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The anterior region of arthropods is profoundly
influenced by effects of condensation and inte-
gration that has taken place in various character
complexes. Prominent examples are the cereb-
ralization of the central nervous system, the
integration of anterior appendages to encompass
sensory function and food uptake, the integration
of anterior segments covered by a continuous
dorsal shield, and a condensation of the endo-
skeleton which has resulted in the partial
obscuring of the segmental organization. The
borders between these different complexes,
however, do not necessarily correspond. The
exact composition and origin of the ‘arthropod
head’ is an enduring problem in arthropod evo-
lution. The discussion is heavily theory-laden,
and any new account needs to consider a huge
number of older theories and models (see
Scholtz and Edgecombe 2005; 2006 for the most
recent and detailed reviews). Although our
understanding of and ideas about arthropod
relationships have changed significantly over the
last decade, the historical burden remains.

10.1 What is a Head?

In a recent debate, it has been suggested that
morphological descriptions and terminology
should be free of homology assumptions (Vogt
2008; Vogt et al. 2010). This approach is par-
ticularly challenging when it comes to a topic
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like the ‘arthropod head problem’ where almost
every statement implies something about
homology and evolutionary transformation
polarity. The idea that homology statements
should be avoided is not intended to deny the
existence of homology; however, it simply seeks
to separate the various steps in (evolutionary)
morphology. A purely descriptive first step is
properly followed by an evolutionary approach
which encompasses the conceptualization of
evolutionary characters (Wirkner and Richter
2010). In this context, it is important to point out
that not only should the terminology used for
description be free of homology assumptions,
but also the underlying concepts themselves
should be based on ‘pure’ description. This does
not necessarily imply that the situation in adults
should be considered in isolation because
developmental data are at least as important, and
gene expression data also play an obvious role.
Even more crucial, gene expression data are
primarily descriptive (although they certainly
have a functional role) and become evolution-
arily interpretative only in the framework of
evolutionary developmental biology, as part of
the new extended evolutionary synthesis (Pig-
liucci and Miiller 2010).

Following on from Johann Wolfgang von
Goethe’s description of an insect head,l let us
start with a concept of the arthropod head: the
head (or cephalon) is always an anterior struc-
ture which should include primarily sensorial
appendages and a brain which processes the
sensory input. We also consider it important that
the head be somehow separated from the trunk
(otherwise, any imposed boundary would be
based on non-descriptive concepts) and note that
it may include appendages for feeding.

! Man betrachte die vollendeten Insecten! ... Das Haupt
ist seinem Platze nach immer vorn, ist der Versamm-
lungsort der abgesonderten Sinne und enthilt die regier-
enden Sinneswerkzeuge, in einem oder mehreren
Nervenknoten, die wir Gehirn zu nennen pflegen,
verbunden. J.W. von Goethe—Erster Entwurf einer
allgemeinen Einleitung in die vergleichende Anatomie
ausgehend von der Osteologie. WA 1II, Bd 8, S. 13.
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In segmented organisms like arthropods, the
most conspicuous boundaries are constituted by
segment boundaries (for a discussion of the
segment problem, see Scholtz (2002) and
Chap. 9). In the anterior part of the body of
arthropods, traces of segmental organization are
often restricted to some internal anatomical sys-
tems and the appendages. The dorsal surface
usually fails to reflect segmental organization
and is formed by a continuous sclerotization
which covers a number of anterior segments. The
exact number of segments involved differs. If this
dorsal shield spans the regions/segments of
proto-, deuto-, trito-cerebrum and the three fol-
lowing segments, it is usually referred to as the
head (for stem lineage arthropods see below). In
myriapods and hexapods, the term head capsule
is usually used and refers to the entire cuticular
envelope of the head. The posterior part of the
head is often referred to as the gnathocephalon
and comprises the mandibular and two maxillary
segments (i.e., the segments of the maxillula and
maxilla). We find it difficult to draw a clear
distinction between the concept of the head
capsule and that of the dorsal shield. The pattern,
in any case, is obscured by the high level of
disparity in the number of segments subsumed
under a common dorsal shield/head capsule in
crustaceans. This phenomenon is well known,
and carcinologists differentiate between the
cephalon and cephalothorax to describe the dif-
ferent conditions (Gruner and Scholtz 2004).
Nevertheless, following the same concept as that
applicable in insects and myriapods, a head
would be present, for example, in Cephalocarida,
Branchiopoda and Mystacocarida, and within
Malacostraca at least in Bathynellacea. In other
taxa, developmental data show the anterior tag-
ma, or cephalothorax, to additionally incorporate
one or more thoracic segments (Casanova 1991).
In some cases—the Amphipoda, for example—a
purely descriptive concept of a head, however,
might well be applicable to a cephalothorax
including the first thoracic segment with its
maxilliped, which is clearly separated from the
remaining thorax (Gruner 1993). In the Cepha-
locarida, a particularly interesting case, a dorsal
head shield covers the segments of the
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antennules, antennae, mandibles, maxillules and
maxillae and clearly defines the border between
the head and the trunk, although the maxillae and
the first trunk limbs closely resemble each other
(Fig. 10.1a). In the central nervous system, a
well-demarcated brain can be distinguished from
a subesophageal ganglion and the latter from the
first thoracic ganglion (Stegner and Richter 2011;
Fig. 10.1b). The sensorial appendages mentioned
above as factors for inclusion in a concept of
‘head’ are the insect and myriapod antenna, and
the crustacean antennules and antenna (Straus-
feld 2012). Additional appendages are present
(mandible, maxillule, maxilla/labium), though
these are not primarily sense organs but rather
are feeding organs.

Applying the concept of a head to chelicer-
ates is most challenging. A prosomal shield
covers eight regions/segments, including all the
segments of the locomotory limbs (but note that
in Xiphosura, the opisthosomal legs are used for

antennula

labrum

maxillula

. antenna

maxilla

Fig. 10.1 a Head of Lightiella incisa (Cephalocarida).
Note the distinct border between dorsal shield and thorax
(white arrow heads), CLSM image. b Brain and ventral
nerve cord of Hutchinsoniella macracantha. The brain
clearly includes the tritocerebrum (tc); a subesophageal

locomotion as well), and no head capsule as
such is present. To complicate matters further,
the appendages of the prosoma, such as the
chelicerae, pedipalps and walking legs, are not
primarily sensorial (although this concept itself
is weak because almost all arthropod append-
ages possess some kind of sensilla or sensory
organs). Therefore, as most arachnologists
would agree, the anterior tagma is not being
considered as a head (but see below).

10.2 Endoskeleton

In addition to the exoskeleton, a number of
endoskeletal structures in all arthropods both
reinforce the head and serve as attachment sites
for the cephalic musculature. Some of these
structures are ingrowths from the -cuticular
invagination, whereas others are made up of
connective tissue.

(b)

antennula
antenna i !
: : maxilla;
pcidcitc: sg ithlith2
antennular____&

nerve
labral commissure

antennal :
—7 lateral view

nerve olfactory lobe
ganglion (sg) is present. Three-dimensional reconstruc-
tions of somata (gray) and neuropil (yellow) in relation to
body contours (semitransparent) and the gut (green),
based on semi-thin sections; modified after Stegner and
Richter (2011)
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In most chelicerates, the main endoskeletal
structures are made up of connective tissue, and
segmental organization is retained to a high
degree. A horizontal tendinous plate known as
the endosternum is stabilized by more or less
segmentally arranged dorsal, lateral and ventral
suspensors (Firstman 1973; Shultz 1999, 2000,
2007).

The cephalic endoskeleton of myriapods is
usually referred to as the swinging tentorium
(Manton 1964; Koch 2003; Edgecombe 2004,
2010). As it is not fused to the head capsule, the
tentorium has some degree of freedom of
movement against it. Mandibular abduction is
guided by the movements of the tentorium. In
most Myriapoda, the tentorium is formed by a
pair of internal cuticular processes (or tentorial
arms) which are continuous with a number of
exoskeletal bars integrated into membranous
regions of the hypopharynx and the ventral head
surface (Koch 2003; Szucsich et al. 2011). Most
of the cuticular endoskeletal processes are
associated with components made up of con-
nective tissue. These tendinous structures either
form bridges which link the cuticular processes
or make up a horizontal framework suspended
by muscles and tendons from the dorsal and
lateral head capsule (Fig. 10.2).

In crustaceans, the cephalic endoskeleton is
formed entirely of connective tissue. The seg-
mental arrangement of components, which is
easiest to follow in the trunk, is often still reflected
in the cephalic endoskeleton (Fanenbruck 2003).

Although it displays some variation, the
cephalic endoskeleton among groups of Hexa-
poda Ectognatha is always made up of a com-
mon set of components. This insect tentorium
consists mainly of two pairs of cuticular invag-
inations. The anterior tentorial arms invaginate
at the subgenal or epistomal ridges of the head
exoskeleton and usually converge gradually in a
caudal direction before merging to form the
tentorial bridge. The tentorial bridge is formed
by the fusion of the posterior tentorial arms,
which invaginate at the ventral ends of the
postoccipital ridge. In some groups, the central
part of the resulting tentorium is enlarged,
forming a plate-like structure known as the

Fig. 10.2 Cephalic endoskeleton of Scutigerella im-
maculata (Symphyla) in dorsolateral view (3D recon-
struction). The cephalic endoskeleton encompasses
cuticular components (green), components made up of
connective tissue (pink) and muscular components (red).
A pair of cuticular tentorial arms has a continuous
connection to three strongly sclerotized bars of the
exoskeleton, all of them lying at the anterior end of the
tentorium. All three exoskeletal bars (epipharyngeal,
hypopharyngeal and mandibular bar) are surrounded by
weakly sclerotized regions. Thus, the tentorium can be
moved against the head capsule (transparent brown) and
is usually referred to as “swinging tentorium.” Mandib-
ular abduction is guided by movements of the tentorium

corpotentorium. In many groups of insects,
additional cuticular components are present. A
pair of dorsal arms often extends from the
anterior arms to the dorsal head -capsule.
Reconstructing the hexapod ground pattern
remains problematic, since the basally branching
lineages display great disparity with regard to
the cephalic endoskeleton. While all structures
in Diplura and Collembola are made entirely of
connective tissue, Protura exhibit cuticularized
components, though these can hardly be
homologized with structures of the ectognathan
tentorium (Denis and Bitsch 1973; Koch 2000;
Bitsch and Bitsch 2002).

Scenarios which address the evolution of the
endoskeleton in the head and the trunk of
arthropods usually proceed on the assumption
that structures in postoral segments are homon-
omous. Among extant arthropods, the prosomal
endoskeleton of chelicerates is usually judged to
most closely reflect the plesiomorphic state for
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arthropods (Shultz 2007). Comparative investi-
gations into extant and fossil groups indicate that
a structure which Shultz (2001) termed the box-
truss axial muscle system, which encompasses
both muscular components and components
made up of connective tissue, might be plesio-
morphic for arthropods (Cisne 1974; Boudreaux
1979; Shultz 2001, 2007; Fanenbruck 2003).
This structure is made up of a pair of longitu-
dinal connectives situated dorsally of the ner-
vous system. At the border of two segments,
these longitudinal connectives are linked to each
other by a transverse connective and connected
to the dorsal and ventral cuticle by a pair of
dorsal and ventral suspensors, respectively. The
longitudinal  connectives are additionally
attached to the dorsal exoskeleton of the ante-
cedent segment by a pair of anterior oblique
suspensors and to the dorsal exoskeleton of the
successive segment by a pair of posterior obli-
que suspensors. Objections to the scenario of a
plesiomorphic box-truss axial muscle system
mainly pertain to its underlying assumption that
postoral structures are strictly homonomous, as
mentioned above. In many arthropod groups in
which the segmental organization of the endo-
skeleton is still clear, the anteriormost region of
the postoral endoskeleton is far from being
strictly homonomous, usually featuring an
additional unpaired median component which is
not present in more posterior segments (e.g.,
Hessler 1964; Fanenbruck 2003; Dominguez
Camacho 2011). Most authors deem polarization
to be unambiguous in only a few phylogenetic
characters of the cephalic endoskeleton. An
example is the presence of a ‘swinging tento-
rium’ in myriapods, frequently mentioned as one
of the few synapomorphies supporting the
monophyly of Myriapoda (Manton 1964; Koch
2003; Edgecombe 2004, 2010).

10.3 Brain

Arthropods possess a brain, known as the
syncerebrum, which is generally interpreted to
be the result of cephalization, that is, the struc-
tural and functional transformation of postoral
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neuromeres (usually considered to be ganglia)
which are more or less fused to the pre-oral
ancestral brain (Richter et al. 2010). A process
of condensation can also be observed during
development (e.g., Fritsch and Richter 2010),
but the exact number of components involved is
under dispute. A syncerebrum consisting of a
protocerebrum, deutocerebrum and tritocere-
brum can be identified in most adult mandibulate
arthropods, though the borders between the three
components are not always unambiguously rec-
ognizable. It could even be argued that a purely
descriptive approach should omit the three
terms. Generally, the three components are
defined by the input of eyes, that is, compound
eyes, median eyes, frontal eyes (protocerebrum),
the input of the antennules (in crustaceans, but in
the following, we include myriapod and insect
antenna under the term antennule) (deutocere-
brum) and the input of the (crustacean second)
antenna (tritocerebrum).

Whether or not the tritocerebrum actually
belongs to the arthropod brain is a matter of
debate. Whereas Scholtz and Edgecombe (2006,
p- 399) (see also Harzsch 2004) emphasize that
‘its status as a brain neuromere’ is evident,
Mayer et al. (2010) suggest that the tritocere-
brum (as a component of the syncerebrum)
evolved in arthropod subgroups. Both views,
obviously, are based on assumptions regarding
the evolution of the syncerebrum and the
arthropod ground pattern rather than simply
describing an existing condition. Kirsch and
Richter (2007), on the other hand, took a purely
descriptive approach when considering the brain
of the raptorial water flea Leptodora kindtii and
concluded that it consists of a proto- and deut-
ocerebrum only, because the tritocerebrum (or
more precisely the ganglia which correspond to
the tritocerebrum in taxa with a tripartite brain)
is so far posterior in the head. Making the con-
cept of the head independent from the concept of
the syncerebrum affords a higher degree of
freedom in discussions of possible evolutionary
scenarios which involve both coupled and
independent evolutionary events of cephaliza-
tion and cerebralization. Whether or not the
tritocerebrum is part of the brain varies among
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arthropods, and descriptions should not be con-
cerned with whether or not the composition of
the brain is plesiomorphic or derived.

The separation of the protocerebrum into an
archicerebrum (comprising the mushroom bodies
and the optic lobes) and a prosocerebrum (com-
prising the central complex)—one belonging to
the acron, the other to a pre-antennal segment—
appears to be hypothetical (Siewing 1969); on the
basis of segmental gene expression data at least,
there is no indication of an additional segment
between the eyes and the antennules/chelicerae
(reviewed by Scholtz and Edgecombe 2006).
However, recent Six3+ and Otx gene expression
data support the notion that the protocerebrum is
made up of two different portions, though the
authors explicitly avoid calling them the archi-
and prosocerebrum (Steinmetz et al. 2010). Even
if the presence of a bipartite protocerebrum were
to find support as an evolutionary concept (e.g.,
Strausfeld 2012), there is no unambiguous evi-
dence that the two portions of the protocerebrum
can be separated in adult arthropods (see also the
discussion by Scholtz and Edgecombe 2006). We
suggest that only the term protocerebrum has a
place in a purely descriptive approach (or even
better, as outlined above, more functionally
defined subunits such as central complex, optic
lobes, etc., should be used).

In chelicerates, no syncerebrum is present
following the standard definitions. The prosoma
instead contains a ‘prosomal ganglion’ which is
usually separated into a supra- and subesopha-
geal ganglion, though this distinction is pre-
dominantly a conceptual one because the entire
ganglion is surrounded by somata which are not
separated into somata clusters (Klussmann-
Fricke and Wirkner, in progress). As a whole,
the prosomal ganglion fits in with the concept of
a brain as the most anterior condensation of
neurites (see Richter et al. 2010).

To conclude, while it is plausible to assume
the presence of a syncerebrum in the last com-
mon ancestor of all arthropods, the exact com-
position of the ground pattern in terms of the
number of neuromeres it included remains, in
our view, uncertain.

S. Richter et al.
10.4 Gene Expression Data

Gene expression data provide important support
for theories regarding the composition of
arthropod heads (e.g., Scholtz 1997; Telford and
Thomas 1998). That the arthropod head is
composed of several units, generally considered
to be segments, is beyond doubt. This is clearly
recognizable in development and supported by
gene expression data. Segment polarity genes
such as engrailed and wingless in particular
reveal the presence of six units in the head of
most mandibulates (e.g., Scholtz 1997). The
three anterior units are the protocerebral region
(leaving it open whether this region is composed
of two units or not) plus the segments of the
antennules and antennae in crustaceans, or the
antennal and intercalary segments in myriapods
and insects. Schaeper et al. (2010) and Janssen
et al. (2011) have recently detected collier
expression in the intercalary segment of insects
and myriapods, which the latter authors interpret
as potential support for the traditional Ateloc-
erata concept. The mandible, maxillule and
maxilla (or labium) segments are distinguished
by the expression of segment polarity genes
(Scholtz 1997). In addition, certain segments are
identifiable by the expression of Hox genes, a
good indicator of homology of segments and
their appendages. The proposed homology of the
segments of the chelicera and antennule is based
on the expression of Hox genes (Telford and
Thomas 1998) and on evidence from axogenesis
(Mittmann and Scholtz 2003). Moreover, the
exact match in the anterior expression bound-
aries of the Hox genes labial, proboscipedia and
Deformed supports the notion that the chelifore
segment in Pycnogonida and the chelicera seg-
ment in the remaining euchelicerates are
homologous (Manuel et al. 2006), making the
hypothesis that the chelifore is innervated by the
protocerebrum (Maxmen et al. 2005) improbable
(see also Brenneis et al. 2008 for additional
contradictory evidence based on axogenesis).

A comparison of all the Hox genes expressed
in the head of mandibulates with the expression
pattern in a spider led Averof (1998) to conclude
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that the spider prosoma indeed corresponds to
the mandibulate head. On the basis of these data,
the presence of a clear boundary between the
prosoma and the opisthosoma coupled with the
presence of a brain (i.e., the ‘prosomal gan-
glion’) might convince us to consider a head to
be present in chelicerates too, despite the fact
that this head is also used for walking and
includes one more segment than the mandibulate
head. This short summary shows that the gap
between describing Hox gene expression and
making assumptions about evolution is smaller
than it may at first appear. Gene expression data
certainly provide helpful arguments when it
comes to establishing the homology of seg-
ments, but it must be borne in mind that the
expression range of Hox genes might be subject
to change, as in the case of crustacean maxilli-
peds (Averof and Patel 1997; Abzhanov and
Kaufman 1999, 2000) to name but one example.
Shared gene expression is not proof of segment
homology. On the contrary, because Hox gene
expression is responsible for certain aspects of,
say, limb morphology, as in the case of the
maxillipeds vs. non-specialized thoracopods
(Liubicich et al. 2009; Pavlopoulos et al. 2009),
Hox gene expression and the morphology of the
limb cannot be used independently as support
for homology hypotheses. We should also be
aware that the developmental pathways of dorsal
and ventral character systems may be decoupled
(e.g., Janssen et al. 2006), an effect which might
be especially pronounced in the anteriormost
part of the body. This may account for at least
some of the mismatches between the boundaries
of different character systems.

10.5 Origin of the Arthropod Head

If a head is present in most arthropods and its
components can reasonably be deemed to be
homologous across all major taxa, the obvious
question is how it evolved. Evolutionary sce-
narios need a starting point. The discussion of
the origin of the arthropod head was once
heavily influenced by the Articulata concept and
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the idea of an annelid-like ancestor developing
from a trochophoran larva with epi- and hy-
posphera. The Ecdysozoa concept (Aguinaldo
et al. 1997; Giribet 2003) initially appeared to
make the discussion obsolete, but aspects such
as the presence of potentially homologous
mushroom bodies in arthropods, annelids and
other lophotrochozoans (Heuer and Loesel 2009;
Heuer et al. 2010) and the similarities in the
development of the anteriormost brain region in
all bilaterian animals (Steinmetz et al. 2010)
show that the debate is by no means at an end
(see also Strausfeld 2012). Whatever the case,
we take a less inclusive approach and start at the
evolutionary level (i.e., the ground pattern) of
Panarthropoda: the arthropods, onychophorans
and tardigrades. Onychophorans in particular are
a good starting point for understanding the
evolution of the arthropod head (bearing in mind
that they too display heterobathmy, a mixture of
plesiomorphic and apomorphic characters).
Although we have no doubt that the Tardigrada
belong to the Panarthropoda as well (Dunn et al.
2008; Campbell et al. 2011), the current lack of
consensus regarding the tardigrade head and the
composition of the tardigrade brain lead us to
exclude them from this discussion (Dewel and
Dewel 1996; Zantke et al. 2008; Persson et al.
2012).

Although there is no distinct border on the
surface of the body in Onychophora which
would support a division into head and trunk, the
differentiated appendages of the anterior body
may indicate just this. The anterior body bears a
pair of antennae, a pair of eyes, a mouth with a
pair of jaws, and a pair of slime papillae. A head,
then, is apparently present. On the basis of the
expression of the anterior Hox genes labial,
proboscipedia, Hox3 and Deformed, the ony-
chophoran jaws can be aligned with the chelic-
erae and the antennules, and the slime papillae
with the pedipalps and the crustacean antennae
(Eriksson et al. 2010). The slime papilla seg-
ment, therefore, corresponds to the intercalary
segment in myriapods and insects (Eriksson
et al. 2010; Mayer et al. 2010). This supports
previous suggestions based on neuroanatomical
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data (Eriksson et al. 2003). Although the eyes
might not correspond to the compound eyes but
to the arthropod median eyes (Mayer 2006; but
see Ma et al. 2012a supporting the idea that
some fossil lobopodians possessed precursors of
compound eyes), they belong to the corre-
sponding region of the arthropod protocerebral
region. However, it should be noted that
Strausfeld (2012) suggests that the compound
eyes are the structures which correspond to the
segment associated with the onychophoran jaw,
implying that the slime papilla corresponds in
position to the chelicerae/antennules, which we
do not hold to be very likely. Whatever the case,
the onychophoran antenna is innervated by the
anteriormost portion of the onychophoran brain
(Eriksson et al. 2003). It has been suggested that
the onychophoran brain is tripartite, as in
arthropods, and that it features what Strausfeld
et al. (2006) consider to be a protocerebrum,
deutocerebrum and tritocerebrum. However,
Mayer et al. (2010) performed backfills of
cephalic segmental nerves in adult onychopho-
rans and found that the somata of the neurons
innervating the jaws and the slime papillae lie
adjacent to the base of their nerves. While the
neuron of the nerve innervating the jaws is sit-
uated in the posteriormost part of the brain (i.e.,
the deutocerebrum), the neurons innervating the
slime papillae lie clearly separate from the brain
in the ventral nerve cord. Following the defini-
tion of the brain in Richter et al. (2010), then, the
onychophoran brain is clearly bipartite. Inter-
estingly, while the onychophoran head consists
of three units (protocerebral region and two
segments), the brain encompasses two neuro-
meres only. However, we do not see any con-
ceptual need for a strict correlation of these
systems, that is, transformation of appendages
and brain composition. Mayer and Harzsch
(2008) considered the absence of ganglia in the
ventral nerve cord of onychophorans to be the
plesiomorphic condition, which could imply that
the onychophoran brain is formed not by fused
ganglia but by non-ganglionized neuromeres. In
evolutionary terms, this assumption might imply
that the cephalization of segmental units
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preceded the formation of ganglia in the lineage
leading to the arthropods. The syncerebrum
could well represent a fusion of neuromeres but
not of ganglia, potentially explaining why no
clearly separated ganglia (corresponding to the
proto-, deuto-, tritocerebrum) can be identified
in the arthropod brain (see Richter et al. 2010 for
more details, and Strausfeld (2012) for a differ-
ent scenario). In an alternative scenario, the
absence of distinct ganglia is interpreted as a
secondary feature that is coupled with the
probably secondary loss of the clear segmental
organization of the body surface (something
which in the main can now only be deduced
from the distribution of the appendages).

Taking the onychophoran head as a starting
point, the mandibulate head has three additional
more posterior segments which are fused with
the anterior part of the head. The question of
when and how often the tritocerebrum became
part of the brain remains open. The condition in
the raptorial water flea Leptodora (Kirsch and
Richter 2007) is certainly a secondary one. In
Mystacocarida, for example, the tritocerebrum is
only slightly separated from the proto—deutoce-
rebral complex (Brenneis and Richter 2010).
The presence of a brain featuring an incorpo-
rated tritocerebrum in myriapods seems to pro-
vide some support for the hypothesis that the
mandibulate tripartite brain evolved only once
(Sombke et al. 2012).

One remarkable transformation is that
involving onychophoran jaws and mandibulate
antennules. Taking into account the presence of
the chelicerate chelicerae on the corresponding
segment, a jaw-like structure might indeed
represent the original condition. This would
imply a major transformation in the stem line-
age of Mandibulata from some kind of feeding
structure to a ‘secondary antenna’ sensu
Scholtz and Edgecombe (2005). On the basis of
fossil lobopodians and arthropods, however, it
seems more likely that the feeding structures
evolved independently in onychophorans and
chelicerates, with a non-specialized appendage
as starting point (see Ou et al. 2012 and
below).
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10.6 The Fate of the Onychophoran
Antenna

Another fascinating but problematic potential
transformation is that from the onychophoran
antenna (or any lobopodian antenniform
appendage, see Ou et al. 2012) into the arthro-
pod labrum. The homology of the labrum
throughout arthropods appears to be strongly
supported, particularly by the fact that its
development is strikingly similar in chelicerates
and mandibulates (Kimm and Prpic 2006). In
many cases, the labrum anlage appears as a pair
of structures at the front of the embryo, which
later move backwards and fuse into a single
organ (e.g., Ungerer and Wolff 2005; Mittmann
and Wolff 2012). A comparable structure, how-
ever, is absent in Pycnogonida (Brenneis et al.
2011). There is some debate concerning the term
‘labrum.” According to Maas et al. (2003) a
‘fleshy labrum’ evolved only in a taxon called
Labrophora, which includes the extinct Phos-
phatocopina and a taxon which the authors call
Eucrustacea, including all recent crustaceans
and probably also all the hexapods (on the basis
of molecular data; Regier et al. 2010; von Reu-
mont et al. 2012). Non-Labrophora (particularly
chelicerates and trilobites), then, are assumed to
possess a structure called a hypostome, a scler-
otized plate. Because of the detailed correspon-
dences—as mentioned above—in the
development of the ‘upper lip’ in chelicerates
and crustaceans, a hypostome would also have to
be present in crustaceans and the labrophoran
labrum would have to be interpreted as a struc-
ture which evolved as part of the hypostome
(Waloszek et al. 2007).

The segmental affinities of the labrum (or
hypostome/labrum) have been debated inten-
sively (see Scholtz and Edgecombe 2006 for a
detailed discussion of labrum homology and
segmental affinities). Recently, Posnien et al.
(2009) showed that the labrum is formed by an
appendage regulatory gene network and con-
cluded as a result that the labrum is an
appendage-like structure. Steinmetz et al. (2010)
found Six3 expression anterior to Otx expression

231

in the anteriormost region of the developing
brain in both arthropods (the area where the
antenna originates) and onychophorans (the area
which innervates the antenna). Interestingly, this
comes close to the test suggested by Scholtz and
Edgecombe (2006) for obtaining direct support
for the homology of the onychophoran antenna
and the arthropod labrum. On the basis of these
findings and the alignment of the onychophoran
jaw segment with the mandibulate antennule
segment using lab, pb, Hox3 and Dfd expression,
Eriksson et al. (2010) suggested that the ony-
chophoran antenna is indeed homologous to the
labrum. This view is supported by Strausfeld
(2012) who hypothesized a complex scenario for
the evolutionary transformation from the loca-
tion of the frontal appendage into the more
posterior position of the labrum.

Although we might not be able to solve the
labrum problem, we do have some evidence to
support the alternative hypothesis for the fate of
the (onychophoran) primary antenna discussed
by Scholtz and Edgecombe (2006), according to
which the frontal filaments on the anterior part
of the head in Remipedia and cirripedian nau-
plius larvae represent remnants of the primary
antenna. In branchiopods, Fritsch et al. (2013)
distinguish between the filamentous external
‘frontal filament’ and an internal region beneath
the frontal filaments which they term the ‘frontal
filament organ’ (also known as organ of Bel-
onci). Although the two structures undoubtedly
form one functional unit, we support this dis-
tinction, which reflects the history of discovery
of the two structures (see Fritsch et al. 2013). A
pair of frontal filaments is present in Notostraca,
and other Phyllopoda.

In addition frontal filaments are also be
present in certain copepods (Elofsson 1971) and
certain ostracodes (Andersson 1977). They are
apparently absent in the chelicerates, but Cam-
bropycnogon (probably a representative of the
stem lineage of Pycnogonida) possesses struc-
tures very similar to those of Notostraca (see
Waloszek and Dunlop 2002). Frase and Richter
(2013) show that nerves of the frontal filament
organs (also known as cavity receptor organ,
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Elofsson and Lake 1971) in Anostraca appear at
the same time as the anlagen of the protocere-
brum in the embryonic stages, when no evidence
of functionality exists so early on (i.e., seroto-
nergic immunoreactivity starts later). These
neurite bundles are still present in the larval
stages, but as the protocerebrum, the compound
eyes and their nerves grow, and they cover the
frontal filament organs and cause them to lose
their prominence. In adults, the external part of
the frontal filament organs are recognizable only
as small cavities (Mgller et al. 2004 for Eu-
branchipus). The correspondences between the
nerves of the frontal filament organs and those of
the onychophoran antenna are remarkable. Both
originate in the anterolateral region of the prot-
ocerebrum and appear at the same time as the
protocerebrum early on in development (Eriks-
son and Budd 2000; Mayer et al. 2010). If our
suggestion of homology of the onychophoran
antenna and the crustacean frontal filaments
(Fig. 10.3) is correct, the labrum problem would
remain unsolved but the need for a complicated
scenario of transformation of the primary
antenna into the labrum in the ancestral lineage

Onychophora

S. Richter et al.

of arthropods would be obsolete (see Frase and
Richter, 2013).

10.7 A Fossil Perspective
on the Evolution
of the Arthropod Head

Our view of the evolution of the arthropod head
has been dominated by neontological data, but
the rich fossil record of (pan)arthropods cannot
be left unconsidered. Over the last two decades,
fossils have played an increasingly central role in
hypotheses concerning the evolution of the
arthropod head (e.g., Chen et al. 1995; Budd
2002; Scholtz and Edgecombe 2005; Waloszek
et al. 2005). Data retrieved from the fossil record
are mostly limited to external morphology
though internal structures have been reported in
rare instances. Relatively common are segmental
mid-gut diverticula (Butterfield 2002; Vannier
and Chen 2002), which have been used to infer
head segment numbers (Zhang et al. 2007; Stein
and Selden 2012). Rarely, and sometimes con-
troversially, other internal anatomical features

Crustacea

Fig. 10.3 Schematic comparison of the onychophoran and a crustacean head. The onychophoran antenna is
suggested as being homologous to the crustacean frontal filaments
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are preserved which could be informative about
the evolution of the arthropod head. These
include putative elements of the endoskeletal
system (Cisne 1975; Whittington 1993; Stein
2010), the musculature (Eriksson et al. 2012) and
the nervous system (Bergstrom et al. 2008; Ma
et al. 2012b). Just as the interpretation of mor-
phological structures, in particular internal, is
problematic in fossils so is the phylogenetic
position of the taxa in question. In fact, the two
problems are often linked, as our interpretation
of morphological features can be influenced by
expectations derived from the assumed phylo-
genetic position of the taxon studied (see the
debate about the presence of lobopodous limbs in
Opabinia regalis; Budd 1996; Zhang and Briggs
2007; Budd and Daley 2011). This phenomenon
arises even when every attempt is made—as is
desirable—to describe morphological structures
independently of phylogenetic position.

An important aspect of any discussion
involving both fossil and recent arthropods is the
distinction between crown group Arthropoda
(the last common ancestor of Chelicerata and
Mandibulata and all its descendants) and stem
group arthropods, that is, all representatives of
the pan-Arthropoda (see Lauterbach 1989, sensu
Meier and Richter 1992) which do not belong to
the crown group Arthropoda (see Edgecombe
2010). The exact composition of the stem group
of arthropods depends on the position of the
Onychophora and Tardigrada, which to date
remains unresolved. There are a number of fossil
taxa, collectively referred to as lobopodians,
which have a tubular body and unjointed tubular
appendages. These taxa include possible stem
group representatives of Panarthropoda, Ony-
chophora, Tardigrada and part of the stem group
of Arthropoda. Lobopodia is sometimes con-
sidered a paraphyletic assemblage which also
includes the crown group of Onychophora (e.g.,
Liu et al. 2011) or those of both Onychophora
and Tardigrada (e.g., Ma et al. 2009) but not the
crown group of Arthropoda. The more crown-
ward representatives of the arthropod stem, the
Arthropoda sensu stricto of Waloszek et al.
(2005), have pivot-jointed appendages and
sclerotized segmental tergites. There is
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consensus on the placement of some prominent
fossil taxa, such as Trilobita or the more inclu-
sive Artiopoda (Trilobita and closely related,
non-biomineralizing forms; Stein and Selden
2012) in the crown group Arthropoda, and some
taxa, such as Fuxianhuia protensa and similar
forms from the Early Cambrian of Chengjiang,
in the arthropod stem group (e.g., Budd 2002;
Waloszek et al. 2005; Edgecombe 2010). How-
ever, there are still taxa which are subject of
debate with regard to their phylogenetic posi-
tion, one being the ‘great appendage arthro-
pods,” or Megacheira, which are considered to
be either stem group Arthropoda (e.g., Budd
2002, 2008; Legg et al. 2012) or stem group
Chelicerata (e.g., Chen et al. 2004; Haug et al.
2012a) (Fig. 10.4). The first cephalic appendage
in the megacheirans is a large, ostensibly rap-
torial appendage termed the great appendage or
multi-chela (Haug et al. 2012b). Another con-
troversial taxon is Canadaspis, which is con-
sidered to belong to either the stem group
Arthropoda (e.g., Budd 2002; Waloszek et al.
2007) or Mandibulata (e.g., Briggs et al. 2008).
This is an important problem since the advocates
of a stem group position afford these taxa a
pivotal role in hypotheses regarding the early
evolution of the arthropod head (Budd 2002,
2008). Regardless of the phylogenetic position
of these taxa, the fossils do permit some infer-
ences to be made about cephalization in the stem
species of Arthropoda.

In all unambiguous fossil members of the
arthropod crown group, and in the megachei-
rans, a single dorsal shield is present which
covers a number of segments which are fused
into one unit (comparable to the condition in
Cephalocarida; see Fig. 10.1a). The number of
appendage-bearing segments incorporated into
this unit in the arthropod ground pattern and the
constancy of this number among the fossil taxa
is still a matter of debate. In the Megacheira,
three appendage-bearing segments have been
suggested for a number of species and four for
others (see e.g., Edgecombe et al. 2011). A key
taxon for the presence of only three is Lean-
choilia superlata, but a recent revision revealed
a small, specialized appendage posterior to the
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Fig. 10.4 Two alternative phylogenetic placements of
the Megacheira and consequences for the occurrence of a
head shield incorporating more than two appendage-
bearing segments. Left Megacheira as stem group
arthropods; the head shield, an autapomorphy (A) of
crown group Arthropoda + Megacheira, is retained as a

great appendage, increasing the segment count
to four (Haug et al. 2012b). This is the number
found in Trilobita as well as the early repre-
sentatives of Cambrian Crustacea sensu Stein
et al. (2005) (presumably stem lineage repre-
sentatives of Tetraconata). The number of seg-
ments in the head of Artiopoda has been claimed
to be highly unstable (e.g., Zhang et al. 2007),
but a number other than four can only be sub-
stantiated for Naraoiidae, at least some of which
have five (Zhang et al. 2007), and Xandarellida,
which have five to seven (Ramskold et al. 1997).
Stein and Selden (2012), for instance, found that
only four segments are present in Emeraldella
brocki, one of the key taxa cited for deviating
segment counts. Megacheirans and artiopodans
display a lesser degree of cephalic limb spe-
cialization than the extant mandibulatan subtaxa,
although recent restudies show evidence of a
gradual differentiation across the head—trunk
boundary in some representatives, with the
appendages of the head and anterior trunk more
adapted to feeding than the mid- to posterior
trunk appendages (Stein and Selden 2012).
Regardless of the degree of appendage differ-
entiation in the head, the head would, with its
cohesive shield, still act as a single unit distinct
from the free tergite-bearing segments of the
trunk and thus be separate from the trunk (see

tFuxianhuia

TMegacheira

Chelicerata

TArtiopoda

Mandibulata

S. Richter et al.

plesiomorphy (P) in the ground pattern of Arthropoda.
Right Megacheira as stem group chelicerates; the head
shield is an autapomorphy (A) of crown group Arthrop-
oda. Solid lines: crown group Arthropoda; halftone fill:
head shield incorporating more than two appendage-
bearing segments

above). It is also true that this head bears
important sensory structures in the form of the
eyes as well as sensory appendages (antennae in
artiopodans, long flagella on the great append-
ages of some megacheirans) and appendages
suited to nutrition (albeit often coupled with a
locomotory function).

To which segments the appendages observed
in the anterior and cephalic region of some fossil
arthropods belong is another point of contention,
in particular with regards to the great append-
ages of megacheirans and the so-called frontal
appendages of some lobopodians and of taxa
such as Kerygmachela kierkegaardi (Fig. 10.5)
and possibly the anomalocaridids. The latter
taxa are situated on either side of the lobopod-
arthropod transition (a character-based distinc-
tion within the arthropod stem lineage). Because
of its ostensible position as the most anterior
appendage flanking the mouth, the frontal
appendage of Kerygmachela is considered to be
protocerebral and homologized with the ony-
chophoran antenna (e.g., Budd 2002). Going
even further, the frontal appendage of the puta-
tive anomalocaridid Parapeytoia yunnanensis
has been homologized with the megacheiran
great appendage, with the latter consequently
also interpreted as being protocerebral (e.g.,
Budd 2002; Daley et al. 2009). The
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Fig. 10.5 Kerygmachela kierkegaardi with prominent
frontal appendages, rostral spines and bulbous structures
that could represent the eyes

anomalocaridid affinities of Parapeytoia, how-
ever, are questionable, and the taxon could
represent a bona fide megacheiran (Stein 2010).
The alternative interpretation of the megacheiran
great appendage as deutocerebral has gained
support and wider acceptance recently (Stein
2010; Haug et al. 2012a). An argument for the
deutocerebral interpretation comes from the
position of the great appendage; it inserts later-
ally to the hypostome/labrum (e.g., Haug et al.
2012b) and not directly anteriorly. If, however,
we accept that the megacheiran great appendage
is homologous with the frontal appendages of
Kerygmachela and anomalocaridids (Stein
2010), the latter would need to be reinterpreted
as deutocerebral appendages as well. In this
regard, it is interesting that the onychophoran
antenna and the crustacean frontal filaments are
sensorial organs (see above). Among the species
considered to be important in the lobopod-
arthropod transition (Liu et al. 2006, 2007; Dzik
2011), only Megadictyon cf. haikouensis,
Jianshanopodia decora and Siberion lenaicus
have prominent frontal appendages comparable
to those in Kerygmachela. The anterior
appendages of most other lobopodians are
commonly interpreted as sensory (e.g., Rams-
kéld and Chen 1998), while the frontal
appendages of Kerygmachela and anomaloc-
aridids are usually regarded as feeding append-
ages. On the other hand, structures comparable
to the onychophoran antenna might be present in

Kerygmachela in the form of the ‘rostral spines’
dorsal to the mouth (Budd 1998). Like the
onychophoran antenna, these spines are associ-
ated with structures which Budd (1998) inter-
prets as eyes, and they are annulated or
‘segmentally divided’ (Budd 1998). They are in
a similar position to the onychophoran antennae,
while the frontal appendages flanking the mouth
would be positionally homologous to the de-
utocerebral onychophoran jaws. Little informa-
tion is available about the anterior regions of
Megadictyon, Jianshanopodia, and Siberion. A
new, alternative interpretation, therefore, could
be that the frontal appendages of some lobopo-
dians and anomalocaridids indeed represent the
homologous appendage to the megacheiran great
appendage but are deutocerebral rather than
protocerebral.

Recently, a specimen of the stem group
arthropod F. protensa has been reported in
which the nervous system is said to be preserved
(Ma et al. 2012b), and it has been suggested that
the syncerebrum already present in the ground
pattern of (crown group) Arthropoda was tri-
partite, that is, that the tritocerebral part was
fused to the proto- and deutocerebrum. There
has been a contentious debate whether the first,
antenna-like appendage of Fuxianhuia, was a
sensory protocerebral ‘primary’ antenna (e.g.,
Scholtz and Edgecombe 2005) or a deutocere-
bral appendage that was largely unspecialized
and served both in nutrition and as a sensory
organ (e.g., Waloszek et al. 2005; Bergstrom
et al. 2008). The new material seems to lend
further support for the appendage being deuto-
cerebral. The primary function (if any) remains
unclear, but it is possible that a sensory ‘sec-
ondary’ antenna was already present in the
arthropod ground pattern and not only in the
mandibulate lineage. We hold the interpretation
of this single specimen to be somewhat prob-
lematic, however, and would hesitate for the
moment to reach such general conclusions on
the basis of this specimen alone.

In summary, there is fossil evidence that the
last common ancestor of Chelicerata and Man-
dibulata (i.e., crown group Arthropoda) had a
head comprising the ocular region and at least
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three, but more likely four appendage-bearing
segments. The anterior appendage inserts later-
ally to the hypostome/labrum and probably
represents the deutocerebral appendage, but a
smaller appendage-like structure might have
been present anteriorly of this appendage. The
postantennular appendages display little differ-
entiation other than a gradual shift anteriorly
toward limbs more adapted to feeding.
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