-
pendent freshwater lineages represented among
Recent gastropods: in the Rissooidea, there are at
least 2 each in Assimineidae and Cochliopidae, 1-2
in Pomatiopsidae, at least 1 each in Stenothyridae,
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Lithoglyphidae, Moitessieriidae, 1 in Bithyniidae,
possibly 1 in Helicostoidae, possibly 6-8 in the
Hydrobiidae; 5-6 in the Neritimorpha (Holthuis,
1995); 2-3 in the Cerithioidea (Lydeard et al.,
2002); probably 2 each in the “Architaenioglossa”
(e.g., Simone, 2004) and the Acochlidiida; and 1 in
each of the Litttorinidae, Buccinidae, Marginellidae,
Glacidorbidae, Valvatidae and Hygrophila (see
Table 1).

The fossil record

While shelled marine molluscs have an excellent
fossil record that of freshwater taxa is relatively poor.
Fossilization in freshwater habitats is biased towards
lowland and lake deposits, with many other habitats
that are significant for gastropod diversity represented
poorly or not at all (e.g., springs, streams, ground-
water). This incomplete record is compounded by the
poor preservation potential of the often light, thin
shells of many freshwater taxa and acidic environ-
ments. Thus, the fossil record for freshwater gastro-
pods is patchy at best and likely to significantly
underestimate the age and diversity of freshwater
lineages. Moreover, assignments of Palaeozoic fossils
to modern freshwater lineages, often based on
fragmentary shells, are problematic. Despite these
difficulties, most modern groups appear to make their
first appearance during the Jurassic or Cretaceous
(Tracey et al., 1993), with most families in place by
the end of the Mesozoic (Taylor in Gray, 1988;
Taylor, 1988). Other elements of apparently more
recent marine origin first appear during the Tertiary:
chilinids first appear in the Late Paleocene or early
Eocene, neritiliids during the Middle Eocene and
freshwater buccinids are first known from the Mio-
cene. There is no fossil record for freshwater
littorinids or marginellids.

Regardless of their earliest documented occur-
rence, the cosmopolitan distribution pattern of many
lineages indicates their widespread presence in Pan-
gaea long before the break-up of this supercontinent
(e.g., Viviparidae). Others are widely distributed on
several major continents and have continental biogeo-
graphic patterns consistent with a Gondwanan origin
(e.g., Pachychilidae—S. America, Africa, Madagas-
car, Asia; Thiaridae s.s.—S. America, Africa, Asia,
India, Australia; Ampullariidae—S. America, Africa,
S. Asia). Glacidorbidae are found in southern
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Australia and Chile (Ponder & Avern, 2000), also
suggesting a Gondwanan origin. Those of more recent
marine origin occupy more isolated habitats and have
not penetrated far inland (Clea, Rivomarginella,
Acochlidiida).

Distribution and main areas of endemicity

Like other freshwater and marine invertebrates,
freshwater gastropods present an overall pattern of
high diversity in the tropics, with decreasing species
richness as well as decreasing endemicity at higher
latitudes. There are, however, always exceptions; for
example, Tasmania has the most diverse freshwater
fauna in Australia, and some groups have low tropical
diversity (hydrobioid families, Glacidorbidae). Un-
like for land snails, small oceanic islands are
noteworthy for generally low levels of freshwater
gastropod species richness and endemism (e.g.,
Starmiihlner, 1979), although there are again some
exceptions where the number of endemics is surpris-
ingly high [e.g., Lord Howe Island (Ponder, 1982);
Viti Levu, Fiji (Haase et al., 2006)].

Of course, both vicariance and dispersal have
shaped modern distribution patterns; while vicari-
ance arguably has been dominant in historical
contexts, dispersal has certainly played an important
role, including via such mechanisms as by animal
transport (birds, insects), rafting on aquatic vegeta-
tion, marine/brackish larval dispersal phase, stream
capture and even by air (e.g., cyclonic storms)
(Purchon, 1977). Obviously, the significance and
impact of each mechanism is more a function of the
individual characteristics of each lineage: life habit
(e.g. living on aquatic vegetation vs. attached
beneath stones), ecological and physiological toler-
ances of individuals, mode of respiration, vagility,
tolerance to saline water, sexual, reproductive and
developmental strategies and ability to withstand
desiccation. Such variables differ significantly
among species and lineages and, hence, determine
local patchiness and geographic range (Purchon,
1977; Davis, 1982; Taylor, 1988; Ponder & Colgan,
2002).

Thus, many apparently ancient freshwater taxa
have broad geographic ranges primarily as a result of
vicariance modified by dispersal. These lineages
mostly belong to higher taxa comprising exclusively
freshwater members (Viviparidae, Bithyniidae,

Hydrobiidae s.1., Planorbidae and Lymnaeidae); other
presumably old lineages are more restricted in
geographic range (Glacidorbidae, Chilinidae, Latii-
dae, Acroloxidae). All are highly modified reflecting
the special challenges presented by life in this
biotope. Other groups are freshwater remnants of
previously euryhaline groups (e.g., Melanopsidae),
have euryhaline and/or marine members (e.g., Neri-
tidae, Littorinidae, Stenothyridae, Assimineidae) and/
or are amphidromous (some Thiaridae, Neritidae and
probably at least some Stenothyridae) with greater
opportunities for dispersal and colonization. The
presumed most recent colonizers (e.g., Littorinidae,
Buccinidae, Marginellidae, some Assimineidae) are
characterized by being less highly modified, less
speciose and have a more restricted distribution with
more or less clear kinship to marine and/or brackish
water relatives (e.g., Purchon, 1977). For a summary
of continental distribution patterns of freshwater
gastropod families and genera, see Banarescu
(1990), although the classification differs from the
one adopted here.

At the level of continents, the Palearctic region has
the most speciose freshwater gastropod fauna
(~1,408-1,711 valid, described species), with the
remaining continental regions of comparable diversity
(~350-600 species). Apart from Africa, most regions
have seen marked increases in recent years through
the description of the highly endemic hydrobioid
faunas (see Phylogenetic Framework, above). Sur-
prisingly species-poor are the rivers and streams of
South America, particularly of the Amazon basin,
which contain, among other things an extraordinary
diversity of freshwater fishes; it is not yet clear if this
is a sampling/study artefact or an actual pattern. In
contrast, groups important from an economic, human
health or veterinary perspective (see below) have
received considerable attention, even in developing
countries.

While a thorough species-level inventory is far
from complete, some continental areas stand out for
their exceptional diversity and disproportionately
high numbers of endemics. Gargominy & Bouchet
(1998) identified 27 areas of special importance for
freshwater mollusc diversity as key hotspots of
diversity with high rates of endemism among fresh-
water gastropods. Regrettably, most areas important
for molluscan diversity have not been recognized
by inclusion in the Ramsar List of Wetlands of
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International Importance (www.ramsar.org/key_sitel-
ist.htm). Although a number of resolutions have
greatly expanded the classification of wetlands
currently recognized under the Ramsar typology
(Ramsar Convention Secretariat, 2004), few govern-
ment parties have used these additional criteria to
designate sites.

Global hotspots of freshwater gastropod diversity

can be broadly classified according to 4 main
categories (see Table 3):

1.

Springs and groundwater. Springs, and some-
times the small headwater streams fed by them,
are inhabited by taxa that are typically not found
in larger streams or rivers. Single sites usually
have low species richness (1-6 species) with
populations consisting of 100’s, and often
1,000’s or even (rarely) millions of individuals.
However, as a consequence of spatial isolating
mechanisms, spring and headwater habitats
regionally support rich assemblages of gastro-
pods dominated primarily by hydrobioids. Sim-
ilarly,  underground  aquifers, including
underground rivers, are also dominated by hyd-
robioids with over 300 stygobiont species doc-
umented worldwide. As such habitats extend
over very small areas, and as most species occur
in only a very limited number of sites with
single-site endemics commonplace, spring-
dwelling gastropods are extremely vulnerable to
loss of habitat. Remarkable examples include the
artesian springs of the Great Artesian Basin of
Australia (Ponder, 2004a); springs and small
streams in SE Australia and Tasmania (Ponder &
Colgan, 2002) and New Caledonia (Haase &
Bouchet 1998); springs and caves in the Dinaric
Alps of the Balkans (Radoman, 1983), and other
karst regions of France and Spain (Bank, 2004);
aquifer-fed springs in Florida, the arid south
western United States and Mexico (Hershler,
1998, 1999) (Fig. 2).

Large rivers and their first and second order
tributaries. The Congo (Africa), Mekong (Asia),
Mobile Bay basin (North America), Uruguay
and Rio de la Plata (South America) are
noteworthy for their mollusc faunas that are
sometimes extremely speciose, and often do not
occur in other types of freshwater habitats
(Fig. 2); the Zrmanja in eastern Europe and
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the coastal rivers of the Guinean region in
Africa are also locally important hotspots. The
most speciose representatives are usually micro-
habitat specialists, with highly patchy distribu-
tions scattered among the mosaic of
microhabitats (flow regimes, sediment type,
vegetation) offered by rivers and streams.
Habitats of special importance are rapids which
are inhabited by species adapted to highly
oxygenated water. The gastropods are domi-
nated by the Viviparidae (North America,
Eurasia, Oriental region, Australia), Pachychili-
dae, Pleuroceridae (North America, Japan),
Thiaridae (tropical regions), Pomatiopsidae and
Stenothyridae (Oriental region); pulmonates are
usually only poorly represented (Fig. 3).
Ancient oligotrophic lakes. Ancient lakes with
the most speciose faunas include Lakes Baikal,
Ohrid, Tanganyika and the Sulawesi lakes
(Fig. 2), with the Viviparidae, Pachychilidae,
Paludomidae, Thiaridae and hydrobioid families
among the Caenogastropoda and the hetero-
branch families Planorbidae, Acroloxidae, An-
cylidae and Valvatidae best represented.
Rissooid and cerithioid lineages predominate
among the groups prone to radiate in ancient
lakes (Boss, 1978), typically with one clade or
the other being dominant, often to the almost
complete exclusion of members of the other
lineage (e.g., Michel, 1994); Lake Poso (Haase
& Bouchet, 2006) and the Malili lakes in
Sulawesi are exceptions (Bouchet, 1995). As
elsewhere, pulmonates are typically less speci-
ose and have lower rates of endemicity. Pla-
norbids are the most speciose of the pulmonate
groups, but tend to be better represented in
temperate rather than tropical lakes. Fossil
gastropod faunas of long-lived lakes such as
the well-known Miocene Lake Steinheim (Janz,
1999) and Plio-Pleistocene Lake Turkana (Wil-
liamson, 1981) have been important and influ-
ential (but not uncontroversial) models in
evolutionary biology for rates and patterns of
speciation.

Monsoonal wetlands and their associated rivers
and streams can harbour significant faunas, as
for example, in many parts of Asia and northern
Australia, which are dominated by Viviparidae,
Thiaridae,  Bithyniidae, Lymnaeidae and
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Table 3 Gastropod species hotspot diversity categorized by primary habitat

Region/Drainage/Basin Species Dominant taxa
(endemic)

Springs and groundwater

South western U.S. ~100 (>58) Hydrobioid families

Cuatro Cienegas basin, Mexico 12 (9) Hydrobioid families

Florida, U.S. 84 (43) Hydrobioid families

Mountainous regions in Southern France 150 (140)
and Spain

Southern Alps and Balkans region 220 (200)
Great Artesian basin, Australia* 59 (42)
Western Tasmania, Australia* 206 (191)
New Caledonia 81 (65)
Ancient oligotrophic lakes
Titicaca 24 (15)
Ohrid and Ohrid basin 72 (55)
Victoria 28 (13)
Tanganyika* 83 (65)
Malawi 28 (16)
Baikal 147 (114)
Biwa 38 (19)
Inle and Inle watershed 44 (30)
Sulawesi lakes ~50 (~40)
Large rivers and their first and second order tributaries
Tombigbee-Alabama rivers of the ~ 118 (110)
Mobile Bay basin
Lower Uruguay River and Rio de la 54 (26)
Plata, Argentina-Uruguay-Brazil
Western lowland forest of Guinea and  ~28 (~19 + 9
Ivory Coast near endemic)
Lower Zaire Basin 96 (24)
Zrmanja 16 (5)
Northwestern Ghats, India ~60 (~10)
Lower Mekong River in Thailand, Laos, ~ 140 (111)
Cambodia
Monsoonal wetlands
Northern Australia 56 (13)

Hydrobioid families

Hydrobioid families
Hydrobiidae
Hydrobiidae
Hydrobiidae

Hydrobioid families, Planorbidae

Hydrobioid families, Lymnaeidae, Planorbidae

Viviparidae, Planorbidae

Paludomidae: 18 endemic genera with important radiation in Lavigeria
Ampullariidae, Thiaridae

Amnicolidae, Lithoglyphidae, Valvatidae, Planorbidae, Acroloxidae
endemic subgenus Biwamelania (Pleuroceridae), Planorbidae
Viviparidae, Pachychilidae, Bithyniidae

Pachychilidae, Hydrobiidae, Planorbidae; 3 endemic genera

Pleuroceridae (76 species); 6 endemic genera
Pachychilidae

Saulea(Ampullariidae), Sierraia (Bithyniidae), Soapitia
(Hydrobiidae), Pseudocleopatra (Paludomidae)

Pachychilidae, Paludomidae, Thiaridae, Bithyniidae, Assimineidae,
hydrobioid families; 5 endemic ‘rheophilous’ genera

Hydrobioid families

2 endemic genera: Turbinicola (Ampullariidae), Cremnoconchus
(Littorinidae)

Triculinae (Pomatiopsidae) (92 endemic species); Stenothyridae (19
endemic species); Buccinidae; Marginellidae

Viviparidae, Thiaridae, Bithyniidae, Lymnaeidae, Planorbidae

Data on monsoonal wetlands are included only for Northern Australia; reliable figures for other areas are unavailable. Main source:
Gargominy & Bouchet 1998, unpubl. data. Number of endemic species is indicated in parentheses. “*” — Estimate includes
undescribed species when such information is available. Note that the hydrobiid fauna of Tasmania is primarily from small
groundwater-fed streams, some rivers, caves and a few springs

Planorbidae. For example, according to a recent

which are endemic (Ponder, unpubl. data).

analysis, the monsoonal rivers and associated
wetlands flowing into the Gulf of Carpentaria
in northern Australia have 56 species, 13 of

Reliable comparative data is not available for
other likely similarly diverse areas in e.g., S.E.
Asia.
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Fig. 2 Hotspots of gastropod diversity. A-H. Springs and
groundwater. [-Q. Lakes. R-X. Rivers. Y. Monsoonal wet-
lands. A: South western U.S.; B: Cuatro Cienegas basin,
Mexico; C: Florida, U.S.; D: Mountainous regions in Southern
France and Spain; E: Southern Alps and Balkans region;
Northern Italy, Austria, former Yugoslavia, Bulgaria, Greece;
F: Great Artesian basin, Australia, G: Western Tasmania,
Australia; H: New Caledonia. I: Titicaca, Peru-Bolivia; J:
Ohrid and Ohrid basin, former Yugoslavia; K: Victoria; Kenya,

Sudan, Uganda; L: Tanganyika; Burundi, Tanzania, D.R.
Congo; M: Malawi; Malawi, Mozambique; N: Baikal, Russia;
O: Biwa, Japan; P: Inle, Burma; Q: Sulawesi lakes, Indonesia.
R: Tombigbee-Alabama rivers of the Mobile Bay basin; S:
Lower Uruguay River and Rio de la Plata; Argentina, Uruguay,
Brazil; T: Western lowland forest of Guinea and Ivory Coast;
U: Lower Zaire Basin; V: Zrmanja; W: Northwestern Ghats,
India; X: Lower Mekong River; Thailand, Laos, Cambodia. Y:
Northern Australia

154-169

Fig. 3 Distribution of freshwater gastropod species per zoogeographic region. PA—Palaearctic, NA—Nearctic, NT—Neotropical,
AT—Afrotropical, OL—Oriental, AU—Australasian, PAC—Pacific Oceanic Islands, ANT—Antarctic
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Human related issues
Utility of freshwater gastropods

The potential of freshwater molluscs as indicators is
largely unrealized but could be a powerful tool in
raising awareness and improving their public image
(Ponder, 1994; Seddon, 1998). Their low vagility,
adequate size, often large population numbers and
the ease of collection and identification of many
species render them a useful and practical tool in
biomonitoring programs (Chirombe et al. 1997;
Langston et al., 1998; Lee et al., 2002). For exam-
ple, freshwater gastropods are promising tools as
pollution indicators through assessments of mollus-
can community composition and/or biological mon-
itoring programs that rate water quality and status of
aquatic biotopes based on invertebrate assemblages.
They also have utility in monitoring and assessing
the effects of endocrine-disrupting compounds and
as monitors of heavy metal contamination (e.g.,
Salanki et al., 2003; El-Gamal & Sharshar, 2004).
Owing to practical considerations (simple anatomy,
low cost, fewer ethical issues), freshwater molluscs
are also being used in neurotoxicological testing to
evaluate the effects of environmental pollutants on
neuronal processes and to clarify the mechanisms of
action of these substances at the cellular level
(Salanki, 2000).

Freshwater gastropods and human health

Some freshwater snails are vectors of disease, serving
as the intermediate hosts for a number of infections for
which humans or their livestock are definitive hosts.
The most significant are snail-transmitted helminthia-
ses caused by trematodes (flukes). At least 40 million
people are infected with liver (Opisthorchis) and lung
flukes (Paragonimus) and over 200 million people
with schistosomiasis (Peters & Pasvol, 2001) primar-
ily in Africa, Southeast Asia and South America—
often with devastating socio-economic consequences.
The principal vectors are pomatiopsids and planor-
bids (schistosomiasis), as well as pachychilids, pleu-
rocerids, thiarids, bithyniids and lymnaeids (liver and
lung flukes) (Malek & Cheng, 1974; Davis, 1980;
Davis et al., 1994; Ponder et al., 2006). Dam con-
struction has had the adverse effect of enlarging
suitable habitat for snail vectors and increasing the

prevalence of schistosomiasis (McAllister et al.,
2000). Humans are also affected by a number of
other infections for which they are accidental hosts,
such as angiostrongyliases (nematode infections of
rodents and other mammals) which pass through
ampullariid intermediate hosts. Ampullariids and
pachychilids are often locally harvested as a food
resource in Southeast Asia, Philippines and Indonesia
furthering the spread of angiostrongyliasis and
paragonimiasis, respectively (e.g. Liat et al., 1978).

Exotic freshwater gastropod species

Freshwater snails are routinely inadvertently intro-
duced mainly through the aquarium trade in associ-
ation with aquatic plants and freshwater fish.
Accidental introductions also occur with aquaculture,
as fouling organisms on ships and boats and through
canals or other modifications of existing waterways
(Pointier, 1999; Cowie & Robinson, 2003). The most
successful colonizers have been pulmonates (Physi-
dae, Lymnaeidae, Planorbidae) and parthenogenetic
species (Melanoides tuberculata, Potamopyrgus an-
tipodarum), as a single individual is often sufficient
to establish a viable population. Introduced taxa tend
to flourish in modified environments where they often
outnumber native species or are the only ones
present.

Although inadvertent introductions are far more
common, deliberate introductions have been the most
successful and typically the most harmful to native
faunas, as a concerted effort is made to ensure their
success (Cowie & Robinson, 2003). As with acci-
dental introductions, deliberate introductions have
occurred most commonly through the aquarium trade.
But freshwater snails have also been introduced
intentionally for use as food (Ampullariidae) and as
biocontrol agents for invasive aquatic macrophytes
(Ampullariidae) and for vectors of disease (see
above) (Pointier, 1999; Cowie & Robinson, 2003).
Deliberate introductions have been carried out with
little or no thought of the impact on native species,
rarely with pre-release testing or post-release moni-
toring of non-target impacts (Cowie, 2001). Conse-
quently, some exotic species (notably Pomacea
canaliculata) have become serious pests, adversely
impacting agriculture (rice, taro production) and/or
native faunas and floras through predation and
competition (Purchon, 1977; Cowie, 2001).
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Threats

Regrettably, only 2% of all mollusc species have had
their conservation status rigorously assessed, so
current estimates of threat are a severe underestimate
(Seddon, 1998; Lydeard et al., 2004). Nevertheless, it
is clear that terrestrial and freshwater molluscs
arguably represent the most threatened group of
animals (Lydeard et al., 2004). Freshwater gastro-
pods, which comprise ~ 5% of the world’s gastropod
fauna, face a disproportionately high degree of threat;
of the 289 species of molluscs listed as extinct in the
2006 IUCN Red List of Threatened Species
(www.redlist.org), 57 (~20%) are gastropod species
from continental waters. Terrestrial gastropods, rep-
resenting ~30% of the world’s gastropod fauna, are
also facing a major crisis with 197 species listed as
extinct (Table 4).

The decline of the world’s freshwater gastropod
fauna, indeed of freshwater molluscs in general, can
be attributed to two main drivers: life-history traits
and anthropogenic effects. As described above, in
addition to low vagility, the most sensitive species are
habitat specialists, have restricted geographic ranges,
long maturation times, low fecundity and are com-
paratively long lived. These traits render them unable
to adapt to conspicuous changes in flow regimes,
siltation and pollution and unable to effectively
compete with introduced species. In many areas, the
most significant cause of declines in native snail
populations has been dam construction for flood
control, hydroelectric power generation, recreation
and water storage, which has converted species-rich
riffle and shoal habitats into low-energy rivers and
pools, greatly reducing and fragmenting suitable

Table 4 Comparison of rates of threat for groups of molluscs

habitats and resulting in a cascade of effects both up
and downstream (Bogan, 1998; McAllister et al.,
2000). This does not always lead to increased numbers
of lentic taxa, as changes in flooding regimes can also
have adverse impacts on species adapted to such
habitats (McAllister et al., 2000). Similarly, the
regulation of flow regimes in previously relatively
stable habitats may adversely affect species unable to
adapt to dramatic changes in water levels and/or
velocities. More subtle changes induced as a result of
these disturbances also contribute to species declines.
For example, a change in the nature of biofilms as a
result of altered flow regimes in the Murray — Darling
system in Australia has caused the near extinction of
riverine viviparids (Sheldon & Walker, 1997).

Threats to spring snails are of a different nature.
They are mostly narrow range endemics that can go
from unthreatened or vulnerable to extinct without
any transitional level of threat, as it may take only
one intervention to destroy the only known popula-
tion of a species. For instance, depletion of ground
water for a number of urban and rural uses including
water capture for stock, irrigation or mining, spring or
landscape modification and trampling by cattle have
already destroyed many springs in rural/pastoral areas
of Europe, United States and Australia (Sada &
Vinyard, 2002; Ponder & Walker, 2003).

Additional sources of habitat degradation, frag-
mentation and/or loss include gravel mining and
other sources of mine waste pollution, dredging,
channelization, siltation from agriculture and logging,
pesticide and heavy metal loading, organic pollution,
acidification, salination, waterborne disease control,
urban and agricultural development, unsustainable
water extraction for irrigation, stock and urban use,

~ Described valid Extinct Critically Endangered Vulnerable All red list categories Rate of
species diversity endangered (Excluding LC) threat
Mollusca 289 265 222 488 2,085
Gastropoda ~78,000 258 213 194 473 1,882 0.024
Freshwater ~4,000 57 45 62 204 520 0.130
Terrestrial  ~ 24,000 197 166 130 265 1,281 0.053
Marine ~50,000 4 2 3 6 84 0.00168

Source: 2006 IUCN Red List of Threatened Species (www.redlist.org). Rate of threat is estimated from number of Red Listed species
(excludes Least Concern) as a percent of estimated currently valid species diversity; does not take into account proportion of species
assessed and thus may not accurately reflect relative rate of threat across categories. LC: Least Concern
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competition and/or smothering from introduced spe-
cies (Thomas, 1997; Bogan, 1998; Seddon, 1998;
McAllister et al., 2000; Ponder & Walker, 2003). As
with damming, it is often not just localized damage,
but the cascade of effects both up and downstream
that impact a wide range of communities.

Conservation priorities

Despite significant roles in human cultural history,
molluscs, as with many invertebrates, have a poor
public image (Kay, 1995a). This attitude further
impedes allocation of meagre conservation resources
in competition with the demands from larger charis-
matic animals and plants (Ponder, 1995; Wells, 1995;
Bouchet & Gargominy, 1998; Seddon, 1998; Lydeard
et al., 2004). The often drab-coloured and uncharis-
matic freshwater species, arguably facing the most
serious risks and most deservedly meriting public
concern and action, are desperately in need of
champions.

Effective management of these threatened re-
sources is often complicated by habitat fragmentation
or political obstacles, as large rivers and lakes are
often transnational. Although often not feasible,
narrow range endemics inhabiting a single stream
or spring are best preserved within large protected
areas (Ponder, 1995), as many critical sites outside
reserves can be so small that they attract little interest
from conservation agencies and can suffer from edge
effects. Moreover, as noted above, currently recog-
nized species do not necessarily reflect natural
evolutionary entities, with clear implications for
devising accurate and effective management strate-
gies based on species-targeted approaches. In
contrast, habitat-based conservation strategies cir-
cumvent many of these problems and may be the
preferred option in many circumstances (e.g., Ponder,
2004b).

Major museum collections are a key component of
understanding the spatial distribution of species, both
past and present (Wells, 1995; Ponder, 1999, 2004b),
but much of this information is not yet accessible to
the global community via computerized databases.
This lack of access hampers or prevents assessment
of conservation status by contributors to the Red
List—a vital communication tool between scientists
and conservation strategists and managers, as well as
local or national conservation agencies. Currently,

Mollusc Action Plans, as called for by the ITUCN
Species Survival Commission (SSC), are limited in
the extent to which they can offer explicit recom-
mendations in comparison with well-known taxa
(e.g., tetrapods) (Bouchet & Gargominy, 1998). With
the limitations discussed above, the magnitude of the
threat of extinction as indicated by the IUCN Red
List of Threatened Species, is certainly a grave
underestimate.

Conserving our molluscan resources will effec-
tively require a multiplicity of approaches, including
research (systematics, ecology, life history, physiol-
ogy, morphology, genetics), inventories (distribution,
population size, biogeography), enhanced database
infrastructure including digitization of significant
museum collections, mitigation of human impacts,
active intervention to promote recovery (including
removal of invasive species, captive breeding
programs, re-introduction, restoration of habitat),
training in taxonomic expertise and enhanced com-
munication and outreach (Kay, 1995b; Ponder, 1995;
Seddon, 1998; McAllister et al., 2000; Lydeard et al.,
2004). But considering the already-documented
severity of the plight of freshwater gastropods, these
strategies cannot proceed in a step-wise linear
fashion—by then it will be too late (e.g., Wells,
1995; Lydeard et al., 2004; Ponder, 2004b).
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Abstract With about 500 known species world-
wide, the large brachiopods are a relatively small
group of primitive crustaceans. With few exceptions
they live in temporary aquatic systems that are most
abundant in arid and semi arid areas. As many
regions remain unexplored and as especially the
number of species in clam shrimps and tadpole
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shrimps is underestimated due to difficult identifica-
tion, the species list will increase with future surveys.
The Branchiopoda are monophyletic, but inter-ordi-
nal relationships, as well as many evolutionary
relationships at lower taxonomic levels are still
unclear. Ongoing molecular studies will more accu-
rately depict species diversity and phylogenetic
patterns. With the exception of some anostracan
families, most families are not restricted to the
northern or southern hemisphere or specific zoogeo-
graphical regions. Large branchiopods are used for
the assessment of the quality and function of
temporary wetlands. Due to the reduction in number
and quality of temporary wetlands, several species
became endangered and are red listed by the IUCN.

Keywords Large branchiopod diversity -
Anostraca - Spinicaudata - Laevicaudata -
Cyclestherida - Notostraca - Temporary pools

Introduction

The crustacean class Branchiopoda (clam shrimp
(Spinicaudata, Laevicaudata, and Cyclestherida),
tadpole shrimp (Notostraca), and cladocerans
[=Phyllopoda] plus fairy shrimp [=Anostraca]) is a
morphologically diverse group of ecologically impor-
tant, largely freshwater organisms that has a fossil
record extending back to the Upper Cambrian
(Walossek, 1993). Breeding systems within the class
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are highly varied, including dioecy, androdioecy,
parthenogenesis, and cyclic parthenogenesis (Sass-
aman, 1995; Weeks et al., 2006a, b). Branchiopoda
without cladocerans are commonly known as the
“large branchiopods.”

Most large branchiopod species rely on seasonal
wetlands such as playas, vernal (rain and snow-melt)
pools, salt flats, and alkali pans, while other species
occur in permanent playas, fishless alkali lakes, and
salt lakes (Dumont & Negrea, 2002). These habitats
are, for the most part, seasonal pools that are dry for a
significant portion of the year, or several years
(Dumont & Negrea, 2002).

The vast majority of anostracans are omnivorous
filter feeders, indiscriminately filtering particles from
the water column with their continually beating

——
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thoracopods (Brendonck, 1993a, b). A few species
are predators on rotifers, copepods, cladocerans, and
other Anostraca (Boudrias & Pires, 2002; Rogers
et al., 2006). The tadpole shrimp are predominantly
benthic and omnivorous, feeding on detritus and
living or dead organisms (Martin, 1992). Clam
shrimp typically feed nonselectively on detritus and
algae in suspension (Belk, 1982).

Branchiopod crustaceans rely on banks of resting
eggs (or “cysts;” Fig. 1) to bridge periods of drought
or frost (Brendonck, 1996) and to buffer against the
effects of environmental variability. The eggs lay
dormant in the substrate until the pool dries and refills
during the subsequent rains. In the temporally
fluctuating environment of temporary aquatic habi-
tats, usually only part of the dormant eggs, if any,

7821 18KV

81mm300kU 3BOE2 2276-88 RUG-LEM

Fig. 1 Various large branchiopod egg morphology: (a) Streptocephalus proboscideus (Anostraca); (b) Streptocephalus indistinctus
(Anostraca); (¢) Eulimnadia cylindrova (Spinicaudata); (d) Streptocephalus ovamboensis (Anostraca), (e) Streptocephalus zuluensis

(Anostraca)
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hatches during each fill (Hildrew, 1985; Brendonck
et al., 1998). This process can lead to the generation
of an egg bank that can remain viable for decades or
possibly centuries without re-hydration (Belk, 1998),
and can harbor potentially great genetic and species
diversity (Ellner & Hairston, 1994). The external
morphology (shape and ornamentation; Fig. 1) of
eggs is an important taxonomic tool (Mura, 1986;
Belk, 1989; Martin, 1989; Martin & Belk, 1989;
Brendonck et al.,, 1992; Brendonck & Coomans,
1994a, b). In many cases this allows the assessment
of the temporary pool communities even when no
water is present.

Large branchiopod crustaceans are arguably the
least known of all macroscopic invertebrates in
temporary inland waters even though they are the
flagship group for these ecosystems and for tempo-
rary pool invertebrates in general (Colburn, 2004).

Species/generic diversity

In many areas of the world, the diversity, species
composition, and conservation status of large bran-
chiopods remain largely unknown. We therefore
expect to discover and describe many new taxa in
these largely unexplored areas (e.g., South America,
northern, western and eastern Africa, Western Aus-
tralia, and Asia).

Anostraca

Anostracans (Fig. 2a) are elongated crustaceans,
which lack a carapace and are constantly swimming
on their backs in the water column. The Anostraca are
by far the most taxonomically diverse group at all
levels (Tables 1, 2). There are ~300 species on all
continents (including Antarctica; Belk & Brtek, 1995,
1997; Dumont & Negrea, 2002), currently arranged
in 26 genera and eight families (Tables 1, 2; Weekers
et al., 2002, Rogers, 2002b, 2006). Nearly 1/4 of
these species are known only from the type localities,
or from <3 localities (Belk & Brtek, 1995, 1997).
Additionally, there are ~20 undescribed species and
at least one undescribed genus.

Typically, anostracan species are differentiated
based upon the form and ornamentation of the male
second antennae, which are modified into large

claspers to grasp the female during copulation
(Rogers, 2002a). Linder (1941) demonstrated the
importance of copulatory structures, especially the
male genitalia, in defining genera. Starting from this
base, Belk (1991, 1995), Brendonck (1995), Bren-
donck & Belk (1997), and Rogers (2002b, 2006)
established genital morphology as the defining crite-
ria for anostracan genera. To date, most of the
taxonomy and phylogeny has been based on the
morphology of these antennal and genital characters.

Notostraca

The order Notostraca (tadpole shrimp; Fig. 2c, d) is
composed of the family Triopsidae and includes two
genera (Triops Schrank, 1803 and Lepidurus Leach,
1819; Tables 1, 2) of “living fossils” which have
undergone minimal gross morphological change
since their divergence over 250 million years ago
(Longhurst, 1955).

The Notostraca exhibit plasticity in external mor-
phology, making the demarcation of species on this
basis a difficult task (Rogers, 2001). The absence of
well-defined criteria allowed taxonomists to describe
many ‘new species’ in such a way that the nominal
species of Triops and Lepidurus amounted to more
than 70 in the 1950s (Longhurst, 1955). Linder
(1952) and Longhurst (1955) reviewed the alpha
taxonomy of the Notostraca and recognized only
about 11 species with a wide geographic distribution.
Until recently, this classification was extensively
used “even attaining the status of dogma” (Sassaman
et al., 1997). However, the genetic and molecular
studies of Sassaman et al. (1997), Suno-Uchi et al.
(1997), King & Hanner (1998), and Murugan et al.
(2002) have demonstrated that Linder’s and Long-
hurst’s  classifications have long  obscured
understanding of the real species-level diversity of
the Notostraca.

Notostracan systematics is further complicated by
the discovery of different modes of reproduction
(Sassaman & Weeks, 1993; Sassaman, 1995). The
determination of the mode of reproduction is impor-
tant for the understanding of the variety of species.

Suno-Uchi et al. (1997) studied the three morpho-
species Triops cancriformis, T. granarius, and
T. longicaudatus from Japan, analyzing a segment
of the mt16S rRNA gene. They proposed that there
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Fig. 2 Habitus of large
branchiopods: (a) adult
male Chirocephalus
diaphanus (Anostraca), (b)
adult Limnadia lenticularis
(Spinicaudata), (¢) adult
Triops cancriformis
(Notostraca), (d) adult
Lepidurus apus
(Notostraca). (Drawings
from: Brendonck, 1989)

are four, not three, phylogenetic species. King &
Hanner (1998) studied a fragment of the mt12S rRNA
gene in four nominal species of Lepidurus from
Canada and the USA, and deduced that there are five,
not four, reproductively isolated species, one of them
recently described (Rogers, 2001). Using the mt12S-
and mtl6S rRNA genes, Murugan et al. (2002)
studied five Triops populations from México and
explored the phylogeny of the genus. Analysis of
mtl12S rDNA data was in agreement with previous
allozyme studies (Sassaman et al., 1997), and showed
the nominal (morphological) species T. longicauda-
tus to be a mixture of several species such that, of the
seven Triops American populations studied, six
phylogenetic species can be identified. These

@ Springer

molecular data, contrary to a phylogenetic proposal
based on morphology (Maeda-Martinez et al., 2000),
also indicated that two morphologically and repro-
ductively divergent forms can be grouped into a
single monophyletic clade, and that the Old World
species T. cancriformis may represent a lineage that
is independent from other species in that genus
(Murugan et al., 2002).

Spinicaudata, Laevicaudata, and Cyclestherida
These small, freshwater crustaceans have laterally

compressed bodies enclosed by a bivalved carapace
(Fig. 2b). Although clam shrimp are common
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Table 1 Species * distribution of Anostraca, Notostraca, Spinicaudata and Laevicaudata per family in zoogeopgrahic regions

PA NA NT AT OL AU PAC ANT World
Anostraca® 110 64 33 56 11 48 1 1 307
Artemiidae 6 3 2 1 1 1 1 0 9
Parartemiidae 0 0 0 0 0 13+ 0 0 13
Branchinectidae 6 24 15 0 0 0 0 1 45
Thamnocephalidae 5 6 16 4 2 32 0 0 62
Streptocephalidae 16 15 0 24 7 2 0 0 56
Branchipodidae 9 0 0 26 0 0 0 35
Tanymastigitidae 8 0 0 0 0 0 0 0 8
Chirocephalidae 61 16 0 1 1 0 0 0 81
Notostraca® 7 7 2 1 2 2 0 0 15
Triopsidae 7 7 2 1 2 2 0 0 15
Spinicaudata® ~50 ~15 ~13 ~20 ~30 23 1 0 ~150
Cyzicidae ~20 6 2 ~7 ~10 10 0 0 ~90
Leptestheriidae ~15 1 ~5 ~8 ~3 0 0 0 ~37
Limnadiidae ~15 ~10 ~10 ~10 ~12 13 1 0 ~55
Laevicaudata 8 7 13 4 4 2 0 0 36
Lynceidae 8 7 13 4 4 2 0 0 36

PA, Palaearctic; NA, Nearctic; NT, Neotropical; AT, Afrotropical; OL, Oriental; AU, Australasian; PAC, Pacific Oceanic Islands;

ANT, Antarctic

? Several taxa are known from more than one region

Table 2 Genus distribution of Anostraca, Notostraca, Spinicaudata and Laevicaudata per family in zoogeopgrahic regions
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worldwide, they have not been the subjects of intense
study. A few investigations have assessed their
genetics (Duff et al., 2004), phylogeny and biogeog-
raphy (Hoeh et al., 2006), and reproductive biology
(Weeks et al., 2005, 2006a, b; Scanabissi et al.,
2006), but most attention has been devoted to the
morphological systematics of these animals and
~ 116 species are currently recognized. The three
orders consist of five extant families and 19 genera
(Tables 1, 2). Traditionally the genus Cyclestheria
was considered to be part of the Spinicaudata, but
Olesen (1998) and Spears and Abele (2000) sug-
gested that spinicaudatans are paraphyletic, with
respect to the Cladocera.

The systematics within the Spinicaudata has been
problematic for centuries, and the principal difficul-
ties are still far from being resolved. Presently, the
Spinicaudata is subdivided into three families (Martin
& Davis, 2001) (Tables 1, 2), but the monophyly of
two of these (Cyzicidae and Leptestheridae) is highly
uncertain (the monophyly of the third, Limnadiidae,
is strongly supported; Hoeh et al., 2006). Similar
problems can be found at both the genus and species
levels in all three families. Spinicaudatans are well
known for showing great ‘morphological plasticity’
making species identification exceptionally difficult
in some taxa. The usual problems of poor descrip-
tions and lack of type material add to the difficulties.

Belk (1989) re-emphasized the importance of the
morphology of the outer covering of the desiccated
resting eggs as a taxonomic character.

Phylogeny

The monophyly of the Branchiopoda has been
strongly supported by recent phylogenetic analyses
(e.g., Spears & Abele, 2000) but inter-ordinal rela-
tionships within the Phyllopoda, as well as many
evolutionary relationships at lower taxonomic levels
throughout the class, have not been clearly elucidated
(e.g., Braband et al., 2002).

In last decades there were interesting rearrange-
ments in the systematics of higher taxa of the
Branchiopoda (Fryer, 1987; Walossek, 1993; Martin
& Cash-Clark, 1995). Clam shrimps, formerly
thought to be one order (the “Conchostraca”), have
turned out to be paraphyletic with respect to the
Cladocera (the water fleas; Olesen, 1998; Spears &
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Abele, 2000; Braband et al., 2002), and probably also
with respect to the Notostraca (tadpole shrimps;
Stenderup et al., 2006). The “Conchostraca” are now
divided into the Laevicaudata and the Spinicaudata
(Fig. 2b) and the Cyclestherida.

Information on phylogenetic relationships in large
branchiopods is most advanced, but still fragmentary
in anostracans. The anostracan family Streptocepha-
lidae has been subjected to morphological (Hamer
et al., 1994a, b) and morphological-cladistic analyses
(Maeda-Martinez et al., 1995a, b). To date there are
only 5 phylogenetic studies using molecular data that
focused on the Anostraca: Branchinella (Remigio
et al., 2003), Parartemia (Remigio et al., 2001),
Streptocephalus (Daniels et al., 2004), and two
studies attempting to resolve familial relationships
(Remigio & Hebert, 2000; Weekers et al., 2002) with
one study focusing on the ordinal relationships (de
Waard et al.,, 2006). These studies generated more
questions about the relationships between the genera
(Rogers, 2002b; Weekers et al., 2002).

Present distribution and main areas of endemicity

Large branchiopods have a worldwide distribution
(Fig. 3), including the polar areas (e.g., the anostr-
acan Branchinecta gaini is rather widespread on the
antarctic peninsula), but reach their maximum abun-
dance and species richness in steppes and deserts,
where temporary water bodies abound. The vast
majority of species are fresh-water; however some
species of Branchinella, Streptocephalus, and Tham-
nocephalus, as well as all species of Parartemia and
Artemia, live in inland saline waters.

Family, generic, and species diversity of large
branchiopods at the level of the main zoogeograph-
ical areas are presented in Tables 1 and 2. Some
anostracan families are endemic to only one of the
areas such as Parartemiidae to Australasia and
Tanymastigitidae (Anostraca) to the Palearctic. Not-
ostracan and clam shrimp families are always
distributed over at least one of the zoogeographical
areas. Except for the former families, not one is
entirely restricted to the southern or northern hemi-
sphere, which would reflect a Gondwanaland or
Laurasia origin, respectively.

Some clam shrimp genera like Cyzicus and
Eocyzicus appear to be Laurasian, with their current
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Fig. 3 Species and genus diversity of Anostraca (An), Notostraca (Not), Spinicaudata (Spin) and Laevicaudata (Laev) in each of the
seven zoogeographical regions. PA, Palaearctic; NA, Nearctic; NT, Neotropical; AT, Afrotropical; OL, Oriental; AU, Australasian;

PAC, Pacific Oceanic Islands; ANT, Antarctic

ranges encompassing Eurasia, Africa, and North
America. The genus Lepthesteriella, in contrast,
seems Gondwanian, and occurs in Africa, Madagas-
car, and Asia. Lynceids are cosmopolitan, save in
Antarctica. Cyclestheria hislopi (if representing only
one species, which is uncertain) is pantropical.

Human related issues

Worldwide changes in land use, brought about
mainly by agriculture and urbanization, has led to a
global loss and deterioration of temporary pools. It
has been estimated that during the post-war period in
England, nearly 40% of ephemeral ponds have
disappeared, which is a rate loss of ~ 1% per year.
Several studies indicate a loss of between 50% and
90% of original Californian vernal pools (Bauder,
1986). For most regions of the world, and especially
the developing countries, no such figures are avail-
able, but are likely to be as dramatic, due to

uncontrolled spraying with insecticides, mining, and
agricultural activities (Brendonck & Williams, 2000).

Large branchiopods are used in the United States
for assessment of ephemeral wetland habitat func-
tions and values (Rogers, 1998), and five US species
are currently listed as threatened or endangered in
California and Oregon. Another anostracan species
has been petitioned for federal endangered status and
is protected as a ‘“rare, threatened or endangered
species” under the California Environmental Quality
Act. Another species was proposed for federal listing
in the state of Georgia, four species are proposed for
endangered species status in New Mexico, one
species is listed as vulnerable in Australia, and one
in Brazil. About 32 large branchiopod species are red
listed by the IUCN (IUCN, 2000). Furthermore, the
world’s first large branchiopod preserve has been
developed in Austria (Eder & Hodl, 2002) protecting
the anostracan Chirocephalus shadinii. Five of the six
endangered fairy shrimp in California are endemic to
that state, and were only discovered since 1990.
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Some large branchiopod species are important
economically, including species that are: harvested
for aquaculture (Artemia spp.), for applications in
aquatic toxicology (Brendonck & Persoone, 1993),
for human consumption (Streptocephalus sirindhor-
nae), or as pets (“Sea Monkeys” Artemia “nyos”)
(Sanoamuang et al., 2000).

Some Triops forms (Notostraca) are pests in rice
fields in at least seven countries on four continents
(Grigarick et al., 1961). Alternatively, these shrimp
have been used to control weeds in rice fields of Japan
(Takahashi, 1977), and also have been proposed as a
biological control agent of mosquitoes (Tietze &
Mulla, 1991). Given their rapid growth, early matu-
ration, and uniparental reproduction via resting eggs,
two Triops forms are being studied for their potential
use in aquaculture (Obregén-Barboza et al., 2001).
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