
CRUSTACEAN ISSUES ] 3 

II 

%. m 

Decapod Crustacean Phylogenetics 
edited by 

Joel W. Martin, Keith A. Crandall, and Darryl L. Felder 

£\ CRC Press 
J Taylor & Francis Group 



Decapod Crustacean Phylogenetics 

Edited by 

Joel W. Martin 
Natural History Museum of L. A. County 

Los Angeles, California, U.S.A. 

KeithA.Crandall 
Brigham Young University 

Provo,Utah,U.S.A. 

Darryl L. Felder 
University of Louisiana 

Lafayette, Louisiana, U. S. A. 

CRC Press is an imprint of the 
Taylor & Francis Croup, an informa business 



CRC Press 
Taylor & Francis Group 
6000 Broken Sound Parkway NW, Suite 300 
Boca Raton, Fl. 33487 2742 

<r) 2009 by Taylor & Francis Group, I.I.G 
CRC Press is an imprint of 'Taylor & Francis Group, an In forma business 

No claim to original U.S. Government works 
Printed in the United States of America on acid-free paper 
109 8 7 6 5 4 3 21 

International Standard Book Number-13: 978-1-4200-9258-5 (Hardcover) 

Ibis book contains information obtained from authentic and highly regarded sources. Reasonable efforts have been 
made to publish reliable data and information, but the author and publisher cannot assume responsibility for the valid­
ity of all materials or the consequences of their use. The authors and publishers have attempted to trace the copyright 
holders of all material reproduced in this publication and apologize to copyright holders if permission to publish in this 
form has not been obtained. If any copyright material has not been acknowledged please write and let us know so we may 
rectify in any future reprint. 

Except as permitted under U.S. Copyright Faw, no part of this book maybe reprinted, reproduced, transmitted, or uti­
lized in any form by any electronic, mechanical, or other means, now known or hereafter invented, including photocopy­
ing, microfilming, and recording, or in any information storage or retrieval system, without written permission from the 
publishers. 

For permission to photocopy or use material electronically from this work, please access www.copyright.com (http:// 
www.copyright.com/) or contact the Copyright Clearance Center, Inc. (CCC), 222 Rosewood Drive, Danvers, MA 01923, 
978-750-8400. CCC is a not-for-profit organization that provides licenses and registration for a variety of users. For orga 
nizations that have been granted a photocopy license by the CCC, a separate system of payment has been arranged. 

Trademark Notice: Product or corporate names may be trademarks or registered trademarks, and are used only for 
identification and explanation without intent to infringe. 

Library of Congress Cataloging-iii-Publication Data 

Decapod crustacean phylogenetics / editors, Joel W. Martin, Keith A. Crandall, Darryl F. Folder, 
p. cm. — (Crustacean issues) 

Includes bibliographical references and index. 
ISBN 978-1-4200-9258-5 (hardcover: alk. paper) 
1. Decapoda (Crustacea) 2. Phylogeny. I. Martin, Joel W. II. Crandall, Keith A. III. Felder, Darryl F. 

IV. Title. V. Series. 

QI.444.iM33D44 2009 
595.3'813S-dc22 

Visit the Taylor & Francis Web site at 
http://www.taylorandfrancis.com 

and the CRC Press Web site at 
http://www.crcpress.com 

2009001091 

http://www.copyright.com
http://
http://www.copyright.com/
http://www.taylorandfrancis.com
http://www.crcpress.com


Contents 

Preface 
JOEL W. MARTIN, KEITH A. CRANDALL & DARRYL L. FELDER 

I Overviews of Decapod Phylogeny 

On the Origin of Decapoda 
FREDERICK R. SCHRAM 

Decapod Phylogenetics and Molecular Evolution 15 
ALICIA TOON. MAEGAN FINLEY. JEFFREY STAPLES & KEITH A. CRANDALL 

Development, Genes, and Decapod Evolution 31 
GERHARD SCHOLTZ. ARKHAT ABZHANOV. FREDERIKR ALWES. CATERINA 
BIEFIS & JULIA PINT 

Mitochondrial DNA and Decapod Phylogenies: The Importance of 47 
Pseudogenes and Primer Optimization 
CHRISTOPH D. SCHUBART 

Phylogenetic Inference Using Molecular Data 67 
FERRAN PALERO & KEITH A. CRANDALL 

Decapod Phylogeny: What Can Protein-Coding Genes Tell Us? 89 
K.H. CHU, L.M. TSANG. K.Y. MA. T.Y. CHAN & P.K.L. NG 

Spermatozoal Morphology and Its Bearing on Decapod Phylogeny 101 
CHRISTOPHER TUDGE 

The Evolution of Mating Systems in Decapod Crustaceans 121 
AKIRA ASAKURA 

A Shrimp's Eye View of Evolution: How Useful Are Visual Characters in 183 
Decapod Phylogenetics? 
MEGAN L. PORTER & THOMAS W. CRONIN 

Crustacean Parasites as Phylogenetic Indicators in Decapod Evolution 197 
CHRISTOPHER B. BOYKO & JASON D. WILLIAMS 

The Bearing of Larval Morphology on Brachyuran Phylogeny 221 
PAUL F. CLARK 



vi Contents 

II Advances in Our Knowledge of Shrimp-Like Decapods 

Evolution and Radiation of Shrimp-Like Decapods: An Overview 245 
CHARLES H..I.M. ERANSEN & SAMMY DE GRAVE 

A Preliminary Phylogenelic Analysis of the Dendrobranchiata Based on 261 
Morphological Characters 
CAROLINA TAVARES. CRISTIANA SERE.IO & JOEL W. MARTIN 

Phvlogeny of the Infraorder Caridea Based on Mitochondrial and Nuclear 281 
Genes (Crustacea: Decapoda) 
HEATHER D. BRACKEN. SAMMY DE GRAVE & DARRYL L. FEEDER 

III Advances in Our Knowledge of the Thalassinidean 
and Lobster-Like Groups 

Molecular Phylogeny of the Thalassinidea Based on Nuclear and 309 
Mitochondrial Genes 
RAFAEL ROBLES. CHRISTOPHER C. TUDGE, PETER C. DWORSCHAK, GARY C.B. 
POORE & DARRYL L. FBLDER 

Molecular Phylogeny of the Family Callianassidae Based on Preliminary 327 
Analyses of Two Mitochondrial Genes 
DARRYL L. FELDER & RAFAEL ROBLES 

The Timing of the Diversification of the Freshwater Crayfishes 343 
JESSE BREINHOLT. MARCOS PEREZ-LOSADA & KEITH A. CRANDALL 

Phylogeny of Marine Clawed Lobster Families Nephropidae Dana. 1852. 357 
and Thaumastochelidae Bate. 1888, Based on Mitochondrial Genes 
DALE TSHUDY. RAFAEL ROBLES. TIN-YAM CHAN, KA CHAI HO. KA HOU CHU, 
SHANE T. AHYONG & DARRYL L. FELDER 

The Polychelidan Lobsters: Phylogeny and Systematics (Polychelida: 369 
Polychelidae) 
SHANE T. AHYONG 

IV Advances in Our Knowledge of the Anomttra 

Anomuran Phylogeny: New Insights from Molecular Data 399 
SHANE T. AHYONG, KAREEN E. SCHNABHL & ELIZABETH W. MAAS 

V Advances in Our Knowledge of the Brachyura 

Is the Brachyura Podotremata a Monophyletic Group? 417 
GERHARD SCHOLTZ & COLIN L. MCLAY 



Contents vii 

Assessing the Contribution of Molecular and Larval Morphological 437 
Characters in a Combined Phylogenetic Analysis of the Supcrfamily 
Majoidea 
KRISTIN M. HUI.TGREN, GUILLERMO GUHRAO, HERNANDO RL. MARQUES & 
EHRRAN P. PALERO 

Molecular Genetic Re-Examination of Subfamilies and Polyphyly in the 457 
Family Pinnotheridae (Crustacea: Decapoda) 
EMMA PALACIOS-THEIL. JOSE A. CUESTA. ERNESTO CAMPOS & DARRYL L. 
FELDER 

Evolutionary Origin of the Gall Crabs (Family Cryptochiridae) Based on 475 
16S rDNA Sequence Data 
REGINA WETZER. JOEL W. MARTIN & SARAH L. BOYCE 

Systematics, Evolution, and Biogeography of Freshwater Crabs 491 
NEIL CUMBERLIDGE & PETER K.L. NG 

Phylogeny and Biogeography of Asian Freshwater Crabs of the Family 509 
Gecarcinucidae (Brachyura: Potamoidea) 
SEBASTIAN KLAUS. DIRK BRANDIS. PETER K.L. NG. DARREN C.J. YEO 

& CHRISTOPH D. SCHUBART 

A Proposal for a New Classification of Porlunoidea and Cancroidea 533 
(Brachyura: Heterotremata) Based on Two Independent Molecular 
Phylogenies 
CHRISTOPH D. SCHUBART & SILKE RRUSCHRL 

Molecular Phylogeny of Western Atlantic Representatives of the Genus 551 
Hexapanopeus (Decapoda: Brachyura: Panopeidae) 
BRENT P. THOMA. CHRISTOPH D. SCHUBART & DARRYL L. FELDER 

Molecular Phylogeny of the Genus Cronius Stimpson, I860, with 567 
Reassignment of C. tumidulus and Several American Species ol' Port un us 
to the Genus Achelous De Haan, 1833 (Brachyura: Portunidae) 
FERNANDO L. MANTELATTO. RAFAEL ROBLES. CHRISTOPH D. SCHUBART 

& DARRYL L. FELDER 

Index 581 

Color Insert 



Development, Genes, and Decapod Evolution 
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ABSTRACT 

Apart from larval characters such as zoeal spines and stages, developmental characters are rarely 
used for inferences on decapod phylogeny and evolution. In this review we present examples of 
comparative developmental data of decapods and discuss these in a phylogenetic and evolutionary 
context. Several different levels of developmental characters are evaluated. We consider the influ­
ence of ontogenetic characters such as cleavage patterns, cell lineage, and gene expression on our 
views on the decapod ground pattern, on morphogenesis of certain structures, and on phylogenetic 
relationships. We feel that developmental data represent a hidden treasure that is worth being more 
intensely studied and considered in studies on decapod phylogeny and evolution. 

1 INTRODUCTION 

The morphology of decapod crustaceans shows an enormous diversity concerning overall body 
shape and limb differentiation. On the two extreme ends, we find representatives such as shrimps 
with an elongated, laterally compressed body, muscular pleon, and limbs mainly adapted to swim­
ming, and groups like the Brachyura exhibiting a dorsoventrally flattened, strongly calcified, broad 
body with a reduced pleon and uniramous walking limbs. In addition, hermit crabs show a peculiar 
asymmetric soft and curved pleon, and among all larger decapod taxa there are species with limbs 
specialized for digging, mollusc shellcracking, and all other sorts and numbers of pincers and scis­
sors. These few examples indicate that the decapod body organization is varied to a high degree. 
It is obvious that this disparity has been used to establish phylogenetic relationships of decapods 
and that it is a challenge for considerations of decapod evolution (e.g., Boas 1880; Borradaile 1907; 
Beurlen & Glaessner 1930; Burkenroad 1981; Scholtz & Richter 1995; Schram 2001; Dixon et al. 
2003). One major example for the latter is the controversial discussion about carcinization—the 
evolution of a crab-like form, which, as the most derived body shape and function, desires an ex­
planation at the evolutionary level (e.g., Borradaile 1916; Martin & Abele 1986; Richter & Scholtz 
1994; McLaughlin & Lemaitre 1997; Morrison et al. 2002; McLaughlin et al. 2004). 

A closer look at decapod development shows a similarly wide range of different patterns as 
is found in adult morphology (e.g., Korschelt 1944; Fioroni 1970; Anderson 1973; Schram 1986; 
Weygoldt 1994; Scholtz 1993,2000). One can observe decapod eggs with high and low yolk content, 
with total cleavage and superficial cleavage types, with a distinct cell division and cell lineage 
pattern, and without these determinations. There are different kinds of gastrulation, ranging from 
invagination to immigration and delamination, and multiple gastrulation modes and phases within a 
species. In addition, the growth zone of the embryonic germ band is composed of different numbers 
of stem cells in the ectoderm, the so called ectoteloblasts (Dohle et al. 2004). Even at the level of 
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gene expression patterns, the few existing publications on decapods reveal some differences between 
species (e.g., Averof & Patel 1997; Abzhanov & Kaufman 2004). Some groups hatch as a nauplius 
larva, whereas others hatch at later stages (such as zoea larvae) or exhibit direct development with 
hatchlings looking like small adults (Scholtz 2000). 

With the notable exception of zoeal larval characters (e.g., Gurney 1942; Rice 1980; Clark 2005, 
this volume), surprisingly little attention has been paid to this developmental diversity and to de­
capod development in general when the phylogenetic relationships or evolutionary pathways have 
been discussed. 

Here we present some examples of how ontogenetic data, such as cleavage, cell division, and 
gene expression patterns, can be used to infer phylogenetic relationships and evolutionary pathways 
among decapod crustaceans. It must be stressed, however, that this is just the beginning. Most rele­
vant data on decapod ontogeny have yet to be described. 

2 CLEAVAGE PATTERN, GASTRULATION, AND THE DECAPOD STEM SPECIES 

It is now almost universally accepted that the sister groups Dendrobranchiata and Pleocyemata form 
the clade Decapoda (Burkenroad 1963, 1981; Felgenhauer & Abele 1983; Abele & Felgenhauer 
1986; Christoffersen 1988; Abele 1991; Scholtz & Richter 1995; Richter & Scholtz 2001; Schram 
2001; Dixon et al. 2003; Porter et al. 2005; Tsang et al. 2008). The monophyly of dendrobranchiates 
is largely based on the putatively apomorphic shape of the gills, which are highly branched, and per­
haps on the specialized female thelycum and male petasma (Felgenhauer & Abele 1983). Neverthe­
less, the monophyly of Dendrobranchiata has been doubted based on characters of eye morphology 
(Richter 2002). Dendrobranchiata contains sergestoid and penaeoid shrimps, which have a largely 
similar life style (Perez Farfante & Kensley 1997). In contrast to this, the pleocyematans include 
shrimp-like forms, such as carideans and stenopodids, but also the highly diverse reptants, which 
include lobsters, crayfishes, hermit crabs, and brachyuran crabs among others. When Burkenroad 
(1963, 1981) established the Pleocyemata, he stressed the characteristic brood-care feature of this 
group, namely, the attachment of the eggs and embryos to the maternal pleopods. With few excep­
tions, such as Lucifer, which attaches the eggs to the 3rd pleopods (Perez Farfante & Kensley 1997), 
dendrobranchiates simply release their eggs into the water column. The monophyly of Pleocyemata 
is furthermore supported by brain characters (Sandeman et al. 1993). 

The early development is quite different between Dendrobranchiata and Pleocyemata. Dendro­
branchiates show relatively small, yolk-poor eggs with a total cleavage, a stereotypic cleavage pat­
tern resulting in two interlocking cell bands, a determined blastomere fate, and a gastrulation ini­
tiated by two large cells largely following the mode of a modified "invagination" gastrula (e.g., 
Brooks 1882; Zilch 1978, 1979; Hertzler & Clark 1992; Hertzler 2005; Biffis et al. in prep) (Fig. 1). 
They hatch as nauplius larvae (Scholtz 2000). Pleocyematans mostly possess relatively large, yolky 
eggs with a superficial or mixed cleavage, no recognizable cell division pattern, and an immobile 
embryonized egg-nauplius (see Scholtz 2000; Alwes & Scholtz 2006). There are a few exceptions 
found in some carideans, hermit crabs, and brachyurans among reptants, which display an initial to­
tal cleavage (e.g., Weldon 1887; Gorham 1895; Scheidegger 1976), but these cleavages never show 
a consistent pattern comparable to that of Dendrobranchiata. The gastrulation is highly variable, and 
yery often it implies immigration and no formation of a proper blastopore (Fioroni 1970; Scholtz 
1995). The question is, which of these two types of developmental pathways—the one exhibited 
by the Dendrobranchiata or the less specified type exhibited by the Pleocyemata—is plesiomorphic 
within the Decapoda? This can only be answered with an outgroup, since two sister groups with 
two alternative sets of character states cannnot tell us which states are plesiomorphic. The answer to 
this question allows inferences on the origin and ground pattern of decapods; in particular, it might 
inform us as to whether the ancestral decapod was a swimming shrimp-like animal of the dendro-
branchiate type or a benthic reptant. A pelagic lifestyle in malacostracan Crustacea is not necessarily 
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Figure 1. Different stages during early development of the dendrobranchiate shrimp Penaeusmonodon (A-C) 
and of the euphausiacean Meganyctiphanes norvegica (D-F) stained with fluorescent dyes (Sytox A-C; Hoechst 
D-F). In F the fluorescence is combined with transmission light. The eggs show a low yolk content and total 
cleavage with a characteristic size and arrangement of the blastomeres. A and D: 2-cell stage. B and E: 32-cell 
stage. A stereotypic cleavage pattern leads to two interlocking cell bands, a "tennis ball pattern" (surrounded by 
white and black broken lines each). In B, the mitoses of the previous division are just completed, while in Bthe 
cells show the anaphase of the next division. C and F: 62-cell stage. Notice the center of the egg with two differ­
ently sized large mesendoderm cells (black broken lines), which arrest their division and initiate gastrulation. 

combined with, but facilitates, the absence of brood care, whereas benthic malacostracans always 
show some degree of investment into the embryos and early larvae. 

A comparison with the early development of Euphausiacea helps to polarize the developmental 
characters of Dendrobranchiata and Pleocyemata. Euphausiacea are either the sister group (Slew­
ing 1956; Christoffersen 1988; Wills 1997; Schram & Hof 1998; Watling 1981, 1999) or are more 
remotely related to Decapoda (Richter 1999; Scholtz 2000; Jarman et al. 2000; Richter & Scholtz 
2001). The Euphausiacea studied show remarkable similarities to dendrobranchiate decapods con­
cerning their early embryonic and larval development (Taube 1909, 1915; Alwes & Scholtz 2004). 
They also release their eggs into the water column and show no brood care, with some apparently 
derived exceptions (Zimmer & Gruner 1956). Furthermore, they exhibit a corresponding cleav­
age pattern, arrangement and fate of blastomeres, and mode of gastrulation (Fig. 1). Like Dendro­
branchiata, Euphausiacea hatch as a free nauplius. In particular, the formation of two interlock­
ing germ bands, the origin and fate of the two large mesendoderm cells that initiate the gastru­
lation, and the formation of distinct cell rings (crown cells) at the margin of the blastopore find 
a detailed correspondence between dendrobranchiates and euphausiids (Hertzler & Clark 1992; 
Alwes & Scholtz 2004; Hertzler 2005) (Fig. 1). It must be stressed, however, that the nauplius 
larvae of dendrobranchiate decapods and Euphausiacea might be the result of convergent evolution 
(Scholtz 2000). It is furthermore not clear when this type of cleavage and early development evolved 
within malacostracans. The similarities in early development might indicate that euphausiaceans 
are the sister group to decapods (see Alwes & Scholtz 2004) (Fig. 2), in agreement with previous 
suggestions (e.g., Siewing 1956; Christoffersen 1988; Wills, 1997; Schram & Hof 1998; Watling 
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LEPTOSTRACA STOMATOPODA DECAPODA SYNCARIDA EIIPHAUSIACEA PANCARIDA MYSIDACEA A ^ J S ? ? J A + 

\ 

Figure 2. Malacostracan phylogeny according to Richter & Scholtz (2001). The arrows indicate the three possi­
bilities for the evolution of the characteristic early development shared by Euphausiacea and Dendrobranchiata 
(Decapoda). The black arrow shows the possibility that the cleavage pattern evolved in the lineage of Cari-
doida. The grey arrow indicates a shared evolution of the cleavage pattern for Decapoda and Euphausiacea in 
combination with the view of a sister group relationship between these two groups (Eucarida), as is indicated 
with a question mark and light grey line. The white arrow symbolizes an older origin of the developmental 
pattern, perhaps even in non-malacostracans. 

1981, 1999). On the other hand, if we accept the analysis of Richter and Scholtz (2001), the pattern 
must have evolved in the stem lineage of Caridoida (Fig. 2). However, it might be even older since 
similar patterns occur in some non-malacostracan crustaceans (Kuhn 1913; Fuchs 1914, see Alwes 
& Scholtz 2004) (Fig. 2). 

In either case, this corresponding early development of euphausiids and dendrobranchiate de­
capods to the exclusion of Pleocyemata strongly suggests that originally decapods did not care for 
the brood but released their yolk-poor eggs freely into the water. Furthermore, these eggs developed 
via a stereotypic cleavage pattern with largely determined cell fates and a specific mode of gastru-
lation. All of this indicates that the early development of Dendrobranchiata is plesiomorphic within 
Decapoda. In addition, this allows for the conclusion that the ancestral decapod was a more pelagic 
shrimp-like crustacean. 

The oldest known fossil decapod is the late Devonian species Palaeopalaemon newberryi (see 
Schram et al. 1978). According to these authors, this fossil is a represenative of the reptant decapods 
(see also Schram & Dixon 2003). This was disputed by Felgenhauer and Abele (1983), who claimed 
that the shrimp-like scaphocerite instead indicates an affinity to dendrobranchiates or carideans. Our 
conclusions, based on ontogenetic data, might lead to reconsidering the affinities of Palaeopalaemon 
as a dendrobranchiate-like decapod. At least there is no morphological structure that contradicts this 
assumption. This interpretation would furthermore fit with the ideas of Schram (2001) and Richter 
(2002) who independently concluded, based on eye structure and other arguments, that it is likely 
that decapods originated in deeper areas of the sea. 

3 WAS THE ANCESTRAL DECAPOD A DECAPOD? 

One of the apomorphies for Malacostraca is the possession of eight thoracic segments and their cor­
responding eight thoracopods (Richter & Scholtz 2001). In the various malacostracan groups, the 
thoracopods are diversified to different degrees, with the most conspicuous transformation being 
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t1 t2 t3 t4 t5 
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Penaeus 

mxpl mxp2 „mxp3" 

Figure 5. Scheme of the anterior expression of the UBX-AbdA protein in three decapod representatives with 
different degrees of pediform 3rd maxillipeds. Homarus'and Penaeus with more pediform 3rd maxillipeds 
show a more anterior UBX expression boundary. Penaeus with the most pereopod-like 3rd maxilliped reveals 
the most anterior boundary in the 1st thoracic segment. Homarus and Periclimenes after Averof & Patel (1997), 
Penaeus this study. Light grey = weak expression, dark grey = strong expression, (mxpl,2,3 =lst to 3rd maxil­
lipeds, tl to t5 — 1st to 5th thoracic segments). 

4 THE ORIGIN OF THE SCAPHOGNATHITE 

The scaphognathite is a large flattened lobe at the lateral margin of the 2nd maxillae of decapods 
and amphionids (Fig. 6). The scaphognathite is equipped with numerous plumose setae at its margin 
and is closely fitted to the walls of the anterior part of the branchial chamber. This allows it to create 
a water current through the branchial chamber depending on the movement of the 2nd maxilla. This 
current supplies the gills with fresh oxygen-rich water for breathing. Hence, the scaphognathite is a 
crucial element of the gill/branchial chamber complex that is apomorphic for Decapoda (including 
Amphionida). The morphological nature and origin of this important structure, however, have been 
a matter of debate for more than a century. This relates to the general difficulty in assigning the el­
ements of the highly modified decapod mouthparts to the parts of biramous crustacean limbs, such 
as the endopod, exopod, or epipods. Accordingly, several authors claim that the scaphognathite is 
a composite structure formed by the fusion of the exopod and epipod of the 2nd maxilla (Huxley 
1880; Berkeley 1928; Gruner 1993). Huxley (1880) even discusses the alternative that it is exclu­
sively formed by the epipod. In contrast to this, carcinologists such as Caiman (1909), Giesbrecht 
(1913), Hansen (1925), Borradaile (1922), and Balss (1940) interpret the scaphognathite as of solely 
exopod origin. These different traditions are still expressed in recent textbooks (see Gruner 1993; 
Gruner & Scholtz 2004; Schminke 1996; Ax 1999). But Kaestner (1967: 1073) and Schram (1986: 
245), discussing the morphology of decapod 2nd maxillae,, state that "Homologie noch unklar!" 
(homology not clear) and "This appendage is so extensively modified that to suggest homologies 
with the various components of other limbs is a questionable exercise." 

We studied the development of the 2nd maxillae in the embryos of a freshwater crayfish, the 
parthenogenetic Marmorkrebs (Scholtz et al. 2003; Alwes & Scholtz 2006), applying the means 
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are conserved (Fig. 8D). Subsequent studies in other crayfish species from the Northern and South­
ern Hemispheres covering Astacidae, Cambaridae, and Parastacidae revealed that the pattern found 
in Cherax is a general freshwater crayfish character (Scholtz 1993) (Fig. 8E). This different growth 
zone pattern is hence a clear apomorphy of the Astacida, strongly indicating their monophyly. 

This result is corroborated by a number of other developmental, in particular postembryonic, 
characters (see Scholtz 2002). In addition, phylogenetic analyses based on molecular datasets 
strongly support the monophyly of Astacida (e.g., Crandall et al. 2000; Ahyong & O'Meally 2004; 
Tsang et al. 2008). The question of freshwater colonization can now be addressed anew based on 
the strong support for Astacida monophyly. Monophyly alone is, of course, no proof for a single 
invasion into freshwater habitats, but parsimony and, in particular, several apomorphic freshwater 
adaptations strongly argue for a crayfish stem species already living in freshwater (see Scholtz 1995, 
2002; Crandall et al. 2000). The modern and almost worldwide distribution of Astacida is thus best 
explained by the assumption of a freshwater colonization during the Triassic or even earlier before 
the break-up of Pangaea, which started in the Jurassic (Scholtz 1995, 2002). 

6 CONCLUSIONS 

With these examples, we demonstrate the different levels of impact on our views on decapod evolu­
tion resulting from comparative developmental studies (see Scholtz 2004). Including developmen­
tal characters in phylogenetic analyses expands our suite of characters for phylogenetic inference. 
In some cases, ontogenetic characters can be decisive in resolving phylogenetic relationships that 
cannot be inferred frorrr adult characters alone. An example of this is the resolution of the common 
origin of astacoidean and parastacoidean crayfish. However, based on ontogenetic data, far-reaching 
conclusions can be drawn. For instance, the morphological "nature" of adult structures can be clari­
fied with developmental analyses. This touches the core of morphology as a science. Morphological 
structures are transformed in the course of evolution; they change form and function to various, de­
grees. In addition, new structures (novelties) emerge. These are, however, formed by pre-existing 
morphological precursors. Developmental analyses offer the possibility to trace these transforma­
tions and novelties. The analyses presented here of the 3rd maxillipeds and the scaphognathite of 
the 2nd maxillae in decapods provide examples for this approach. In the latter case, a century-old 
controversy was resolved and the evolutionary flexibility of limb structures was shown. In the for­
mer case, the correlation between an evolutionary shift of gene expression and altered morphology 
and function is revealed. Furthermore, evolutionary scenarios can be inferred based on ontogenetic 
data. This is shown by the timing of the gene expression shift. The transformation of a thoracic limb 
to a mouthpart takes place at the morphological and functional levels before gene expression has 
changed to the same degree (see Budd 1999). As is the case in adult structures, several ontogenetic 
characters are correlated with a certain lifestyle. If these characters are shared between an outgroup 
and part of the ingroup, it is possible to deduce the ancestral lifestyle of a given taxon. This approach 
is exemplified by the analysis of the early development of Dendrobranchiata. Yolk-poor eggs with 
a distinct cleavage pattern are found in shrimp-like crustaceans with a more pelagic lifestyle and 
a lack of brood care, such as euphausiaceans and, to a certain degree, anaspidaceans. This allows 
the conclusion that the decapod stem species was a pelagic shrimp-like animal rather than a benthic 
reptantian and thus strongly corroborates inferences based on the morphology of adults. 
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