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Arthropods are perhaps the most diverse creatures on Earth,

* with the number of known species approaching one million,
and perhaps 10 times as many left to discover. Comprised
today of Hexapoda (insects and relatives), Myriapoda (cen-
tipedes, millipedes, and allies), Crustacea (shrimps, crabs,
lobsters, crayfish, bamacles, etc.), and Chelicerata (arachnids,
horseshoe crabs, and sea spiders), the arthropods vary over
four orders of magnitude in size (from <1 mm mites and para-
sitic wasps to >4 m spider crabs), are herbivores and carni-
vores, free-living and parasitic (endo and ecto), and solitary
and social, and constjtute the great majority of animal bio-
mass. Arthropods are ubiquitous. They are found on all con-
tinents, the deepest oceans, and highest mountains. Extinct
_groups include trilobites, marrellomorphs, anomalocaridids,
and euthycarcinoids, some of which may well be equal in
taxonomic status to those we know today.

As members of the triploblastic Metazoa, arthropods are
characterized by a segmented, hardened, chitinous cuticu-
lar exoskeleton and paired, jointed appendages. This exosk-
eleton is composed of a series of dorsal, ventral, and lateral
plates that undergoes molting (ecdysis), sometimes periodi-
cally. Primitively, arthropods share a compound eye with a
subunit structure that is unique within the animal kingdom.

The geological history of arthropods extends back over
520 million years (to the Lower Cambrian) with extinct lin-
eages of great diversity (e.g., trilobites). This history has
undergone several dramatic rounds of extinction and diver-
sification, most prominently in the Paleozoic Era near the end

of the Ordovician Period and at the Permian-Triassic bound-
ary. The Cambrian and Ordovician body fossil record of
arthropods is exclusively marine, but terrestrial forms (in-
cluding arachnids, millipedes, and centipedes) appear from
the Upper Silurian, more than 400 million years ago.

Relatives

The closest relatives of the arthropods are the enigmatic water
bears (Tardigrada) and velvet worms (Onychophora). All of
these animals share paired appendages and a chitinous cu-
ticle. There are approximately 800 species of tardigrades that
live in marine, freshwater, and terrestrial habitats. Marine
tardigrades are an important component of the meiofauna,
crawling between sand grains. Terrestrial tardigrades are
mostly found on mosses and bryophytes and may occur in
huge densities (hundreds of thousands to millions per square
meter). Tardigrades are small (between 150 and 1000 pm);
have a round mouth and four pairs of legs, the last one be-
ing terminal; and, like arthropods and a few other phyla, grow
by molting. Terrestrial tardigrades can live in extreme envi-
ronments, surviving desiccation or freezing by entering into
cryptobiosis. The cryptobiotic stage has been recorded to last
more than 100 years, and in this stage they can be dispersed
by wind. The Onychophora are a group of exclusively ter-
restrial, predatory creatures that live in humid temperate
(mostly southern hemisphere) and tropical forests of
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America, Southern Africa, Australia, and New Zealand. The
velvet worms are characterized by a soft body with pairs of
“lobopod” walking limbs, a pair of annulated antennae, jaws,
and oral (“slime”) papillae. About 150 extant species have been
named, but there were many more types including marine
“armored” or plated lobopods in the Early Paleozoic. Ony-
chophorans and arthropods share a dorsal heart with segmen-
tal openings (ostia) and a unique structure of the nephridia,
the excretory organs. Lack of these organs in tardigrades may
be due to miniaturization. It is thought that Tardigrada is the
sister taxon of Arthropoda and Onychophora, the next clos-
est relative (Giribet et al. 1996, 2001).

It has been long thought that there was an evolutionary
progression from wormlike creatures, to lobopodous forms
like Onychophora, to modem arthropods. This was ex-
pressed in the “Articulata” hypothesis that linked annelid
worms (polychaetes and oligochaetes, including leeches) to
Onychophora and Arthropoda. Recent work, especially from
DNA sequences, has largely replaced this view, instead ally-
ing arthropods, tardigrades, and onychophorans with other
molting creatures such as the nematodes, kinorhynchs, and
priapulids in Ecdysozoa (after ecdysis or molting; Aguinaldo
et al. 1997, Giribet and Ribera 1998, Schmidt-Rhaesa et al.
1998), and uniting the annelids with mollusks, nemerteans,
sipunculans, and entoprocts in Trochozoa (Eernisse et al.
1992, Halanych et al. 1995, Giribet et al. 2000).

Extant Groups

The major extant arthropod groups are discussed in sepa-
rate chapters and so are only briefly discussed here.

Hexapoda

The insects are by far the most diverse known arthropod group
(but mites might come close), with hundreds of thousands of
species known to science. Hexapods are characterized by pos-
session of three body tagma (head, thorax, abdomen), the
second of which possesses three limb-bearing segments. In-
secta comprise most of the diversity within Hexapoda, in-
sects being those hexapods with an antenna developed as a
flagellum without muscles between segments. The hexapod
head (like that of crustaceans and myriapods) has a large,
generally robust mandible used for food maceration, a single
pair of sensory antennae, and both compound and simple
eyes. There are 30 commonly recognized hexapod “orders”
further organized into several higher groups: Entognatha
(those with internal mouthparts)—Protura, Diplura, and
Collembola (springtails); Archaeognatha (bristletails); Zygen-
toma (silverfish); Ephemerida (mayflies), Odonata (damself-
lies and dragonflies); orthopteroids—Plecoptera (stoneflies),
Embiidina (web spirmers), Dermaptera (earwigs), Grylloblat-
taria (ice insects), Phasrnida (walking sticks), Orthoptera
(crickets, grasshoppers), Zoraptera, Isoptera (termites), Man-

todea (praying mantises), Blattaria (roaches), Mantophasma-
todea; hemipteroids—Hemiptera (true bugs and hoppers),
Thysanoptera (thrips), Psocoptera, Pthiraptera (lice); and the
Holometabola—Coleoptera (beetles), Neuroptera (lacewings,
dobsonflies, snakeflies), Hymenoptera (bees, ants, wasps),
Trichoptera, Lepidoptera (moths and butterflies), Sipho-
naptera (fleas), Mecoptera (snow fleas), Strepsiptera, and
Diptera (flies). Basal hexapods (Protura, Collembola, Diplura,
Archaeognatha, and Zygentoma) are wingless, whereas the
more derived insect orders generally possess two pairs of
wings. Members of Neoptera (Pterygota—winged insects
except for the “paleopteran” ephemerids and odonates) pos-
sess wing hinge structures that allow folding their wings back
over their abdomen. Those insects with complex develop-
ment, Holometabola, are the most diverse, with beetles lead-
ing the way with more than 300,000 recognized species.
Insects are found over the world in terrestrial and freshwa-
ter habitats, and many have economic importance as pests
or medical interest for causing or carrying disease. An exten-
sive fossil record of hexapods commences with the Devonian
collembolan Rhyniella (Whalley and Jarzembowski 1981),
through other Paleozoic and Mesozoic deposits, to the dra-
matic and beautiful amber-preserved insects from Lebanon,
the Baltic, and the Dominican Republic (Carpenter 1992,
Grimaldi 2001).

Myriapoda

The centipedes, millipedes, symphylans, and pauropods are
multilegged, mostly soil-adapted creatures. Generally with-
out compound eyes (except for scutigeromorph centipedes)
but possessing a single pair of sensory antennae, the myri-
apods are most easily recognized by their large numbers of
legs and the trunk not being differentiated into distinct tag-
mata. Almost all postcephalic segments bear a single (centi-
pedes, pauropods, symphylans) or double (millipedes) pair
of legs, numbering into the hundreds in some taxa. These
arthropods are generally small (<5-10 cm), but there are
several dramatically larger examples (Scolopendra gigantea at
30 cm). There are four main lineages of myriapods: Diplo-
poda (millipedes), Chilopoda (centipedes), Pauropoda, and
Symphyla. The basic division among myriapods lies between
Chilopoda, whose members have the genital opening at the
posterior end of the body, and the other three lineages,
grouped as Progoneata on the basis of the genital opening
being located anteriorly on the trunk, behind the second pair
of legs (Dohle 1998). The millipedes are by far the most di-
verse group, with approximately 11,000 described species.
The chilopods are the other diverse group (~2,800 known
species). Pauropods and symphylans are less speciose, with
a few hundred described taxa. In general, myriapods are soil
creatures feeding on detritus, with the centipedes exclusively
predatory and possessing a modified fang and the ability to
deliver toxins to their prey. It is probable, but far from uni-
versally agreed, that the myriapods share a single common
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ancestor (Edgecombe and Giribet 2002). The movement and
connections of the head endoskeleton (the tentoriumy), struc-
ture and musculature of the mandible, and most DNA se-
quence evidence support the single origin of Myriapoda, but
several hypotheses place myriapod lineages with hexapods
(Kraus 1998). There are few well preserved myriapod fos-
sils, but the extant chilopod order Scutigeromorpha and the
diplopod group Chilognatha both have fossil representatives
from the Late Silurian (Almond 1985, Shear et al. 1998). The
extinct group Arthropleurida, thought to be members of
Diplopoda (Wilson and Shear 2000), may have reached 2 m
in length.

Crustacea

Crustaceans are perhaps the most morphologically diverse
group of arthropods (>30,000 species known), with huge
variation in numbers and morphology of appendages, body
organization (tagmosis), mode of development, and size
(<1 mm to >4 m). These creatures are generally character-
ized by having two pairs of antennae (first and second), bi-
ramous (branched) appendages, and a specialized swimming
larval stage (nauplius). They usually possess both simple
(“naupliar”) and compound eyes (the latter frequently stalked).
Like myriapods and hexapods, crustaceans possess strongly
sclerotized mandibles that are distinguished by frequently
having a segmented palp. The Crustacea are generally marine,
with several freshwater and terrestrial groups (e.g., some iso-

‘pods, the woodlice). Crustacean phylogeny is an area of ac-

tive debate with the status of some long-recognized groups
under discussion (see Schram and Koenemann, ch. 19 in this
vol.). Currently, several higher groups are recognized (Martin
and Davis 2001) with their interrelationships (and even inter-
digitiation) unclear: Remipedia (12 species; Speleonectes, Lasi-

onectes, and three other genera), Cephalocarida (few species;

Hutchinsoniella and three other genera), Branchiopoda
(1000 species; fairy shrimp, water fleas, tadpole shrimp,
clam shrimp), Maxillopoda (10,000 species; copepods, bar-
nacles, ostracods, fish lice), and Malacostraca (20,000 species;
mantis shrimp, crayfish, lobsters, crabs, isopods, amphipods).
Many of the debates on crustacean relationships center on
the position of the recently discovered remipedes as either
the most basal lineage resembling, in some respects, the first
Crustacea, or a more derived position having little to do with
crustacean origins. The fossil group Phosphatocopina is prob-
ably the earliest Crustacea or the closest relative of the extant
Crustacea (Walossek 1999), first occurring in the Lower Cam-
brian in England and being known from fine preservational
quality, notably in the three-dimensional Orsten Cambrian
fauna (Muller 1979).

Chelicerata

The sea spiders, horseshoe crabs, and arachnids are charac-
terized by division of body segments into two tagmata: pro-
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soma and opisthosoma (generally), and the first leg-bearing
head segment being modified into chelifores or chelicerae.
With the exception of horseshoe crabs (the American Limulus
and the Asian Carcinoscorpius and Tachypleus), extant cheli-
cerates do not possess compound eyes, and none have anten-
nae. Horseshoe crabs and arachnids have one pair of median
eyes, whereas sea spiders have a second pair. Of the three

" main divisions of chelicerates [Pycnogonida—sea spiders

(1000 species), Xiphosura—horseshoe crabs (four species),
and Arachnida—spiders, scorpions, etc. (92,000 species)],
the sea spiders and horseshoe crabs are marine and arachnids
are terrestrial, with the exception of some groups of mites.
Many groups of Acari (mites and ticks) are parasites of plants
and animals, both vertebrates and invertebrates, and being
ecto- and endoparasitic, mostly of respiratory organs. The
arachnids are the most diverse component of the Chelicerata,
with the Acari and Araneae (spiders) constituting the vast
majority of taxa. Other arachnid groups include Opiliones
(harvestmen, daddy longlegs), Scorpiones (scorpions),
Solifugae (sun, camel, or wind spiders), Pseudoscorpiones
(“false” scorpions), Ricinulei, Palpigradi (micro-whip scorpi-
ons), Amblypygi (tailless whip scorpions or whip spiders),
Uropygi (vinegaroons), and Schizomida. The Paleozoic eu-
rypterids are an aquatic (mostly brackish water) group, gen-
erally considered to be the closest relatives of Arachnida,
although some workers consider them especially related to
scorpions (see Dunlop and Braddy 2001 for a discussion of
the evidence). The largest eurypterids are 1.8 m long, among
the largest arthropods ever. The sea spiders graze on corals,
anemones, or seaweeds and vary in size from quite small (<1
cm) to almost a meter in leg span. Horseshoe crabs and arach-
nids are almost entirely predatory, with spiders the domi-
nant arthropod predators in many environments. Horseshoe
crabs scavenge and prey on small animals in seaweeds, and
like the Opiliones, they digest their food internally. Most
arachnids, however, digest food extraorally, ingesting their
prey in the form of digested fluids.

Fossil History and Extinct Lineages

No doubt there are more extinct lineages of arthropods than
extant. More likely than not, most will remain unknown to
science, but several major groups we do know about have a
great effect on our notions of higher level relationships among
the arthropods (living and extinct). Trilobites are among the
best-known group of extinct arthropods. First known from
the Lower Cambrian, trilobites had huge radiations in the
Paleozoic. Trilobites were an exclusively marine group
(10,000 species described) characterized by two longitudi-
nal furrows dividing the body into three lobes (hence the
name). The body segments are organized into three tagmata
(cephalon, thorax, pygidium). Trilobites possessed com-
pound eyes and a single pair of antennae and had biramous
appendages. All post-antennal appendages in trilobites are
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basically similar in structure (Whittington 1975). The im-
bricated lamellar setae in the exopods suggest that trilobites
are closely related to the Chelicerata (being similar to the
book gills of Xiphosura and Eurypterida), together with
numerous other extinct lineages constituting the group
Arachnata. Anomalocaridids or Dinocarida: Radiodonta are
a group of large (up to 2 m), predatory Cambrian arthropod
relatives. With unmineralized but sclerotized cuticle, they
were known initially only by their raptorial feeding/grasp-
ing appendages that were anterior to a circular mouth that
was surrounded by a ring of plates (Collins 1996). Their
phylogenetic affinities are uncertain, but most recent work
places them in the stem group of Arthropoda (Budd 2002),
probably more closely related to extant arthropods than are
tardigrades (Dewel et al. 1999). Marrellomorphs comprise
a clade known from the Burgess Shale (Middle Cambrian,
Canada) and Hunsrtck Slate (Lower Devonian, Germany)
that possess two pairs of antenniform limbs and two pairs
of long spines that curve back over the body. Marrella is
the most abundant arthropod in the Burgess Shale fauna
(Whittington 1971). Euthycarcinoids are an enigmatic
group that ranges from the Ordovician or Lower Silurian
to the Middle Triassic, having potential affinities with myri-
apods or crustaceans (Edgecombe and Morgan 1999). They
possessed a single pair of antennae and numerous pairs of
uniramous legs. A diversity of lobopodian taxa has recently
come to light via soft-part-preserved specimens, mainly from
the Lower Cambrian of China. The marine lobopodians are
thought to be related to living terrestrial Onychophora or
Tardigrada, or some may be positioned higher on the arthro-
pod stem group. Several of the Cambrian lobopodians pos-
sessed elaborate spines and armored plates (Ramskold and
Chen 1998). The “Orsten” fauna of Sweden contains amaz-
ingly well-preserved, three-dimensional Upper Cambrian
fossils, most importantly of basal crustacean-like taxa
(Walossek and Miller 1998). Several of these forms (e.g.,
Martinssonia) are important to understanding the origins and
relationships of Crustacea. Among the most productive Pa-
leozoic fossil deposits are the Burgess Shale, Chengjiang and
Orsten (Cambrian), Rhynie Chert and Gilboa (Devonian),
and Mazon Creek (Carboniferous) deposits.

The Relationships of the Arthropod “Classes”

The question of arthropod relationships has been and is still
unsettled, despite the large effort invested by researchers.
Excellent literature sources and reviews on many issues about
arthropod relationships can be found in the recent volumes
edited by Edgecombe (1998), Fortey and Thomas (1998),
and Melic et al. (1999). These volumes complement the clas-
sical treatises by Snodgrass (1938), Boudreaux (1979), and
Gupta (1979).

Of the living taxa (Chelicerata, Crustacea, Myriapoda,
Hexapoda), it seems clear that those groups that possess

mandibles (robust, sclerotized, chewing mouthparts), the
clade Mandibulata: Crustacea, Myriapoda, and Hexapoda,
share a unique common ancestor (fig. 17.1). The biting edge
of mandibles is formed by the same segment, the coxa, of the
same limb (third limb-bearing segment in Crustacea), with a
distinctive expression pattern of the Distal-less gene (Popadi¢
et al. 1998, Scholtz et al. 1998). Within this group, things
become less clear. There are two main competing hypoth-
eses: Tracheata or Atelocerata (myriapods and insects) ver-
sus Tetraconata or Pancrustacea (crustaceans and insects).
The Tracheata hypothesis is supported by some anatomical
evidence, notably the similar tentorial head endoskeleton, an
absence of limbs on the head segment (intercalary segment)
innervated by the third brain ganglia, and similar respiratory
and excretory organs (Klass and Kristensen 2001). Molecu-
lar sequence data and an alternative set of anatomical features,
notably ommatidium structure, the optic neuropils, and neuro-
genesis, support the Tetraconata hypothesis (Dohle 2001).

This is a somewhat simplistic view of arthropod rela-
tionships that assumes that the four main classes are each
monophyletic. However, pycriogonids may challenge this
premise, and recent studies have shown them as the puta-
tive sister group to all remaining arthropods (Zrzavy et al.
1998, Giribet et al. 2001), in part supported by the pres-
ence of a terminal mouth as in many other non-arthropod
ecdysozoans (Schmidt-Rhaesa et al. 1998) and absence of
arthropod-type nephridia and intersegmental tendons. Fos-
sil pycnogonids demonstrate their presence as far back as
the Cambrian (Waloszek and Dunlop 2002). Also, many
proponents of the Tracheata hypothesis supported myri-
apod paraphyly (Snodgrass 1938, Tiegs 1947, Dohle 1965).
Paraphyly or polyphyly of crustaceans has also been pro-
posed (Moura and Christoffersen 1996).

Mandibulata is supported by most molecular and total
evidence analyses (Wheeler et al. 1993, Giribet and Ribera
1998, Wheeler 19982, 1998b, Zrzavy et al. 1998, Edgecombe
et al, 2000, Giribet et al. 2001). Alternatives to the clade
Mandibulata have also appeared based on molecular se-
quence data analyses (Turbeville et al. 1991, Friedrich and
Tautz 1995, Giribet et al. 1996, Hwang et al. 2001), although
this seems to be an artifact of deficient taxonomic sampling
because most other molecular analyses support Mandibulata
(Regier and Shultz 1997, 1998). A second molecular alter-
native places Chelicerata as sister to Tetraconata (Regier and
Shultz 2001, Shultz and Regier 1999), but again this result
seems to be a bias toward particular genes.

Although relationships within Mandibulata are debated,
molecular data from all sources tend to agree that crustaceans
and insects form a monophyletic group, with the exception
of some total evidence analyses (Wheeler et al. 1993, Wheeler
1998b, Edgecombe et al. 2000), but not from the most re-
cent one including eight genes and morphology (Giribet et al.
2001).

The addition of fossil arthropods to the phylogenetic mix
has rendered a strikingly different view from that of mor-
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phologists and molecular biologists, notably a hypothesis
uniting all arthropods with biramous appendages in a clade
named Schizoramia (Cisne 1974, Briggs et al. 1992, Budd
1996, Wills et al. 1998). Schizoramia contains the extant
crustaceans and chelicerates, as well as many extinct lineages,
including trilobites.

Monophyly versus Polyphyly

Arthropods were considered to be monophyletic since the
19th century (Siebold and Stannius 1848, Haeckel 1866) and

were treated as such by most zoologists until the mid 20th

century (Snodgrass 1938). A diphyletic current then ap-
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Figure 17.1. Cladogram of
extant arthropod relationships,
after Giribet et al. (2001).

peared, grouping the myriapods and hexapods together with
the velvet worms to form Uniramia, versus Trilobita, Crus-
tacea, and Chelicerata (Tiegs 1947, Tiegs and Manton 1958;
named TCC by Cisne 1974). The diphyletic theory relied
upon functional morphology arguments, based on the idea
that the synapomorphies defining arthropods, such as the
presence of a chitinous exoskeleton with jointed appendages
and the presence of compound eyes, were convergences due
to a similar mode of life.

The diphyletic theory further evolved into a polyphyl-
etic theory in which the only previous taxon to be maintained
was Uniramia. This was proposed by Manton (1964, 1973,
1977, 1979) and Anderson (1973, 1979). Manton proposed
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that the mandibles of crustaceans were not homologous to
those of insects and myriapods, although she did not indicate
an explicit relationship for the crustaceans or chelicerates.
Anderson (1979) used embryonic fate maps to suggest a close
relationship among annelids, onychophorans, and atelocerates
(insects and myriapods). Subsequently, Schram (1978) joined
the polyphyletists and used fate maps to endorse a relation-
ship between pycnogonids and chelicerates.

The arguments in defense of arthropod polyphyly were
not based on phylogenetic thinking or identifying alterna-
tive sister groups to different arthropod clades and were re-
futed by morphological (e.g., Weygoldt 1986, Kukalova-Peck
1992, 1998, Shear 1992, Wagele 1993), developmental (e.g.,
Weygoldt 1979, Panganiban et al. 1995, Popadic et al. 1996,
1998, Scholtz et al. 1998, Abzhanov and Kaufman 1999),
and molecular (e.g., Wheeler et al. 1993, Edgecombe et al.
2000, Giribet et al. 2001) evidence. Also recently, homeobox
genes have suggested homology between the chelicerae and
the antennae of myriapods and insects and the first anten-
nae of crustaceans (Damen et al. 1998, Telford and Thomas
1998, Abzhanov et al. 1999, Mittmann and Scholtz 2001).
The only recent defenses of arthropod polyphyly (Fryer 1996,
1998) have resorted to imaginary worms rather than real taxa
to force arthropod non-monophyly.

Schizoramia versus Mandibulata

With the issue of arthropod monophyly settled, arguments
about the relationships among the main arthropod lineages
grew, especially in relation to Schizoramia versus Mandi-

Figure 17.2, Signal synapo-
morphies for Mandibulata
(mandible, shown for the
chilopod Ethmostigmus) versus
Schizoramia (biramous
appendages, shown for the
cephalocarid Hutchinsoniella).

MANDIBULATA

bulata. The TCC (Tiegs 1947, Cistie 1974) concept groups
extinct trilobites and allied “trilobitomorophs” with extant
chelicerates and crustaceans based on the primitive biramous
nature of their appendages (Hessler and Newman 1975, Briggs
and Fortey 1989, Bergstrom 1992, Briggs et al. 1992, Wills
et al. 1995, 1998). This hypothesis, however, does not find
support in molecular analyses, but this is not unexpected
because TCC is based on the combinations of character states
found in the extinct fauna. The Schizoramia concept obvi-
ously conflicts with Mandibulata (fig. 17.2), which finds
support in morphological and molecular analyses (see dis-
cussion above).

Tracheata versus Tetraconata

Another major issue in arthropod systematics is the relative
position of the mandibulate taxa. Classically, myriapods and
insects were grouped together in Tracheata (or Atelocerata;
Snodgrass 1938, 1950, 1951, Wiagele 1993, Kraus and Kraus
1994, 1996, Kraus 1998, 2001, Wheeler 1998a, 1998b)
based on morphelogical evidence (see discussion above). The
addition of molecular data to study arthropod relationships,
however, suggested an alternate relationship of crustaceans
and hexapods (Boore et al. 1995, 1998, Friedrich and Tautz
1995, Giribet et al. 1996, 2001, Regier and Shultz 1997,
1998, Giribet and Ribera 1998), originally named Pancrus-
tacea (Zrzavy et al. 1998) and later on formalized as Tetra-
conata (Dohle 2001) in reference to the ommatidium
structure (four-part crystalline cone) shared by crustaceans
and insects.

SCHIZORAMIA




Other aspects of heated argumentation about arthropod
evolution are the monophyly of Crustacea (see Schram and
Koenemann, ch. 19 in this vol.) and the monophyly of Myria-
poda (see Edgecombe and Giribet 2002).

Current Status and the Role of Fossils

In summary, arthropod systematists recognize the mono-
phyly of the group, with Euarthropoda closely related to
velvet worms (Onychophora) and water bears (Tardigrada).
The arthropods can be divided into four main lineages,
Chelicerata, Myriapoda, Crustacea, and Hexapoda, and a mi-
nor lineage of more uncertain affinities, Pycnogonida. Agree-
ment about the monophyly of Mandibulata and Tetraconata
seems to emerge from combined analyses of morphology and
molecules (e.g., Giribet et al. 2001; fig. 17.1), but these group-
ings are not recognized universally, especially not so when the
extinct diversity is brought into the picture. With regard to
the sea spiders, emerging evidence suggests that they could
be the sister group to the remaining arthropods, although a
relationship to chelicerates cannot be rejected.

To evaluate these and other hypotheses, we attempted
an analysis including almost 250 arthropods, living and ex-
tinct, and other related animals, together with information
on more than 800 morphological characters and more than
2 kb (kilobases) of molecular sequence data. The aim of this
study was to bring together the vast array of information
known for extant arthropods and begin the integration of
extinct taxa.

New Analysis

Taxa

The analysis of Giribet et al. (2001) contained 54 well-
sampled, extant taxa but did not attempt any examination
of extinct lineages. Here we have enlarged the sample of liv-
ing taxa from 54 to 247, including seven Paleozoic taxa. These
extinct lineages were Trilobita, coded largely from Whittington
(1975: Olenoides); Emeraldella (from Bruton and Whittington
1983); Sidneyia (from Bruton 1981); Eurypterida, coded largely
from Selden (1981); the Devonian pycnogonid Palaeoisopus
(from Bergstrom et al. 1980); and the putative stem group
crustacean Martinssonia (from Muller and Walossek 1986).
Anomalocaridids are coded from Parapeytoia (Hou et al. 1995),
but the coding precedes the reinterpretation (Budd 2002) of
the grasping appendage as pre-antennal (with respect to crown
group euarthropods). These morphological data were coded
for 128 lineages, and the specific molecular taxa were treated
as exemplars, with each member of the morphologically
defined lineage (if there are several) receiving the same char-
acter coding (see supporting materials, see Wheeler 2003).
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Of the 247 total taxa, 227 were sampled for molecular data
[227 taxa for 18S ribosomal DNA (tDNA) and 135 taxa for
285 1DNA]. The remaining 20 taxa were sampled only for
morphological data, seven because they are extinct, and the
remainder due to the unavailability of sequence data.

Characters

Three sources of data were used in this study: morphological,
small subunit rDNA (18S), and large subunit (28S) ’DNA. The
morphological characters include information from external
and internal anatomy, behavior, ultrastructure, gene order,
and development (see Wheeler 2003 for data). Overall, the
morphological data had 13 additive multistate and 795 non-
additive characters. The small- and large-subunit sequence
data are the same fragments used-in Giribet et al. (2001).
There were 10.7% missing and 14.5% inapplicable anatomi-
cal cells, 8.10% missing 185 rDNA sequences, and 45.3%
missing 285 rDNA sequences (including extinct lineages).

Analysis

Morphological and molecular data were analyzed under par-
simony using the program POY (vers. 2.7; Gladstein and
‘Wheeler 1997-2002) on a 560 CPU PIII Linux cluster at the
American Museum of Natural History and morphological
analyses verified with NONA (vers. 2.0; Goloboff 1998).
Cladogram costs were calculated for unequal length se-
quences using direct optimization (Wheeler 1996). A sensi-
tivity analysis (Wheeler 1995) was performed using a variety
of indel:transversion cost ratios (1:1, 2:1, 4:1, 8:1, and 16:1)
and transversion:transition costs (1:1, 2:1, 4:1, and 8:1). This
diversity of analyses was performed to assess the effects of
analytical assumptions on phylogenetic conclusions.

Results

Analysis of the living taxa data set via NONA produced 100
equally parsimonious cladograms of length 1669, consistency
index (CI) 0.60, and retention index (RI) 0.87, the strict
consensus of which is shown in figure 17.3A. The inclusion
of the seven extinct lineages resulted in 110 equally parsi-
monious cladograms of length 1720 (CI, 0.58; RI, 0.87),
the strict consensus of which is shown in figure 17.3B. The
two analyses jibe nearly completely with each other except
for three areas: pycnogonids, remipedes/cephalocarids, and
tracheates.

The living-taxa-only analysis shows a rather standard
extant taxon hierarchy with the sea spiders as sister group
to a clade of Xiphosura (horseshoe crabs) + arachnids. This
is consistent with Snodgrass (1938), Wheeler et al. (1993),
and the basal placement of pycnogonids by Giribet et al.
(2001). The total taxon analysis (extinct + extant), however,
inverts this relationship, placing Pycnogonida as sister to
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Arachnida, with the eurypterids, Xiphosura, trilobites, and
Emeraldella + Sidneyia as successive sister groups. The inclu-
sion of extinct lineages inverts the pattern based on living
taxa. This is in part because of the additional scorable states
in the pycnogonid opisthosoma due to Palaeoisopus, arid the
biramous limbs of the trilobites and other basal arachnates.

A second difference comes in the basal lineages of Crus-
tacea. Both analyses support a major division between the
malacostracan and maxillopodan + branchiopodan lineages.
The placement of the remipedes and cephalocarids differs.
In the more restrictive analysis (extant taxa only), these two
putatively basal taxa group with Malacostraca, whereas in the
complete taxon analysis the remipedes are the sister group
to the remaining crustaceans, with Hutchinsoniella grouping
with the non-malacostracan lineages.

The highest-level disagreement between these analyses
is in the relative placement of Crustacea, Myriapoda, and
Hexapoda. The extant taxa analysis supports Crustacea +
Hexapoda (= Tetraconata), whereas the total-taxon analysis
supports Hexapoda + Myriapoda (= Tracheata). The inter-
actions here are complex. Certainly the role of the crusta-
cean-like Martinssonia as a basal mandibulate (Wagele 1993,
Moura and Christoffersen 1996) is central. The extinct lin-
eages have altered the basal relationships of both the crusta-
ceans and the chelicerates, and therefore their basalmost
character states. Uniramy, as an example, has gone from the
primitive condition in arthropods to a derived condition
uniting tracheates on one side and arachnids + pycnogonids
on the other. This is reinforced by both Martinssonia and the
status of the anomalocarids (i.e., Parapeytoia) as sister group
to crown group Euarthropoda (Dewel et al. 1999).

Molecular analyses show a diversity of patterns depend-
ing on the analytical parameters used to derive cladograms.
There is a general pattern, however, of linking and even in-
termixing the crustacean and hexapod taxa (fig. 17.4). This
pattern has been seen in molecular analyses of arthropod data
for some time (e.g., Wheeler et al. 1993, Regier and Shultz
1997, Zrzavy et al. 1998, Giribet et al. 2001). The four pyc-
nogonid representatives group together and separate from
the arachnid lineages.
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Combined analyses show an interesting distinction be-
tween extant and total-taxon analysis. As far as the relation-
ships among the “classes,” the extant taxa analyses are
completely robust (fig. 17.5, left panel). In each of the 20
cases examined (e.g., fig. 17.6A), the crustaceans and hexa-
pods form a clade. This is not terribly surprising in that both
the morphological analysis of living taxa and the molecu-
lar data show this pattern. The Tetraconata (Dohle 2001)
[“Pancrustacea” of Zrzavy et al. (1998) is based on crustacean
paraphyly] is ubiquitous. When the extinct taxa are included,
however, the pattern becomes less clear. At lower indel costs,
Tetraconata is favored, whereas at higher indel costs (>2:1
over base substitutions), Tracheata is most parsimonious
(figs. 17.5, right panel, and 17.6B). The “TCC” grouping was
never found. Several patterns are common to the analyses.
In both cases, the major groups (Crustacea, Chelicerata,
Myriapoda, and Hexapoda) are monophyletic. Furthermore,
the pycnogonids are brought to the base of chelicerates (sis-
ter group to Xiphosura + Arachnida), with Emeraldella +
Sidneyia as stem-group chelicerates in the total-taxa analysis.
Both analyses also support Remipedia + Cephalocarida (found
in Giribet et al. 2001), which is not supported by either mor-
phological taxon set. However, this clade is sister to the re-
maining crustaceans when the extinct lineages are included.
Another noteworthy difference concerns the status of the en-
tomostracan crustaceans, monophyletic based on the extant
taxa (see Walossek and Muller 1998) but paraphyletic with
respect to Malacostraca when fossils are included.

Inclusion of the molecular data affects the position of some
of the extinct groups. Morphology alone resolves Trilobita
in a frequently endorsed position in an arachnate clade
(fig. 17.3B), in the chelicerate stem group (Wills et al. 1995,
1998, among many others). Analysis with the molecular data,
however, shifts the trilobites outside Arachnata (fig. 17.6B),
perhaps in part caused by character conflict when pycnogonids
are placed as sister group of euchelicerates. This latter resolu-
tion, with trilobites as sister group to other euarthropods,
allows that the lack of differentiation of post-antennal append-
ages in trilobites could be a primitive condition, rather than
the reversal forced by their deep nesting in Arachnata.

Py
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Figure 17.5. Sensitivity plots for (left panel) extant and (right panel) extant + extinct taxa showing the support for Tetraconata and

Tracheata over varied analytical parameter assumptions.
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Figure 17.6. Combined (all data) analysis for (A) extant and (B) extant + extinct taxa with indels costing 8 transversions 1 and
transitions 1 and morphological transformations 8. Cladogram realized using WINCLADA. (ver. 1.0; Nixon 2002).

Discussion

The most striking result of this analysis and summary of
current data on arthropod relationships is the importance
of extinct lineages. Although we are able to examine a great

deal of extant arthropod anatomy and molecular biclogy, the
patterns of diversification and extinction in these groups
make sampling limited to living taxa insufficient. Further-
more, even though this initial attempt at uniting these lin-
eages resulted in unavoidably large levels of missing data in
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both molecular and morphological analysis, the effects of
including even a few extinct taxa were profound.

At this point, several overall patterns in arthropod rela-
tionships can be identified as having support: monophyly of
each of the major groups, Crustacea, Myriapoda, Hexapoda,
and Chelicerata (with the possible exception of the Pycno-
gonida); monophyly of Mandibulata (crustaceans, hexapods,
and myriapods); and outgroup status of Tardigrada and
Onychophora. Several other important questions remain,
including the position of the pycnogonids, the basalmost
lineages of Crustacea and the sister group to Hexapoda. As
we have shown here, these problems are sensitive to the in-
clusion of extinct lineages and are unlikely to be resolved with
any great confidence until a broader sample of extinct diver-
sity is incorporated into this analysis. Our results changed
radically when we had 3% extinct lineages; what will hap-
pen when we have 99%?
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