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T Henningsmoenicaris scutula, TSandtorpia
vestrogothiensis gen. et sp. nov. and
heterochronic events in early crustacean
evolution
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ABSTRACT: A detailed account of the morphology and ontogeny of the late Middle Cambrian
crustacean fHenningsmoenicaris scutula is presented. Ten successive ontogenetic stages could be
recognised in the material collected from various localities in Sweden. Morphogenetic changes
include the development of a pair of stalked lateral eyes and the increase in the number and size of
appendages and their setal armature. Notably, early stages lack ‘proximal endites’ on all post-
antennular appendages; such a spine-bearing endite has previously been thought to appear
simultaneously on these limbs. In TH. scutula a single functional endite appears on the third limb in
an advanced stage; an additional endite appears on the second limb and, subsequently, further
endites appear on more posterior limbs. Furthermore, a single specimen of fSandtorpia vestro-
gothiensis gen. et sp. nov. is described. Based on this new information and data of other ‘Orsten’
taxa, particularly those assigned already to the early evolutionary lineage of Crustacea, a small-scale
computer-based phylogenetic analysis was performed. This resolved the basal branchings of
Crustacea s. 1. as follows: tOelandocarididae (=+Oelandocaris oelandica++tH. scutula++tS. vestro-
gothiensis)+(tCambropachycopidae (=tGoticaris longispinosa+tCambropachycope clarksoni)+
(tMartinssonia elongata+ Labrophora (=fPhosphatocopina+ Eucrustacea))). Plotting ontogenetic
data on the phylogram and comparing the ground pattern at every node led to the detection of three
peramorphic heterochronic events in the evolutionary lineage towards Eucrustacea.

KEY WORDS: 4D modelling, ground-pattern reconstruction, morphology, ontogeny, ‘Orsten’-
type preservation, peramorphosis, phylogeny, ‘proximal endite’

In 1990, Walossek & Miiller described three new arthropod
species from the Cambrian of Sweden, tGoticaris longispinosa,
+tCambropachycope clarksoni and T Henningsmoenicaris scutula.
These taxa, together with another ‘Orsten’ species, T Martins-
sonia elongata Miiller & Walossek, 1986a, were identified as
derivatives of the stem lineage (‘stem-lineage crustaceans’)
leading towards the crown group, the Eucrustacea. Walossek
& Miiller (1990) based their description of the new species on
two or three (type) specimens for each species, but it was
already clear that the ‘Orsten’ material contained more speci-
mens (see Fig. 3 and Supplementary Material). Walossek &
Szaniawski (1991) expanded the unresolved assemblage of
stem taxa by including tCambrocaris baltica from the Upper
Cambrian of Poland. Identification of {Oelandocaris oelandica
Muiiller, 1983 as another derivative of the Eucrustacea stem
lineage (Stein et al. 2005, 2008; Waloszek et al. 2007), and the
ongoing discussion about the phylogenetic composition and
even validity of Crustacea (e.g. Moura & Christoffersen 1996;
Glenner et al. 2006) demanded a re-investigation of all cur-
rently known species that were originally considered to be
‘stem’ crustaceans.

This is the third recent investigation dealing with this issue.
The detailed re-study of tOelandocaris oelandica (Stein et al.
2008) and a detailed study of the ontogeny and morphology of
tG. longispinosa and 1C. clarksoni (Haug et al. 2009), revealed
several ontogenetic stages in the known material. The present
work re-evaluates tHenningsmoenicaris scutula and includes
the description of a new species, putatively also a ‘stem-lineage

crustacean’; more precisely, a derivative of the labrophoran
stem lineage according to our current understanding of crus-
tacean evolution and phylogeny (Fig. 1; see e.g. Maas et al.
2003; Siveter et al. 2003; Zhang et al. 2007).

In recent years, almost all possible phylogenetic combina-
tions of taxa have been proposed within Arthropoda (in most
cases more precisely Euarthropoda; e.g. Dohle 2001; Hwang
et al. 2001; Pisani et al. 2004; Strausfeld et al. 2006; Regier
et al. 2008). The main problem in establishing a stable phy-
logeny for this group has remained where to place the insects
and myriapods or their subunits (Fig. 2). Insects, for example,
were proposed to be the sister group to Myriapoda (e.g. Ax
1999) or Progoneata (Kraus 2001), in both cases being mem-
bers of the Tracheata (=Atelocerata), but were also placed
as sister group to Crustacea or crustacean in-groups, like
Malacostraca or Remipedia (e.g. Fanenbruck er al. 2004),
Branchiopoda (Glenner et al. 2006) and Ostracoda (Newman
2005). Better knowledge of the crustacean stem lineage is,
therefore, seen as an essential issue for helping to resolve
relationships within Euarthropoda more precisely.

The aims of the present paper are:

1. To give a detailed description of the ontogeny of tHen-
ningsmoenicaris scutula by sorting the material into succes-
sive developmental stages and constructing a 4D model
(term from Haug et al. 2009). A new species, Sandtorpia
vestrogothiensis, s also described and a 3D model (the
fourth dimension is lacking here) of the single specimen at
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Figure 1 Phylogram summarising current uncertainties in the early evolutionary lineage of Crustacea. Question
marks refer to uncertain relationships, question marks in boxes refer to unknown or uncertain autapomorphies.
Sets of autapomorphies of recognisable monophyletic units according to Maas et al. (2003), Waloszek (2003a)
and Zhang et al. (2007): (1) Autapomorphies of Crustacea s. l.: presence of a ‘proximal endite’ on the third
appendage, multi-annulated exopods with exclusive median setation on second and third appendage; (2)
Autapomorphies of Labrophora: coxae on second and third appendages, labrum with slime glands and sensilla,

fused sternum with paragnath and fine setation.

Figure 2 Phylogram of euarthropod phylogeny, displaying the different possible positions of insects and other
tracheates that are recently and currently discussed in the literature.

hand is presented, adding to the information on early
crustaceans.

2. To use this new information in a phylogenetic analysis of
the early branching events within Crustacea.

3. To discuss, based on these results, character evolution along
the evolutionary lineage of Crustacea with an emphasis on
identifying heterochronic events.

1. Material and methods

1.1. Material

The 40 specimens of tHenningsmoenicaris scutula (Fig. 3;
Table 1) and the single specimen of Sandtorpia vestrogothien-
sis gen. et sp. nov. investigated in this study are part of the
large collection of material made by Professor Klaus J. Miiller,
Bonn, during several field trips in Sweden between 1975 and
1980. Specimen UB W 320 is from the {Ctenopyge tumidal
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affinisllinnarssonilbisulcata Zone of the Furongian (the former
Zone 5c, d of the Swedish Upper Cambrian, cf. Peng et al.
2004). All other specimens are from the former Agnostus
pisiformis Zone. As the faunas differ significantly between
Zones 1 and 5 (for more details see Maas et al. 2003), it is likely
that the assignment of UB W 320 to Zone 5 might be a sorting
error, thus all specimens may better be interpreted as stemming
from the former Agnostus pisiformis Zone (‘late middle
Cambrian’). The specimens are part of the collections of the
Steinmann Institute of Geology, Mineralogy and Palacon-
tology, University of Bonn, but are currently kept at the
University of Ulm.

1.2. Methods

Collecting, processing of the rock, and isolation of the material
had been done already in Bonn in the late 1970s and 1980s
(for details see e.g. Miiller 1985, 1990; Maas et al. 2006). First
photographs were done in Bonn using a CamScan SEM.
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Further scanning was done at the Central Unit for Electron
Microscopy of the University of Ulm using a Zeiss DSM 962.
SEM images have been processed using the image-processing
software Adobe Photoshop (version CS 1¥) and the free
software GIMP. The depth of focus of some images has
been enlarged using the free available image fusion software
CombineZM.

Reconstructions of the morphology of all stages were devel-
oped using the 3D modelling software Blender (e.g. Haug et al.
2009). For the reconstructions, all limbs were first redrawn in
anterior view from SEM micrographs, and subsequently ad-
justed into the missing third dimension. After all limbs had
been completed, the body was, likewise, first drawn in lateral
view and then adjusted in body width. In the next step, the
limbs were assembled to the body proper. All spines/setae,
which are mostly broken off close to their base in the actual
specimens, were drawn out to achieve their conical shape.
However, because the true length could only be estimated, all
reconstructed lengths of spines have to be seen as estimates
and mostly minimum lengths (numbers are more trustworthy).
If limbs or parts of limbs were missing in a stage to be
reconstructed, they were obtained from earlier stages. This
practice is justified, because limb morphology turned out to
vary only slightly between the stages, at least from one stage
to the next. The resulting models remain estimates but proved
to be very appropriate for general comparisons.

Morphometric data were taken mainly from the head shield,
since many specimens are known only from their bowl-shaped
shields, often partly preserved with a coarse filling, giving the
idea of the position of the former appendages but lacking
details. Measurements were made on the SEM images to the
nearest S um. This was precise enough to draw conclusions
from the data, as experienced from various other such studies
on ‘Orsten’ forms (e.g., Miiller & Walossek 1985, 1987, 1988;
Walossek 1993; Maas et al. 2003; Stein et al. 2008; Haug et al.
2009). The resulting diagram (Fig. 4) and other line draw-
ings were drawn digitally using Adobe Illustrator CS® and
processed in the free available software Inkscape 0-45.

1.3. Theoretical concepts

1.3.1. Terms applied to structures. As has been pointed out
earlier (Haug et al. 2009) the use of specific terms within
Euarthropoda can be problematic. Simonetta & Della Cave
(1981) once stated: ‘Uniform nomenclature for all arthropods
is highly desirable so that homologous structures may be
designed by the same term’. This, however, is far from being in
reach. One problem is that the group-specific terminology is
strongly functionally based and often incompatible with that
of other groups. Accordingly, the present authors adopted in
the main the terminology proposed by Walossek (1993) for
Crustacea and Arthropoda in general and discussed and
adjusted in Haug et al. (2009). All post-antennular appendages
are simply numbered consecutively to restrict more specific
terms to in-group crustaceans, adopting the arguments of Stein
et al. (2008) and Haug et al. (2009).

1.3.2. The stem-lineage concept. Ax (1984, 1985a) defined
two different types of stem lineages, the ‘direct’ stem lineage
and the ‘assembled’ (‘zusammengesetzt’) stem lineage. A direct
lineage is one which extends from one node to the next. An
assembled stem lineage has one or more branchings of species
known only as fossils along this lineage. Ax (1985a) also stated
that these branchings might branch further to form larger
groups, which possess autapomorphic characters. He did not,
however, accept any of these branches as a valid sister taxon to
the next piece of a lineage leading towards a group that
includes extant taxa (crown group, which is automatically a
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monophylum; see also Donoghue 2005 for discussion of this
matter and references therein).

In the view of the present authors, this restriction leads to an
unequal treatment of fossil species, underestimating the value
of fossil data. It also neglects the nodes along such an
assembled lineage, and the characters (ground pattern) devel-
oped in them. All features are simply accumulated in the stem
species of the crown group, which prevents resolution of
character evolution. To overcome this deficiency, the term
‘derivatives of the stem lineage’ (somehow equal to the ‘ple-
sion’ concept as developed by Patterson & Rosen 1977) has
been adopted for a number of taxa (+O. oelandica, T H. scutula,
tSandtorpia vestrogothiensis gen. et sp. nov., TG. longispinosa,
+C. clarksoni, T M. elongata and T Cambrocaris baltica). In our
view the stem-lineage concept is only appropriate while exact
relationships of fossils remain unclear. As soon as the relation-
ships of a lineage by paired groupings (sister-group relation-
ships) based on synapomorphies are resolved, it is no longer
useful, or rather not appropriate, to use the term stem-lineage
derivative (or plesion). As a consequence of this, there will be
a switching point within this work. The term ‘derivative of the
stem-lineage of Crustacea’ will be used until the phylogenetic
analysis resolves the relationships of the taxa; but from that
point on, the term will be avoided for those taxa receiving a
clear position. Again, it is emphasised that a general distinc-
tion in the systematic treatment of fossil and Recent species, as
often emphasised with the term ‘stem’ (see Donoghue 2005 for
references), is rejected, also because the often-claimed differ-
ence through incomplete knowledge of fossil taxa in fact also
holds for most extant species (Wigele 2000).

1.3.3. Ontogeny as a character in phylogenetic systematics
and evolution. Hennig (1965) already stated that each ‘sema-
phoront’ (i.e. every time slice of an individual), bears valuable
phylogenetic information. This concept is easily applicable to
arthropods with their distinct moulting stages (=distinct sema-
phoronts), and it is not surprising that ontogenetic data of
fossil and extant crustaceans have been demonstrated to
provide a significant phylogenetically informative signal (e.g.,
Hoeeg 1992; Walossek 1993; Dahms 2000; Maas & Waloszek
2001; Maas et al. 2003; Olesen 2004, 2007; Haug et al. 2009).
The phylogenetic value of ontogenetic information has
been repeatedly highlighted for other metazoans also, for
example for molluscs and other spiralians (e.g. Wanninger &
Haszprunar 2002; Nielsen et al. 2007; Wollesen et al. 2007).
The present authors regard it as not only important, but
indispensable, to include ontogenetic information in any kind
of phylogenetic analyses, particularly for Euarthropoda. Yet
this has been more or less completely avoided, mainly
in computer-based phylogenetic analyses, as it seems to be
difficult to code such characters (e.g., Humphries 2002).

Developmental data of fossil species are rarely noted or, if
present, they are neglected or hardly recognised. An additional
problem is that some data are simply not obtainable from most
fossil taxa. The exquisitely preserved ‘Orsten’ fossils are an
exception. Yet, as Wills (1998) stated, ‘Orsten’ fossils are
difficult to include in phylogenetic analyses, as they are mainly
preserved in the form of larval stages and their correct
evaluation would necessitate the inclusion of larval infor-
mation from other taxa. Instead of doing so, ‘Orsten’ fossils
are, however, either simply neglected or considered to supply
little information because of their larval nature (e.g., Wills
1998; particularly Boxshall 2007). By contrast, the presence of
larvae and even series of developmental stages in the ‘Orsten’ is
regarded as one of the greatest strengths of this exceptional
palaeontological material, and of enormous value for under-
standing the phylogeny and evolution of Crustacea and
Arthropoda in general. Besides this, small size does not
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necessarily imply a larval state (examples: fSkaracarida and
tBredocaris admirabilis Miiller, 1983; see Miiller & Walossek
1985, 1988) and an understanding of morphogenesis is of great
significance in understanding evolutionary processes, whether
it is the recognition of single structures (e.g., the ‘proximal
endite, see Walossek & Miiller 1990, or epipodites, see Zhang
et al. 2007, Maas et al. 2009) or structural complexes (e.g., the
evolution of the cephalic feeding and locomotory system, e.g.,
Stein et al. 2005; Waloszek et al. 2007).

1.3.4. Heterochrony. Heterochrony has been stated to rep-
resent one of the driving forces of evolution in a number of
biological textbooks (e.g. Wehner & Gehring 1995; Campbell
1998; Futuyma 1998; Freeman & Herron 2004; Kull 2007).
Again, heterochrony has had a profound impact on palaeon-
tology, shedding new light on evolutionary pathways for
example in trilobites (e.g. McNamara 1978, 1981, 1983, 1986;
Edgecombe & Chatterton 1987; Ramskold 1988). However, it
seems that the concept of heterochrony has been quite mis-
understood; it is evident that in many textbooks the concept of
heterochrony has not been clearly defined (for a summary see,
e.g., Webster & Zelditch 2005 and references therein). All in
all, the idea of heterochrony is quite well known, especially
neoteny, but the methods of identifying heterochronic events
in evolution are not well developed. Therefore, this present
paper aims to analyse how heterochrony may have affected
early crustacean evolution, and discuss how it can be detected
and used for phylogenetic analyses.

2. Systematic palaeontology of
tHenningsmoenicaris scutula (Walossek & Miiller,
1990)

Arthropoda von Siebold & Stannius, 1845
Crustacea Briinnich, 1772
Oclandocarididae tax. nov.

Diagnosis. Small-sized Crustacea. Head comprising five
appendage-bearing segments. Antennula large, functioning for
swimming and feeding, original median setation directed ante-
riorly; second and third appendage sub-equal in younger
instars, more differentiated in later stages. Exopods of these
two appendages multi-annulated, but with only a few elements.
Exclusive median setation, two setae on the sub-terminal, three
on the terminal element. Proximal endites appear late in
ontogeny, at first on the third appendage. Posterior append-
ages sub-equal from fourth one onward. In later instars these
appendages have bipartite exopods. Proximal triangular por-
tion of the exopod is articulated against the proximal endopod
portion, the basipod, and the basal arthrodial membrane of the
limb.

+Henningsmoenicaris Walossek & Miiller, 1991

1990 Henningsmoenia n. gen.— Walossek & Miiller 1990,
p- 425 (non Schallreuter, 1964 [Ostracodal).

1991 Henningsmoenicaris n. gen. — Walossek & Miiller p. 138
(pro Henningsmoenia Walossek & Miiller, 1990 non
Schallreuter, 1964 [Ostracoda]).

Type species. Type species by original designation:
Henningsmoenia  scutula  Walossek &  Miiller, 1990
[= Henningsmoenicaris scutula (Walossek & Miiller 1990)]

T Henningsmoenicaris scutula (Walossek & Miiller, 1990)
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v* 1990 Henningsmoenia scutula n. sp. — Walossek & Miiller,
pp. 413, 414, 416, 417, 419, 422-424, 426; figs 4 [UB
101, 102, 103], 5, 7; table 2.

v 1991 Henningsmoenicaris scutula (Walossek & Miiller
1990) — Miiller & Walossek, pp. 289, 291; fig. 7 [UB
101], 15.

. 1991 Henningsmoenicaris scutula — Walossek & Szaniawski,
pp. 372, 375.

. 1992 Henningsmoenicaris scutula (Walossek & Miiller,
1990) — Walossek & Miiller, pp. 305, 307.

. 1996 Henningsmoenicaris Miiller & Walossek 1991 — Hou
et al., p. 1141.

. 1998a Henningsmoenicaris scutula (Walossek & Miiller,
1991) — Walossek & Miiller, pp. 193-197, 201, 206.

. 1998b Henningsmoenicaris scutula (Walossek & Miiller,
1990) — Walossek & Miiller, pp. 140, 142.

. 1998 Henningsmoenicaris scultata — Schram & Hof, pp. 241,
242; table 6.1, 6.3; figs 6.8-6.11 [sic!].

. 1999 Henningsmoenia — Fryer, p. 8 [referred to species].

. 1999 Henningsmoenicaris  scutula (Walossek & Miiller,
1990) — Walossek, pp. 9, 11; fig. 5

. 2000 Henningsmoenicaris — Dahms, p. 94 [referred to species].

. 2001 Henningsmoenicaris —Chen et al., fig. 4 [referred to
species].

. 2003 Henningsmoenicaris  scutula (Walossek & Miiller,
1990) — Maas et al., pp. 13, 182, 185, 186, 189; table 2;
fig. 69.

. 2003 Henningsmoenicaris scutula (Walossek & Miiller,
1990) — Siveter et al., p. 24; fig. 7.

. 2003a Henningsmoenicaris scutula (Walossek & Miiller,
1990) — Waloszek, pp. 69, 70.

. 2003b Henningsmoenicaris — Waloszek, fig. 5-1.

non 2004 Henningsmoenicaris scutula — Schram & Koenemann,
fig. 19.9 [=Cambropachycope clarksoni Walossek &
Miiller, 1990].

. 2005 Henningsmoenicaris  scutula (Walossek & Miiller,
1990) — Maas & Waloszek, fig. 8.

v 2005 Henningsmoenicaris scutula (Walossek & Miiller,
1990) — Stein et al., pp. 57, 60, 64, 68; figs Se [UB W 266,
is erroneously labelled as destroyed], 5f, 7.

v 2005 Henningsmoenicaris scutula (Walossek & Miiller,
1990) — Waloszek & Maas, p. 517; fig. 3C [UB W 130].

. 2006 Henningsmoenicaris scutula (Walossek & Miiller,
1990) — Maas et al., p. 275.

. 2007 Henningsmoenicaris scutula Walossek & Miiller —
Waloszek et al., figs 3, 5d.

. 2007a Henningsmoenicaris — Siveter et al., p. 2105 [referred to
species].

. 2007 Henningsmoenicaris scutula — Haug et al., Abstract 75.

. 2008 Henningsmoenicaris scutula (Walossek & Miiller 1990) —
Stein et al., pp. 461, 464, 466, 470, 481, 483.

Locus typicus. Gum at Kinnekulle (r 03525 h 8§9250),
Vistergotland, Sweden.

2.1. Original material

The original description of the species by Walossek & Miiller
(1990) was based on three specimens. The first specimen (UB
101) is an almost completely preserved representative of the
first larval stage. The second one, the holotype UB 102, is
the most complete specimen of the tenth stage according to the
staging system developed in the present paper and, therefore,
represents the ontogenetically oldest known stage preserved
with relatively complete information. The third specimen (UB
103) is a trunk fragment that belongs to an even later devel-
opmental stage. All three specimens proved to be well chosen
as they turned out to mark the outlines of the ontogenetic
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Table 1 Known specimens of THenningsmoenicaris scutula (Walossek & Miiller, 1990). 1=specimen number;
2=repository number (preface UB .. .); 3=sample number; 4=stratigraphic zone; 5=locality; 6=developmental stage;
7=measured length of shield in um; 8 =measured width of shield in um).

1 2 3 4 5 6 7 8
2581 101 6414 1 Falbygden—Billingen, Gum (Kinnekulle) 1

2991 W 305 6417 1 Falbygden-Billingen, Gum (Kinnekulle) 1

4057 W 306 6761 1 Gum (Kinnekulle) 1

4099 W 307 6761 1 Gum (Kinnekulle) 1

4123 W 308 6761 1 Gum (Kinnekulle) 1

4356 W 309 6409 1 Falbygden-Billingen, Gum (Kinnekulle) 1

4577 1572 6763 1 Gum (Kinnekulle) 1 190 125
4578 W 311 6763 1 Gum (Kinnekulle) 1

8963 W 312 6763 1 Gum (Kinnekulle) 1 180 120
9552 W 130 6750 1 Gum (Kinnekulle) 2 180 125
2992 W 313 6417 1 Falbygden-Billingen, Gum (Kinnekulle) 3 240 170
2995 W 314 6417 1 Falbygden-Billingen, Gum (Kinnekulle) 3

3565 W 315 6761 1 Gum (Kinnekulle) 3 265 165
4315 W 316 6763 1 Gum (Kinnekulle) 3 280 175
4532 W 317 6784 1 Gum (Kinnekulle) 4

4555 W 318 6787 1 Gum (Kinnekulle) 4 300 195
9559 W 319 6787 1 Gum (Kinnekulle) 4

2418 W 320 6141 Sc—d Street between Stenstorp and Dala 5 330 340
2717 W 321 6409 1 Falbygden-Billingen, Gum (Kinnekulle) 5 390 260
2935 W 322 6409 1 Falbygden-Billingen, Gum (Kinnekulle) 5 380 340
2979 W 323 6414 1 Falbygden—Billingen, Gum (Kinnekulle) 5 345 300
4642 W 324 6783 1 Gum (Kinnekulle) 5 365 290
9556 W 325 6750 1 Gum (Kinnekulle) 5 365 275
2044 W 326 6417 1 Falbygden-Billingen, Gum (Kinnekulle) 6 480 365
4023 W 327 6409 1 Falbygden-Billingen, Gum (Kinnekulle) 6 460 400
4069 W 328 6417 1 Falbygden—Billingen, Gum (Kinnekulle) 6 405 290
4554 W 329 6755 1 Gum (Kinnekulle) 6 435 390
3916 W 330 6781 1 Gum (Kinnekulle) 7 455 515
4039 W 331 6783 1 Gum (Kinnekulle) 7

4065 W 332 6757 1 Gum (Kinnekulle) 7 450 530
4067 W 333 6757 1 Gum (Kinnekulle) 7

2982 W 334 6416 1 Falbygden-Billingen, Gum (Kinnekulle) 8 595 670
4008 W 266 6760 1 Gum (Kinnekulle) 8

4377 W 335 6782 1 Gum (Kinnekulle) 8

4663 W 336 6776 1 Gum (Kinnekulle) 9

2920 W 337 6409 1 Falbygden—Billingen, Gum (Kinnekulle) 10

3550 102 6761 1 Gum (Kinnekulle) 10

4550 W 338 6783 1 Gum (Kinnekulle) 10

4652 W 339 6757 1 Gum (Kinnekulle) 10

2424 103 6414 1 Falbygden—Billingen, Gum (Kinnekulle) 11

4144 W 340 6784 1 Gum (Kinnekulle) -

sequence with the first and last stages of the successively 2.2.1. Stage one. Developmental stage represented by nine

known part of the developmental sequence and the signifi-
cantly older fragmentary specimen.

2.2. New description

It was possible to identify ten successive stages and, addition-
ally, a distinctly older stage represented by a single fragmen-
tary specimen (UB 103, see above). Head shield data could
resolve only stages 1 to 8 (Fig. 4), because the shields of larger
specimens are either damaged or not preserved. Other
measurements, such as on the hypostome, confirmed these
stages, but were even more incomplete. Based on morphomet-
ric data alone, it was not possible to distinguish between stages
1 and 2 (Fig. 4), but the morphological differences between the
specimens in this size area demand, in our view, distinction
into two successive earliest stages but with almost the same
size.
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specimens, UB 101, UB 1572, UB W 305, UB W 306, UB W
307, UB W 308, UB W 309, UB W 311, UB W 312.

Body ovoid, about 180 um long, bearing four pairs of
appendages inserting ventro-laterally. First pair of appendages
uniramous, succeeding three pairs biramous (Fig. 5A, F).
Head shield not clearly demarcated from the body, but indi-
cated by a frontal protuberance (Fig. 5F) and a lateral bulge
on each side (Fig. 5D, F). Bulges merge posteriorly into
the dorso-caudal spine (Fig. 5D). Frontal protuberance
smoothly widening ventro-caudally into the bulging hypo-
stome (Fig. 5F). Hypostome being half as broad as the whole
animal, about two fifth of its length (i.e. whole length 2-5 times
hypostome length) (Table 2, Figs 5A, F, 15, 16); length to
width ratio of hypostome is 1-3. Mouth opening situated at the
rear of the hypostome, so pointing backwards (Fig. 5A, D).
Mouth membrane around the mouth opening forming a
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Figure 3 SEM images of all 40 specimens of T Henningsmoenicaris scutula (Walossek & Miiller, 1990), mostly in
ventral aspect and with their repository number (r as UB ...). Specimens grouped according to their
developmental stage (starting in upper left corner with first stage and then clockwise).

tri-radiate, lip-like structure, resulting in a y-shaped mouth indicated by an elongated hump or swelling of soft appearance

opening (Fig. 5A). Small tubercle situated in the middle of the below the dorso-caudal spine, possibly an anal membrane, but
base of each of the three lip-like triangles (Fig. 5A). Anus area an opening is, most likely, lacking (Fig. 5D).
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Figure 4 Diagram of width versus length of the head shield measured on 20 specimens of T Henningsmoenicaris
scutula (Walossek & Miiller, 1990). For further explanation see text.

All appendages are more or less soft, as is indicated by their
finely wrinkled surface (UB W 312, Fig. 5B). Antennula
slender, long, more or less circular in diameter, inserting
antero-latero and dorsally of the hypostome, slightly ventrally
of the elongate swellings that indicate the future outline of the
lateral shield margin (Fig. 5B). No clear transition between
membranous joint area and the segmented distal part, which
appears rather soft. Distal part with at least three portions.
Most proximal portion about three times as long as wide and
carrying a robust seta antero-distally. Second portion shorter
than the previous one, only slightly longer than wide, also
carrying a seta antero-distally, which is more sclerotised than
the proximal seta, smaller and inserting more laterally. Third
portion about twice as long as the second one, carrying a seta
of comparable size and position to that of the second portion
(Fig. 5B). Further distal parts are missing in all specimens.

Second pair of appendages articulates ventro-laterally, par-
orally to the body, appendages rotated — 10°, median edge
facing slightly posterior (Table 2; Fig. 15.1). Second limbs
composed of a prominent membranous socket, on which the
sub-triangularly shaped basipod rests, which carries the two
rami, exopod and endopod (Fig. 5B). Insertion of the append-
age oval, medio-lateral axis 1-5 times antero-posterior axis
(Table 2). Basipod drawn out medio-proximally into two
prominent, inwardly pointing spines, one above the other. The
two spines have a smaller accessory spine, one located distally
of the proximal spine and another one located antero-laterally
of the distal spine (Figs 5C, 17). Endopod more or less circular
in diameter, consisting of two portions articulating medio-
distally on the basipod. Proximal endopodal podomere, pos-
sibly a true podomere, slightly longer than wide, tube-shaped
and carrying one seta medio-distally (Figs 5C, 17). Distal
portion at least twice as long as the proximal one, bottleneck-
like decreasing in diameter distally to about half of the basal
diameter and remaining as such to extend into three setae, a
prominent one distally flanked by two thinner ones medially
and laterally (Fig. SE, F). All three setae pointing more or less
distally. Additionally, a small, also distally pointing seta arises
from the anterior surface of the distal endopod portion posi-
tioned at about two thirds of its length (Fig. 5A). Exopod
arising from the outer sloping edge of the basipod, within a
small distance from the endopod. Cross-section of the exopod
oval, flattened in antero-posterior axis. Exopod composed of
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several articles. Proximal article soft, making up approxi-
mately 2/5 of the exopod. Distal portion of exopod slightly
better sclerotised and divided into three articles (Fig. S5E, F).
Exopodal armature: proximal part and first article of distal
portion with a medio-distally inserting and obliquely distally
pointing seta (Table 2; Fig. SA, E); seta of proximal part
shorter than that of the subsequent article (Fig. 5A). Next
distal article with a pair of setae (Fig. 5A, E, F) being
apparently more robust than the more proximal ones. Distal
exopod article with two terminal setae, one inserting medio-
distally and one terminally. A third, but much smaller seta
inserts disto-laterally (Table 2; Fig. 5F).

Third appendage oriented perpendicular to the antero-
posterior body axis (Table 2; Figs 5C, F, 15.1). Appendage
resembling the second one in all major aspects (Fig. 17),
particularly the exopod shape and armature, except the size
of the associate spine near the proximal one of the basipod
spines and the most proximal exopod seta, which are both
significantly larger than those of the second limb (Fig. SA).

Fourth appendage oriented almost parallel to body axis, i.e.
its median surface almost facing anteriorly, rotated 85° com-
pared to standard orientation (Table 2; Fig. 15.1). Insertion
area almost circular. Appendage biramous, but only with
a faint ridge demarcating off the basipod from the rami
(Fig. SE). Endopod made up of two recognisable portions.
Two spines arising from the median edge of the proximal
portion of the endopod (Fig. SA, 17). Distal part of endopod
short, merely forming a rounded socket for a terminal, distally
pointing seta (Fig. SE). Exopod rod-shaped, circular in cross
section, poorly sclerotised, tapering distally. Of the three distal
setae, one inserts medio-distally, one terminally, and one
latero-distally (Fig. SE), the latter being smaller than the others
(Fig. 5E).

2.2.2. Stage two. Stage represented by a single specimen,
UB W 130 (Fig. 6A-E). Morphology and size almost
unchanged compared to that of stage one, except for a few but
significant changes, which demand the erection of a separate
stage. One feature is the head shield, which is now clearly set
off from the body proper (Fig. 6B, C, D): its distinct outer rim
runs from the anterior (the former anterior protrusion) gently
widening in profile to its maximum width in the middle of the
body (Fig. 15) and converging again to fade out into the
dorso-caudal spine, which gives the body an oval to rounded
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Figure 5 Developmental stage 1 of {Henningsmoenicaris scutula (Walossek & Miiller, 1990): (A) UB W 1572,
ventral view; (B) UB W 312, antero-lateral region. Detailed view of antennula; (C-F) UB 1572: (C) median view
of the right second and third appendages; (D) ventro-terminal view, displaying the terminal details;
(E) antero-lateral view, showing details of the appendages; (F) latero-ventral view, displaying the hypostome.
Abbreviations: an=anus; app=appendage (2-4); atl=antennula; bas=basipod; en=endopod; ex=exopod;

hyp=hypostome; mo=mouth opening; tsp=terminal spine.
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Figure 6 Developmental stages 2 and 3 of {Henningsmoenicaris scutula (Walossek & Miiller, 1990):
(A-E) Developmental stage 2, UB W 130: (A) ventro-terminal view of specimen displaying the tri-radiate mouth
opening; (B) animal displayed in terminal view. Sharp rim of the head shield merges into the terminal spine;
(C) anterior view of the animal. The hypostome is set off from the cephalic shield; (D) lateral view of the animal
displaying again the set off hypostome and the sharp rim of the head shield; (E) detail of the right third
appendage from anterior. The exopod shows some ornamentation details marked by arrows. (F) Develop-
mental stage 3, UB W 313. Latero-ventral view of the animal showing general organisation. Abbrevia-
tions: app=appendage (3-4); atl=antennula; bas=basipod; en=endopod; ex=exopod; hs=head shield;
hyp=hypostome; mo=mouth opening; tsp=terminal spine.
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spindle-like shape in dorsal aspect. Ventrally the hypostome is
set off from anterior shield margin by a softer area. Posterior
part of hypostome more elongated than in preceding stage,
with a length to width ratio of 1-8 (1-3 in stage one), now only
slightly shorter than half of the length of the whole body (0-4
in stage one) (Table 2, Figs 6A, C, D, 15.2). Anus area
represented by an elongated bump below the dorso-caudal
spine, apparently lacking an opening as in the preceding stage
(Fig. 6A). The surface of the exopod of the third appendage is
finely ornamented with rows of tiny scales (Fig. 6E).

2.2.3. Stage three. Stage represented by four more or less
complete specimens, UB W 313, UB W 314, UB W 315, UBW
316. Body about 260 um long, so significantly larger than
previous stage (180 um, see Table 1). Body with a slightly
bowl-shaped head shield of oval profile in dorsal/ventral view
(Figs 6F, 15.3). Shield length about 16 times its maximum
width (Table 2). Head shield (Fig. 7A, B) with well-defined
rim, which is slightly enhanced but without a clearly demar-
cated ventral doublure. Caudally, the head shield or dorsal
body surface continues into a robust dorso-caudal spine, as in
the previous stage. Hypostome more elongate than in previous
stage, being twice as long as broad (18 in stage two) (Fig. 7B),
spindle-shaped, broadest at about one third of the length from
posterior. Hypostome half as long as the whole animal as in
stage two (Fig. 7B), but on the ventral surface of the hypos-
tome a more or less circular, apparently weakly sclerotised
area is slightly set off (marked with an arrow in Fig. 7B).
Mouth opening situated at the rear of the bulged hypostome as
in preceding stage. Anal opening exposed on the ventral
surface of the body between last pair of appendages and base
of caudal spine, surrounded by a soft membrane (Fig. 7C).

Four appendages as in previous stages, i.e. the antennulae
and three pairs of biramous appendages (Figs 6F, 7B). Mor-
phology as in previous stages, but appearing more rigid and
with well-developed demarcation lines between the portions
(Figs 6F, 7A). Antennula starting proximally with a weakly
set-off conical portion that continues into three elongate distal
portions, as in stage one. Terminal end unknown. Length of
the preserved articles unchanged, which indicates a propor-
tional decrease in relation to other structures, e.g. the main
body (Fig. 7A). Setation unchanged.

Second appendage as that of preceding stage, except the
basipodal armature, which is shifted distally along the inner
edge of the basipod (Fig. 7B) rotation now — 20° compared to
standard orientation ( — 10° in preceding stage), median edges
facing medio-posteriorly (Table 2). Additionally the insertion
of the appendage is now more elongated in medio-lateral axis,
this axis measuring twice the antero-posterior axis (15 in stage
two) (Table 2; Fig. 15). Furthermore, the exopod is now
subdivided into six articles being oval in cross-section, the
proximal two lacking median setae, but the four distal portions
with one to three setae, as in the preceding stage.

Third appendage similar to the second one and that of
previous stage, also with the distal shift of its basipod armature
and the elongation of the insertion area, but the two prominent
basipod spines are separated from each other by a larger
distance than in appendage two and in the previous stage
(Fig. 7B). Another difference from both the second appendage
and the third limb of the previous stage is that the distal
prominent basipodal spine points more medio-distally. Again,
the associate spine of the proximal spine is located more
anteriorly (still larger than the corresponding spine of the
second appendage). Endopod unchanged. Exopod has one
portion less than that of the second appendage, thus compris-
ing five articles, with the most proximal article lacking a seta
(Fig. 7A). Distal exopod article unchanged, also exopod
setation (e.g., most proximal seta larger than that of the
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exopod of the second appendage). Fourth appendage resem-
bling that of the preceding stage, but insertion area of the
appendage now oval (circular in stage two), medio-lateral axis
being about 1-3 times antero-posterior axis. Exopod now
clearly demarcated off from the basipod and appendages
rotated 50° compared to standard orientation, median edges
facing medio-anteriorly (Table 2; Fig. 15.3). Demarcation
between basi- and endopod weakly developed, setal pattern as
before (Figs 4F, 5B). Base of exopod now oval (circular in
preceding stage), medio-lateral axis being about 1:3 times
antero-posterior axis.

2.2.4. Stage four. Three specimens assigned to this stage:
UB W 317, an almost complete specimen; UB W 318, a more
damaged one; and UB W 319, a fragment of the anterior body
region.

Stage differing little from the preceding one, besides the
relation of shield width and length and setation of the fourth
appendage. Head shield bowl-shaped, 1-5 times as long as
broad (1-6 in preceding stage) (Fig. 15). Shield deeper than in
the preceding stage, now with a narrow doublure (Fig. 7D).
Anterior shield margin now gently rounded. Hypostome shape
almost unchanged, but slightly more elongated than in preced-
ing stage, 2-3 times as long as wide (2 times in stage three)
(Table 2; Fig. 15). Appendages 1-3 unchanged compared to
preceding stage, besides insertions area of the second append-
age now being more elongated, medio-lateral axis being about
2-5 times antero-posterior axis (2 in stage three) (Table 2;
Fig. 15). Fourth appendage unchanged, besides exopod now
with an elongated base, medio-lateral axis being about 1-5
times antero-posterior axis (1-3 in stage three) and now with
step-like indentations for the insertions for four setae. There
are no longer two terminal setae on the exopod (as in the
preceding stages), but one median, one terminal and two
lateral ones (Fig. 7E).

2.2.5. Stage five. Stage represented by six specimens, UB
W 320, UB W 321, UB W 322, UB W 323, UB W 324, UB W
325. Body with a large bowl-shaped shield, being 1:3 times
longer than wide (Fig. 8A), extending caudally into a terminal
spine, and now with five pairs of appendages (Fig. 8C), the
antennulae, three pairs of biramous limbs, and a pair of limb
rudiments. Two elongated oval and slightly raised blisters are
present inwards of the shield margin alongside the rim
(Fig. 8A), on either side of the anterior end of the hypostome
and anterior to the insertions of the antennulae; about 2-5
times as long as wide. Blisters lying at an angle of 45° to the
hypostome, following the outline of the shield.

Antennula unknown apart from its very proximal part,
which does not differ from that of preceding stage. Second
appendage resembling that of preceding stages in most aspects
(Fig. 8A), but the insertion area more elongated, medio-lateral
axis being about 2-8 times antero-posterior axis (2-5 before)
and with an additional centro-median seta on the most
proximal article of the exopod.

Third appendage resembling that of preceding stage in most
aspects (Fig. 8A), but insertion area now more elongated,
medio-lateral axis being about 2-5 times antero-posterior axis
(2 before) (Table 2; Fig. 15), resulting in a more flattened shape
of the basipod. Additionally two new spines are present on the
median edge of the basipod between the two prominent spines.
In total there are four smaller spines, besides the two promi-
nent basipodal spines, two between these, one more anterior,
one more posterior, as well as two even smaller spines, one
anterior to each prominent basipod spine (Fig. 17).

Fourth pair of appendages differs from that of the preceding
stage in the following aspects: appendages rotated 45° com-
pared to standard orientation, median edges facing medio-
anteriorly (50° in preceding stage) (Figs 8C, 15.5), the
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insertion area is more elongated in medio-lateral axis being
about 1-8 times antero-posterior axis (1-3 before). Appendage
now with demarcation line separating the two proximal
endopodal portions (Fig. 8B, C), thus endopod consisting of at
least three portions, being slightly longer than their diameter,
the proximal two with a medio-distal spine each (Figs 8C, 17).
Further distal portion(s) unknown since they are not preserved
in our material.

Exopod paddle-shaped, its base more elongated than before,
medio-lateral axis about 2-4 as long as the antero-posterior
axis (1-5 before). Exopod with marginal step-like indentations
for the insertion of now six setae (four in the preceding stage):
two median ones, a terminal one and three lateral ones
(Fig. 8B). Terminal seta accompanied by a seta antero-
medially to it (Table 2). Possible sensilla being positioned in a
symmetrical pattern on both exopods, as indicated by three
holes on the anterior surface of the exopods of UB W 324
(Fig. 8B). Central putative sensillum located almost directly
proximal to the associate seta of the terminal seta, the more
median sensorial seta positioned proximal to the more distal
median seta, and the more lateral sensorial seta situated
median to the insertion of the most lateral seta.

Fifth pair of appendages inserting between the fourth
appendages and the anus. Insertion area oval, oriented almost
in long axis of the body, medio-lateral axis being about
1-3 times antero-posterior axis. Accordingly, median side of
appendages facing almost anteriorly. Appendages are
uniramous, elongated, cone-shaped, tapering to the distal end
into a small blunt tip (Fig. 8C).

2.2.6. Stage six. Developmental stage represented by four
specimens, UB W 326, UB W 327, UB W 328, and UB W 329,
Body now comprising two tagmata, the head, covered by the
bowl-shaped shield and the caudal end piece (Fig. 8E). End
piece extending into a caudal spine. Head includes five
appendage-bearing segments, i.e. those of the antennulae and
four pairs of biramous limbs. Caudal end piece carrying a
single pair of rudimentary limbs (Fig. 8D). Anal opening
exposed on the ventral surface of the body between last pair of
appendages and base of caudal spine, surrounded by a soft
membrane.

Head shield bowl-shaped, being 1-2 times as long as wide
(Table 2; Fig. 15), with a doublure that is broader compared to
that of the preceding stage (Fig. 8E). Head shield no longer
merging into the terminal spine but having a posterior rim that
is straight from dorsal, c-shaped when seen from posterior,
being about as wide as one quarter of the maximum head
shield width. The caudal end piece is positioned in this
c-shaped section. Exact morphology of the caudal end unclear
because of the poor preservation in our material.

Blister-like structures left and right of the hypostome more
prominent compared to the preceding stage, more recognisable
as such, but otherwise unchanged (Fig. 6E). Softer area on the
median surface of the hypostome more pronounced than
before and reaching further anteriorly on the hypostome
(Fig. 8E).

Antennulae not known apart from their proximal-most
part. Also of the second appendage only the proximal parts are
known, i.e. the basipod and the three proximal articles of the
exopod (Fig. 8E), unchanged compared to the preceding stage,
besides insertion area of the appendage, which is more elon-
gated in medio-lateral axis being about three times antero-
posterior axis (2-8 before). Median seta on the most proximal
exopod article being quite robust, about three times as long as
wide and curved, starting in a median direction but curving up
to point distally. This shape and the blunt tip give the seta a
hook-like appearance (Fig. 8F). Third appendage with no
changes compared to the preceding stage, besides insertion
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area, which is more elongated in medio-lateral axis being about
three times antero-posterior axis (2-5 before).

Fourth appendage rotated 30° compared to standard orien-
tation, median edges facing medio-anteriorly (45° before)
(Figs 8E, 15; Table 2). Basipod longer in medio-lateral axis
than before, medio-lateral axis being about 2-5 times antero-
posterior axis (1-:8 before). Endopod not known. Insertion of
the exopod now more elongate, medio-lateral axis being about
3-3 times antero-posterior axis (2-4 before). Exopod paddle-
shaped with step-like indentations for the insertion of eight
setae (six before): three (two before) medially, one terminal
with an antero-median situated associate seta and four lateral
(three before) (Fig. 8E).

Fifth appendage now biramous (uniramous rudiments in
preceding stage), insertion area more elongate, medio-lateral
axis being about 2 times antero-posterior axis (1:3 before).
appendages rotated 75° compared to standard orientation,
median edges facing medio-anteriorly. Endopod not demar-
cated off from basipod, only proximal parts known. Exopod
only faintly demarcated off, base elongate, medio-lateral axis
being about 2-3 times antero-posterior axis. Exopod paddle-
shaped, with step-like indentations for the insertion of four
setae along its outer margin, one situated medially, one
terminally and two laterally (Fig. 8D).

Sixth appendages uniramous, small and cone-shaped
(Fig. 8D), inserting posteriorly to the fifth appendage on the
caudal end piece and anteriorly to the anus. Insertion areas
oval medio-lateral axis being about 1-3 times antero-posterior
axis, median surfaces almost facing anteriorly.

2.2.7. Stage seven. Stage represented by four specimens,
UB W 330, UB W 331, UB W 332, and UB W 333. Head
covered by a large bowl-shaped shield (length to width ratio
0-9), comprising five appendage-bearing segments (Table 2;
Fig. 15.7). Trunk consisting of a single portion covered by a
shield extending into the terminal spine dorsally and two
pairs of appendages ventrally (Fig. 9A). First pair of trunk
appendages biramous, second pair uniramous and apparently
poorly developed (Fig. 8F). Anus posterior to the last pair of
appendages on the caudal end.

Blisters left and right of the hypostome, posterior to the
anterior rim of the shield, not only again larger than in the
preceding stage, but also free posteriorly and at that point
slightly uplifted (Fig. 9A). Hypostome not changed noticeably
in shape. Soft area larger compared to the preceding stage and
now covering almost the complete ventral (distal) side of the
hypostome.

Antennulae only known by their very proximal parts, show-
ing no changes. Second appendages apparently changed
against preceding stage. Appendages rotated — 30° compared
to standard orientation ( —20° before), median edges facing
medio-posteriorly. Distal portion of basipod, indicated by the
distal basipodal spine, is no longer part of the basipod, as it is
separated by a clear joint demarcation (Fig. 7B); thus, it now
forms the most proximal portion of the endopod. Former
proximal prominent basipod spine now with two accessory
spines, one antero-distally, one postero-distally (Fig. 7B).
These associate spines are almost as large as the prominent
spine. All three spines are pointing medially into the median
food area. Antero-distally to these three spines an additional
small spine is situated. Proximal to the three basipodal spines,
an area is to some degree demarcated off from the basipod, but
not completely. This area carries a small slightly upward
curved spine centrally (Figs 9B, 17)

Third appendage resembling that of preceding stages in
many aspects. A small cuticular plate, medio-proximal to the
basipod and surrounded completely by arthrodial membrane,
carrying two small medially pointing setae (Figs 9C, 17). This
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Figure 7 Developmental stage 3 continued and 4 of {Henningsmoenicaris scutula (Walossek & Miiller, 1990):
(A, B) Developmental stage 3, UB W 313: (A) ventro-lateral view of the anterior region. Details of the antennula
displayed. Note the distinct margin of the head shield; (B) ventral view displaying details of the appendages.
(C-E) Developmental stage 4, UB W 317: (C) details of terminal aspects displaying the anus and the insertion
areas of four spine-like setae on the exopod of the fourth appendage; (D) ventral view showing general
organisation, and length of spine-like setaec on the exopod of the second appendage and third appendage;
(E) detail of terminal area seen from lateral displaying details of fourth appendage. Abbreviations: an=anus;
app=appendage (2-4); atl=antennula; en=endopod; ex=exopod; hs=head shield; hyp=hypostome.
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Figure 8 Developmental stages 5 and 6 of fHenningsmoenicaris scutula (Walossek & Miiller, 1990):
(A-C) Developmental stage 5: (A) UB W 321, ventral view, showing general organisation; (B) UB W 324, details
of the exopod of the fourth appendage. Arrows mark the insertion areas of putative sensorial setae; (C) UB W
325, detailed view of the rudimentary fifth cephalic limb. (D-F) Developmental stage 6, UB W 327: (D) details
of terminal appendages displaying the rudimentary sixth appendage; (E) ventral view, giving an overview of the
general organisation; (F) details of the exopod of the right second appendage from anterior. Hook-shaped seta
marked by arrow. Abbreviations: app=appendage (2-6); atl=antennula; bas=basipod; bs=blister; ex=exopod;
hs=head shield; hyp=hypostome.
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portion is identified as the proximal endite (sensu Walossek &
Miiller 1990). Posterior to the distal prominent basipodal spine
is now an additional spine almost on the posterior surface.
Exopod with two new setae on the disto-lateral rim and
medio-laterally on the most proximal article. A single seta is
preserved on the disto-lateral rim of the next proximal article,
suggesting the presence of comparable seta on the insertion
areas of the most proximal article, thus three new setae in
total. The single preserved seta appears rather soft. It is curved
proximally thus distally pointing (Fig. 9E).

Fourth appendages rotated 20° compared to standard ori-
entation, median edges facing medio-anteriorly (Fig. 15.7),
insertion area further elongated medio-lateral axis being about
three times antero-posterior axis (2-5 before). Appendage with
significant changes with regard to the previous shape: exopod
is now divided into two parts, proximal exopod portion
elongated, triangular in shape, articulating on the lateral side
of the most proximal endopod podomere, the lateral side of the
basipod and reaching into the arthrodial membrane of the
appendage (Fig. 9G). Base of the exopod more elongated in
medio-lateral axis being about 4-3 times the antero-posterior
axis (3-3 before).

Basipod now with three spines medio-distally, one promi-
nent one medially, the other two slightly smaller ones further
anteriorly (only a single spine before) (Figs 8D, 17). A smaller
single new spine is positioned posteriorly to the mid axis of the
median surface and right in the middle between distal and
proximal rim of the basipod. Proximal endopod podomere
now with four spines on its medio-distal rim (one spine before).
One spine is median, one is anterior, the other two more to the
posterior. Furthermore, the proximal endopod podomere has
a small hump antero-laterally, carrying a distally pointing seta
anterior to the articulation of the exopod. More distal parts of
the endopod are unknown. Details of exopod setation are also
unknown.

Fifth appendage only known from its insertion area, being
more elongate in medio-lateral axis than in preceding stage,
about two times antero-posterior axis (2:5 before) (Fig. 9F).
Appendages rotated 45° compared to standard orientation
(75° in preceding stage), median edges facing medio-
anteriorly. Appendage six, the first trunk limb, now biramous
but distal parts of the two rami unknown, appendages rotated
55° compared to standard orientation, median edges facing
medio-anteriorly. Seventh appendage present as a club-shaped
bud (Fig. 9F).

2.2.8. Stage eight. Stage represented by three specimens,
UB W 266, UB W 334, and UB W 335. Head and shield as
before. Trunk (Fig. 10A) with one free appendage-bearing
segment with a tergite, and the caudal end, covered by a small
shield, extending into the terminal spine, with two pairs of
appendages. Blisters, formerly left and right to the anterior end
of the hypostome now entirely raised from the body surface
onto stalks, which insert antero-laterally to the hypostome
(Fig. 10F).

Antennulae known only from their two most proximal
articles (Fig. 8E), which are oval in diameter. Proximal article
carrying a small seta anteriorly on its distal margin. Two holes
on distal article are interpreted as insertions of next article and
seta: the larger, posterior hole presumably representing the
insertion of the next distal article, which is significantly smaller
in diameter compared to the two preserved articles. Smaller
anterior hole, based on its size, presumably being the insertion
of a prominent seta (Fig. 17).

Second appendage resembling that of the previous stage in
most aspects, but appendages rotated —40° compared to
standard orientation ( — 30° in preceding stage), median edges
facing medio-posteriorly, and the distinct offset of the medio-
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proximal area of the basipod now completely surrounded by
membrane and carrying a pair of spines: one anteriorly, the
other posteriorly, both pointing medially (Fig. 17) (only one
spine verified for preceding stage). This portion is identified as
the proximal endite (sensu Walossek & Miiller 1990; Fig. 10C).

Third appendage similar to that of the preceding stage in
most aspects, other than the following differences: median edge
of basipod with five spines (three before) between the two large
prominent spines, three in a more posterior proximo-distal axis
(one before), two in a more anterior one (Fig. 17). Anterior
part of median edge of basipod with a single spine pointing
medially (as before), posterior side with two, one more distally,
one more proximally (proximal one new) (Figs 10G, 17).
Basipod now with a small hump antero-medially to the inser-
tion of the exopod, which carries a distally pointing seta.
Proximal endopod portion with four spines (one before), a
large median spine, two spines anterior to it, of these one
antero-distally, one antero-proximally, and one spine arising
postero-distally to the prominent spine. Exopod unchanged
compared to preceding stage.

Fourth appendage resembling that of the preceding stage in
most aspects (Fig. 10A), besides insertion area now being more
elongate, medio-lateral axis being about 3-3 times antero-
posterior axis (3:0 before) (Table 2; Fig. 15). Additionally,
basipod with four spines on its medio-distal rim (three in the
preceding stage). The median and two more anterior ones are
also present in stage 7. The posterior one is new at this stage
(Figs 10A, 17). Proximal to these four spines, there are now six
spines (one before). They form a row of two smaller spines
distally and a row of three slightly larger setae are situated
more proximally, all pointing medially. The sixth spine is
situated proximo-posteriorly close to the medio-proximal rim
of the basipod (Fig. 17). Endopod with four portions, slightly
shorter than their diameter compared to preceding stage. Next
portion with a prominent median seta medio-distally, also
present in stage seven, but now flanked by two smaller setae
anteriorly and posteriorly (Fig. 17). Penultimate portion with a
single spine medio-distally. Terminal portion short and extend-
ing distally into a seta (only insertion of this seta preserved in
UB W 335). Exopod unchanged, besides insertion area being
more elongate, medio-lateral axis being about five times
antero-posterior axis (4-3 before).

Fifth appendage differing from preceding stage, now resem-
bling the fourth appendage of this stage in having a bipartite
exopod articulating to the proximal endopod portion, the
lateral side of the basipod and reaching further laterally
into the arthrodial membrane of the appendage. Appendages
rotated 30° compared to standard orientation (45° in preced-
ing stage, Fig. 15), median edges facing medio-anteriorly. The
insertion area of the appendage is elongate in medio-lateral
axis, being about 2-8 times antero-posterior axis (2:0 before).
Basipod sub-rectangular, with four spines on its disto-median
rim (not exactly known for earlier stages), one inserting
medially, two more anteriorly and one more posteriorly
(Fig. 10D), exactly as in appendage 4 (Fig. 17). Two additional
new spines are situated more proximal on the median edge of
the basipod, one more anteriorly, one more posteriorly, both
pointing medially (Fig. 17). Endopod consisting of at least four
portions (three preserved at most), but the second portion is
made up of two not (yet?) demarcated articles as indicated
through the setation pattern and a bulge (Fig. 10D) running
around the portion.

Proximal endopodal portion about as long as its diameter,
second portion almost twice as long as its diameter (each of the
two articles about as long as its diameter), third portion
elongated about 1-5 times as long as its diameter, more
distal portions smaller in diameter than proximal portions
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Figure 9 Developmental stage 7 of T Henningsmoenicaris scutula (Walossek & Miiller, 1990): (A) UB W 332,
ventral view displaying general body organisation. (B-D) UB W 333: (B) median details of right second
appendage. Small setiferous plate (future proximal endite) marked by arrow; (C) median details of right third
appendage displaying the proximal endite; (D) anterior view of the third and fourth appendages. (E, F) UB W
332: (E) details of the exopod of the third appendage. Banana-shaped soft seta marked by arrow; (F) detail of the
trunk displaying the rudimentary seventh appendage. (G) UB W 333. View from posterior on the left fourth
appendage. Abbreviations: app=appendage (2-7); bas=basipod; ce=caudal end; en=endopod; ex=exopod;
hs=head shield; hyp=hypostome; pe=proximal endite.
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(Fig. 10D). Most proximal portion carrying four spines on its
disto-median rim (single spine before), one spine medially, two
more posteriorly and one more anteriorly, exactly as in
appendage 4 (Fig. 17). At the lateral side of the portion,
anterior to the articulation of the proximal exopod portion, is
a small hump with a distally pointing seta. Proximal part of
second endopodal portion with three spines on the median
part of the bulge separating this part from the distal one.
On the disto-median rim of the distal part two spines are
present. Probable penultimate portion with a single seta on its
disto-median rim. Further portions unknown.

Exopod now bipartite with a proximal and a distal part.
Proximal part articulated on the most proximal podomere of
the endopod, the lateral side of the basipod and the arthrodial
membrane of the appendage. Distal part of exopod unknown.

Further appendages are not preserved in any specimen,
apart from the insertion areas of two more, i.e. appendages six
and seven, in UB W 266 indicative of the presence of more
trunk limbs in the advanced stages of tH. scutula. Sixth
appendages rotated 55° compared to standard orientation (as
in preceding stage), median edges facing medio-anteriorly,
seventh appendages rotated 65° compared to standard orien-
tation (before unknown), median edges also facing medio-
anteriorly, as indicated by the insertion areas. An eighth
appendage is present but cannot be characterised due to its
poor preservation in the material.

2.2.9. Stage nine. Stage represented by a single, but
remarkably complete, specimen, UB W 336. Head with five
pairs of appendages, trunk with an apodous shield-covered
caudal end preceded by three free tergite-bearing segments
(Figs 11H, 17) carrying biramous appendages (Fig. 11A).
Tergites are drawn out latero-terminally into stout spines
(Fig. 11H). The specimen shows exquisite preservations like
setules on spines of the third appendage and a sixth and
seventh appendage.

Antennula only known from its most proximal two articles
with no changes compared to the preceding stage. Second
appendage almost the same to the preceding stage, besides an
additional seta on the disto-lateral rim of the most proximal
exopod article. Third appendage similar to that of the preced-
ing stage, besides an additional soft seta on the lateral side
of the exopod, thus now four such setae (three before). It
is situated on the proximo-lateral rim of the exopod
(Fig. 11B).

Fourth appendage resembling that of preceding stage,
besides the more eclongated insertion area, medio-lateral
axis being about 3-5 times antero-posterior axis (3-3 before)
(Table 2; Fig. 15). Basipod and endopod of fifth appendage
unchanged compared to the preceding stage, besides a demar-
cation separating the second endopod portion into two
(Fig. 11D) and the more elongated insertion area of the
appendage, the medio-lateral axis being about 3-8 times
antero-posterior axis (25 before) (Table 2; Fig. 15). Distal part
of exopod a large paddle with step-like indentations for the
insertion of 11 spine-like setae and six associate setae along the
outer margin (Fig. 11A) (last known status: fifth stage with
four spine-like setae), one terminal seta, four setae insert
medially and six laterally. The associate setae insert antero-
laterally to the two most distal median setae, the terminal seta
and the three most distal lateral setae.

Sixth appendage now resembling the fourth and fifth
appendage in having a bipartite exopod articulating to the
proximal part of the proximal endopod portion, the lateral side
of the basipod, and reaching further laterally into the arthro-
dial membrane on the appendage (Fig. 11A). Insertion area
oval, elongate, medio-lateral axis being about five times
antero-posterior axis (1-5 in stage seven). Basipod carries four
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spines on its medio-distal rim: one medially, two more anteri-
orly, one more posteriorly.

Proximal endopodal portion consists of two (still?) unsepa-
rated articles, as indicated by a bulge and two setae, dividing
the portion into two parts of more or less equal length, each
about as long as their diameter. One of the two setae on the
disto-median rim of the proximal part is set medially, the other
one more anteriorly. Distal part with two setae on its disto-
median rim, also one set medially, the other one more anteri-
orly. Second portion elongated, about 1-5 times as long as the
diameter and with two medially pointing setae on its disto-
median rim. Further distal parts unknown. Exopod paddle-
shaped, bipartite. Proximal article elongated triangular in
shape. It articulates with the proximal of the two articles of the
proximal endopodal portion, the lateral side of the basipod,
and reaches laterally into the arthrodial membrane of the
appendage. Distal part with step-like indentations for the
insertion of 10 spine-like setae and three associate setae on its
margin, one seta terminally, six laterally and three medially
(status before unknown) (Table 2). Associate setae insert
antero-laterally to the most distal median spine-like seta, the
terminal seta and the most distal lateral seta.

Seventh limb with basipod, endopod and exopod
(Fig. 11A). Insertion of appendage oval, elongate, medio-
lateral axis being about six times antero-posterior axis (1-3 in
stage seven, unknown for stage 8). Basipod setation not
known. Endopod at least consisting of three portions (two
preserved at most). Setation of the most proximal podomere
unknown. Next distal podomere carries a single seta at its
disto-median rim. Further distal parts unknown. Exopod
bipartite, insertion oval, elongate, medio-lateral axis being
about 5-8 times antero-posterior axis (status unknown before).
Proximal part of exopod articulates with the lateral side of the
basipod, but reaches further laterally into the arthrodial mem-
brane of the appendage. Distal part of exopod paddle-shaped
with step-like indentations for the insertion of eight setae, one
terminally, two medially and five laterally (status unknown
before) (Table 2).

Eighth appendage with basipod, endopod and exopod
(Fig. 11G). Basipod and endopod are not (yet?) clearly demar-
cated from each other. Single median seta presumably on to
the most proximal endopod portion, thus the endopod would
be made up of three portions, the two proximal ones only
distinguished by the presence of the seta. Terminal portion is
club-shaped, extends into a distally pointing seta. Exopod
articulates laterally on the basipod, insertion area being oval,
medio-lateral axis being about 2-5 times antero-posterior axis.
Exopod paddle-shaped and carrying four setae, one terminally,
two laterally and one medially.

2.2.10. Stage ten. Stage represented by four specimens:
one relatively complete specimen, holotype UB 102; two
isolated appendages, UB W 337, UB W 338; and an isolated
trunk fragment UB W 339. Body comprising a head with five
limb-bearing segments and a trunk with three free segments
and a caudal end (Figs 15, 16). Tergite-bearing trunk segments
carrying biramous appendages, shield-covered caudal end with
a pair of uniramous limb buds. Membranous connections
between the bubble-like structures formerly left and right of
the hypostome and their stalks, as well as that between stalks
and body being very elaborate. Hypostome unchanged.

Antennula preserved from its two most proximal parts, now
showing changes (Fig. 12A). Second appendage resembles that
of preceding stages in many aspects. Triangle of three strong
spines (as before), but proximal to these a new, fourth strong
spine occurs (Fig. 17). As before, postero-distally to the
triangle of spines a smaller spine is situated. Two new smaller
medially pointing spines are present on the more posterior area
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Figure 10 Developmental stage 8 of ¥ Henningsmoenicaris scutula (Walossek & Miiller, 1990): (A-C) UB W 266:
(A) ventral view displaying general organisation; (B) details of medio-proximal aspects of the right third
appendage displaying the proximal endite. Remnants of two setac marked by arrows; (C) details of medio-
proximal aspects of the right second appendage displaying the proximal endite. (D-F) UB W 335: (D) details
of basipod and endopod of the left fifth appendage from median; (E) details of the antennula. Arrow indicates
the insertion area of a large probably spine-like seta; (F) details of the blisters, i.e. the initial lateral eyes seen
from anterior. Eye stalk exhibits a strongly sclerotised area. (G) UB W 266, details of the basipod of the right
third appendage from posterior. Image tilted compared to A. Abbreviations: am=arthrodial membrane;
app=appendage (2-3); atl=antennula; bas=basipod; bs=blister; ce=caudal end; en=endopod; hs=head shield;
hyp=hypostome; pe=proximal endite; soa=softer area on hypostome; sta=sclerotised region of the eye stalk;
ts=trunk segments.
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Figure 11 Developmental stage 9 of tHenningsmoenicaris scutula (Walossek & Miiller, 1990), UB W 336:
(A) ventral view showing general organisation; (B) details of the most proximal article of the exopod of the right
third appendage. Arrows indicate the soft setae on the lateral margin; (C) details of a median basipodal spine
showing setules indicated by arrows; (D) median view of the endopods of the fifth and sixth appendages. Arrow
indicates the seta that is displayed in detail in F; (E) lateral view of the exopod of the second appendage
displaying a lateral insertion on the second article; (F) detail of a single seta from the sixth appendage displayed
in D, image slightly rotated. Arrows indicate setules; (G) close-up of the eighth appendage; (H) details of
the dorsal aspects of the tergites. Arrows indicate stout spines. Abbreviations: app=appendage (2-6, 8);
atl=antennula; en=endopod; ex=exopod; hyp=hypostome; le=lateral eye (was referred to as bs, blister in earlier
stages); soa=softer area on hypostome; ts=trunk segments.
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of the basipod, one on the level of the two distal spines of the
triangle, the other one between the level of the proximal spine
of the triangle and the level of the more proximal strong spine
(Fig. 17). Other details of the second appendage unchanged
(Fig. 12C).

Third appendage similar in most aspects to that of preced-
ing stage, but now with more spines in the two rows of smaller
spines between the two prominent spines of the median edge,
the anterior row with four smaller spines (two before), the
posterior row also with four spines (three before). On the
medio-anterior edge of the basipod there is a row of three
spines pointing medially (one in stage 8). Another row of
comparable spines occurs on the posterior side of the basipod
(two in stage 8) (Fig. 17). Exopod carries now three new
associate setae, on the two proximal exopodal articles, which
carry one median seta each and on the next distal article that
carries a pair of setae (Table 2). These three new associate setae
insert medially to the larger spine-like setae (Fig. 12C).

Fourth appendage as in preceding stages, but exopod seta-
tion comprising nine spine-like and eight associate setae (eight
spine-like setae in stage six and at least three associate setae in
stage nine; Fig. 10D; Table 2), one seta terminally, three
medially and five (four in stage six) laterally. All setae but the
most proximal median seta have an associate seta antero-
medially. Eight most likely sensorial setae close to the strong
seta on the margin are represented by small holes in the
anterior surface of UB 102 (Fig. 12D).

Fifth to seventh appendages unchanged compared to pre-
ceding stages as far as preserved (Fig. 12E for fifth, 12F for
sixth appendage), but appendages rotated 45° compared to
standard orientation (55° before), median edges facing medio-
anteriorly. Seventh appendages rotated 50° compared to
standard orientation (65° before), median edges facing medio-
anteriorly (Fig. 15.10). Eighth appendages rotated 65° com-
pared to standard orientation (70° before), median edges
facing medio-anteriorly (Table 2; Fig. 15.10). Terminal portion
of endopod of fifth appendage short and globular, distally
extending into a seta. Eighth appendage now with a single seta
on the disto-median rim of the penultimate endopodal portion
and an exopod with step-like indentations for the insertion
of five setae (four in preceding stage): one of these setae
medially, one terminally, three laterally (two in preceding
stage) (Fig. 12G). A ninth appendage is present, developed as
a club-shaped, uniramous limb bud (Fig. 12G).

2.2.11. Advanced developmental stage. A single specimen,
UB 103, is interpreted as a trunk fragment of a significantly
older stage (Fig. 13). The fragment comprises three segments
with broad tergites and the proximal parts of three pairs of
appendages. Unfortunately, the specimen has been damaged
since the original description, so that the description given
herein is based on photographs taken before this restudy.

Tergites only fragmentarily preserved. Appendages of the
trunk, as noted for earlier stages, made up of basipod, endo-
pod and, presumably, bipartite exopod, but proximal to the
median side of the basipod with an additional structure, a
lobate spine-bearing sclerotisation, the proximal endite. The
most anterior appendage with six stout spines on the proximal
endite (arrangement of spines shown in Fig. 17), next posterior
appendage with four stout spines (Fig. 17). Third appendage
not known in detail. Basipod sub-rectangular in anterior view,
carrying the endopod medio-distally and the exopod laterally.
The basipod has a pronounced line running from the latero-
distal edge to the proximo-median edge on the anterior side
(Fig. 13). Posterior surface unknown. Median edge with a
number of stout spines. The more anterior appendage carrying
15 stout spines (arrangement displayed in Fig. 17), next
posterior appendage with 11 stout spines (arrangement dis-
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played in Fig. 17). Endopod known only from its proximo-
lateral parts. The joint of the exopod runs into the latero-distal
side of the endopodal portion. Antero-laterally to this, an
elaborate, distally drawn out hump carries a distally pointing
seta. Exopod bipartite: proximal part forms a joint with the
proximal endopodal portion on the lateral side of the basipod
and reaches further into the arthrodial membrane of the
appendage. The distal part of the exopod is not preserved.

2.3. Development of specific structures

2.3.1. Terminal size. The maximum size of {Hennings-
moenicaris scutula has to be re-evaluated against the original
description in the light of the new data. The holotype speci-
men, the largest of the fully preserved specimens, but not
representing a representative of the largest stage, is about
1 mm long. As can be estimated from the large fragment of a
later stage, a maximum length of about 2:5 mm for this stage
seems realistic, assuming an isometric growth of head and
trunk (Fig. 14), but it remains unclear if this was the final, i.e.
adult, stage.

2.3.2. Addition of segments. The first stage known has four
appendage-bearing segments (1 in Figs 14-16), thus being a
head larva sensu Walossek & Miiller (1990). No segment
addition seems to happen in the next three stages (24 in
Figs 14-16). When the fifth appendage appears in ontogeny
(stage five; 5 in Figs 14-16), its segment is incorporated within
the head shield, thus the fifth appendage is a head appendage
(Fig. 8C). The sixth appendage that appears in stage six (6 in
Figs 14-16) inserts in a distinctly set-off area, the rather small
caudal end, covered by a shield that merges into the terminal
spine that is now longer on the head shield. This portion also
carries the anus.

By the seventh stage, a seventh pair of appendages appears
(7 in Figs 14-16) on the caudal end, which now carries two
pairs of appendages (6th and 7th trunk limbs) but is still
covered by a single dorsal shield (Fig. 9F), terminally extend-
ing into the terminal spine (7 in Figs 14-16). At stage eight, the
trunk is made up of two portions, a free tergite-bearing
segment with the sixth pair of limbs, and the caudal end
carrying now two pairs of limbs (7th and 8th, see previous
stage; Fig. 10A; 8 in Figs 14-16). Stage nine, again, bears three
free tergite-bearing trunk segments each carrying limbs, and
the apodous caudal end (Fig 11A, H; 9 in Figs 14-16). The
caudal end carries a pair of rudimentary appendages by stage
ten (Fig. 12G; 10 in Figs 14-16), indicating that it is a
compound of trunk region (at least one segment) and telson.
Whether this portion is later subdivided into another free
tergite and a terminal portion cannot be stated.

The condition of the caudal end in stage seven and stage
eight fulfils the definition of a pygidium according to Hughes
et al. 2006: ‘. . . conjoined segments posterior to the last trunk
articulation, regardless of ontogenetic stage, specific identity or
ultimate fate.’, as the portion posterior to the last trunk
articulation carries two pairs of appendages, thus these seg-
ments are ‘conjoined’. Further reminiscence of a (typical
trilobite) pygidium is the developmental fate of the segments
carrying the seventh and eighth appendages, which are at first
conjoined (see above) to the next anterior one and the caudal
end, and become free later in development. Therefore the
terminal structure furthermore fulfils the developmental based
definition of a pygidium given by Ramskold ez al. (1997). See
discussion for more details on this aspect.

2.3.3. Lateral eyes. {Henningsmoenicaris scutula develops
a pair of blister-like structures lateral (5 in Figs 14-16), and
later antero-lateral to the anterior end of the hypostome (8 in
Figs 14-16). The blisters are interpreted as the lateral (com-
pound) eyes. The lateral eyes are clearly recognisable at stage
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Figure 12 Developmental stage 10 of T Henningsmoenicaris scutula (Walossek & Miiller, 1990): (A-D) Holotype
UB 102: (A) ventral view displaying general organisation; (B) detail of the anterior region of the hypostome. The
lateral eye has two soft areas distally and proximally to the strongly sclerotised eye stalk; (C) details of the exopod
of the third appendage; (D) Detailed view of the exopod of the fourth appendage. Arrows point to holes probably
marking the original insertion of sensorial setae. (E) UB W 338, Isolated fifth appendage from posterior. Arrow
marks the most distal portion of the endopod. (F) UB W 337, isolated and distorted sixth appendage, more or
less from anterior. Arrow indicates one of the broken-off spine-like setae emerging from the exopod. (G) UB W
339, isolated trunk seen from posterior. Ninth appendage present as anlagen. Abbreviations: app=appendage
(2-4, 6-9); atl=antennula; bas=basipod; bs=blister; ce=caudal end; en=endopod; ex=exopod; hs=head shield;
hyp=hypostome; sa=membranous area of the stalk; soa=softer area on hypostome; sta=sclerotised region of the
eye stalk; ts=trunk segments.
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Figure 13 Fragment representing a late developmental stage of THenningsmoenicaris scutula (Walossek &
Miiller, 1990), UB 103. The isolated trunk is shown in anterior view displaying details of the appendages.
Abbreviations: bas=basipod; en=endopod; ex=exopod; pe=proximal endite.

five (Fig. 8A; 5 in Figs 14-16). They start as oval elevations
directly inwards of the shield margin antero-laterally of the
hypostome, so clearly separate from both structures (Fig. 8A).
Progressively, the blisters become more prominent and bul-
bous (Fig. 8E). The lateral eyes are free from the body surface
at stage 7 on their lateral side and only attached directly right
and left next to the hypostome (Fig. 9A). The lateral eyes are
stalked from stage eight on (Fig. 10F; 8 in Figs 14-16). The
stalks are tube-like sclerotised structures that seem to insert
right on the anterior of the hypostome. In stage ten the stalks
have pronounced membranes, both proximal and distal, i.e. on
the body-stalk connection and the stalk-eye-bubble connection
(Fig. 12B; 10 in Figs 14-16).

2.3.4. Hypostome. The hypostome (Table 2; Fig. 15) be-
comes more elongate throughout development. At stage one
the approximate length to width ratio is 1-3; it increases to 1-8
in stage three, 2 in stage three and reaches 2-3 in stage four.
This ratio remains unchanged later in development. The soft
area on the ventral (distal) side of the hypostome is interpreted
as a possible median eye. The area first becomes faintly visible
in stage three (Fig. 7B), but is not clearly visible before stage
five, where the area is circular close to the posterior end of the
hypostome. It reaches further anteriorly in stage six, and even
further in stage seven, until it covers almost the complete
ventral (distal) surface of the hypostome from stage eight
onwards (Fig. 10A).

2.3.5. Appendages. The development of the appendages
can be traced in great detail throughout the ontogenetic
sequence. The antennula in the earlier stages appears soft, but
is more strongly sclerotised in later stages. Of the three anterior
setae present in earlier stages (Figs 5B, 6F), only the most
proximal one can be recognised by its large insertion in older
stages (Fig. 10E). This large seta becomes distinctly offset,
jointed and very large in diameter (Fig. 10E). More distal
portions of the antennulae are not preserved for older stages.
All post-antennular appendages/limbs change the shape of
their insertions from being oval in young to more elongated in
older stages. Another general observation is the increase of
spines on the median surfaces of the basipod, the endopod
portions and possibly also of the proximal endite during
ontogeny (Fig. 17). Another significant increase can be de-
tected in the number of setae of the exopods, especially on the
appendages 4-8 (Table 2; Fig. 20).
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In the first two larval stages, the second and third limbs look
quite similar to each other (Figs 18, 19). By the third stage, the
exopod of the second appendage, now with clear demarcations
of its articles, comprises one more article (Fig. 18.3) than
before (Fig. 18.1, 2). By stage four the distance between the
two prominent basipodal spines of the third limb has in-
creased, and additional spines appear at stage five and the
following stages in this gap, starting to form a strong gnathal
edge on the basipod (Fig. 18.4). In stage five there is also an
additional difference in the appearance of the hook-shaped
spine on the most proximal exopod article of the second limb
(Fig. 18.5). In stage seven more complex organisational
changes occur by offsetting the distal part of the basipod,
which is from then on freely articulated and appears like an
endopod podomere. Additionally, the proximal endites appear
on both limbs, but they are connected to the basipod in the
second limb and free and, possibly, functional in the third
already (Fig. 17). During further development of the basipod
the gnathal edge of the third limb becomes more and more
defined (Fig. 19), and the basipod of the second limb becomes
more and more elongated. Additionally the second limbs are
rotated from —10° to —40° during ontogeny, i.e. their
median edges facing further posteriorly, while the third ap-
pendage remains perpendicular to the body axis, i.e. in stan-
dard orientation. The tenth stage shows another difference to
the early stage in that the articles of the exopod of the third
appendage gain an associate seta on the proximal three seti-
ferous articles (Fig. 12E), which are not seen in the second
cephalic limb.

The fourth cephalic limb shows a distinctive re-organisation
of its morphology during ontogeny (Fig. 20). These changes
are, in a shortened form, also seen in the more posterior limbs.
It starts as a biramous limb with the basipod and rami not
clearly demarcated. The exopod is a simple paddle with distal
setation at first. Up to the sixth larval stage the basipod
becomes more elongated. This is coupled with the enlarge-
ment of the exopod paddle and thus the elongation of the
insertion area. With the seventh stage major changes occur
in that the exopod is now divided in two, with its proximal
part being joined to the basipod, to the proximal endo-
podal podomere and reaching beyond the proximo-lateral
rim of the basipod into the arthrodial membrane of the
appendage.
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Figure 14 4D model of Henningsmoenicaris scutula (Walossek & Miiller, 1990). The ten successive develop-
mental stages are marked with numbers. A model of the later developmental stage represented by UB 102 (see
Fig. 13) is displayed in the background to show the possible size.

The fifth cephalic limb resembles in its development that of the in not having a connecting joint between endopod and exopod,
fourth in many aspects and also the sixth limb shows the same but shares the bipartite exopod and the laterally not closed
developmental pattern. The seventh limb shows some differences basipod. The more posterior limbs are not known in enough
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Figure 15 Simplified and schematised ventral view of the ten developmental stages of fHenningsmoenicaris
scutula (Walossek & Miiller, 1990) displaying ratio lengths and angles but not exact outlines. Appendages
omitted, only insertions shown. Stages marked by numbers. Not to scale. Stippled outlines of bubble-like
structures and softer area on the hypostome indicate the not sharply demarcated edge. Dotted lines of the shields
of stage nine and ten refer to the incomplete knowledge of these structures in these two stages. Shield in stage ten
possibly larger (see Fig. 14) but kept small here to save space.

detail. The fifth limb seems to be the largest of the whole limb Later development of all limbs seems to include the appear-
series. This is congruent with other finds in euarthropods and, ance of a large proximal endite, as it is documented for the
therefore, may possibly be a rather plesiomorphic trait. second and third but also indicated for the more posterior
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Figure 16 Simplified schematic lateral views of all ten developmental
stages of fHenningsmoenicaris scutula (Walossek & Miiller, 1990).
Appendages omitted, only insertions shown. Stages marked by num-
bers. Not to scale.

trunk by the large trunk fragment, representing a significantly
older stage. Based on this, it may be assumed that all post-
antennular appendages eventually gain a proximal endite later
in development.

3. Systematic palaeontology of fSandtorpia
vestrogothiensis gen. et sp. nov.

Arthropoda von Siebold & Stannius, 1845
Crustacea Briinnich, 1772

https://doi.org/10.1017/51755691010008145 Published online by Cambridge University Press

Oelandocarididae tax. nov.
tSandtorpia gen. nov.

Derivation of name. After Sandtorp, a small assemblage of
houses at the Kinnekulle, a shallow hill near lake Védnern in
Vistergotland, Sweden.

Type species. Sandtorpia vestrogothiensis sp. nov.

TSandtorpia vestrogothiensis gen. et sp. nov.

Derivation of name. After Vestrogothia (the Latin name of
Vistergotland), the Swedish area where the locality is situated.

Holotype. Single specimen representing an immature stage
of the species, UB W 340/SPEC 4144. The holotype is the only
known specimen of the species. It is an immature stage
composed of the head, no articulated trunk is (yet?) developed.
Head with at least four, possibly five, appendage-bearing
segments (see section 3.2 for discussion of this issue).

Proximal two portions of antennula present, third portion
of antennula broken off distally. Second appendage, distal part
of endopods and almost complete exopod missing. Third
appendage, distal part of endopods missing. Massive terminal
spine broken off after 115 um, but presumably much longer.

Locus typicus. Gum at the Kinnekulle, Véstergotland,
Sweden (sample number 6784).

Material. The species is exclusively represented by the
holotype.

Diagnosis. Crustacean with a triangular backwardly point-
ing hypostome. First appendage made up of at least three
portions, with anteriorly inserting setae on the two proximal
portions. Seta of the more distal portion much more massive.
Most distal article of exopod of third appendage with five
setae, three of them terminally, most lateral smaller than the
other two terminal ones, two other seta along side inner
margin. Both separated by a small step-like indentation.
Massive terminal spine with a random pattern of smaller
backward pointing spinules.

3.1. Description

(Remarks: The description refers to that specific developmen-
tal stage represented by the only known specimen.) Arthropod,
head covered by a simple bowl-shaped shield merging posteri-
orly into a pronounced terminal spine. Length of shield
approximately 365 pm, width approximately 250 um. Terminal
spine ornamented by high number of backwardly pointing
spinules. Anterior on the ventral side triangular hypostome
(about 110 um length and width) with backwardly pointing tip.
Posterior to the hypostome ventral stronger sclerotised area of
115 um length and 95 pm width. Sclerotised area followed by a
softer area of 25 pum. Posterior to that again a stronger
sclerotised area of about 50 um length. Behind this area the
anus surrounded by soft membrane is positioned right anterior
to the base of the terminal spine.

The antennulae insert left and right of the anterior edges of
the hypostome (Fig. 21B). Antennula strong, limb-like, circu-
lar in diameter, made up of at least three portions. Most
proximal portion twice as long as the diameter. Second portion
slightly shorter. Antero-medially on the base of the second
portion small set-off area carrying an antero-medio-distally
pointing seta. Antero-medio-distally second portion drawn out
to form a socket for an antero-medio-distally pointing seta,
larger than the more proximal seta.

Second appendage inserting right posterior to the hypo-
stome, left and right at the anterior edge of the stronger
sclerotised ventral area (Fig. 21B). Appendage with basipod
carrying the endopod medio-distally and the exopod latero-
distally. Basipod sub-triangular, medio-lateral axis about 2-5
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Figure 17 Scheme of the arrangement of spines on the median surfaces, i.e. proximal endite basipod and
proximal endopod portions of the appendages throughout ontogeny; omitted are the distal endopod portions
lacking median setation. Note that size and shape of endopod portions is schematised and not to scale.
Appendages 2-8 numbered as app2-8, number indicating the developmental stage. For stages that are not shown,
no changes occurred compared to preceding stage, or stage is not preserved. The identity of the appendages of the
late developmental stage (named 11+) is unclear; most parsimonious to assume that they are appendage 7 and 8.

times as large proximo-distal axis (Fig. 21C). Medio-distally
drawn out distally into a tube-shaped portion where the
endopod inserts. Medially two large medially pointing spines,
one proximally, one distally. Distal spine with a small associate
spine anterior to it. The endopod with at least three podomeres
(Fig. 21C). Proximal two podomeres circular in diameter
(Fig. 21B) about twice as long as the diameter. Distal part
unknown. Exopod only preserved with proximal article,
articulating latero-distally on the slope of the basipod.
(Fig. 21B)

Third appendages inserting left and right to the middle of
the stronger sclerotised ventral area. Third appendage very

https://doi.org/10.1017/51755691010008145 Published online by Cambridge University Press

similar to the second appendage. Basipod also sub-triangular,
medio-lateral axis about 2-5 times as large proximo-distal axis
(Fig. 21C). The drawn out medio-distal part is more elongated
than in the second appendage. Medially two prominent spines,
one proximal one distal, both with antero-distal associate
spines. Proximal spine more massive than distal one. Distal
part may represent the undemarcated region of proximal
endopod, as it is drawn out very far distally. Endopod with at
least two portions (one preserved). Exopod with four articles
of oval cross section flattened in antero-posterior axis. Proxi-
mal article without seta, next two with a single spine-like seta
medially.
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Figure 18 4D model of the second cephalic appendage of Henningsmoenicaris scutula (Walossek & Miiller,
1990). Appendages are shown in anterior view. Stages are marked by numbers. Note the elongation of the
basipod in latero-median axis during ontogeny.

The terminal article carries a total of five setae. Three of antero-posterior axis of the exopod. The other two setae insert
them insert terminally, the most lateral one being rather small, medially further proximal. The two setae are close to each
the other two large. Their diameter is almost as large as the other but do not form a pair, as one seta is separated by a
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Figure 19 4D model of the third cephalic appendage of T Henningsmoenicaris scutula (Walossek & Miiller, 1990).
Appendages are shown in anterior view. Stages are marked by numbers. Note the change of the median gnathal
edge of the basipod during ontogeny.

small step-like indentation, which leads to a slightly more Fourth appendages insert posterior to the more strongly
proximal insertion (Fig. 21A). The lateral side of the article is sclerotised ventral area. Limb comprising basipod, endopod
double S-shaped (Fig. 21A). and exopod; demarcation of basipod and endopod unclear.
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Figure 20 4D model of the fourth cephalic appendage of tHenningsmoenicaris scutula (Walossek & Miiller,
1990). Appendages are shown in anterior view. Stages are marked by numbers.

Endopod with two portions (Fig. 21B), proximal one unarticu- posteriorly at its base. Exopod tube-shaped and of oval cross
lated from basipod, terminal one bullet-shaped, drawn out into section, with carries three setae on its distal margin. Two setae
long distally pointing seta; a small associate spine latero- are quite prominent, the most lateral one is significantly
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smaller than the others. On the posterior stronger sclerotised
area a pair of strong club-shaped structures extending into
distally pointing seta. These structures point postero-distally.

3.2. Comparison of Sandtorpia vestrogothiensis and

T Henningsmoenicaris scutula

For a better understanding of tSandtorpia vestrogothiensis, the
developmental status of the single specimen of fSandtorpia
vestrogothiensis is roughly correlated with a certain develop-
mental stage of +Henningsmoenicaris scutula. The shield is not
preserved with many details in 1S. vestrogothiensis. Its size
correlates with the single specimen of a stage five larva of H.
scutula (Fig. 3). tH. scutula bears a pair of rudimentary
appendages anterior to the anus in stage five (Fig. 8C) that
appear quite similar in shape to the structures anterior to the
anus in 1S. vestrogothiensis (Fig. 21B). These structures might,
therefore, be interpreted also as rudimentary appendages.
TS. vestrogothiensis shows certain similarities to TH. scutula,
especially in the morphology of the antennula that has a few
robust portions with a slightly anteriorly orientated setation
(Figs 5B, 10E, 21C), and the exopod of the third appendage
with a few portions bearing a spine-like seta and a distal set of
three setae, with the most lateral one being smaller than the
others (Figs SF, 6E, 19, 21A).

In spite of this resemblance, these structures differ in detail,
as in the antennula of TH. scutula, where the most basal seta
is very pronounced; in 1S. vestrogothiensis it is the second
(Figs 5B, 21C). Also, the exopod morphology of the third
appendages shows differences. In TH. scutula the set of three
distal setae rests on a separate portion; in 1S. vestrogothiensis
two more setae are present on the terminal portion, which may
correspond to the pair of setae on the sub-terminal portion of
the exopod of TH. scutula, but unlike these they are not a true
pair, as they are separated by a small step-like indentation
(Figs 5F, 6E, 19, 21A).

More differences can be detected in various other structures.
The terminal spine is very pronounced in 1S. vestrogothiensis
(Fig. 21B). Although the spine is not preserved in a stage
five tH. scutula, the terminal ends of later stages indicate a
smaller size in stage five than in {S. vestrogothiensis. Also, the
backwardly pointing spinules are not present in tH. scutula.

The triangular hypostome of 1S. vestrogothiensis (Fig. 21B,
D) differs significantly from the elongated shape present in
tH. scutula (Fig. 15). There are no eyes developed in TS.
vestrogothiensis, but in the corresponding stages of tH. scutula
eyes are initial (Fig. 15). Second and third appendages differ
significantly in their basipod morphology. In tH. scutula the
basipod is a massive sub-triangular structure (Figs 18, 19),
whereas in TS. vestrogothiensis its proximo-distal dimensions
are rather small (Fig. 21C). The fourth appendages of TS.
vestrogothiensis (Fig. 21B) are, compared to a stage five
TH. scutula, ‘under-developed’, as they resemble the fourth
appendages of a stage three TH. scutula (Fig. 20).

In summary, although there are some similarities between
the two forms, they differ in too many details to be considered
as conspecific. Thus, in our view, the erection of a separate
species for the single specimen of 1S. vestrogothiensis appears
valid. Yet, the various similarities between the two suggest a
close relationship, which will be discussed in more detail
below.

4. Phylogenetic analysis

4.1. Taxa chosen for the analysis
The analysis was especially designed to explore the basal
branchings within Crustacea s. 1. and their derivatives, namely
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+Henningsmoenicaris ~ scutula, TSandtorpia vestrogothiensis
(based on data presented in detail herein), {Oelandocaris
oelandica (based on Stein et al. 2005, 2008), tGoticaris long-
ispinosa, tCambropachycope clarksoni (based on Haug et al.
2009) and TMartinssonia elongata (based on Miiller &
Walossek 1986a).

For terminal polarisation, the coded ground patterns of
tPhosphatocopina and Eucrustacea have been mainly based
on Maas et al. (2003), Waloszek (2003), Maas & Waloszek
(2005) and Waloszek & Maas (2005). Data availability is more
problematic for other Euarthropoda. fAgnostus pisiformis
(Wahlenberg, 1818) was chosen as it is also preserved in
‘Orsten’-type preservation and provides ontogenetic data
(coded on the basis of Miiller & Walossek 1987). 1Olenoides
serratus (Rominger, 1887) was included as a representative of
2D-preserved euarthropod taxa as its morphology was well
described by Whittington (1975). As an out-group we chose
+Fuxianhuia protensa Hou, 1987 as a member of Arthropoda s.
str. but not of Euarthropoda (coding based in parts on Hou &
Bergstrom 1997 but mainly on Waloszek et al. 2005). It is
beyond the scope of this present work to clarify relationships
within Eucrustacea, particularly the situation of Insecta/
Tracheata or Crustacea s. 1. within Euarthropoda. This is
planned for a later, more comprehensive investigation that will
consider all the basal branches of Crustacea, including the still
to be re-described ontogeny of Martinssonia elongata and
description of another, probably closely related, new species,
and the description of ontogenetic data of more species of the
tPhosphatocopina, which is still under way. In total 10 taxa
were included and 30 characters coded (see Supplementary
Material for matrix and settings).

Coding of the characters was mainly undertaken using
presence (‘1°) absence (‘0’) binary coding (Pleijel 1995), or
distinguishing between two different conditions. This proved
to be especially useful when coding characters for taxa that are
not known from all developmental stages, where more charac-
ters would have to have been coded as equivocal (‘?’) than if it
had been done as multi-character-state coding. Inapplicable
characters are marked by ‘—’. The analyses were performed
with equal weighting using the programs PAUP* and PHYLIP
pars (for exact settings see Supplementary Material).

Coding ontogenetic data is in general regarded as problem-
atic (e.g. Humphries 2002) and thus in many cases avoided for
both phylogenetic analyses (e.g. Wills 1998) and discussing
evolutionary scenarios (Boxshall 2007). Hennig (1965) pointed
out that all semaphoronts carry information of phylogenetic
value (‘holomorph’), but that comparisons must be made
amongst corresponding semaphoronts. For judging according
stages we relied on segment numbers (cf. Walossek 1993), for
example segmental equivalent to euarthropod head-larva
(three-post-antennular segments present).

4.3. Result of the analysis (Figs 22, 23)

PAUP* found nine trees of equal length (Fig. 22A-I),
PHYLIP pars two (Fig. 22J-K). One of the latter two trees is
equal to the strict consensus tree produced by PAUP* based
on the nine single trees. This tree includes two polytomies. The
second tree produced by PHYLIP pars has one polytomy less,
because one is resolved into two dichotomies. This single tree is
preferred over the others (see below).

The preferred tree is given in the following short notation:
+Fuxianhuia protensa+ (1 Olenoides serratus+ (1 Agnostus
pisiformis+((1 Oelandocaris oelandica+t Henningsmoenicaris
scutula+1S. vestrogothiensis)+(fCambropachycopidae+
(T Martinssonia elongata+ (Phosphatocopina+
Eucrustacea)))))).
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Figure 21 tSandtorpia vestrogothiensis gen. et sp. nov: (A—C) Holotype specimen UB W 340/SPEC 4144: (A)
details of the exopod of the left third appendage; (B) ventral view displaying general organisation; (C) details of
proximal aspects of second and third appendages. (D, E) 3D model based on the holotype specimen: (D) ventral
view; (E) lateral view. Abbreviations: an=anus; app=appendage (2-5); atl=antennula; ex=exopod; hs=head
shield; hyp=hypostome; sca=sclerotised area; tsp=terminal spine.
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Figure 22 (A-I) Results of phylogenetic analysis, yielding nine cladograms of equal length produced by PAUP*
based on the data matrix (Table 2). (J) One out of two cladograms produced by PHYLIP pars, which has the
exact topology of the strict consensus tree based on the nine trees produced by PAUP*. (K) Second cladogram
produced by PHYLIP pars. This is in fact one of the possible solutions of trichotomies unresolved in cladogram
J, i.e. the strict consensus of the nine PAUP* cladograms. It is seen as the most comprehensible one and,
therefore, favoured over the others (see text).

Or in a written form as proposed by Hennig (1965):

FFuxianhuia protensa

NN (Euarthropoda sensu Waloszek et al. 2005)

tOlenoides serratus
MM
tAgnostus pisiformis

OO (Crustacea s. l.=Crustacea sensu Walossek & Miiller 1990)

PP (Oelandocarididae taxon nov.)

tOelandocaris oelandica
+Henningsmoenicaris scutula
TS. vestrogothiensis

QQ unnamed

tCambropachycopidae sensu Walossek & Miiller 1990

RR unnamed
TMartinssonia elongata

SS (=Labrophora sensu Siveter, Waloszek & Williams, 2003)

tPhosphatocopina

TT (Eucrustacea sensu Walossek 1999).
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Figure 23 Display of the preferred most parsimonious cladogram as a ring phylogram. The TCambropachyco-
pidae are represented by two species. The Eucrustacea are represented by two species belonging to each of the two
sub-taxa recognised by Maas et al. (2003), namely Malacostraca and Entomostraca. The 3D models of the
following species are shown: (A) TFuxianhuia protensa Hou, 1987 (reconstruction based on Hou & Bergstrom
1997 and Walsozek et al. 2005); (B) tOlenoides serratus (Rominger, 1887), a polymeroid trilobite (reconstruction
based on Whittington 1975); (C) T Agnostus pisiformis (Wahlenberg, 1818) the only known member of tAgnostina
with preserved soft part anatomy (reconstruction based on Miiller & Walossek 1987); (D) TOelandocaris
oelandica Miller, 1983 (reconstruction based on Stein ez al. 2005, 2008); (E) {Henningsmoenicaris scutula
(Walossek & Miiller, 1990) (reconstruction based on the present work); (F) tSandtorpia vestrogothiensis gen. et
sp. nov. (reconstruction based on the present work); (G) TGoticaris longispinosa Walossek & Miiller, 1990
(reconstruction based on Haug et al. 2009); (H) {Cambropachycope clarksoni Walossek & Miiller, 1990
(reconstruction based on Haug et al. 2009); (I) T Martinssonia elongata Miiller & Walossek, 1986 (reconstruction
based on Miiller & Walossek 1986a); (J) 1 Vestrogothia spinata Miiller, 1964, a basal member of {Phosphato-
copina (reconstruction based on Maas et al. 2003, and unpublished data); (K) The maxillopod fSkara anulata
Miiller, 1983 as a member of Entomostraca (reconstruction based on Miiller & Walossek 1985); (L) The
stomatopod {Neogonodactylus bredini (Manning, 1969), a member of Malacostraca (reconstruction based on
Morgan & Goy 1987).

5. Discussion

5.1. Discussion of the phylogenetic analysis

5.1.1. Non-alliance between tA4gnostus pisiformis and tTrilo-
bita. The fact that tAgnostus pisiformis (possibly the whole
tAgnostina) and also polymeroid (non-agnostid) ‘trilobites’
resolve near Crustacea is, of course, a result of the low number
of taxa involved in this analysis and the choice of {Fuxianhuia
protensa as out-group. Crucial taxa for inferring euarthropod
relationships like Chelicerata were not included in the present
analysis, because it was seen as beyond the scope of the present
work to judge overall euarthropod relationships. The position
of TAgnostus pisiformis (possibly the whole TAgnostina) as a
possible sister group to Crustacea has been proposed pre-
viously (Walossek & Miiller 1990; Shergold 1991; Stein et al.
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2005) and is confirmed in the present analysis, based on the
multi-annulation of head appendages two and three. Never-
theless, this does not exclude a close relationship of
tAgnostina+Crustacea to Trilobita (most features shared by
polymeroid trilobites and fAgnostina are dorsal hard-part
features that were not included in the present analysis, because
of the high probability of homeomorphy, see above). One
feature shared by polymeroid trilobites and fAgnostina (also
tAgnostus pisiformis) is the mode of development. New thora-
comeres appear at a terminal growth zone as in all arthropods,
but are at first conjoined at least to the next anterior segment
and may become free, i.e. jointed to it later in ontogeny. This
special mode clearly differs from the developmental mode seen
in most Crustacea. In the detailed sequence of the Cambrian
branchiopod {Rehbachiella kinnekullensis Miiller, 1983 a new
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segment is demarcated off early, even before the appendages of
this segment appear (Walossek 1993). A similar mode of
development can also be observed in other crustaceans, for
example in the development of Mystacocarida, where the new
tergites are present before the limbs appear (Olesen 2001). In
some Crustacea these mechanisms are hard to judge, as new
segments become recognisable mainly because of their limbs at
first and the whole posterior trunk end appears rather soft,
therefore dorsal segment boundaries are disguised (e. g. Miiller
& Walossek 1988).

In contrast to this, the development of ¥ Henningsmoenicaris
scutula includes two stages where new segments appear and are
conjoined at first to the next anterior segment. Therefore the
term pygidium can be applied to this structure (see above). The
mode of development with new segments being at first con-
joined to the next anterior segment is therefore not exclusive
to fTrilobita and fAgnostina. This mode of development
may well be a shared feature of {Trilobita+(fAgnostina+
Crustacea) and lost in later branchings of Crustacea. A closer
relationship of tTrilobita to mandibulates than to chelicerates
has already been proposed by earlier publications (Scholtz &
Edgecombe 2005, 2006; Waloszek et al. 2005; Hughes et al.
2008).

However we cannot exclude that the mode of development
of TH. scutula is autapomorphic for this species, as it is not
known in detail for other closely related taxa. Furthermore this
developmental mode may also characterise a much larger
phylogenetic group, as pygidia are also known for a number of
other taxa, such as fRetifacies abnormalis Hou, Chen & Lu,
1989 from the Chinese Chengjiang Lagerstitte (Hou &
Bergstrom 1997) or TBuenaspis forteyi Budd, 1999 from the
Sirius Passet fauna (Budd 1999). The difficulties in judging this
in all details is of course that a fused terminal shield, fulfilling
the definition of a pygidium, is also present in Xiphosura, but
shows a different developmental pattern when compared to
that in tTrilobita, TAgnostina and tH. scutula. Therefore, they
have to be identified as convergent; there is a functional
necessity for such a structure during enrolment (for Xipho-
surans see Racheboeuf ef al. 2002). Thus the detailed develop-
ment of these pygidia has to be re-investigated carefully in the
future.

5.1.2. Monophyly of Crustaceas.l. One of the autapomor-
phies that characterises Crustacea s. 1. as a monophylum is the
presence of a proximal endite on the third appendage. The
distribution of this character on our cladogram would demand
parallel appearance of proximal endites in TH. scutula and
fCambropachycopidae+ (T M. elongata+ Labrophora) or a loss
of these in 7O. oelandica. An ontogenetic explanation is
therefore preferred for the absence of proximal endites on
other limbs in FO. oelandica, i.e. that more proximal endites
might appear in later ontogenetic stages of 0. oelandica.
Thus, the presence of proximal endites on all post-antennular
limbs in the adults is also an autapomorphy of Crustacea. The
computer-based analysis also results in a head with four
post-antennular segments as part of the ground pattern of
this node. This would require a loss of this character in
tCambropachycopidae. As there are no known examples of
such a loss of head segments, without any traces of a former
inclusion on the secondarily free segments, this is judged to be
unlikely. Cases where subdivisions of the head appear to still
show differences compared to trunk segments include the
shield of the Onychura within the Branchiopoda, which is
derived only from the segments of the maxillae (Walossek
1993), or from the propeltidium in various chelicerate taxa
(e.g. Dunlop & Alberti 2007 for discussion of the origin of the
propeltidium and references therein). It is concluded that the
head in the ground pattern of Crustacea s. l. comprises three
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post-antennular segments, and the inclusion of additional
segments occurred independently.

5.1.3. Monophyly of fOelandocarididae taxon nov. The
tOelandocarididae are composed of three taxa, namely
tOelandocaris oelandica, THenningsmoenicaris scutula and
tSandtorpia vestrogothiensis, which form an unresolved tri-
chotomy in our phylogeny. All three taxa have large antennu-
lae with at least one strong seta to the anterior. The strong seta
present in TH. scutula and 1S. vestrogothiensis seems to corre-
spond to the anterior two outgrowths of 10O. oelandica es-
pecially when looking at the larval specimen of 0. oelandica
(Stein et al. 2008). This orientation of the setation is not
present in any other taxon and, therefore, is considered an
autapomorphy of fOelandocarididae. Another autapomorphy
of tOelandocarididae is the pattern of setation on the exopod
of the third appendage, with three setae on the terminal article
and two setae on the penultimate article in younger stages
(although this relies on the interpretation of the terminal
article of the exopods of 1S. vestrogothiensis being a product of
fusion, or non-separation of the ultimate and the penultimate
article). In general the terminal portion with three setae and
the penultimate portion are interpreted as fusions of portions
with a single seta, as it is indicated by the ornamentation in
UB 130 (Fig. 6E). As fAgnostus pisiformis and the tCam-
bropachycopidae both have a head comprising three post-
antennular segments, the inclusion of the fourth post-
antennular segment into the head is also interpreted as an
autapomorphy of tOelandocarididae.

Other autapomorphies of tOelandocarididae are equivocal
since older stages of 1S. vestrogothiensis are not known. Thus,
it can only be postulated that further autapomorphies are the
setation pattern of the exopod of the second appendage
(comparable to that of the third appendage) and the extension
of the proximal exopod parts of the post-mandibular limbs
into the basal arthrodial membrane, resulting in a laterally not
closed basipod.

Since all three animals show such a comparable morpho-
logy, it is concluded that the life habits of all three species are
similar. TO. oelandica has been interpreted as an active swim-
mer with a metachronal beat, using mainly the large antennu-
lae for sweeping in food particles (Stein ez al. 2005, 2008). The
well-developed and highly movable eyes might indicate that
tH. scutula has chosen special food items, at least in later
developmental stages. The general life habits with the anten-
nula dominating the sweeping of food particles is, of course,
coupled to the functional morphology of the antennula
but, with this, can serve as another autapomorphy of the
tOelandocarididae.

5.1.4. Monophyly of +Cambropachycopidae+ (M. elongata+
Labrophora). This monophylum is based on the following
autapomorphies: the exopod of the fourth limb is multi-
annulated and the proximal endites or their derivatives on the
second and third limbs are present in early ontogenetic stages;
the early presence of the proximal endites is easily identified in
all taxa, although it is more difficult to verify in Phosphato-
copina; their coxa, the derivative of the proximal endite,
becomes fused to the basipod during ontogeny (Maas et al.
2003); the multi-annulation of the exopod of the fourth
appendage is more problematical, as it is not present in
Eucrustacea; in Entomostraca, when present, the exopod of
this limb is paddle-shaped. Therefore, we have to assume a
modification of this character, from multi-annulation back
to paddle-shaped, at least in Entomostraca, maybe already
for Eucrustacea. But the derived in-group-phosphatocopine
+Hesslandona unisulcata Miiller, 1982 demonstrates through its
ontogeny the transition from a multi-annulated exopod with
median setation to a paddle-shaped exopod with latero-distal
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setation on their post-mandibular limbs (Maas et al. 2003). As
for most of the derivatives of the early branching of Crustacea
and fPhosphatocopina, which show the multi-annulated exo-
pods on third post-antennular and in parts on fourth post
antennular appendage and are just known from relatively early
developmental stages, it cannot be excluded that the mode seen
in tH. unisulcata is a plesiomorphic trait of a very basal node.
Thus, the modification of multi-annulation on this limb in
Eucrustacea or Entomostraca is considered to be plausible, as
it might just rely on a shift of timing in development.

5.1.5. Monophyly of +M. elongata+Labrophora. The
monophyly of this taxon is based on the following two
autapomorphies: the fifth limb-bearing segment is incorpor-
ated into the head, and the exopod of the fifth limb is
multi-annulated. For the latter autapomorphy, the same argu-
ments as for the exopod of the fourth limb apply. The
inclusion of the fifth appendage-bearing segment is recognised
as an autapomorphy, although it relies on the assumption that
a kinetic joint within the head shield of M. elongata evolved
secondarily.

5.1.6. Monophyly of Labrophora. Maas e al. (2003) and
Siveter et al. (2003) discussed the monophyly of Labrophora in
detail. Some of the autapomorphies therein identified, namely
the fused sternum with paragnaths and the labrum, as well as
the presence of coxae on the second and third appendage, have
been included in the present analysis and, indeed, turn out to
be autapomorphic for Labrophora. As new data indicate, a
sternum with paragnaths might be also present in insects
(Wolff & Scholtz 2006). Insects (or even Tracheata) might
therefore indeed be an ingroup taxon of Labrophora. This will
be evaluated in a future larger-scaled analysis.

5.1.7. More characters for future analyses. Many charac-
ters have not yet been considered because of the small scale of
the analysis, but may be important for future large-scale
analyses. One such character complex concerns the eyes.
Several ‘Orsten’ species show eye structures, some of them very
specialised as in the +Cambropachycopidae (Haug et al. 2009),
but there are also quite simple ‘bubbles’ as in T Bredocaris
admirabilis Miiller, 1983 (Miiller & Walossek 1988), tReh-
bachiella kinnekullensis (Walossek 1993) or T Yicaris dianensis
(Zhang et al. 2007). A possibly different type of eye structures
is also present in tAgnostus pisiformis (Miller & Walossek
1987). The eyes of TH. scutula seem to be very special in
possessing a heavily sclerotised area in the eye stalk, but also
two ample membranous areas proximal and distal to it. The
detailed morphogenesis of this structure in such an ancient
animal has never been documented before. Thus, even Cam-
brian crustaceans show a large variety of differentiated eyes,
and eyes should, therefore, be included in future phylogenetic
analyses.

Another character of interest displayed by tH. scutula is the
presence of setae on the latero-proximal area of the append-
ages that appear to be soft. T H. scutula shows these structures
only on the third appendage and probably also on the second
appendage. In TA. pisiformis comparable structures are present
also on more posterior limbs (Miiller & Walossek 1987).
Furthermore, in the eucrustacean 1 Y. dianensis, epipodites are
derived from soft setal sockets on the lateral side of the
basipod (Zhang et al. 2007; Maas et al. 2009). Thus, the
question arises whether these structures are homologues.

5.1.8. Other ‘Orsten’ stem-lineage derivatives. TCambro-
caris baltica was described by Walossek & Szaniawski (1991)
as a stem-lineage derivative of Crustacea. In the original paper
the species was described as having coxae on the first and
second post-antennular appendages and thus possibly being
more closely related to Eucrustacea (with new data we should
say Labrophora) than the other stem-lineage derivatives. In
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later publications, Waloszek and co-workers withdrew partly
from this view and included {C. baltica in a polytomy with the
other stem-lineage derivatives (e.g. Maas et al. 2003; Waloszek
2003a, b; Stein et al. 2005). This was because the holotype is
glued on its dorsal side, and the lateral aspects of the append-
ages are more or less concealed. The species was not included
in the present analyses because it has relatively few recognis-
able characters for an ‘Orsten’ species. First, it is known only
from a single, and already advanced (i.e. late) developmental
stage, and thus, in contrast to the single specimen of TS.
vestrogothiensis, lacks any developmental information. The
exopod is known only from the second appendage and is
plesiomorphically multi-annulated. The low number of annuli
casts doubt on any assignment close to Labrophora. The state
of the exopods of the third and fourth post-antennular ap-
pendage remains unknown. Even the exact number of head
segments is unclear. Thus, the species clearly displays features
of Crustacea s. 1., namely the multi-annulated exopod with
exclusively median setation and the presence of proximal
endites, but a more precise assignment seems to be impossible
due to the lack of characters.

Another ‘Orsten’ fossil that might be a derivative of the
stem lineage of Crustacea is the so-termed C-type larva. Miiller
& Walossek (1986b) have stated that it might be ‘a phylo-
genetically older larval type than the nauplius’. Although the
whole morphology looks rather specialised and the append-
ages lack proximal endites, the multi-annulated exopods with
exclusively median setation on appendages two to four
might indicate a sister group-relationship of the C-type larva
to fCambropachycopidae+(+ Martinssonia elongata+Labro-
phora). The animal would have ‘already’ gained the multi-
annulated exopod of the fourth appendage, but ‘not yet’
gained the presence of the proximal endites in early develop-
mental stages. The C-type larva will be included in a future
large-scale analysis to support or reject the given assumption.

5.2. Heterochrony as a driving force in evolution

5.2.1. Difficulties with the concept of heterochrony. There
are three major difficulties in understanding and applying the
concepts of heterochrony. The first is the idea of a global
heterochronic event, i.e. one that affects the whole organism,
being the rule. In fact there are almost no examples for this
kind of heterochrony. In most cases we are dealing with local
heterochrony, i.e. where only certain structures of an organism
are affected.

Fortey & Theron (1994) discuss the origin of naraoiids and
agnostids through paedomorphic events from a trilobitic an-
cestor. They stated that the mode of heterochrony that led to
the naraoiids was hypermorphosis. As hypermorphosis is a
peramorphic event, it should result in a ‘more mature’ mor-
phology not in a larval, paedomorphic one. This confusion
seems to be the result of which part of the animal was affected
by the heterochronic event. Fortey & Theron further state that
the pygidium gains more and more segments during evolution.

Here, Fortey & Theron (1994) have confused peramorpho-
sis and paedomorphosis. The pygidium does not gain (from the
anterior — it develops new segments from the posterior of
course) more segments during ontogeny but releases thoracic
segments. Therefore, the pygidium as a whole was not affected
by the heterochronic event, but only the individual thoracic
segments. The thoracic segments are retained in a larval state,
being conjoined with more posterior segments instead of being
freely articulated, therefore this morphology is neotenic. The
heterochronic effect that led to the naraoiids (if this scenario is
correct) is in fact neoteny and not hypermorphosis. This
example demonstrates that even if one is aware of the details it
is not easy to deal with the concepts of heterochrony.
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The second difficulty arises over the differentiation of the six
subtypes of heterochrony. There is a clear difference between
peramorphosis and paedomorphosis, but the three subtypes of
each kind of heterochrony, e.g. neoteny and progenesis, may
not always be clearly differentiable, or a combination of two or
more subtypes might appear (see below).

The third difficulty arises in detecting heterochrony, as its
definition is based on differences when compared to the
ancestor of the studied taxon. But we probably do not have
fossilised direct ancestors, only derivatives of a common
ancestor.

Thus, when trying to detect heterochronic events one has to
deal with all three difficulties. The first two are simply a matter
of awareness, while the ancestor problem can be solved by
applying the methods of phylogenetic systematics, as discussed
below.

5.2.2. Phylogenetic systematics and the concept of hetero-
chrony. When applying the concept of phylogenetic systemat-
ics sensu Hennig (1965) and sensu Ax (1985b), one is able to
reconstruct a likely ground pattern for each node, i.e. the stem
species on the phylogram. The general power of this approach
has been repeatedly shown. The reconstructed ground pattern
can be compared to the next node below in the tree. For
example, the presence or conditions of structures of the adult of
one ground pattern can simply be compared with that of larvae
in the ground pattern of the deeper ancestral node. If a structure
that characterises the immature of the ancestral node is present
in the adult of the node of interest, a paedomorphic event must
have occurred in the direct stem-lineage of the species.

Thus, applying phylogenetic systematics avoids the problem
of not having an ancestor through comparing ground patterns.
But this demands a phylogenetic analysis in advance. Hetero-
chrony can, therefore, only be confidently detected a posteriori.
This is the logical consequence when we think of two species.
The adult of species A looks like a larva of species B. We
cannot be sure whether B is peramorphic or A is paedomor-
phic without knowing the relationships, the ground patterns
and the direction of evolution in advance. This problem
has already been addressed in part by other authors, e.g.
Ramskold (1988), who demands an out-group comparison for
establishing polarity, when dealing with heterochrony.

In conclusion, for detecting heterochronic events it is neces-
sary to have a detailed knowledge of the structures we are
dealing with. These are usually three-dimensional bodies.
Furthermore, it is essential to know the ontogenetic fate of the
structures of the species studied, i.e. four-dimensional recon-
structions of all species in focus. Thirdly, there has to be a
robust phylogeny to detect heterochronic events. This can be
interpreted as a change of four-dimensional structures over
time and therefore as a quasi five-dimensional reconstruction
(change over time (evolution) of change over time (ontogeny)
of a three-dimensional structure).

5.2.3. Applying the concepts of heterochrony in phylogenetic
systematics to basal branches of Crustacea. (Fig. 24) Compar-
ing the ground patterns of various nodes with their immediate
ancestral nodes in the current tree reveals several peramorphic
events that affect the limb base of the appendage homologous
to the second and third appendages (Fig. 20).

Comparing the ground patterns of the taxon (fAgnos-
tina+Crustacea s. 1.) with that of Crustacea s. 1. reveals that
the older stages in Crustacea s. 1 show a ‘more mature’
morphology. Younger stages show the same organisation of
the proximal limb parts with a simple basipod. In the older
stages, however, an additional structure, the proximal endite,
appears. This can be interpreted, just by referring to hetero-
chrony, as an additional stage of development terminally
added to the ontogeny of the proximal limb stem. Adding an
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additional stage or prolongation of a development is termed
hypermorphosis, but as the limbs are not larger than those of
the stem species of (fAgnostina+Crustacea s. 1) a pre-
displacement must also have occurred within the direct stem
lineage of Crustacea s. I.

fCambropachycopidae+ (T M. elongata+Labrophora) show
proximal endites already in the euarthropod head larva, which
is not the case in the ground pattern of Crustacea s. I
Therefore, the occurrence of a pre-displacement in the direct
stem lineage of fCambropachycopidae+(tM. elongata+
Labrophora) is concluded.

In Labrophora the proximal endite is enlarged to form
a laterally closed ring, the coxae. In the branchiopod
tRehbachiella kinnekullensis, the proximal endite of the man-
dible in the first larval stage is still a laterally ‘open’ proximal
endite, only becoming an enclosed coxa in later developmental
stages. Thus, the enclosed coxa is interpreted as a new
terminally added developmental stage. Therefore, it is again
concluded that we have the combined occurrence of hypermor-
phosis and pre-displacement in the direct stem lineage of
Labrophora.

Although three peramorphic events characterise early evo-
lution, it is important to point out that the idea of a tendency
or a trend towards more mature adults has to be rejected in
advance. This idea results in a bias produced by the special
arrangement of the phylogram. But the positions of two
branches at a single node are interchangeable, and evolution is
not ‘aim-oriented’.

6. Conclusions and outlook

The ontogeny of  Henningsmoenicaris scutula displays interest-
ing features, such as the morphogenesis of the limbs and
especially that of the stalked eyes, from sessile eyes in a 500
million year-old animal. This is the first report of a fossil
exhibiting such a delicate developmental pattern of the
compound eyes.

tOelandocarididae taxon nov. is recognised as the sister
taxon of fCambropachycopidae+ (f Martinssonia elongata+
Labrophora), while tAgnostus pisiformis (possibly the whole
tAgnostina) may possibly represent the sister taxon of the
Crustacea. TH. scutula, as a derivative of an early branch of
Crustacea, shows a developmental pattern that may reflect the
pygidial development of fAgnostina and fTrilobita and there-
fore points to a close relationship between fAgnostina+
Crustacea s. 1. and fTrilobita, although this developmental
pattern may characterise an even larger taxon. Heterochrony
can be detected by comparing ground patterns of successive
nodes. Three peramorphic events can be determined along the
evolutionary lineage towards Crustacea on the limb stems of at
least the first and second post antennular appendages. In the
direct stem lineage of Crustacea s. 1., hypermorphosis and
pre-displacement are inferred. In the direct stem-lineage of
tCambropachycopidae+ (M. elongata+Labrophora), pre-
displacement can be established. And in the direct stem-lineage
of Labrophora, both hypermorphosis and pre-displacement
have been identified.

7. Acknowledgements

We thank the Central Unit for Electron Microscopy of the
University of Ulm for providing technical help with the SEM,
especially for the 90°-tilting device. We furthermore thank all
people involved in the projects making useful software avail-
able for free, in our case especially the people involved in
Combine ZM, Gimp, Inkscape, and Blender. We are very


https://doi.org/10.1017/S1755691010008145

HENNINGSMOENICARIS AND HETEROCHRONY IN EARLY CRUSTACEAN EVOLUTION 347

Figure 24 Reconstruction of the ground pattern conditions of the appendage of the third limb-bearing segment
in early (upper row) and late (lower row) developmental stages: (A) stem species of TAgnostus pisiformis+Crus-
tacea s. l.; (B) stem species of Crustacea s. l.; (C) stem species of Cambropachycopidae+ (T Martinssonia
elongata+ Labrophora); (D) stem species of TMartinssonia elongata+ Labrophora; (E) stem species of Labro-
phora. Three peramorphic events can be identified. From A to B a new developmental stage appears
characterised by the appearance of a new structure, the proximal endite. The development is ‘prolonged’
(hypermorphosis), i.e. a new condition is terminally added although the appendage does not become larger and
we could, thus, assume pre-displacement additionally. From B to C this stage is transferred to an earlier
developmental stage (pre-displacement). The evolutionary event from D to E is, again hypermorphosis: the
proximal endite closes laterally to a ring, the coxa. Again the appendage does not become larger so, consequently,

additional pre-displacement is assumed.
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