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> Abstract

The uropods are the specialised sixth pair of pleopods of eumalacostracan Crustacea. Their quite variable morphology is
suggestive of a good potential as a phylogenetic signal. Because uropods have hitherto been neglected in analyses of mala-
costracan phylogeny, we examined them in 11 representative species of Eumalacostraca and the sixth pleopods of a phyl-
locarid malacostracan for outgroup comparison. Uropods have apparently evolved in the stem species of Eumalacostraca,
possibly being leaf-shaped in the ground-pattern state but already with stabilising carinae along their surface and marginal
setae enlarging the effective surface of the rami. Functionally, uropods aid in locomotion and, within the taxon Caridoida,
also add to the special tail-flip mechanism. From an original leaf-shaped design in adaptation to different functions and
lifestyles uropods may have become rod-shaped, as in Bathynellacea, Cumacea and Amphipoda, but independently so in the
first taxon, while this shape might have developed in a common stem species of the latter two, inter alia. Among the taxa that
have retained the leaf shape, mysidacean uropods possess a basipod that is drawn out medio-proximally into an outgrowth;
Lophogastrida have a triangular median keel there. The uropods of both Euphausiacea and Decapoda also have a latero-
distal prolongation, while those of Decapoda are special in bearing a longitudinal median keel on their basipod. All these
differences appear to be exclusive to the respective higher taxa, demonstrating the value of uropods, and pleonal structures
in general, for phylogenetic considerations.
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1.  Introduction

Analyses of the systematic relationships within the
Malacostraca are numerous, ranging from molecular
studies (e.g. SPEARS & ABELE 1999) to morphological-
ly-based analyses considering, for example, the circu-
latory system (e.g. WIRKNER 2009), the nervous system
(e.g. HarzscH & WaLoszex 2000), or limb morpho-
logy (e.g. Maas et al. 2009). However, the relation-
ships within Malacostraca have remained unclear
and the results are still controversial (e.g. RICHTER &
Scuorrz 2001; FANENBRUCK et al. 2004; RICHTER et al.
2009; Jenner 2010). Even the broadly accepted hy-
pothesis of a sister-group relationship of Phyllocarida

and Eumalacostraca as the two main subtaxa of Mala-
costraca (CaLMaN 1904 1909; SiEwiNG 1956), was put
into question (e.g. SCHRAM & HoFr 1998; KOENEMANN
et al. 2009).

Few studies have paid attention to the posterior
trunk region, the pleon, and its significance for phy-
logenetic considerations. One exception is KNoOPF et
al. (2006), who examined the so-called ‘urosome’ of
Thermosbaenacea and Peracarida, which is part of the
pleon. However, the pleon is a complex structure. It
comprises two major and different elements, the thorax
II and the telson (WALOSSEK & MULLER 1998). Thorax
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II consists of six segments, so-called pleomeres, in Eu-
malacostraca and an additional seventh, apodous ple-
omere in Phyllocarida (WaLOsSEK & MULLER 1998).
The telson is the non-segmental caudal end of the
trunk, on which the anus is located. In the ground pat-
tern of Malacostraca, the anterior six pleomeres each
bear a pair of appendages, the so-called pleopods (ter-
minology introduced by Bate 1856). These pleopods
consist of an undivided limb base, or protopod, from
which the two rami, the endopod and the exopod, arise
(WaLossek & MULLER 1998). The protopod portion
presumably represents the basipod alone, as compared
to appendages of thorax I, because neither a coxa nor
a ‘proximal endite’ could be detected with certainty so
far (see WaALOSSEK & MULLER 1990 for description and
Haua et al. 2010a for discussion of this feature and its
significance for the early evolution of Crustacea). The
situation is somewhat unclear as the extant representa-
tives of the Phyllocarida have vestigial fifth and sixth
pleopods lacking structural details, which prevents us
from reconstructing their original morphology with
certainty.

In the Eumalacostraca, the fifth and sixth pleomer-
es bear well-developed pleopods, but the sixth pair is
modified into what is called uropods. Uropods differ
from all other pleopods in their attachment, orientation
and shape (Boas 1883; Sars 1885; Groseen 1910).
For example, whereas the first five pleopods arise in a
central position on their respective pleomere and point
ventrally, the uropods arise from the posterior edge
of their segment and point straight backwards (Boas
1883).! With respect to their shape, the uropods can
be roughly split into two morphotypes: uropods with
flat, leaf-shaped rami forming a ‘tail fan’ together with
the telson, and uropods with rod-shaped rami (Boas
1883). Both morphotypes differ significantly in shape
from the anterior pleopods.

Uropods exhibit a broad range of morphologi-
cal variation and compare well because they always
arise from the same pleomere and therefore are easily
detected. Although the sixth pleomere of Eumalacos-
traca is a fusion product of probably three segments,
it has been shown that uropods are the appendages of
the sixth pleomere alone (ScHortz 1995). However,
uropods have not been the focus of a detailed, char-
acter-analysing phylogenetic study. One reason for
this might be the considerable terminological confu-
sion, not the least of which is attributable to BowmaN
(1971). According to this author, uropods should be
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the appendages of the telson, which he interpreted as
the most posterior trunk somite (subsequently adopted
by e.g. ScHraM 1986; KNoPF et al. 2000), ignoring the
difference between uropods and furcal rami and mis-
interpreting the non-somitic telson as a segment. Fur-
cal rami are articulated (at least in their ground-pattern
state) but only as flap-like outgrowths with marginal
setae at the posterior end of the telson, flanking the
anus (SCHMINKE 1976; WaLossek 1993). Furcal rami
are not true limbs and, therefore, not uropods. Bow-
MAN’s (1971) definition opened up the possibility to
apply the term ‘uropod’ also to non-malacostracan
taxa (see e.g. MEiscH 2007) and diluted the usefulness
and distinction between the different and non-homo-
logous structures. As a consequence, not only the term
uropod became regarded as obscure and ambiguous,
diminishing its phylogenetic relevance, but the term
furca suffered a similar fate (discussed in detail by
Warossek 1993). Despite the terminological confu-
sion several authors indicated that uropods indeed
bear characters of phylogenetic interest (see e.g. MaAs
& WaLoszek 2001; Haug et al. 2010b).

All the problems discussed make uropods even
more attractive for study in greater detail, and to be
re-evaluated, especially in a phylogenetic context.
Therefore, we examined the uropods of 11 eumalac-
ostracan species and the sixth pleopods of one phyl-
locarid species with the aim to identify structures of
phylogenetic significance. Based on the proposed sis-
ter-group relationship of Phyllocarida and Eumalacos-
traca, the phyllocarid species was used for outgroup
comparison. We documented the variation existing in
uropod design. Based on these data, we evaluate the
detected uropodal characters for each taxon in order
to reconstruct their putative ground-pattern states. Our
phylogenetic approach is to plot these evaluated char-
acters manually on existing phylograms of hypotheses
about malacostracan relationships. This is seen as an a
posteriori test of the proposed phylogeny (Reir 2002;
Assis 2009; Haug et al. 2012). By this, we are able to
visualise, in the given phylogram, the polarity of char-
acters and evaluate the distribution of the character
states for parsimony. This results in a more complete
reconstruction of the basic pattern of the Eumalacos-
traca and in-group taxa with particular emphasis on
uropod morphology. From this, we suggest a malacos-
tracan phylogeny explaining character evolution of
uropods in a parsimonious way.

In Amphipoda the last three pairs of pleopods are usually all called uropods (GRUNER 1993). Here, however, we strictly refer to

uropods as the pair of appendages arising from the posterior edge of the sixth pleomere.
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2.  Material & methods

2.1. Material

The sixth pleopods of 12 species selected as repre-
sentative of phylogenetically diverse malacostracan
taxa (Fig. 1; Table 1) were investigated in detail. Of
each pair of pleopods only the left one was illustrated,
because no differences to that of the right side were
observed. Specimens of Tethysbaena argentarii, Al-
lobathynella sp., Gammarus roeselii and Anaspides
tasmaniae were provided by colleagues (see Acknowl-
edgements); material of all other species was available
in the collection of the work group. All specimens were
preserved in 70% ethanol, except Diastylis rathkei,
which was obtained as a dried sample (originally col-
lected by U. Fiedler, Kiel from Kiel Bight in 1990).

2.2. Methods

Documentation: The specimens and their uropods
were documented using scanning electron microscopy
(SEM), photography based on light microscopy, and
pencil drawings. Preparation for SEM followed the
protocol given by Maver et al. (2008). SEM images
were obtained with a Zeiss DSM 962 of the Central
Unit for Electron Microscopy at the University of
Ulm. The SEM images of T. argentarii were produced
using a JEOL JSM-6335F at the Natural History Mu-
seum Copenhagen, Denmark. Photographic images
were obtained using the digital microscope camera
DCM 500 and the digital camera Canon EOS 450D.
The freely available image stacking software ‘Com-
bine ZM’ was used to improve the depth of focus of
the photographic images. For the pencil drawings the
specimens were studied under a stereomicroscope
(Leica MS 5) and a normal light microscope (Zeiss
Axioskop 50). The images were further processed in
Adobe Photoshop CS 3.

Measurements: Dimensions of length, depth, and
width of the uropodal basipod, endopod, and exopod
were obtained by measuring from the outermost calci-
fied part towards the opposite side. The measurements
of the depth of the basipods was considered to be the
major part of the medio-lateral extension. Spines and
setae were not included in the measurements. For the
length-ratio values for each species the length of the
basipod was established as 1.0, and the lengths of
endopod and exopod given in relation to this value,
rounded to the second decimal place. A transverse su-

ture, being only partial or running throughout from the
median to the lateral margin, may divide the exopod
into two portions.

Description: For the descriptions of the uropods we
adopted their classical grouping into leaf-shaped and
rod-shaped uropods. We treat each of the species with
rod-shaped uropods in alphabetical order followed by
the species with leaf-shaped uropods (Table 3). Ne-
balia bipes (Fig. 4), chosen as outgroup taxon, is de-
scribed last. The terminology applied follows the pro-
posed standard system for Crustacea and arthropods
in general by WaLossek (1993, 1999) and Haug et al.
(2010a). For definition of carinae on the rami we fol-
low Poore (2004); for setae, i.e. articulated cuticular
outgrowths, we follow Garm (2004). Abbreviations
are given in Table 2.

Evaluation: The species examined were taken as re-
presentatives of a malacostracan taxon (Table 1). The
detailed examination allowed the detection of mor-
phological characters and their states (Table 3). We
are aware of remaining difficulties with categorising
morphological states, which cuts potential continua
into arbitrary portions and can, therefore, influence
the analysis. The categories detected for each species
were evaluated by comparison with other extant and
fossil representatives of a taxon (Table 3). This was
regarded as a validity check for the uropodal character
states, i.e. how well our findings represent the ground-
pattern state of a taxon in question.

Mapping: The uropod characters were examined for
phylogenetic significance and their congruence with
existing phylogenetic hypotheses. Congruence is mea-
sured using parsimony as the criterion, i.e. the number
of transformations needed for a particular character
along a particular phylogeny. For this test, the charac-
ter states reconstructed for the ground patterns of the
examined taxa were mapped by hand onto the malac-
ostracan phylogeny proposed by SIEwWING (1956), and
for within Peracarida the phylogenies of RicHTER &
Schorrz (2001) and WIRKNER & RICHTER (2010) were
additionally used (Fig. 5B,C). After this mapping a
critical, a posteriori evaluation of the character distri-
bution using the parsimony principle was made (REIF
2002; Assis 2009; Haua et al. 2012; Fig. 7).

3. Results

Uropods of the investigated species comprise a proxi-
mal portion, the basipod, and two rami, endopod and
exopod. They are either rod-shaped or leaf-shaped:
rod-like uropods have rather cylindrical rami, whereas
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Table 1. List of species examined as representatives of particular supra-specific taxa. Column headings: L = length of examined
specimens; N = number of examined specimens.

Species lllustrated Illustrated Taxon L[cm] N
specimen uropod
Allobathynella sp. Fig. 1A Fig. 2A.B Syncarida Packard, 1885 0.15 2
Bathynellacea Chappuis, 1915
Anaspides tasmaniae Thomson, 1894 Fig. 1B Fig. 3A Syncarida Packard, 1885 3.2 6
Anaspidacea Calman, 1904
Crangon crangon (Linné, 1758) Fig. 1C Fig. 3C Eucarida Calman, 1904 3.0 12

Decapoda Latreille, 1802
Pleocyemata Burkenroad, 1963
Caridea Dana, 1852

Diastylis rathkei Kroyer, 1841 Fig. 1D Fig. 2CD Peracarida Calman, 1904 1.1 8
Cumacea Kroyer, 1846

Euphausia superba Dana, 1852 Fig. 1E Fig. 3E Eucarida Calman, 1904 6.2 17
Euphausiacea Dana, 1852

Gammarus roeselii Gervais, 1835 Fig. 1F Fig. 2EF Peracarida Calman, 1904 1.4 9
Amphipoda Latreille, 1816

Mysis sp. Fig. 1G Fig. 3G Peracarida Calman, 1904 1.5 17
Mysida Haworth, 1825

Nebalia bipes Fabricius, 1789 Fig. 1H Fig. 4E,F Phyllocarida Packard, 1879 0.6 5
Leptostraca Claus, 1880

Neognathophausia ingens (Dohrn, 1870) Fig. 11 Fig. 3l Peracarida Calman, 1904 10.5 2
Lophogastrida Sars, 1870

Penaeus monodon Fabricius, 1798 Fig. 1J Fig. 3K Eucarida Calman, 1904 19 4

Decapoda Latreille, 1802
Dendrobranchiata Bate, 1888

Squilla mantis (Linné, 1758) Fig. 1K Fig. 4A.B Hoplocarida Calman, 1904 16 8
Stomatopoda Latreille, 1817
Tethysbaena argentarii (Stella, 1951) Fig. 1L Fig. 4C,D Neocarida Ax, 1999 0.35 23

Thermosbaenacea Monod, 1927

Fig. 1. Species examined in lateral view (see also Table 1). A, G, L: SEM micrographs; B—F, H-K: photographs, taken with

transmitted light. A: Allobathynella sp. (Bathynellacea). B: Anaspides tasmaniae (Anaspidacea). C: Crangon crangon (Decapo-
da: Pleocyemata). D: Diastylis rathkei (Cumacea). E: Euphausia superba (Euphausiacea). F: Gammarus roeselii (Amphipoda).
G: Mysis sp. (Mysida). H: Nebalia bipes (Phyllocarida) (courtesy of Carolin and Joachim T. Haug). I: Neognathophausia ingens
(Lophogastrida). J: Penaeus monodon (Decapoda: Dendrobranchiata). K: Squilla mantis (Hoplocarida: Stomatopoda) (courtesy of
Carolin and Joachim T. Haug). L: Tethysbaena argentarii (Thermosbaenacea).
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leaf-shaped uropods exhibit plane, leaf-like rami (viz.
the rami are much less antero-posteriorly extended
than medio-laterally). The two uropod shapes are al-
ways caused and constituted by extension of the same
components. Leaf-shaped uropods constitute a tail fan
together with the telson lying in the middle. The en-
dopod and exopod insert distally to the basipod and
may rise at the same level, medio-distally (endopod),
or latero-proximally (exopod). The basipod of leaf-
shaped uropods may exhibit a postero-median depres-
sion, a median keel, a latero-distal prolongation, a me-
dio-proximal outgrowth, and/or a basipodal spine. The
components may carry various spines and setae, the
basipod often is adorned with median spines. Endo-
and exopod are either undivided or two-divided and
may carry setaec medially or marginally, depending on
their shape (i.e. broad and leaf-like or rod-shaped).
Mainly broad uropodal rami may be stiffened by so-
called carinae. These carinae can be broad and flat or
slender and sharp.

3.1. Species with rod-shaped uropods

3.1.1. Allobathynella sp. (Bathynellacea)

Bathynellacea are inter alia characterised by a sixth
pleomere and telson being fused to a so-called pleotel-
son, which, in adults, bears uropods, furcal rami, and
the anus (Fig. 1A; ScHMINKE 1982; GRUNER 1993). The
uropods (Fig. 2A,B; Table 3) have a length ratio value
of 1:0.58:0.52 and arise from the ventro-lateral sur-
face of the anterior part of the pleotelson. The basipod
of the uropods is subcylindrical and its basal surface
inserts to the trunk. Twelve cuspidate setae constitute
a proximo-distally orientated row on the median sur-
face of the basipod. These setae are subequal in length
(ca. 55 pum) and point medially towards the furca. The
rami insert at the same level besides each other distally
on the basipod. The endopod is undivided and club-
shaped. A proximo-distally orientated row of seven
cuspidate setae extends along nearly the whole me-
dian surface of the endopod. The sturdy proximal seta
is the shortest, while the setae become successively
larger towards the distal end. They point medio-dis-
tally. Another proximo-distal row of simple setae (Fig.
2A) extends along the distal two thirds of the anterior
surface of the endopod. These setae vary in length and
point antero-distally. The undivided and cone-shaped
exopod bears a proximo-distally orientated row of six
simple setae. They vary in length and point latero-dis-
tally. The three long distal setae are placed on the tip
of the exopod and point medio-distally. No carinae are
present.

3.1.2. Diastylis rathkei (Cumacea)

The sixth pleomere is not fused with the cone-shaped
telson. The uropods (Fig. 2C,D; Table 3) have a length
ratio value of 1:0.66:0.72 and arise postero-laterally
from the sixth pleomere. Their basipod is subcylindri-
cal and its basal surface inserts to the trunk. Medially
the basipod has a proximo-distally orientated row of 12
cuspidate setae being equal in length (ca. 100 pm) and
pointing medially towards the telson. Many regularly
arranged scales (ca. 20 um in diameter) are placed on
the basipod. The rami insert at the same level besides
each other distally on the basipod. The endopod is un-
divided and slightly cone-shaped. Its lateral side is de-
pressed along its entire length and the depression is tri-
angular in section. The median surface of the endopod
bears a proximo-distally orientated row of eight pap-
pose/ cuspidate setae of subequal length (ca. 50 pm),
which point medio-distally. The exopod is divided into
two portions: the distal portion is cone-shaped and is
clearly set off from the subovoid proximal portion by
a constriction. The proximal portion bears scales but
lacks setae, whereas the distal portion bears regularly
arranged simple setae all around but no scales. No
carinae are present.

3.1.3. Gammarus roeselii (Amphipoda)

The sixth pleomere is not fused with the telson. The
uropods (Fig. 2EF; Table 3) have a length ratio value
of 1:1.39:1.78 and stem ventro-laterally from the
posterior surface of the sixth pleomere, directly under-
neath the telson. The basipod is subcylindrical and its
basal surface inserts to the trunk. Its distal margin bears
a few simple setae. The rami insert at the same level
adjacent to each other, distally on the basipod. The
endopod is undivided and cone-shaped. The endopod
bears a proximo-distally orientated row of numerous
simple setae on the median side, a proximo-distally
orientated row of pappose setae on the lateral side, and
diffusely spread setae on its tip. The exopod is divided
into two portions: the very long proximal portion is
subcylindrical, having narrower proximal and distal
ends, whereas the short distal portion is cone-shaped.
The proximal portion bears two proximo-distally ori-
entated rows of setae, one constituted by regularly ar-
ranged, simple setae on the median side, and another
one formed by five groups of simple setae on the lat-
eral side. No carinae are present.
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Table 2. Used abbreviations and their meanings.

Abbreviation Meaning Abbreviation Meaning
bas basipod plm pleomere
bas sp basipodal spine plp pleopod
enp endopod plt pleotelson
exp exopod st sternum
exp(d)/(p) distal/proximal portion of exopod tel telson

fu furca urp uropod

200 um

Fig. 2. Sixth pleopods (uropods) of various Malacostraca (all rod-shaped). A, C—E: pencil drawings, dashed
lines indicate adjacent structures; B: photograph, light microscopy using transmitted light; F: SEM micro-
graph. Abbreviations see Table 2. A, B: Allobathynella sp., anterior (A) and posterior (B) view of left uropod.
C, D: Diastylis rathkei, anterior (C) and posterior (D) view of left uropod. E, F: Gammarus roeselii, anterior
(E) and posterior (F) view of left uropod (= ‘uropod 3’ in amphipod terminology; covered in situ by pleopod
5 = ‘uropod 2’ in amphipod terminology).



Arthropod Systematics & Phylogeny 70 (3)

187

3.2. Species with leaf-shaped uropods

All species in this set possess uropods that form a so-
called tail fan together with the telson, and the sixth
pleomere is never fused to the telson.

3.2.1. Anaspides tasmaniae (Anaspidacea)

The uropods (Fig. 3A; Table 3) have a length ratio
value of 1:4.15:4.44 and arise ventro-laterally from
the posterior edge of the sixth pleomere. The basipod
(Fig. 3A,B) is subcuboid and its basal surface inserts
to the trunk, partially enclosed by the sixth pleomere.
The median part of the posterior side of the basipod
is deeply depressed (postero-median depression, Fig.
3B, white arrow; Table 3). Numerous cuspidate setae
arise from the distal margin of the lateral surface of the
basipod. The rami insert at the same level adjacent to
each other distally at the basipod. The endopod is un-
divided and leaf-shaped. It bears two carinae, one on
its posterior side and one on its anterior side (Fig. 3A,
black star; Table 3). The plumose setae on the median,
distal, and lateral margins are shortest proximally and
longest distally. The leaf-shaped exopod is incom-
pletely divided into two portions by a transverse suture
(Fig. 3A, black arrow), which is limited to the lateral
third of the posterior surface of the exopod. One carina
lies on the posterior side of the exopod. Seven cuspi-
date setae arise in a proximo-distally orientated row on
the lateral edge of the proximal portion of the exopod
between insertion and suture. The plumose setae on
the median, distal, and partly lateral margins are short-
est proximally and longest distally.

3.2.2. Crangon crangon (Caridea, Pleocyemata,
Decapoda)

The uropods (Fig. 3C, Table 3) have a length ratio val-
ue of 1:3.61:3.82 and stem ventro-laterally from the
sixth pleomere. The basipod (Fig. 3C,D) is subconical.
The median surface of the cone inserts to the trunk and
is posteriorly depressed. The distal margin on the ba-
sipod possesses a prominent lateral, tipped prolonga-
tion (Fig. 3D, white arrowhead). Medially the basipod
has a longitudinal, fold-like keel being subrectangular
in anterior view (Fig. 3C, black arrowhead). The rami
insert at the same level adjacent to each other distally
on the basipod. The endopod is undivided and leaf-
shaped. It bears three carinae, two on the posterior
surface and one anteriorly (Fig. 3C, black stars). The
plumose setae on the lateral, distal, and median mar-
gins are not equal in length, but shortest proximally
and longest distally. The leaf-shaped exopod is com-

pletely divided into two portions by a medio-lateral
suture (Fig. 3C, black arrow). It bears two carinae, one
on the anterior surface (Fig. 3C, black star) and one on
the posterior surface (Table 3). The lateral side shapes
a non-articulated, spiky outgrowth bearing two tipped
spines both pointing latero-distally. The plumose setae
on the lateral, distal, and median margins are short-
est proximo-medially and latero-distally distal to the
spiky outgrowth.

3.2.3. Euphausia superba (Euphausiacea)

The uropods (Fig. 3E; Table 3) have a length ratio
value of 1:9.08:9.54 and arise ventro-terminally
from the sixth pleomere. The basipod (Fig. 3E,F) is
subconical, being proximally truncate. The truncate
part is cylindrically drawn out and inserts with its tip
to the trunk (Fig. 3E, white star). This outgrowth is set
off laterally. Postero-medially the basipod is slightly
depressed (Fig. 3F; Table 3). The posterior side is
slightly triangular exhibiting a distal margin forming
a so-called prolongation (Fig. 3F, white arrowhead),
which is semi-round in lateral view. Numerous plu-
mose setae arise in a proximo-distally orientated row
from the lateral surface of the basipod. The rami insert
at the same level adjacent to each other distally on the
basipod. The endopod is undivided and leaf-shaped. It
bears two carinae, one on the anterior surface and one
on the posterior surface (Fig. 3E, black star; Table 3).
The plumose setae on the lateral, distal, and median
margins are not equal in length, but are shortest proxi-
mally, the longest being located on the distal end. The
exopod is undivided and lanceolate. It bears two cari-
nae, one on the anterior surface and one on the poste-
rior surface (Fig. 3E, black star; Table 3). The median
and distal margins of the exopod bear numerous plu-
mose setae, the latero-distal ones being the shortest.

3.24. Mysis sp. (Mysida)

The uropods (Fig. 3G; Table 3) have a length ratio
value of 1: 5.95: 7.46 and stem ventro-laterally from
the sixth pleomere. The basipod (Fig. 3G,H) is nearly
cuboid and its median surface is drawn out proximally
for insertion to the trunk (Fig. 3G,H, white stars). This
outgrowth is set off laterally. The sternal plate of the
sixth pleomere covers the insertion of the limb. The
basipod is postero-medially depressed. On the lateral
side of the basipod there is a hook pointing terminally.
The rami insert at the same level adjacent to each other
distally on the basipod. The endopod is undivided and
lanceolate. It bears one carina on the anterior surface.
A deep fissure is situated on the lateral side of the en-
dopod. The median side of the endopod bears thirteen
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cuspidate setae arranged in a proximo-distally orientat-  shortest proximally, the longest being located on the
ed row. Plumose setae arise from its lateral, distal, and  distal end. The exopod is undivided and leaf-shaped.
median margins. They are not equal in length, but are  One carina lies on the posterior surface. The plumose
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setae on the lateral, distal, and median margins are not
equal in length, but are shortest proximally, the longest
being located on the distal end.

3.2.5. Neognathophausia ingens (Lophogastrida)

The uropods (Fig. 3I; Table 3) have a length ratio
value of 1:4.05:4.58 and arise ventro-laterally from
the posterior edge of the sixth pleomere. The basipod
(Fig. 31J) is subconical in shape and postero-medially
depressed. Its medio-proximal end is drawn out be-
ing triangular in anterior view and having a proximal
bifurcation that inserts to the trunk (Fig. 31,J, white
stars; Table 3). This laterally set-off outgrowth ex-
tends medio-posteriorly further fading to a median
keel, which is triangular in anterior view. A promi-
nent, non-articulated spine arises anteriorly at the dis-
tal margin. The rami insert at the same level adjacent
to each other distally on the basipod. The endopod is
undivided and leaf-shaped; it bears two carinae, one
on its posterior surface and one on the anterior surface
(Fig. 31, black star; Table 3). The plumose setae on
the lateral, distal, and median margins are not equal in
length, but are shortest proximally, the longest being
located on the distal end. The leaf-shaped exopod is
divided into two portions by a latero-median suture
(Fig. 31, black arrow). It bears three carinae; one ca-
rina is at its posterior surface, two extend on the ante-
rior surface (Fig. 31, black stars; Table 3). The lateral
side exhibits a non-articulated, spiky outgrowth point-
ing latero-distally. The plumose setae on the lateral,
distal, and median margins are not equal in length, but
are shortest proximally, the longest being located on
the distal end.

3.2.6. Penaeus monodon (Dendrobranchiata,
Decapoda)

The uropods (Fig. 3K; Table 3) have a length ratio
value of 1:1.96:2.3 and arise ventro-laterally from
the sixth pleomere. The basipod (Fig. 3K,L) is sub-
conical and its proximal surface inserts to the trunk.
It is postero-medially depressed. The distal margin on

the posterior side of the basipod possesses a prominent
lateral prolongation (Fig. 3L, white arrowhead; Table
3), which is rounded in lateral view. Medially the ba-
sipod has a longitudinal, fold-like keel being subrec-
tangular in anterior view (Fig. 3K, black arrowhead;
Table 3). Neither a medio-proximal outgrowth nor a
basipodal spine is present. The rami insert at the same
level adjacent to each other distally on the basipod.
The endopod is undivided and leaf-shaped. It has two
carinae, one on the posterior surface and another broad
one on the anterior surface (Fig. 3K, black star; Ta-
ble 3). The median, distal, and lateral margins exhibit
equally short, simple setae. The exopod is undivided
and leaf-shaped. It bears two carinae, one lies on the
posterior surface, another broad carina runs along its
anterior surface (Fig. 3K, black star; Table 3). Short,
simple setae arise on the median and distal margins of
the exopod.

3.2.7. Squilla mantis (Stomatopoda, Hoplocarida)

The uropods (Fig. 4A.B; Table 3) have a length ra-
tio value of 1:1.82:2.71 and stem antero-laterally
from the trunk in a deep articulation. The basipod is
large and has two distinct parts: the main body and
the prominent basipodal spine. The main body is cu-
bic in shape. It is postero-dorsally drawn out into a
flat basipodal spine, which bends inwards and is dis-
tally bifurcate. The endopod inserts on the distal side
of the main body of the basipod at an outgrowth; the
exopod inserts on the lateral side of the main body of
the basipod. The endopod is undivided and machete-
shaped. One carina is located on the anterior side of
the endopod. The plumose setae on the lateral, distal,
and median margins are not equal in length, but are
shortest proximally, the longest being located on the
distal end. The exopod is divided into two portions:
the proximal portion is subcuboidal and the distal
portion is leaf-shaped. Posteriorly, the exopod bears
one carina, which extends across both portions (Fig.
4B; black stars). Eight cuspidate setae arise from the
lateral surface of the proximal portion of the exopod
becoming successively larger from proximal to dis-
tal. The median surface of the proximal portion of the

« Fig. 3. Sixth pleopods (uropods) of various Malacostraca (all leaf-shaped). A, C, E, G, I, K: pencil drawings, dashed lines

indicate adjacent structures; membranous parts are dotted; B, D, F, H: SEM micrographs; J, L: photographs, taken with transmit-

ted light. Black stars emphasise carinae; black arrows indicate sutures; black arrowheads display keels; white stars emphasise

medio-proximal prolongations; white arrow emphasises margin of depression; white arrowheads display latero-distal prolonga-

tions. Abbreviations see Table 2. A: Anaspides tasmaniae, anterior view of left uropod. B: A. tasmaniae, basipod from posterior,

telson removed. C: Crangon crangon, anterior view of left uropod. D: C. crangon, basipod from posterior. E: Euphausia superba,

anterior view of left uropod. F: E. superba, basipod from posterior. G: Mysis sp., anterior view of left uropod. H: Mysis sp., basipod

from anterior. I: Neognathophausia ingens, anterior view of left uropod. J: N. ingens, basipod from anterior. K: Penaeus monodon,

anterior view of left uropod. L: P. monodon, basipod from posterior.
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Fig. 4. Sixth pleopods of three species. A, C—E: pencil drawings, dashed lines indicate adjacent structures; membranous parts are

dotted; B: photograph, taken with transmitted light; F: SEM micrograph. Abbreviations see Table 2. A, B: Squilla mantis, anterior

(A) and posterior (B) view of left uropod. C, D: Tethysbaena argentarii, anterior (C) and posterior (D) view of left uropod. E, F:

Nebalia bipes, anterior (E) and posterior (F) view of left pleopod 6.

exopod bears plumose setae. The plumose setae on the
lateral, distal, and median margins of the distal portion
are not equal in length, but are shortest proximally, the
longest being located on the distal end.

3.2.8. Tethysbaena argentarii(Thermosbhaenacea)

The uropods (Fig. 4C,D, Table 3) have a length ratio
value of 1:3.82:5.95 and arise postero-laterally from
the sixth pleomere. The basipod is subconical and its
proximal surface inserts to the trunk. A single simple

seta arises on the latero-distal margin. The endopod in-
serts on the median side; the exopod inserts on the dis-
tal side of the basipod. The endopod is undivided and
machete-shaped. 16 densely set, cuspidate setae arise
from its median and distal margins; two additional
cuspidate setae are located on the lateral margin. The
exopod is divided into two portions: the proximal por-
tion is club-shaped; the distal portion is leaf-shaped.
Four cuspidate setae arise from the median margin and
four from the lateral margin of the proximal portion.
19 cuspidate setae arise from the median, distal, and
lateral margins of the distal portion.
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3.3. Nebalia bipes (Phyllocarida)

The sixth pleopods are not differentiated into ‘uro-
pods’ (Fig. 4E,F; as in all other leptostracan phyllo-
carids), are lentiform and originate postero-ventrally
from the sixth pleomere. They are undivided and no
differentiation in basipod, endopod, or exopod can be
detected, therefore no length ratio value can be given.
No carinae are present. The lateral and distal surface
of the sixth pleopod is armed with six cuspidate setae.

4. Discussion

In the following we evaluate the morphometric and
morphological aspects of the uropods and their sub-
structures in relation to their presence in malacostra-
can taxa and discuss the putative ground-pattern states
for the stem species of Malacostraca and those of se-
lected subtaxa.

4.1. Shape of uropods

4.1.1. Evaluation

The two known morphotypes of uropods (Boas 1883),
rod-shaped and leaf-shaped, are also recognised in
the species investigated. In rod-shaped uropods the
basipod is long compared to the rami. By contrast,
leaf-shaped uropods consist of a stout basipod and the
rami are longer than the basipod. We found a numeri-
cal correlation with the length-ratio value of basipod
and rami: rod-shaped uropods have a length-ratio
value of 1:(<1.5):(<2.0), leaf-shaped uropods have
1:(>1.5):(>2.0). This categorisation was not tested
statistically.

Rod-shaped uropods: In general, Bathynellacea, re-
presented by Allobathynella sp. (Fig. 2A,B), have rod-
shaped uropods (e.g. Bathynella natans Vejdovsky,
1882; CaLmaN 1917; CHo & HumpHRrEYS 2010). Ba-
thynellacea are not known from the fossil record. We
assume the ground-pattern state for the uropods of
Bathynellacea to be rod-shaped (Table 4).

D. rathkei has rod-shaped uropods (Fig. 2C,D),
like other extant (e.g. Ceratocuma horridum Calman,
1905; CarLman 1905) and fossil (e.g. Jurassic {Pal-
aeocuma hessi Bachmeyer, 1960; BACHMEYER 1960)

cumaceans, none of them contradicting our length-ra-
tio categorisation. We assume the ground-pattern state
for the uropods of Cumacea to be rod-shaped (Table
4).

G. roeselii has rod-shaped uropods, which seems
to be the general shape in extant gammarids (e.g.
Alicella gigantea Chevreux, 1899; BArRNARD & IN-
GRAM 1986) as well as fossil species (e.g. Eocene
TNiphargus sp.; Jazpzewskl & Kupryjanowicz 2010),
none of them contradicts our length-ratio categorisa-
tion. A gammarid habitus most likely represents the
ground-pattern condition for Amphipoda (DaHL 1977,
WIRKNER & RicHTER 2007), contrasting other amphi-
pod in-groups, such as Hyperiidea, Ingolfiellidea, and
Caprellidea. The latter two taxa seem to be highly de-
rived in various aspects of their morphology, which
led us to assume a ground-pattern state for the uropods
of Amphipoda to be rod-shaped (Table 4), as devel-
oped in G. roeselii (Fig. 2E F).

Leaf-shaped uropods: A. tasmaniae served as re-
presentative for Anaspidacea, comprising the extant
taxa Anaspididae, Koonungidae, Psammaspididae,
and Stygocarididae (cf. GRUNER 1993). Anaspididae
and Koonungidae possess leaf-shaped uropods being
consistent with our length-ratio categorisation, while
Psammaspididae and Stygocarididae have rod-shaped
uropods (GRUNER 1993). Leaf-shaped uropods are also
found in fossil representatives of the Anaspidacea (e.g.
ScHraM 1984 for many taxa; example: the Carbonifer-
ous tPalaeocaris typus Meek & Worthen, 1865; see
also PERRIER et al. 2006). We assume the ground-pat-
tern state for the uropods of Anaspidacea to be leaf-
shaped (Table 4).

Caridean decapod species have, like C. crangon,
leaf-shaped uropods (see e.g. Rice 1967 for many ex-
amples). The same applies to fossil representatives of
Caridea (e.g. the Oligocene fPropalaemon osbornien-
sis Woods, 1925; Moore & McCormick 1969b). All
examples considered correspond to our length-ratio
categorisation. This is why we assume the ground-pat-
tern state for the uropods of Caridea to be leaf-shaped
(Table 4).

E. superba (Fig. 3E) and other extant Euphausia-
cea have leaf-shaped uropods (e.g. Sars 1885). Fossil
Euphausiacea are not known. All examples consid-
ered are concordant to our length-ratio categorisa-
tion. Therefore we assume leaf-shaped uropods in the
ground pattern of Euphausiacea (Table 4).

Mysis sp. represents Mysida, and N. ingens ex-
emplifies Lophogastrida. Both species have leaf-
shaped uropods (Fig. 3G.,I). The two taxa Mysida
and Lophogastrida are often united as Mysidacea
(e.g. RicHTER & SchHorrz 2001). Other representa-
tives of these two taxa also possess leaf-shaped uro-
pods, including fossil representatives, e.g. the Trias-
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sic lophogastrid ¥Schimperella acanthocercus Taylor,
Schram & Yan-Bin, 2001 (TayLor et al. 2001). All ex-
amples are concordant to our length-ratio categorisa-
tion, consequently we assume leaf-shaped uropods in
the ground pattern of Mysidacea. Note that the fissure
present at the median side of the endopod of Mysis sp.
(Fig. 3G) is interpreted to serve the statocyst, which is
located in the uropods of Mysidae (EspeeL 1985) and
does not represent the ground-pattern state of all My-
sida.

P. monodon has leaf-shaped uropods (Fig. 3K) like
other dendrobranchiate decapod species of the two sis-
ter taxa Penaeoidea and Sergestoidea (see e.g. PEREZ
FARFANTE 1977 including many examples). The same
holds true for fossil dendrobranchiates, e.g. Penaeus
speciosus occurring in the upper Cretaceous (MOORE
& McCormick 1969b). None of the examples contra-
dicts our length-ratio categorisation. This is why we
assume the ground-pattern state for uropods of Dend-
robranchiata to be leaf-shaped (Table 4).

S. mantis has leaf-shaped uropods (Fig. 4A,B) with
a length-ratio value of 1:1.82:2.71 (Table 2). How-
ever, this measurement did not include the prominent
basipodal spine, which would have changed the value
considerably. Nevertheless, assuming leaf-shaped uro-
pods with a comparably short basipod as the ground-
pattern condition for Hoplocarida seems plausible if
considering the fossil record of this taxon: The tAe-
schronectida, sister taxon to the Stomatopoda, which
includes various extinct groups and all living taxa
(see Haug et al. 2010b for a recent analysis), have
leaf-shaped uropods with a stout basipod lacking a
spine (e.g. the Carboniferous {Kallidecthes richard-
soni Schram, 1969; ScHraM 1969). The spine evolved
within the Stomatopoda (see 4.6.). Taking into account
that T Aeschronectida have a leaf-shaped uropod in the
sense of our categorisation, we assume the ground-
pattern state for the uropods of Hoplocarida also to be
leaf-shaped (Table 4).

T. argentarii has leaf-shaped uropods (Fig. 4C,D).
However, the variability of uropodal shape is high
among Thermosbaenacea, including both rod- and
leaf-shaped uropods (WAGNER 1994). No fossil Ther-
mosbaenacea are known. WAGNER (1994: pp. 297f)
states the ground-pattern condition of the uropods of
Thermosbaenacea to be ‘flattened’, most likely a syn-
onymous expression for our term ‘leaf-shaped’. Ac-
cordingly we assume the ground-pattern state for the
uropods of Thermosbaenacea to be leaf-shaped (Table
4).

Condition in outgroup: N. bipes is a special case. Its
sixth pleopod consists of a single portion (Fig. 4E,F),
preventing the application of a length-ratio category. It
is unknown which part(s) of the appendage (basipod,
endopod, or exopod) this single portion corresponds

to. Embryonic research on Nebalia longicornis Thom-
son, 1879 also only revealed a uniform anlage of un-
clear assignment to any of the limb portions (OLESEN
& Warossek 2000). Living leptostracan phyllocarid
species with a sixth pleopod comprised of two por-
tions (see e.g. Speonebalia cannoni Bowman, Yager
& Iliffe, 1985; BowMmaN et al. 1985) do exist, but with
these taxa it is also unknown to which portions the
two parts belong. The fossil record of Phyllocarida is
even more problematic since these forms, for example
the Silurian {Cinerocaris magnifica Briggs, Sutton,
Siveter & Siveter, 2004, and the Devonian tNahecaris
stuertzi Jaekel, 1921, from which limbs are preserved,
are not only much larger than any of the living taxa,
but also lack a sixth pair of pleopods (BERGSTROM et al.
1987; BriGas et al. 2004). These differing conditions
of Recent and fossil representatives prevent a recon-
struction of a ground-pattern state of the sixth pleopod
for Phyllocarida (including all other characters asso-
ciated with the sixth pleopod). This is indicated by a
question mark in figures 5 and 6.

4.1.2. Mapping

Based on the distribution of leaf-shaped uropods
among eumalacostracans we conclude that leaf-shaped
uropods represent the ground-pattern condition for Eu-
malacostraca (Fig. 7, GPC 2), a condition retained in
Anaspidacea, Eucarida, and the stem species of Neo-
carida (see below). Contrasting the central insertion
of pleopods 1-5 on their pleomeres, eumalacostracan
uropods and the sixth pleopods of Phyllocarida both
arise from the posterior edge of the sixth pleomere.
Therefore, this character is assumed to be plesiomor-
phic for Phyllocarida and Eumalacostraca (Fig. 7, GPC
1). The limb was surely biramous, but whether the sixth
pleopod was leaf-shaped in the ground pattern of Ma-
lacostraca remains unclear. We propose that the lack of
the sixth pleopod in fossil Phyllocarida resulted from
the reduction of a regular pleopod, rather than from an
already reduced uropod. This may also be supported by
the presence of an additional apodous segment anterior
to the conical telson with furcal rami.

We assume that leaf-shaped uropods functioned in
locomotion in the eumalacostracan stem species. Then
rod-shaped uropods would be derived. The caridoid
escape reaction plays an important role in eumalacos-
tracan locomotion (HessLEr 1983). It is reported for
almost all species examined with leaf-shaped uropods.
These animals swim more or less freely in the pelagic
to semi-pelagic realm (see e.g. SILvEY & WiLsoN 1979;
MaAcMILLIAN et al. 1981; GRUNER 1993; HEITLER et al.
2000; OLESEN et al. 2006). This life style seems to de-
mand for a fast escape mechanism as realised by the
caridoid escape reaction (caridoid facies of HESSLER
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Fig. 5. Results of mapping the shape of uropods. Mysidacea is the taxon name of sister taxa Mysida + Lophogastrida. Legend: tri-

angle = leaf-shaped uropods; rectangle = rod-shaped uropods; grey = plesiomorphic conditions; black = autapomorphic conditions;

filled symbol = examined in this study; hollow symbol =

data reconstructed from literature. A: Phylogeny based on SIEWING (1956).

Mictacea and Spelaeogriphacea were not known that time. Two possible mapping scenarios are given for within Peracarida; left and

right symbols correspond to one or the other way of interpretation. B: Phylogeny of Peracarida including Thermosbaenacea based

on WIRKNER & RicHTER (2010). Mictocarididae correspond to Mictacea. C: Phylogeny of Neocarida based on RIcHTER & ScHOLTZ

(2001) exhibiting the most parsimonious distribution of uropod characters.

1983), which is achieved by the leaf-shaped uropods
arranged with the telson in a so-called tailfan. How-
ever, leaf-shaped uropods do not necessarily occur in
combination with this reaction. An example is S. man-
tis (Fig. 1K; Hoplocarida), which has a tail fan but
not a caridoid escape reaction. HEITLER et al. (2000)
concluded that S. mantis — as perhaps all stomatopods
— has more ‘primitive’ (better, plesiomorphic) escape
behaviours (the so-called limb-flick respone, the inter-
mediate respone, and the maximal response) than the
tail-flip mechanism developed in Eucarida and Syn-
carida. The somersaulting of Nannosquilla decemspi-
nosa Rathbun, 1910 (CaLpweLL 1979) appears simi-
larly non-caridoid. As uropods do not act in a caridoid
escape reaction in any extant stomatopod (Verunipel-

tata, Haug et al. 2010b), they fulfil other, mainly be-
havioural functions, but also play a role in locomotion
(VERRILL 1923; GRUNER 1993). Verunipeltatan species
swim by using their pleopods whereby the uropods
function as rudder. Yet, Verunipeltata are, in general,
benthic and move over the bottom (GRUNER 1993).
Leaf-shaped uropods in Hoplocarida are well docu-
mented from their fossil record (e.g. SCHRAM 1969;
JENNER et al. 1998; Scuram 2007). The most parsimo-
nious interpretation is that the stem species of Euma-
lacostraca autapomorphically possessed leaf-shaped
uropods (Fig. 7, GPC 2) but (still) lacked the caridoid
escape reaction, which evolved — based on a specific
muscle arrangement in the pleon (DANEL 1932) — in
the evolutionary lineage of Caridoida (Fig. 7, GPC 3).
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Rod-shaped uropods are interpreted as the de-
rived condition, which evolved convergently in e.g.
Bathynellacea, Cumacea, and Amphipoda due to ad-
aptation to different environmental conditions (like-
wise in the non-examined peracarid taxa Mictacea,
Spelaeogriphacea, Tanaidacea, and Isopoda, and the
anaspidacean taxa Psammaspididae and Stygocaridi-
dae). We assume that the rod-shape in Bathynellacea is
an (autapomorphic) adaptation (Fig. 7, GPC 4) to their
interstitial lifestyle (NoopT 1964; ScHMINKE 1981) be-
cause it is more suitable than leaf-shape when moving
between sand grains (the same applies to Psammas-
pididae and Stygocarididae also having an interstitial
lifestyle). A caridoid escape reaction has not been
reported for Bathynellacea and its lack has been in-
terpreted as an adaptation to their interstitial lifestyle
(CaLmanN 1917; Noopt 1964). According to SIEWING’S
(1956) phylogeny this would mean an autapomorphic
change of leaf-shaped uropods to rod-shaped ones in
the ground pattern of caridoid Bathynellacea com-
bined with a likewise autapomorphic secondary loss
of the caridoid escape reaction (Fig. 7, GPC 4). Ac-
cording to the phylogeny of WiLLs et al. (2009: fig. 4),
who considered Bathynellacea as a sister taxon to Eu-
malacostraca, a lack of the caridoid escape mechanism
would be primary for Bathynellacea. This lack would
also be a primary condition for Phyllocarida, the next
ourgroup (Fig. 7, dashed lines). Because Phyllocarida
lack uropods, the presence of uropods would be an
autapomorphy of the stem species of Bathynellacea
+ all other Eumalacostraca taking the phylogeny of
WiLLs et al. (2009) as a basis. Then Syncarida would
be non-monophyletic. Based on our analysis, a defi-
nite conclusion, i.e. which phylogeny is more likely,
cannot be made.

For Cumacea and Amphipoda the situation is dif-
ferent. A caridoid escape reaction has neither been
reported for Cumacea nor for Amphipoda (RICHTER
& ScrHorrz 2001). However, Cumacea swim with the
exopods of their thoracopods aided by ventral flexion
of the pleon (GRUNER 1993). The uropods seem to play
a minor role and are rather used for grooming. For
cleaning the whole pleon is flexed ventrally allowing
the uropods to reach anterior structures (e.g. shield,
thoracopods; Dixon 1944). In this context, uropod fea-
tures of D. rathkei (e.g. scaly surface, median spine
crests, and the exopod fitting perfectly into a groove of
the endopod if moved medially, so the rami can prob-
ably serve as a pincer, Fig. 2C,D) are interpreted to be
adaptations to this function. In gammaridean amphi-
pods, the uropods are used for a special lateral loco-
motion for which the uropods are temporarily hooked
to the substrate (DaHL 1977; VoGeL 1985). The rod-
like shape of the uropods of G. roeselii (Fig. 2E,F) and
numerous spines and setae attached to it are construed
as adaptations to this special swimming mechanism.

Among Peracarida, uropods are leaf-shaped in My-
sida, Lophogastrida, some Isopoda, and the possible
out-group Thermosbaenacea, but rod-shaped in Am-
phipoda, Cumacea, Tanaidacea, Mictacea, Spelaeo-
griphacea, and some Isopoda. According to SIEWING
(1956) Thermosbaenacea are the sister taxon to Pera-
carida including Amphipoda as sister taxon to Mysida-
cea + (Cumacea + (Isopoda + Tanaidacea)) (Fig. SA).
Mictacea and Spelaeogriphacea were not included in
SIEWING’s (1956) study since discovered in the 1980’s.
Two possible scenarios can be discussed: In both
cases, Thermosbaenacea have retained a leaf-shaped
uropod and the caridoid escpae reaction from the stem
species of Caridoida (see above). (1) The common
stem species of the peracaridan taxa has acquired rod-
shaped uropods and lost the cariodoid escpae reaction
(Fig. 5A, black rectangle) as present in Amphipoda.
Mysidacea (Mysida + Lophogastrida) have made a
‘step back’ and evolved leaf-shaped uropods (Fig. 5A,
black triangle) and the caridoid escape reaction. The
remaining in-groups (Cumacea + (Isopoda + Tanaida-
cea)) retained the rod-shaped uropods and lack of the
caridoid escape reaction. This would imply that Am-
phipoda and the stem species of Cumacea + (Isopoda
+ Tanaidacea) lost the caridoid escape mechanism
independently from each other. Moreover, Mysida-
cea would had re-evolved two features present in the
ground pattern of Caridoida. (2) The peracaridan stem
species has plesiomorphically retained leaf-shaped
uropods (Fig. 5, grey triangle), Amphipoda evolved
rod-shaped uropods as an autapomorphy (Fig. 5, black
rectangle), the common stem species of Mysidacea +
(Cumacea + (Isopoda + Tanaidacea)) retained leaf-
shaped uropods (Fig. 5, grey triangle), and the stem
species of Cumacea + in-groups has rod-shaped uro-
pods as an autapomorphy. However, the reconstruc-
tion of the ground-pattern states of the various nodes
within SIEWING’s (1956) phylogeny of Peracarida
is ambiguous. Mapping uropod shape to SIEWING’s
(1956) phylogeny of Peracarida requires a number of
transformation events between rod-shaped and leaf-
shaped, rather than the minimum of only one such
transformation. This means it fails our phylogenetic
test (REeIF 2002; Assis 2009; HAuG et al. 2012).

Mapping uropod shape onto the phylogeny of
WIRKNER & RICHTER (2010: fig. 2) suggests the follow-
ing interpretation: Mysidacea are shown as the sister
taxon of Amphipoda + remaining Peracarida (Fig.
5B). Mysidacea would have retained the leaf-shaped
uropods in combination with the caridoid escape re-
action (Fig. 5B, grey triangles). The stem species of
Amphipoda and the remaining Peracarida would have
evolved rod-shaped uropods (Fig. 5B, black rectangle)
and lost the caridoid escape reaction. However, since
the Amphipoda + remaining Peracarida taxa of WiRrk-
NER & RicHTER (2010) include Thermosbaenacea, they
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exopod. Note that setae of Thermosbaenacea are modified and therefore black. Isopoda and Tanaidacea were not examined.

would have made a ‘step back’ to leaf-shaped uropods
(Fig. 5B, black triangle) and the caridoid escape reac-
tion. The reconstruction of the ground-pattern states
of the various nodes in WIRKNER & RicHTER’s (2010)
phylogeny of Peracarida is not parsimonious either.
According to the phylogenetic study of Peracarida
by RicHTER & ScHorrz (2001), Amphipoda + Man-
coida [= (Mictacea + Spelaeogriphacea) + Cumacea

+ (Tanaidacea + Isopoda)] (Fig. 5C) all exhibit a sim-
ple pleon musculature and lack a tail fan escape reac-
tion (RicHTER & ScHortz 2001: characters 59 and 60,
fig. 7). This allows apomorphic rod-shaped uropods,
like in Cumacea and Amphipoda (this paper), Micta-
cea (e.g. Bowman & ILirre 1985), Spelacogriphacea
(e.g. GorpoN 1957) and Tanaidacea (e.g. SArRs 1899),
for the ground pattern of this taxon (Fig. 2C-F; Fig.
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5C, black rectangle), combined with a loss of the
caridoid escape reaction (Fig. 7, GPC 10). However,
within Isopoda leaf-shaped uropods occur along with
rod-shaped ones (e.g. Moore & McCormick 1969a;
WAGELE 1989; WiLsoN 1996). This is an autapomor-
phic ‘step back’ according to all peracaridan phylo-
genies discussed herein. However, this ‘step-back’ as-
sumption demanded according to RicHTER & SchoLTZ
(2001) is more parsimonious than the one presumed
for Thermosbaenacea with the phylogeny of WIRKNER
& RicHTER (2010), as no secondary development of
the caridoid escape reaction has to be assumed here.
However, controversial opinions on the phylogenetic
relevance of uropod shape in Isopoda exist: WAGELE
(1994: p. 93) acts based on the assumption that leaf-
shaped uropods are part of the ground pattern of
Isopoda (retained from the peracaridan stem species)
whereas WiLsoN (1996: p. 12) names styliform uro-
pods as the ancestral state state for Isopoda.

According to the phylogeny of SIEwING’s (1956)
and RicHTER & SchHortz’s (2001), Thermosbaenacea
are the sister taxon to the remaining Peracarida (= Neo-
carida). This implies that they plesiomorphically re-
tained the leaf shape of uropods from the ground pat-
tern of Eumalacostraca and the caridoid escape reac-
tion from the stem species of Caridoida. The uropods
of T. argentarii are leaf-shaped (Fig. 4C,D), however,
they differ from the leaf-shaped uropods of the other
examined eumalacostracan species in the length of the
rami relative to the basipod (Table 2). Furthermore,
numerous spines are attached to the rami (Fig. 4C,D),
a condition found only in other thermosbaenacean
species (see WAGNER 1994). These two morphological
characteristics can be interpreted as an autapomorphic
adaptation of Thermosbaenacea to a semi-pelagic life
style (Fig. 7, GPC 7).

4.2. Postero-median depression on basipod

4.2.1. Evaluation

A postero-median depression is present in all species
examined possessing leaf-shaped uropods (see Fig.
3A, white arrow for A. tasmaniae) except for S. man-
tis. We suppose this depression facilitates formation
of the tail fan as it provides space for the telson lying
between the two uropods. This seems to apply to spe-
cies whose uropods arise in a ventro-lateral position
on the sixth pleomere, i.e. A. tasmaniae, C. crangon,
E. superba, Mysis sp., N. ingens, and P. monodon. The
uropod of S. mantis arises in a more lateral position.
But this does not seem to reflect the ground-pattern
condition of Hoplocarida considering reconstructions

of basal representatives such as {K. richardsoni ( Ae-
schronectida) (Scuram 1969) which have ventro-lat-
erally arising uropods. The presence of a postero-me-
dian depression on the basipod of {K. richardsoni is
not documented. However, literature data on covered
structures, as is the condition of the postero-median
depression (which is hidden by the telson), is lacking.
This also applies to taxa with rod-shaped uropods. We
assume a postero-median depression for the ground
patterns of Anaspidacea, Caridea, Dendrobranchiata,
Euphausiacea, and Thermosbaenacea (Table 4).

4.2.2. Mapping

Similar to the general shape of the uropod, we also
find problems concerning the character of a postero-
median depression on the basipod within Peracarida.
According to SIEWING’s (1956) phylogeny, Mysidacea
would have made a ‘step back’ to leaf-shaped uropods
including a postero-median depression (Fig. 6A). This
non-parsimonious assumption is avoided in the phy-
logeny of RicHTER & ScHortz (2001). Because a pos-
tero-median depression is neither known for Recent
Hoplocarida (e.g. S. mantis) nor fossil representatives
(see e.g. JENNER et al. 1998; ScHram 2007), we state
this character to be an autapomorphy of Caridoida
(Fig. 7, GPC 3).

4.3. Median keel on basipod

4.3.1. Evaluation

The median keel is found exclusively in species with
leaf-shaped uropods, namely C. crangon, P. mono-
don, and N. ingens (Fig. 3C,K I, black arrowheads).
Although literature data on such a keel is lacking, we
assume this keel to be part of the ground patterns of
Caridea, Dendrobranchiata, and Lophogastrida (Table
4). However, the keels found in C. crangon, P. mono-
don, and N. ingens differ in morphology: they are of
uniform height throughout (thus ribbon-like in profile)
in C. crangon and P. monodon (Fig. 3C K, black ar-
rowheads), but much higher proximally than distally
(thus triangular in profile) in N. ingens (Fig. 31, black
arrowhead).

4.3.2. Mapping

The median keel is found only in Decapoda and
Lophogastrida. Due to the lack of this keel in Euphau-
siacea and other neocaridan taxa we interpret the keel
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in Lophogastrida as convergence. This is underpinned
by the different morphology of the keels. Therefore, a
ribbon-like median keel on the basipod is assumed to
be an autapomorphy in the ground pattern of Decapo-
da (Fig. 7, GPC 6), and a triangular one is interpreted
as an autapomorphy of Lophogastrida (Fig. 7, GPC 9).

4.4. Latero-distal prolongation on basipod

4.4.1. Evaluation

A latero-distal prolongation occurs in C. crangon, E.
superba, and P. monodon (Fig. 3D,F,L; white arrow-
heads), thus only in species with leaf-shaped uropods.
Even these three species display different conditions
of the prolongation: tipped in C. crangon (Fig.3D,
white arrowhead), more rounded in E. superba (Fig.
3F, white arrowhead), and very rounded in P. monodon
(Fig. 3L, white arrowhead). The variability is even
more significant considering literature data: tipped
prolongations are also found in Dendrobranchiata
(e.g. Penaeus setiferus (Linné, 1758): GRUNER 1993)
and Euphausiacea (e.g. Bentheuphausia sp.: MOORE &
McCormick 1969a) and rounded ones in Caridea (e.g.
Pandalus montagui Leach, 1814: GRUNER 1993). The
variability of this character is high among fossil re-
presentatives of Caridea and Dendrobranchiata (MOORE
& McCormick 1969b). In all examined specimens this
latero-distal prolongation hampers full lateral spread-
ing of the exopod, a fact not traceable for fossils. Be-
cause of this functional equality in Recent species, we
consider absence or presence of a latero-distal prolon-
gation and not its various shapes. We presume latero-
distal prolongations for the ground patterns of Caridea,
Euphausiacea, and Dendrobranchiata (Table 4).

4.4.2. Mapping

A latero-distal prolongation at the basipod is only pre-
sent in eucaridan taxa (Fig. 6A). This is why we sup-
pose it to be an autapomorphy in the ground pattern of
Eucarida (Fig. 7, GPC 5). This assumption is support-
ed by the presence of the latero-distal prolongation of
the basipod in the uropods of Amphionides reynaudii
(Milne Edwards, 1832) (WiLLiamsoN 1973), being
most likely the sister species to Decapoda. Again, such
a prolongation is neither found in A. tasmaniae, nor
in Mysis sp., N. ingens, S. mantis, or in T. argentarii
(Figs. 3,4A-D).

45. Medio-proximal outgrowths at the
basipod

45.1. Evaluation

Such laterally set off outgrowths are found in species
with leaf-shaped uropods only. They occur in E. su-
perba, Mysis sp., and N. ingens (Fig. 3E,G I, white
stars). In N. ingens, the outgrowth fades into the me-
dian keel. A medio-proximal outgrowth is visible in
other euphausiacean species (Sars 1885) but not docu-
mented for Mysidacea. Nothing is known about this
structure in fossil representatives of these taxa. Taking
our results as a basis, we assume a medio-proximal
outgrowth for the respective ground patterns of Eu-
phausiacea and Mysidacea (Table 4).

4.5.2. Mapping

We conclude a medio-proximal outgrowth on the ba-
sipod to be an autapomorphy in the ground pattern of
Mysidacea (Fig. 6A, black star; Fig. 7, GPC 8). Such
an outgrowth is not present in the outgroup Thermos-
baenacea, represented by 7. argentarii. Consequently,
Euphausiacea would have evolved a similar medio-
proximal outgrowth independently. This interpretation
is supported by the morphology of the medio-proxi-
mal outgrowths, being cylindrical in E. superba and
triangular in anterior view in Mysis sp. and N. ingens.
Alternatively, one may consider this as a symplesio-
morphic character of Mysida, Lophogastrida, and Eu-
phausiacea, and, hence, as a possible ground-pattern
element of a common stem species (consequently,
Thermosbaenacea would have lost this character).
More data has to be accumulated before it can be de-
cided if the medio-proximal outgrowths are retained
from am common stem species of Mysidacea and Eu-
phausiacea or have evolved convergently in these taxa.

4.6. Basipodal spine

4.6.1. Evaluation

A basipodal spine is exclusively found in S. mantis
(Fig. 4A.,B). No other species examined exhibits such
a structure. Such a basipodal spine can be found in
all Recent Stomatopoda (see e.g. AHYONG 2001). The
morphological variations and states are enormous (for
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of Bathynellacea within Malacostraca. GPC 1: The sixth pleopod of Malacostraca inserts on the posterior edge of the sixth ple-
omere. GPC 2: Eumalacostraca have a leaf-shaped uropod, stabilised by carinae on the rami and having a surface being enlarged by
setae arising from the edges of the rami. GPC 3: The basipod of Caridoida is postero-medially depressed giving space for the telson
in tail-fan formation. The caridoid escape reaction is developed. GPC 4: Bathynellacea abandoned the caridoid escape mechanism
and have rod-shaped uropods. GPC 5: All Eucarida have a latero-distal prolongation at the basipod. GPC 6: Decapoda possess a
longitudinal median keel on the anterior side of the uropodal basipod. GPC 7: Neocaridan Thermosbaenacea exhibit cuspidate setae
rather than plumose setae to enlarge the surface of the rami. GPC 8: Mysidacea (Mysida + Lophogastrida) have a basipod being
medio-proximally drawn out on the anterior side. GPC 9: Lophogastrida have a triangular median keel at the basipod. GPC 10: The
in-group Peracarida consists of Amphipoda, Cumacea, Mictacea, Spelacogriphacea, Tanaidacea, and Isopoda; they all have lost the
caridoid escape reaction and possess rod-shaped uropods.

details see AHYONG 2001). The Carboniferous fDaid-
al acanthocercus (Jenner, Hof & Schram, 1998) and
TGorgonophontes peleron Schram, 1984 (both ‘§Ar-
chaeostomatopoda’ Schram, 1969, here in quotation
marks because being most likely non-monophyletic,
see HAUG et al. 2010b) have regular, leaf-shaped uro-
pods with small, presumably initial basipodal spines
(JENNER et al. 1998; ScHraM 2007). But no such spine
is reported e.g. for ¥K. richardsoni (tAeschronecti-
da) (ScHraM 1969). Hence, the prominent basipodal

spine seems to be a structure occurring only in modern
Hoplocarida and cannot be assumed to be part of their
ground pattern (Table 4).

4.6.2. Mapping

As a basipodal spine does not represent the ground-
pattern state of Hoplocarida, mapping was not ad-
dressed.
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Table 4. Characters and their condition as reconstructed for the respective taxa. Taken as a basis for mapping. Column headings

list characters. Abbreviations: bassp = basipodal spine; carin = carinae on endopod and exopod; depr = postero-median depression

on basipod; ex div = division of the exopod; keel = median keel on basipod; leaf = leaf-shaped uropod; outgr = medio-proximal

outgrowth on basipod; prol = latero-distal prolongation of the basipod; rod = rod-shaped uropod; setaec = setae surrounding the

margins of uropodal rami; + = applies to taxon; — = does not apply to taxon.
leaf rod depr keel prol outgr bassp carin setae ex div
Hoplocarida + - - - - - _ + + +
Bathynellacea - + - - - - - _ _ _
Anaspidacea + - + - - - _ n + +
Euphausiacea + - + - + + - + + -
Dendrobranchiata + - + + + - - + + -
Caridea + - + + n - _ + + +
Thermosbaenacea + - + - - - - — i +
Amphipoda - + - - - - - — - n
Mysida + - + - - + - + + -
Lophogastrida + - + - - n _ n + +
Cumacea - + - - - _ _ _ _ +

4.7. Carinae on endopod and exopod

4.7.1. Evaluation

Carinae (cf. Poore 2004) on the uropodal rami are
found exclusively in species with leaf-shaped uropods
except for T. argentarii. The morphological varia-
tions occurring among carinae is broad: Sharply set-
off and slender carinae are present in E. superba (Fig.
3E, black star) contrasting smoothly set-off and broad
carinae in P. monodon (Fig. 3K, black star). All kinds
of carinae are present in other species of the represent-
ed taxa (for Anaspidacea see e.g. SwaiN et al. 1971;
for Euphausiacea see e.g. Sars 1885; for various De-
capoda and Mysidacea see e.g. GRUNER 1993; for Ho-
plocarida see e.g. AHYONG 2001). Intermediate states
exist, also in the fossil record (see e.g. tPalaeocaris
secretanae Schram, 1984 (PERRIER et al. 2006); MOORE
& McCormick 1969b). We suppose that carinae stabi-
lise the rami of leaf-shaped uropods to withstand the
water pressure occurring during uropod movement.
We assume carinae for the ground patterns of Anaspi-
dacea, Caridea, Euphausiacea, Mysidacea, Dendro-
branchiata, and Hoplocarida respectively (Table 4).

4.7.2. Mapping

Mapping this character (Fig. 6B) reveals that carinae
occur in Hoplocarida, Anaspidacea, Eucarida, and My-
sidacea. The most parsimonious explanation for the
distribution of this character among Eumalacostraca is
that stabilising carinae on the rami of leaf-shaped uro-
pods are developed together with leaf-shaped uropods

in the stem species of Eumalacostraca (Fig. 7, GPC
2). Assuming this, we suggest the following ground-
pattern conditions and changes from the one found in
Eumalacostraca for the following taxa: Thermosbae-
nacea have lost the carinae of their leaf-shaped uro-
pods. Again, for Peracarida we refer to the phylogeny
of RicHTER & ScHoL1z (2001) allowing the assumption
that the stem species of Amphipoda and Mancoida lost
the carinae together with the leaf shape of uropods
(see above).

4.8. Setae on endopod and exopod

4.8.1. Evaluation

Setae arise from all rami of all examined uropods. In
leaf-shaped uropods, many setae are attached to the
lateral, distal, and median margins (Fig. 3). This condi-
tion is found in general in Anaspidacea (e.g. PERRIER et
al. 2006), Caridea (e.g. Rice 1967), Euphausiacea (e.g.
Sars 1885), Mysida (e.g. Sars 1885), Lophogastrida
(e.g. Sars 1885), Dendrobranchiata (e.g. PEREZ FAR-
FANTE 1977), and Hoplocarida, recent (e.g. AHYONG
2001) and fossil (e.g. JENNER et al. 1998 for Carboni-
ferous tDaidal acanthocercus (Jenner, Hof & Schram,
1998)) (Table 4). These marginal setae of leaf-shaped
uropods vary in form (cuspidate or plumose) and
length. We assume all of them enlarge the effective
surface of the uropodal rami, an assumption that only
applies to taxa with leaf-shaped uropods. Consequent-
ly, the following ‘setae on endopod and exopod’ only
applies to taxa with leaf-shaped uropods.
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4.8.2. Mapping

Setation is present at the uropodal rami of Anaspida-
cea, Eucarida, Mysidacea, and Hoplocarida. This is
why we conclude that setae of leaf-shaped uropods
evolved together with the plane shape. Consequently,
it would be an autapomorphic feature of Eumalacos-
traca (Fig. 7, GPC 2). Accordingly, Thermosbaenacea,
Bathynellacea, and the stem species of Amphipoda +
Mancoida would have changed this condition (Fig. 7,
GPC 7).

4.9. Division of the exopod

49.1. Evaluation

Divided exopods are present in species with rod-
shaped and leaf-shaped uropods. In species with rod-
shaped uropods the exopod is divided in D. rathkei and
G. roeselii (Fig. 2C—F) and undivided in Allobathynel-
la sp. (Fig. 2A B). In general Bathynellacea have undi-
vided uropodal exopods (see e.g. CALMAN 1917; NoopT
1964; ScHMINKE 1972, 1979, 1980, 1988). The exopod
is always divided in Cumacea, fossil and Recent ones
(see e.g. BACHMEYER 1960; SiEwING 1952), which is
why we assume divided exopods for the ground pat-
tern of Cumacea. In Amphipoda both divided (e.g.
Moore & McCormick 1969a) and undivided exopods
(e.g. BARNARD & INGRAM 1986) occur, and the ground-
pattern condition is unresolved. We take our examined
species as a basis and hypothesise a divided exopod for
the ground pattern of Amphipoda.

In species exhibiting leaf-shaped uropods, we find
divided exopods in A. tasmaniae (Fig. 3A; black ar-
row), C. crangon (Fig. 3C; black arrow), N. ingens
(Fig. 3I; black arrow), S. mantis (Fig. 4A,B), and T.
argentarii (Fig. 4C.D). Functionally, a divided exo-
pod is interpreted to allow the distal portion of the
exopod to flex ventrally in a dorsal movement of the
pleon and diminish water resistance during this move-
ment compared to a stiff, undivided exopod. Nothing
is known about alternative mechanism to reduce the
water resistance during uropod movement. However,
undivided and divided exopods exist in fossil and ex-
tant species of Anaspidacea, Caridea, Lophogastrida,
Hoplocarida, and Thermosbaenacea (see e.g. GRUNER
1993).

49.2. Mapping

For the most part, no consistency within the taxa could
be recognised concerning division of the exopod (see

above) and therefore the mapping is probably not re-
presentative (Fig. 6B). However, Maas & WALOSZEK
(2001) state a divided uropodal exopod to be a ground-
pattern condition of Eumalacostraca. Consequently,
undivided exopods are then secondary changes. Ac-
cordingly, an undivided exopod in Bathynellacea is an
autapomorphic character for this taxon.

4.10. Phylogenetic significance of uropods

The distribution of uropodal characters among Eumal-
acostraca implies the following assumptions for the
ground-pattern conditions (GPC) of several eumalac-
ostracan taxa:

* The malacostracan stem species had a pair of sixth
pleopods arising from the posterior margin of the sixth
pleomere (Fig. 7, GPC 1).

* Autapomorphies of the eumalacostracan ground
pattern are leaf-shaped uropods with stabilising cari-
nae on the rami, which also possess setation to enlarge
their effective surface (Fig. 7, GPC 2). These uropods
form a tail fan together with the telson.

* The stem species of Caridoida evolved a medio-
proximal depression on the uropodal basipod giving
space for the telson (Fig. 7, GPC 3). Additionally the
caridoid escape reaction — together with a re-arrange-
ment of pleon musculature — evolved.

* Bathynellacea acquired a rod-like shape of the uro-
pods and lost the caridoid escape reaction (Fig. 7, GPC
4; both being adaptations to their interstitial life style),
and the exopod became undivided.

* An autapomorphic character for Eucarida is a late-
ro-distal prolongation at the uropodal basipod (Fig. 7,
GPC5).

* Decapoda acquired a longitudinal median keel on
the uropodal basipod (Fig. 7, GPC 6).

* Autapomorphic features of Thermosbaenacea are
uropod rami that are enlarged by spines and have a
smaller proximo-distal and medio-lateral extension
relative to the basipod than leaf-shaped uropods of
other taxa (Fig. 7, GPC 7).

*  Mysidacea (Mysida + Lophogastrida) acquired a
uropodal basipod being drawn out medio-proximally
(Fig. 7, GPC 8).

* Lophogastrida acquired a triangular median keel
on the basipod of their uropods (Fig. 7, GPC 9).

* In Peracarida, the Amphipoda + Mancoida taxon
acquired a rod-like shape of the uropods and lost the
caridoid escape reaction (Fig. 7, GPC 10).

Although many questions concerning uropod mor-
phology and malacostracan phylogeny are unresolved,
uropodal characters contribute to phylogenetic ques-
tions significantly.
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5. Qutlook

Data on uropod morphology are still lacking for some
taxa and has to be added. This may give additional
evidence to test the results and interpretations of our
study. As uropods have revealed their potential to con-
tribute to the ongoing discussion on malacostracan
evolution, the whole pleon as a functional unit is re-
garded as similarly promising for drawing phylogenet-
ic conclusions. Future morphological studies should
focus on the character-complex pleon. It bears mul-
tiple features, all of which have the potential to serve
as a phylogenetic signal. Examples are external char-
acters such as 1) shape, composition, and articulation
of pleopods; 2) shape, composition, and articulation
of pleomeres including the situation of their sternites;
3) shape of the telson including position of the anus
and fusion with pleomeres. Furthermore, anatomical
features like the arrangement of muscles can also be
considered. In the course of this a re-evaluation of the
caridoid escape reaction should be evaluated, as there
seem to exist several different types.
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