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Although trilobites have provided research subjects for more than two centuries, their
head segmentation has remained unresolved. Four glabellar furrows (SO and S1–S3)
marking the segmental boundaries are generally present in the cephalic axis, but there
are trilobites with one more pair of furrows, the so-called S4, in the cephalic axis, caus-
ing confusion in understanding trilobite head segmentation. Recent advances in devel-
opmental biology and palaeontology have shed light on the arthropod head problem,
and thus, trilobite head segmentation can be reviewed in the light of this knowledge.
Based on the information from the anatomy of exceptionally preserved trilobites and
artiopodans closely related to trilobites, it is inferred that trilobite head contains five
segments: the anteriormost ocular segment potentially associated with the hypostome,
the antennal segment and the following three segments with walking legs. When pre-
sent, the S4 furrows are situated where the eye ridges meet the cephalic axis of trilo-
bites, indicating that the furrows are incised ‘within’ the anteriormost segment in
trilobites with an anteriorly enlarged frontal lobe. Trilobites of the Order Redlichiida,
the most primitive stock, show variable conditions in the frontal glabellar conditions,
while in other more derived groups, the condition is rather constant. The frontal
glabellar condition, therefore, could provide a clue to elucidate the unresolved Cam-
brian trilobite phylogeny and the Cambrian roots of the post-Cambrian trilobites.

Trilobites are known as the most diverse and best represented
group among the extinct Palaeozoic arthropods, due mainly to
the biomineralized dorsal exoskeleton. Almost 20,000 species are
known, spanning the early Cambrian to the Permian. The sys-
tematic position of trilobites within the arthropod phylogeny has
varied from placements as stem euarthropods, stem chelicerates
or stem mandibulates (Scholtz & Edgecombe 2005; Budd & Tel-
ford 2009; Legg & Vannier 2013). The trilobite dorsal exoskele-
ton is characterized by a wide cephalon comprising a glabella
(including the occipital ring), genal fields, genal spines, borders,
eye lobes and eye ridges. Despite the long history of trilobite
research over two centuries, the number of segments in the trilo-
bite cephalon has long been a matter of debate (e.g. Størmer
1942; Hup�e 1951; Palmer 1957; Bergst€om 1973; Whittington
1997). Scholtz & Edgecombe (2005, 2006) presented a five-seg-
ment model for the trilobite head, which fits well with the five
axial lobes of trilobite cephalon, defined by four pairs of glabellar
furrows (SO–S3). However, there are many trilobites with seem-
ingly one more pair of glabellar furrows (S4), which causes con-
fusion in understanding the head segmentation of trilobites.
Arthropod head segmentation has been a subject of debate for

more than a century. The loss or severe modification of appen-
dages and reorganization of segments have hampered the correct
recognition of composition of the arthropod head (Rempel 1975;
Scholtz 1997; Richter et al. 2013). Debates on the presence of the
anteriormost segmental entity of extant arthropods and the head
segmentations of many Cambrian arthropods with the so-called
great appendages have persisted (Budd 2002; Scholtz & Edge-
combe 2006; Edgecombe & Legg 2014). However, recent discov-
eries of the nervous system in the stem-group and crown-group
arthropods have begun to cast a light on the nature of the great
appendage problems and the anteriormost segmental entity (Ma
et al. 2012; Tanaka et al. 2013; Cong et al. 2014). Therefore, with
the current advance of knowledge on the arthropod head

segmentation, it is now possible to reappraise the trilobite head
segmentation in detail.
This study not only re-evaluates the segment composition in

the axis of the trilobite cephalon, but also provides a model of
the segmental nature of the frontal part of the trilobite axis.
Because the frontal part of the trilobite axis is one of the most
conserved structures in terms of trilobite ontogeny and phy-
logeny, differences in the shape of the anteriormost part may
provide characters which could provide a clue to elucidate the
poorly resolved Cambrian trilobite phylogeny. Further data and
illustrations (Figs S1–S4) are provided in the Supporting Infor-
mation.

Previous research on trilobite head
segmentation
Head segment composition of trilobites is known to have been
fixed early in ontogeny, as in other arthropods (Hughes 2003).
Most debate has originated from the segmental entities in the
frontal part of cephalon. Størmer (1942, fig. 14) and Bergst€om
(1973, fig. 5) suggested a model in which the posterior part of
the frontal glabellar lobe represents the antennal segment; Stør-
mer (1942) allocated the rest of the anterior part the ‘pre-anten-
nal segment’, while Bergst€om (1973) assumed the presence of the
acron in front of the pre-antennal segment. Hup�e (1951) inferred
the presence of two segments before the pre-antennal segment,
concluding that there are at least eight segments in trilobite
cephalon. Palmer (1957) supported Hup�e’s (1951) interpretation
that the olenelliod cephalon is composed of eight segments.
Interestingly, most of these early models were suggested on the
basis of the cephalon of an olenelliod trilobite with an extraordi-
narily large frontal glabellar lobe, assuming that such forms
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represented the most primitive condition of trilobites. However,
with the current knowledge, the most primitive group of trilo-
bites is the fallotapidids (Palmer & Repina 1993; Jell 2003), which
did not possess a large frontal lobe, and thus, the large frontal
lobes of some olenelliods were derived features. In contrast,
Scholtz & Edgecombe (2005) suggested a five-segment model for
the trilobite cephalon, based on trilobites with appendages pre-
served and their phylogenetic context; the conservative number
of glabellar furrows (SO–S3) across the Trilobita was regarded as
consistent with the fixed number of cephalic appendages.

Labrum and trilobite hypostome
The labrum is a lobe-like structure lying in front of arthropod
mouth. Embryological research on panarthropods has revealed
that the early anlage of the labrum is bilobed, which is consistent
with an appendage-derived nature of the structure (Thomas &
Telford 1999; Eriksson et al. 2003; Browne et al. 2005). The
bilobed anlage fuses during the development to form the mature
morphology of the labrum (Kimm & Prpic 2006). The recogni-
tion of the pre-protocerebral frontal appendage in an anomalo-
caridid, which is a stem-group euarthropod, was interpreted in
the context of homology between the pre-protocerebral appen-
dage and labrum (Cong et al. 2014), which is in line with the
paleontological (Budd 2002; Budd & Telford 2009) and develop-
mental (Thomas & Telford 1999; Eriksson et al. 2003; Browne
et al. 2005) perspectives.
The hypostome is a sclerotized ventral plate in front of the

mouth, usually present in primitive arthropods including trilo-
bites. The trilobite hypostome is unique in that it is a calcified
exoskeletal plate. It was situated below the anterior portion of
the glabella, showing various morphologies (Fortey 1990; Fortey
& Owens 1999) not seen in any other arthropod group. These
structures were used to aid not only feeding, but also enrolment
and swimming (Fortey & Owens 1999; Lerosey-Aubril & Feist
2006; Hegna 2010; Shiino et al. 2012). The calcified nature of the
trilobite hypostome likely enabled the versatile evolution of this
structure into something more than just a feeding structure.
There have been various interpretations on the origin of the

hypostome, from a composite of several segments to a structure
that arose by the posterior deflection of the mouth (Dewel et al.
1999), or the sternite of the antennular segment (Waloszek et al.
2007). However, given the overall morphology and the position
in front of the mouth, hypostomes are often regarded as homolo-
gous to the labrum (Bitsch & Bitsch 2010). The trilobite hypos-
tomes have often been compared to and considered homologous
to the labrum of crustaceans (Eldredge 1971; Fortey 1990; Eriks-
son & Terfelt 2012), or the exoskeletal cover of the labrum
(Bergst€om 1973). In particular, anatomical features of the diges-
tive structures, glands and connective strands harboured in a
juvenile trilobite hypostome from Swedish ‘Orsten’ fauna suggest
that the trilobite hypostome is functionally analogous to the lab-
rum of euarthropods (Eriksson & Terfelt 2012).

Segmentation in the cephalic axis
One pair of antennae and three pairs of post-antennular walking
legs have been observed in exceptionally preserved trilobite speci-
mens (Cisne 1975; Whittington 1997; Bruton & Haas 2003), as
in many ‘artiopodans’ (Whittington 1985; Stein et al. 2013). The
four post-ocular segments can also be inferred from the presence
of four pairs of midgut diverticula (Stein et al. 2013), and trilo-
bites are also known to have four pairs of gut diverticula (Lero-
sey-Aubril et al. 2011), corresponding to the four appendage-
bearing segments of the cephalon. Therefore, it can be inferred
that the trilobite cephalon consists of five segments, as suggested
by Scholtz & Edgecombe (2005): the ocular segment with hypos-
tome, the antennal segment and the following three segments
with walking legs (Figs 1, S1). The positions of the gut divertic-
ula and walking legs might be under the segmental boundary of

tergites rather than being directly under the tergites, due to seg-
mental mismatch between tergites and sternites (Edgecombe &
Ramsk€old 1999; Ortega-Hern�andez & Brena 2012). This mis-
match might be the reason for the claims that some trilobites had
four pairs of walking legs under the cephalon. It should be noted
that this study focuses on the segment composition only in the
axial part of the trilobite cephalon, because how each segment
contributes to the other parts of the cephalon (such as the genal
field) is more speculative.

First and anteriormost segment
The first segment of the arthropod head includes the first neu-
romere of the brain, the protocerebrum, which is connected to
the optic nerves. In many trilobites, the optic organs (visual sur-
face and palpebral lobe) are connected to the frontal part of the
glabella by eye ridges. This is the basis for our recognizing the
frontal part of the glabella as the first and anteriormost segment
in the trilobite head. This segment is termed the frontal glabellar
lobe (LA or L4). The boundary between the first and second seg-
ments is marked by the S3 glabellar furrows. If the arthropod lab-
rum is derived from the appendages of the anteriormost
segment, the trilobite hypostome could be also regarded as
placed in the first head segment. Other structures in front of the
glabella, such as pre-glabellar field and anterior cranidial border,
do not form an independent segmental entity; they are appar-
ently simple outgrowths of the first segmental tergite.

Second segment
The second head segment of the arthropod head contains the
second neuromere of the brain, the deutocerebrum. In the trilo-
bite axis, the second segment is represented by the L3 glabellar
lobe. The appendages of the second head segment are cheliceral
in the Chelicerata (see Brenneis et al. 2008 and references
therein). In the Mandibulata including crustaceans, hexapods
and myriapods, the appendage of the second segment forms an
olfactory sensory structure, the antennae. In some trilobite litera-
ture, the uniramous antennae were presumed to have been
attached to the segment before the L3 glabellar lobe (e.g. Størmer
1942; Hup�e 1951; Bergst€om 1973). The fossula, a small depres-
sion at or near the anterolateral edge of the glabella, was often
considered as a structure for antennal attachment; this depres-
sion has been even called an antennary pit or antennular pit.
However, it is now known that the trilobite antenna is attached
behind the anterior wing of the hypostome, being accommo-
dated by a groove at the lateral side of the hypostome (Whitting-
ton 1997; Scholtz & Edgecombe 2005), which means the antenna
can be interpreted as derived from the second segment. The soft
part-preserved specimen of Triarthrus clearly shows that the
antennae are attached to the segment behind the first segment
(Figs 1, S1).

Third segment
The third neuromere of the brain, the tritocerebrum, represents
the position of the third head segment of arthropods. This seg-
ment is represented by the L2 glabellar lobe in the trilobite axis.
The appendages of third head segment are second antennae in
crustaceans, and pedipalps in chelicerates, while this segment is
intercalary in myriapods and insects. In trilobites, the appen-
dages of this segment were the first pair of biramous walking
legs.

Fourth segment
The fourth head segment corresponds to the L1 glabellar lobe in the
trilobite axis. The appendages of fourth head segment were modi-
fied into strong mandibles in mandibulates, but they form simple
walking legs in chelicerates. In trilobites, they were the second pair
of walking legs. In some well-preserved pyritized specimens of
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Triarthrus, the gnathobasic coxa of this pair of legs are larger than
those of other walking legs (Fig. S1A). The posterior boundary of
this segment is marked by the occipital furrow (SO).

Fifth segment
The fifth head segment forms the occipital ring in the trilobite
axis. The most posterior diverticular pair in Arthroaspis berg-
stroemi, an artiopodan closely related to trilobites, is in the occip-
ital ring, indicating that the occipital segment is the dorsal
expression of the last cephalic segment (Stein et al. 2013). The
appendages of the fifth head segment are the first maxillae in
mandibulates and walking legs in chelicerates. In trilobites, the
third pair of walking legs is connected to the fifth head segment.

Nature of S4 glabellar furrows and
the frontal cephalic condition
Trilobites usually have four pairs of furrows in the cephalic axis
(SO–S3), which correspond to the segmental boundaries of five

cephalic segments. But the ‘fifth pair’, the so-called S4, is known
in many trilobites (Sundberg 1995). Despite the morphological
similarity, the serial homology of S4 to the other pairs of furrows
has been considered uncertain (Hughes 2003). The so-called S4
furrows are almost invariably situated near the point where the
eye ridges meet glabella, but in some trilobites including the most
primitive stock, the eye ridges end at the anterolateral corner of
glabella. This indicates that the presence of the portion in front
of S4 was a result of anterior enlargement of the frontal glabellar
lobe. The shape of the cephalic frontal part shows great variation
because this was the site of ingestion and processing of food for
trilobites, which had various modes of feeding (Fortey & Owens
1999). The anterior enlargement of the frontal part of the gla-
bella, therefore, may be related to changes in feeding strategy
during evolution. The S4 furrows are shown in some, if not all,
trilobites with an anteriorly enlarged frontal glabellar lobe.
Because the S4 appears ‘within’ the frontal glabellar lobe, it has
nothing to do with a segmental boundary. Interestingly, the pres-
ence of the anteriorly enlarged frontal lobe seems defined early in
ontogeny. Protaspides of species with the anteriorly enlarged
frontal lobe had the eye ridge meeting slightly posterior to the
anterolateral corner of the glabella (Fig. S2A, B), whereas, in
those without the structure, the eye ridge of protaspides meets at

A B

Fig. 1. A, ventral view of a pyritized Triarthrus eatoni with antennae and walking legs preserved; KOPRIF40001, 97.4, collected from the
Martin Quarry (see Farrell et al. 2009 for locality details), housed in Korea Polar Research Institute. B, diagram summarizing the segmen-
tal composition of the trilobite cephalic axis.

A B C D

Fig. 2. Four different conditions for the trilobite cephalic front. A, pre-glabellar field present without enlarged frontal glabellar lobe. B,
pre-glabellar field absent without enlarged glabellar front. C, pre-glabellar field present with enlarged glabellar front. D, pre-glabellar field
absent with enlarged glabellar front.
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the anterolateral corner of the glabella (Fig. S2C–D). With devel-
opment, a pre-glabellar field may appear in front of glabella in
some trilobites such as ptychaparioids. Together with the pres-
ence of a pre-glabellar field, there could be four different condi-
tions in the frontal part of the cephalon: (1) a pre-glabellar field
without enlarged frontal glabellar lobe (Fig. 2A); (2) no pre-gla-
bellar field without enlarged frontal glabellar lobe (Fig. 2B); (3) a
pre-glabellar field with enlarged frontal glabellar lobe (sometimes
S4 present) (Fig. 2C); and (4) no pre-glabellar field with enlarged
frontal glabellar lobe (sometimes S4 present) (Fig. 2D). The
anteriorly rounded glabellar front in some trilobites (e.g. Figs
S2D, S3C) is not regarded as having the enlarged frontal glabellar
lobe, unless S4 furrows are present. This frontal cephalic condi-
tion was variable within the most primitive trilobite group, the
Order Redlichiida. Members of the oldest trilobite family, the
Fallotaspididae, show the plesiomorphic condition: the palpebral
ridges meet the anterolateral corner of the glabella with or with-
out pre-glabellar field (Figs 3A, S3A). Those of the Olenelloidea
had a rather massively enlarged frontal lobe with or without a
pre-glabellar field (Fig. S3B). Members of the Redlichiina, the
oldest trilobites with facial sutures, show all four conditions (Figs
S2B, S3C–F, S4A–C). On the contrary, the frontal cephalic con-
dition tended to remain rather constant in less primitive trilobite
groups. Members of the Order Corynexochida almost invariably
did not have a pre-glabellar field, but had an enlarged glabellar
frontal lobe (Fig. 3B, E). Interestingly, members of the Cambrian
family Damesellidae had no pre-glabellar field, and their frontal
glabellar lobes are not enlarged (Fig. 3C). In this regard, the four
different conditions may provide a useful character for elucidat-
ing Cambrian trilobite phylogeny, which has remained unre-
solved. For instance, the species of the genus Protaitzehoia Yang
in Yin & Li 1978; lack a pre-glabellar field and have clearly
defined S4 glabellar furrows. It can be inferred that this genus
has been mistakenly included in the family Damesellidae and
would be better assigned to the Order Corynexochida. The Order
Ptychopariida is known as the most problematic taxonomic
group. It is, at least, paraphyletic and always associated with
major problems of trilobite phylogeny and classification (Fortey
2001). While many of ‘ptychoparioids’ did not possess an anteri-
orly enlarged frontal lobe (Fig. S3G), some others apparently did.

For instance, S4 glabellar furrows are clearly visible in the middle
Cambrian ‘ptychoparioid’ Ruichengocephalus (see Yuan et al.
2012, pl. 4, figs 15, 16, 18). This may indicate that the ‘pty-
choparioids’ with the S4 glabellar furrows (or an enlarged frontal
glabellar lobe) were phylogenetically distant from those without
an enlarged glabellar front. These frontal cephalic conditions can
be also applied to the post-Cambrian trilobites. Given the posi-
tion where the eye ridges meet the glabella, the Ordovician
leiostegiids apparently possess an enlarged frontal glabellar lobe
(Fig. 3E, F), while lichids and odontopelurids did not (Figs S3H,
S4F). Many of the Ordovician proetids possessed a pre-glabellar
field, but did not have an enlarged frontal glabellar lobe
(Fig. 3D), and this is true for the immature specimens of proe-
tids (Fig. S4D). Therefore, reviewing these conditions can also be
helpful in elucidating the Cambrian root of the post-Cambrian
trilobite clades, which is one of the most intractable problems in
trilobite phylogeny.
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Supporting Information

Additional Supporting Information may be found in
the online version of this article:

Fig. S1. A ventral view of a pyritized Triarthrus
eatoni with appendages preserved.

Fig. S2. Line drawings for the frontal cephalic condi-
tion during ontogeny of two trilobites.

Fig. S3. Line drawings of the frontal cephalic condi-
tions in various trilobite cephala.

Fig. S4. Line drawings of the frontal cephalic condi-
tions in some immature trilobites.
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