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Abstract

Walker-Smith, G.K. and Poore, G.C.B.. 2001. A phylogeny of the Leptostraca (Crustacca)
with keys 1o families and gencra. Mewoirs of Museunt Victoria 58(2): 383-410.

A phylogenetic analysis of the Leptostraca Claus, 1880 is undertaken using 32 of the 41
known species (including 4 undescribed species). The value of outgroups for deriving a plau-
sible phylogeny in a group whose affinitics remain eontentious is discussed. A hypothetieal
ancestor is considered the best solution to the problem and states were scored based on gen-
eral principles of crustacean cvolution as evidenced by a wide varicty of taxa. States of the 43
characters used in the analysis are detailed. The new phylogenetic hypothesis is compared with
those of Olesen (1999). We conclude that a phylogeny based on species-level taxa and many
informative characters is more likely to represent true evolutionary relationships than one
based solely on genera and few characters. A new classification bused on the phylogeny is
derived with a new family, Paranebaliidac, being ereeted for Paranebalia Claus. 1880 and
Levinebalio Walker-Smith, 2000. Nebaliopsididac Hessler, 1984 is supportcd for Nebaliopsis
Sars, 1887. A restricted Nebaliidae Samouclle, 1819 for the remaining genera (Speonebalia
Bowman, Yager and Iliffe, 1985, Nebaliella Thicle, 1904, Dahlella Hessler, 1984 and Nebalia
Leach, 1814). Sarsinebalia Dahl, 1985 is synonomised with Nebalia. New keys and family and

generic diagnoses arc presented. All known species are listed with notes on distribution.

Introduction

Leptostracans are marine crustaccans of the mala-
costracan subclass Phyllocarida. Lcptostracans
have many derived featurcs that scparate them
from other malacostracans: the loss of ambula-
tory function of thc thoracic limbs, which now
only function in fceding, respiration and brood
protection (Hessler and Schram, 1984; Dalil,
1976). a movable rostrum (Schram, 1986; Ole-
scn, 1999); the scale-like ramus of the first
antcnna (Hessler and Schram, 1984; Olcscen,
1999); uniramous antenna 2 (Hessler and
Schram, 1984; Olesen, 1999); reduction of
plcopods 5 and 6 (Hessler and Schram, 1934;
Olcsen, 1999). and dircet larval development
(Manton, 1934; Hessler and Schram, 1984).

The first species of the Order Lcplostraca
Claus, 1880 was described by Otto Fabricius in
1780, as Cancer bipes from cast Greenland.
Herbst (1796) later relcgated this species to sub-
specitic status, Cancer gamarellus bipes (cited in
Sars, 1896). Leach (1814) introduced the genus
Nebalia for Cancer bipes and a new British
specics N, herbstit Leach, 1814,

The genera of Leptostra are distributed difTer-
ently. Nebalia is cosmopolitan. In contrast,
Levinebalia  Walker-Smith, 2000 has bcen

383

rccorded only in Australia and New Zcaland.
Paranebalia Claus, 1880 is found in central
America, Bermuda, New Caledonia and Aus-
tralia. Nebalielfa Thicle, 1904 is confined to cold
waters, being found in Antarctica, southern Aus-
tralia and the high latitudes of the Northern
Hemisphere. Speouchalia Bowman, Yager and
lliffe, 1985 has been recorded from only marine
caves in the Turks and Caicos, and Dallella
Hessler, 1984 was collected from hydrothermal
vents near the Galapagos. Nebaliopsis Sars, 1887
is a pelagic genus with a world-widc distribution.
Leptostracans have been recorded in waters
from | m decep (Modlin, 1991) to more than
2000 mectres (Fage, 1929). Most species occur in
less than 200 metres. Watcr tempcratures
influence the length of time taken to reach
maturity, the sizc at maturity and the incubation
time of young (Macquart-Moulin and Castlcbon,
1983).

Until now three familics have been recognised:
Nebaliidae  Samouclle, 1819; Ncbaliopsididae
Hessler, 1984; and the Permian Rhabdouracidae
Schram and Malzahn, 1984, Hessler's (1984)
original spelling, Ncbaliopsidae, is incorrect as
family names based on genera ending in *“-opsis™
should end “-opsididac” (c.g. Sivertsen and
Holthius, 1980). Seven nominal gencra (Nebalia;
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Paranebalia; Nebaliella; Dahlella; Sarsinebalia
Dahl, 1985; Speonebalia; and Levinebalia) and
36 extant species are contained in the family
Nebaliidae. Ncbaliopsididae consists of the
monotypic genus Nebaliopsis. Rhabdouraea
Malzahn, 1962 is the monotypie fossil genus of
Rhabdouracidac.

Martin ¢t al. (1996) reviewed the morphology
and natural history of Nebalia hessleri Martin,
Vetter and Cash-Clark, 1996 and provided a key
to the extant families and gencra of Leptostraca
then accepted.

Olesen (1999) conducted a phylogenetie analy-
sis of the seven cxtant leptostracan genera then
known and deseribed Nebalia brucei Olesen,
1999. Olesen questioned the monophyly of
Nebalia and stated that as he could not find
unique characters for this genus he could not
exclude the possibility it is paraphyletic with
Sarsinebalia  and/or Dalilella, However, he
maintained the status of these three genera.

The present study is a derived from an unpub-
lished BSe(Hons) thesis (Walker-Smith, 1993)
and presents a detailed phylogenctic analysis of
the Leptostraca using 32 of the 41 known species
(including four undeseribed speeies). The mono-
phyly of genera is tested and relationships
between the ineluded speeies deduced as far as
possible. The value of certain eharaeters in lep-
tostracan systematics is discussed, as are the
results of the phylogenetic analyses. The value of
outgroups in deriving plausible phylogenies in a
group whose affinities remain contentious is also
discussed. A new elassification based on phylo-
genetic principles 15 derived and new keys and
new family and generie diagnoses are offered. All
known speeies are listed with distributional notes.

Growtlh in Leptostraca

Transformations in the shape of the earapace,
both pairs of antennae, pleopods, furea and other
features are gradual from moult to moult in imma-
ture and subadult males and deviate from the
female morphology, which generally remains
unchanged exeept when reproductive (Dahl,
1985).

In species of Nebaliidae the terminal artiele of
the juvenile thoracopod endopod is elliptic with
thin marginal setae (Figs 4d, 4¢). In sexually
mature females earrying eggs or embryos. the
entire endopod becomes clongated and the ter-
minal article becomes enlarged, generally sitting
at right angles to the thoracopod axis (Fig. 41).
The exterior and terminal edges of the terminal
article possess a dense armature of plumose setac
that are long, strong and curved, and interlock
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with those of opposite and ncighbouring thora-
copods to form the floor of the brood ehamber,
Embryos develop in the brood pouch and whey
the juveniles are rcady to leave the long setae
forming the floor of the chamber drop off, leavin
behind a pattern of ridges and furrows that are the
scars of setal attachment (Dahl, 1985). At thig
stage, the terminal article of the endopod differg
so markedly from those of males and immature
females that they could be presumed to belong tg
a different species (Dahl, 1985: Figs 6-10). The
exopod and epipod do not change shape during
this metamorphosis.

The eggs of Nehaliopsis are thought to be sheq
directly into the water (Cannon, 1931, 1960) by,
Brahm and Geiger (1966) reported Nebaliopsis
with eggs developing under the earapace. These
eges appeared to be contained in a “basket formeq
by the large and setose posterior pair of thoraeie
appendages, that extend anteriad to the arca of the
mouth parts” (Brahm and Geiger, 1966: 41-42)
and were shed when the specimens were placed in
fixative.

Taxonomic confusion in Leptostraca

In the past, failure to recognise eharaeters related
to the sex and maturity of Ieptostraeans resulted in
taxonomie confusion, Thomson (1879) deseribed
Nebalia longicornis without taking sexual dimor-
phism into account and thus recognised the elon-
gate flagellum of antenna 2 as a specifie character
rather than one of sexually mature males. Clauyg
(1888) added to the taxonomic confusion by
basing his identification of speeies on few mor-
phological characters, most of which were
growth- or sex-related and could not be used to
suceessfully distinguish between genera or
speeies. Claus’s (1888) taxonomic coneept of
Leptostraca was followed by subsequent tax-
onomists (¢.g., Thicle, 1904, 1905) and resulted
in the erroneous assumption that each genus
consisted of a few highly variable species. In par-
ticular, Nebalia bipes (Fabricius, 1780) and
N. longicornis have been reported as geographi-
cally widespread while, in fact, cach comprises
several species. The subspecies deseribed for
cach are likely to be scparate speeies. Many
records of nominal speeies in areas remote from
their type locality probably refer to undeseribed
speeies. Fortunately, Dahl (1985) receognised the
conservative nature of leptostracan morphology
and redefined many species of Nebalia using new
diagnostie charaeters. Dahl's assessment of the
European shelf and Southern Hemisphere species
ineorporated the description of six new species of
Nebalia (Dahl, 1985, 1990).
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Analytical methods

Material for this study is dcposited in Muscum
Victoria, Meclbourne and type spccimens of
Nebalia capensis Barnard, 1914 were borrowed
from the South African Museum, Cape Town.
Museum Vietoria collections include representa-
tive speeies of Nebalia, Nebaliella, Parancbalia,
Levincbalia and Nebaliopsis. For most described
species information relating to character states
was obtained from the literature. Thirty-two
species, including four undescribed species from
southern Australia, were sclected for phyloge-
netic analysis. Litcrature relating to six species
and three subspecies of Nebaliidac was either not
obtainable or provided insufficient diagnostic
information; these taxa were omitted from the
analysis. Nebalia gerkenae Wancy and Martin,
2000, published later, was not included nor was
the fossil family Rhabdouraeidac.

Cladistic analyscs were uscd to gencrate trees
of monophyletic groups as hypothcses of the
relationship between the selected taxa. The
relationships between genera were of greatest
intcrest. Forty-three characters (all parsimony-
informative) were scorcd for each taxon (Tablc 1)
resulting in a data matrix of 32 leptostracan taxa
plus a hypothetical ancestor described by 43
characters (Table 2). Characters werc treated as
unordered and unmweighted.

The program PAUP* 4.0 (Beta 3 version for
Windows) (Swofford, 1998 and updates) was
uscd to establish relationships between taxa and
produce a hypothesis from which a classification
might be derived. A heuristic scarch was made
using most of the default options in the PAUP
block, except for the following commands: OUT-
ROOT=MONOPHYL; ADDSEQ=RANDOM;
NREPS=1000; NCHUCK=3; CHUCKSCORE
=1: RANDOMIZE=TREES. The two most dis-
tant parsimony trecs were calculated using the
FILTER command and the characters statcs
changes were mapped on onc of these trees. A
50% majority-rule consensus tree of all trees was
generated. Stability of the clades was assessed by
bootstrap analysis (using the default scttings) and
a 50% majority-rule consensus tree of all boot-
strap ftrees was constructed. Bremer support
values were calculated for the two most distant
trecs using Auto Deeay 4.0 (Eriksson, 1998) to
assess the stability of the clades. Trees were
illustrated using Tree View (Page, 1996).

Outgroups .
Sclcetion of an outgroup is the major problem

encountered in the phylogenctic study of the Lep-
tostraca. Leptostraca have been considered the

most primitive subelass within the Malacostraca
because they have a primitive caudal furca and
polyramous phyllopodous (flattened, leaf-like)
thoracic limbs uscd in filter feeding (Claus, 1888;
Manton, 1934; Dahl, 1987, 1992). Hessler and
Newman (1975) believed the relatively high
numbcr of segments and full complement of seg-
mental appendages should also be regarded as
primitive features. Dahl (1976) supported Hessler
and Newman's (1975) view with the fact that
while Phyllocarida were represented in the Lower
Cambrian, no fossils of the other malacostracan
subclass Eumalacostraca are known until the
Devonian. Howcever, Walossck (1999) disputed
the existence of fossil malacostracans appearing
in the Cambrian and stated that the only clear
record appears after this time.

Other authors have placed the Leptostraca as a
subclass in Phyllopoda with phyllopodous
(pelyramous and foliaccous) thoracopods thought
to unite Branchiopoda, Leptostraca and Cephalo-
carida (in this class) (Milne Edwards, 1834;
Schram. 1986). However Dahl (1987: 722)
refuted this, stating that “polyramous thoracopods
constitute a basic feature of malcostracan mor-
phology and are therefore not a phyllopod
synapomorphy.” Dahl (1987) also highlighted the
fact that while most genera of Leptostraca have
foliaceous thoracopods those of Paranebalia are
most similar to the stenopodous appendages of
caridoid Malacostraca (e.g.  Euphausiacea).
Martin and Christiansen (1995) also detailed
many differences between the fourth thoracopod
of Nebalia (Leplostraca) and Leptestheria sp.
(Branchiopoda: Conchostraca) including the size
and arrangement of endites and the type and num-
ber of setae and their function. They too believed
that the phyllopodous limb cannot be used as an
indicator of phylogenetic affinity. This view was
supported by independant evidence from an 18S
rDNA study of Branchiopoda, Cephalocarida and
Phyllocarida, scven other crustacecan taxa and
three arthropod outgroups (Spears and Abele,
1999). They concluded, with little doubt, that the
prescnce of foliacous limbs docs not define a
monophyletic clade comprising branchiopods,
cephalocarids and phyllocarids. They, like Dahl
(1987) and Martin and Christiansen (1995),
believed that foliaccous limbs have multiple
origins.

While leptostracans appear to be the basal
malacostracans they differ significantly from all
other taxa in this class, making selection of an
outgroup difficult. Onc potential sister taxon —
the subclass Hoplocarida (Order Stomatopoda)
— are morphologically so highly derived that
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Table 1. Character transformations used in phyogenetic analysis of 32 specics of Leptostraca. Each
character is terminated by a colon and states (0. 1 ...) separated by a semicolon. The 17 characters with
Cl=1 in trec 711 are indicated by #, those where 0.5<Cl<] by *.

1*,

2#.

3%,
44,

5%
6.
7
8.
9it.
10.
e
12#.
13%.

14%*,
15#.

16#.
17#.

18%.
19.
20.

21.
22.
23#.
24,
25#.
26i#.

217.
28*.

294#.
30%,

31#.
324.
(1):

334#.
344,
35#.

36.
BiEe

38.

Rostrum, subterminal spine; absent (Fig. 1a) (0): present (Fig. 1b) (1).

Rostral kecl: absent (0): shorter than rostral flange (Figs 1a, d) (1); longer than rostral flange (Figs
le, e) (2).

Eye length: shorter than rostrum (0); longer than rostrum (1).

Eye, supraocular scale: absent (0); longer or equal to length of cye (1); shorter than eye (Fig. 1f)
Q).

Eye surface: smooth (0); denticulate (Figs 1h, m) (1).

Eye dorsal papilla: absent (0); present (Fig. 1) (1).

Eye. ventral margin: not extremely curved (Fig. 1) (0): extremely curved (Fig. 1k) (1).

Eye. dorsal margin: not dorsally convex (Fig. 11) (0): dorsally convex (Fig. 1j) (1).

Eye: not bilobed (Figs If, g) (0): bilobed (Fig. 1n) (1).

Eye: with ommatidia (Fig. 1g) (0); without ommatidia (Fig. 11) (1).

Antenna 1 anterodenticulate fourth article: absent (0); present (Fig. 1q) (1).

Antenna | article 4: without robust sctac (0): with 1 or more robust sctac (Fig. 1p) (1).

Antenna 1 of male: not swollen or a callynophore (0); a swollen callynophore (Figs l¢, 1d) (1);
with dense ficld of aesthetases but not swollen (Fig. 2f) (2).

Antenna 2 peduncle articles 3 and 4: not fuscd (Fig. 2a) (0): fused (Fig. 2b) (1).

Antenna 2 peduncle articles 3 and 4: without two large cuticular outgrowths (0); with two large
cuticular outgrowths (Figs 1r, 5a. b) (1).

Antenna 2 peduncle surface: without denticles or minute cuticular outgrowths (0); with minute
denticles or cuticular outgrowths (Figs Sa, b) ().

Antenna 2 of male: greatly clongate. reaching to the caudal furca (0); not greatly clongate, only
half length of specimen (1).

Antenna 2 peduncle article 2, dorsal surface: without spine (0); with spine (Fig. 2b) (1).
Mandible, article 2 of palp: with more than 2 setac (0); with 2 sctae (1); with 1 scta (2).
Mandible palp, relative lengths of articles 2 and 3: 2 longer than 3 (0); 2 equal to 3 (1); 2 shorter
than 3 (2).

Mandible, article 3 of palp: tapering distally (0): with parallel margins (1); cxpanded distally (2).
Mandible incisor teeth: 2 (Fig. 2h) (0); 1 (Fig. 2¢) (1): absent (2).

Molar accessory tootl/spine; absent (0); present (Fig. 2i) (1).

Molar large accessory process: absent (0); present (Fig. 2¢) (1).

Molar process. setal brush: absent (0); present (Fig. 2¢) (1).

Maxilla | second endite: complex (Fig. 3a) (0); bilobed (Figs 3b, d) (1): clongate (Fig. 3g) (2);
simple (Fig. 3¢) (3): reduced (4).

Maxilla 2 endopod: biarticulate (0): uniarticulate (1).

Maxilla 2 exopod: greater than or equal to half length of endopod (0); less than half length of
endopod (1); absent (2).

Thoracopod length: short, not cxtending well beyond the ventral margin of the carapace (Fig. 4a)
(0): long, extending well beyond ventral margin of carapace (Fig. 11) (1).

Thoracopod exopod: heavily sctose (Figs 4b, 4¢) (0); with few sctae (Fig. 4d) (1) with no setae
(Fig. 4c) (2).

Thoracopod exopod: without proximal lobe (Figs 4b-d) (0); with proximal lobe (Fig. 4¢) (1).
Thoracopod 2-5: epipod longer than exopod (Fig. 4d) (0); epipod shorter than exopod (Fig. 4b)
epipod absent (Fig. 4e) (2).

Plconite 4 posterior margin: smooth (0); crenate (saw-tooth) (Fig. 4a) (1).

Pleonite 5 posterior margin: smooth (0J; erenate (Fig. 4a) (1).

Crenations on plconites 6 and 7: absent (0); only on dorsal margin (Fig. 11) (1); over entire
margin (Fig. 4a) (2).

Pleonite erenation: absent (0); pointed (1); blunt (2).

Pleonite size: pleonite 6 and pleonite 7, cach cqual in length to pleonite 5 (0); plconite 6 and
pleonite 7, each longer than pleonite 5 (1).

Plcopods 1-4 peduncles margins: smooth (0); erenate (Fig. 3i) (1).
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Table 1. — eontinued.

39. Pleopod 1, ratio of lengths of eomb-row to exopod: eomb-row absent (0); less than or equal to
half length of exopod (1); greater than half length of exopod (Fig. 4k) (2).

40*, Pleopod 2-4 exopod lateral margin: with smooth setae not in pairs (Fig. 4i) (0); with smooth setac
in pairs (Fig. 4h) (1).

41*, Pleopod 5: shorter than pleopod 6 (0); longer than pleopod 6 (1).

42*. Pleopod 6: biarticulate (0); uniarticulate (1).

43*, Carapace with: posterodorsal marginal spines (Fig. 3e) (0); without posterodorsal marginal spines

(1).

Table 2. Character matrix used in phylogenctie analysis of the Leptostraca

1234567891 1234567892 1234567893 1234567894 123

Charaeter numbers

Hypothetical ancestor 0000000000 00700000027 2077070070 0072720000 00?7
0000000000 1020007000 0200041202 0000000000 101
Levinebalia fortunata 1000000100 1011111020 7100021010 0100000001 011
Levinehalia maria 1000000100 1011111021 0100021010 0100000011 011
Paranchalia belizensis 1000100100 1011101020 0107120010 01?2117121 011
Paranebalia longipes 1000100100 1011101000 0101120010 0100111121 011
1000100100 1011101021 0101121010 0100111121 011
Speonebalia cannoni 0010000101 0000007022 2200031101 0011210101 000
Nebaliella antarctica 0210001101 0000000101 2010011000 1211211120 100
Nebaliella brevicarinata 0210001101 0000000121 0010010000 1211221120 100
Nebaliella caboti 0210001101 0000000112 2010011000 1211271220 100
Nebaliella declivatas 0210001101 0000000112 0010011000 1211211010 100
Dahlella caldariensis 0012101001 0071007172 2000000101 0011221121 011
Nebalia antarctica 0102010100 0101000112 2000000001 0011212221 011
Nebalia bipes bipes 0102000100 0101000122 2000000001 0011222721 011
Nebalia borealis 0102000100 0101000121 1000000001 0011212721 011
Nebalia brucei 0102000100 0101000110 2000000001 0011211021 011
Nebalia cannoni 0102010100 0101000102 2000000001 0011222721 011
Nebualia capeusis 0102000100 0101000111 2000000001 0011221021 011
Nebalia clausi 0102000100 0101000121 2000000001 00112272721 011
Nebalia daytoni 0101000110 0121000011 2000000001 0011211221 011
Nebalia falklandensis 0102010100 0101000110 2000000001 0011222721 011
Nebalia herbstii 0102000100 0101000122 2000000001 0011222721 011
Nebalia hessleri 0102000100 0101000121 2000000001 0011211121 011
Nebalia lagartensis 0107000100 0101000120 1000000001 0011212721 011
Nebalia longicornis 0702010100 0101000112 1000000001 0011227721 011
Nebalia marerubri 0102000100 0101000112 1000000001 0011211121 011
Nebalia patagonica 0702010100 0101000112 2000000001 00112222721 011
Nebalia strausi 0102000100 0101000727 0000000001 0011217721 011
Nebalia sp. A . 0101000110 0121000012 1000000001 0011211001 011
Nebalia sp. B 1102000000 0121000112 2000000001 0011211001 011
Nebalia sp. C 0102010100 0101000122 2000000001 0011211121 011
Sarsinebalia typhlops 1102000001 0101000712 0000000101 0077227701 011

Nebaliopsis typica

Paranebalia sp. A

Olesen’s (1999) phylogenetie anaylsis of seven
leptostracan genera resulted in two hypotheses. In
one, he used Anostraca (Branehiopoda) and
Mysidaeea (Malacostraea) as outgroups without

sufficient eharaeters relevant to generie differen-
tiation in Leptostraeca do not exist. Similarly,
resorting to the fossil orders of Phyllocarida (e.g.
Arehacostraca) provide few charaeters of value.
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justifying thesc choices. In the other, he used
Mysidacea alone. Spccific outgroups such as
these pose real problems. The presumed shared
similaritics may not bc homologous so it is doubt-
ful whether the same characters are being scored
for the in- and outgroups. Besides, they often do
not posscss rclevant characters.

Olesen’s (1999) use of Mysidacea as an out-
group was bascd on Cannon’s (1927) view that
the thoracopods of Paranchalia link malacostra-
cans, such as mysids, with Nebalia. Numcrous
authors have viewed phyllocarids as malacostra-
cans (27 papers citcd by Spears and Abele, 1999),
Mysidaceans themselves arc a problcmatic group
of two distinct clades. Although mysidaceans
have until recently been trcated as members of
Peracarida there is now incrcasing morphological
and molecular evidence that while onc clade,
Lophogastrida, 1s a mcmber of Pcracarida the
other, Mysida, is a member of Eucarida (Watling,
1999; Jarman ct al, 2000). Olesen did not
diffcrentiate the two.

Curiously, Sars (1887) suggested that body
divisions, antennules, antcnnac, mouthparts,
pleopods, caudal limbs, and dcvclopment of
Nebalia and Copcepoda, cspecially Harpacticoida
Sars, 1903 were homologucs. Sars’s similaritics
could be further evidence of the high level of
convergenee within the Crustacea or symple-
siomorphies shared by these and possibly other
groups.

Faced with the conditions that the closcst rcla-
tives of leptostracans do not have similar mor-
phologics, and that similarities betwecn leptostra-
cans and other lcss related taxa arc most likely
due to convergences, we were disinclined to
chose any one or set of outgroups. The best alter-
native for polarising character states scemed to be
to usc a hypothctical ancestor. We used gencral
principles of crustaccan cvolution as evidenced
by a wide varicty of taxa and werc able to scorc
31 of 43 characters for the hypothctical ancestor.
These included characters where the presence of a
structure is confined to some leptostracans, char-
acters involving fusion or loss of articles from a
multiarticulate state. characters involving loss of
tecth or setae which are gencrally numcrous in the
other Crustacea, and characters involving
reduction in sizc or complexity.

Character descriptions

The 43 characters are examined in turn with its
reasoned state of the hypothctical ancestor. All
characters arc unordered and of equal wecight
{Tables 1, 2). Character descriptions and figures
arc for femalcs except where male characters arc
individually specificd.

Although Dahl (1985) defined many ncw char-
acters for Nebalia, most of these have not been
uscd. Dahl’s (1985) ratio characters (c.g.
length/width characters) could only be scored
from litcrature descriptions, generally of a single
specinicn. The ratios varicd continously across al]
taxa and it was not possible to assign taxa to a few
distinct classcs.

Setal characters. Dahl (1985) stated that charac-
ters rclated to numbers of spines (= robust setac)
and sctac arc not of primary importancc as they
arc related to growth of the individual. He uscd
rearing cxperinicnts to show growth related vari-
ation in thc moults ol six females and five males
of Nehalia pugettensis (Clark, 1932). Whilc his
experiments show a corrclation between the cara-
pace length and the number of spincs and sctae on
four appendages (antenna 1, pleopod 1 exopod,
pleopod 5 and furca) (Dahl, 1985: Table 1), we
believe that for phylogenetic purposes sctac may
be uscful if comparisons were made between
ovigerous or brooding females but none is used
here.

Rostrum, Dahl (1985) rccognised the prescnce or
abscnce of a ventral subterminal rostral spinc
{character 1) as taxonomically informative. We
hypothesise the posscsion of a rostral spinc is
apomorphic as it appcars to be a character unique
to the Leptostraca. All species of Paranebalia and
Levinebalia and Sarsinebalia typhlops (Dahl,
1985) and Nebalia sp. B posscss a rostral spinc
(state 1: Figs 1b, d).

The presence of a keel on the ventral face of the
rostrum (the rostrum minus the kecl is sometimes
referred to as the rostral flange; Fig. lc arrow
pointing to flange) is a character unique to lep-
tostracans (character 2) and so 1s considered apo-
morphic. The keel is absent in Nebaliopsis,
Paranebalia, Levinebalia, Speonebalia and
Dahlella (state 0). Dahl (1985, 1990) did not draw
the rostral kecl for any of the species he desceribed
but as all other species of Nebalia have a kecl, we
assumc this was an oversight. We have scored all
Nebalia as having a kecl shorter than the rostrum
(state 1: Figs 1a, 1d). The posscssion of a keel
longer than the rostrum is an autapomorphy of the
genus Nebaliella (state 2: Figs lc, ¢).

Eye. Speonebalia, Nebaliella and Dahlella have
eyes longer than the rostrum {character 3, state 1:
Fig. lc).

The length of the supraocular scale was con-
sidered diagnostic by Dahl (1985) (charactcr 4).
Nebaliopsis, Paranebalia, Levinehalia, Speone-
balia and Nebaliella all lack supraocular scalcs
(state 0). Dahlella and almost all spccics of
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Nebalia have a supraocular scale shorter than the
cyc (state 2: Figs If, i). Nebalia daytoni Veticr,
1996 and Nebalia sp. A havc supraocular scalcs
longer than the cyc (statc 1: Fig. 1n). Following
the ontogenetic precedence criterion, the abscnce
of the supraocular scale in juveniles of Dahlella
caldariensis Hessler, 1984 suggests its presence
is apomorphic.

Small tceth or denticles over the surface of the
eyc appear in Paranebalia (Fig. 1h) and Dahlella
(character 5. state 1: Fig. Im). Hessler (1984)
suggested the tceth may be used by Dalilella
caldariensis to scrape for food such as bacterial
encrustations. The tecth on the surface of the cye
may not be homologous in Dalilella and
Parancbalia. As the tecth do not appcar in the
juveniles of Dalilella they arc thought to be
apomorphic.

The possession of a papilla or dorsal outgrowth
on the eyestalk is a feature found in approxi-
mately onc-third of specics of Nebalia (character
6, state 1: Figs If, 1j) and is thought to be
apomorphic.

Dahl (1985) recognised cye shape as a valuable
diagnostic featurc (characters 7, 8 and 9). The
eyes of Nebalielln and Dallella have an
cxtremely curved ventral margin (character 7,
state 1: Figs 1k, Im). The cye of the first instar
larva of Dahlella is almost square, thus the onto-
genetic cvidence suggests the elongate, curved
eyc of Dabhlella and Nebaliella is the derived
state.

The eyes of Sarsinebalia typhlops, Nebalia sp.
B, Dalilella and Nebaliopsis are not dorsally con-
vex like those of alt other Leptostraca (character
8, statc 0). The cycs of Sarsinebalia typhlops arc
almost square (Fig. 1i) (but have also been
dcscribed as almost circular [Dahl, 1985]), and
the cyes of Nebalia sp. B are triangular (Fig. 1g).
The eyes of Dalilella are dorsally angular (Fig.
1m), while the eycs of Nebaliopsis arc square to
rectangular. The eyes of Nebaliopsis are very
similar in shape to that of the first instar larva of
Dahlella. Nebalia daytoni and Nebalia sp. A have
an unusual bilobed cye (character 9, state |: Fig.
In) shared with no other species.

The presence of ommatidia in the cye is com-
mon to most species of Leptostraca (character 10,
state 0). Speonebalia, Nebaliella, Dallella and
Sarsinebalia typhlops all lack ommatidia (statc
1). Embryos of the genus Nebalia possess dark
eye pigment (Sars, 1896; Manton, 1934) thus, fol-
lowing the ontogenetic preccdence criterion, the
presence of ommatidia is considered primitive.

Antenna 1. Modlin (1991) relcrred to the antero-
denticulate fourth article of antenna 1 as a lateral
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flange but our observations reveal the flange lies
mesially (character 11, state 1: Fig. lq). This
mesiodistal flange is found in Levinebalia,
Paranebalia and Nebaliopsis (state 1). The flange
is lacking in all other Leptostraca and assumed so
for the hypothctical ancestor (statc 0: Fig. Ip).

The first four articles arc referred to as the
peduncle. The last peduncle article (article 4)
bears the scalc and flagellum The arrangement of
sctac on the fourth peduncle article is usualty
lincar with 1-4 simple robust setac in the
anterodistal corner and a variable number of thin
plumose setac (Fig. 1p). In somc species and the
hypothetical ancestor robust sctac are absent
(character 12, statc 0: Fig. lq). Rearing experi-
ments (Dahl, 1985) showed that change in setal
formula is growth related but the presence or
absence of robust setae, not their number, is a
valid character. Only Nebalia has robust setae on
antenna 1 (state 1).

Mature males of Levinebalia and Paranebalia
posscss numerous aesthetascs on a swollen flagel-
tum of the first antenna (character 13, state 1: Fig.
2d), this chemoreccptive caltynophorc is found on
many ecucarid and peracarid Crustacea (Lowry,
1986). Immature males of ZLevinebalia and
Parancbalia have a swollen flagellum with few
aesthetases (Fig. 2¢). Abundant acsthetascs on a
non-swollen flagellum (state 2: Fig. 2f) occur in
Nebalia daytoni, Nebalia spp. A and B. This is
similar to that found in Nebalia pugettensis (orig-
inally described as Epinebalia pugertensis) but
this species was cxcluded from the analysis.

Because the callynophore is so widespread in
Crustacea we were unable to score the hypotheti-
cal ancestor; the structure may be indcpendently
derived in many taxa.

Antenna 2. The peduncle of antcnna 2 bears the
flagellum. The peduncle has a maximum of four
articles but fusion of articlcs does occur. The
fusion of articles 3 and 4 peduncle is an apomor-
phic statc found in Nebalia, Paranebalia,
Levinebalia and Dahlella (character 14, state 1:
Fig. 2b). In Nebaliopsis, Nebaliclla and Speone-
balia the articles are not fused (state 0: Fig. 2a).

Fused articles 3 and 4 of antcnna 2 peduncle of
Paranebalia possess protuberances or ¢longate
outgrowths (usually one or two) on the anterior
surface (character 13, statc 1: Figs 1r, 5a and 5b;
arrows point to protubcrances).

Minutc denticles or cuticular outgrowths
appear over the surface of fused peduncle articles
3 and 4 and the flagellum in Levinebalia (charac-
ter 16, state 1: Fig. 5a). The flagellum of male
Nebalia and Nebaliella is greatly clongated, often
extending past the caudal furca (character 17,
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statc 0). The flagellum length of male Speone-
balia, Dallella caldariensis and Nebaliopsis is
unknown as mature males have not been identi-
ficd. The length of the flagellum does not differ
between males and females in species  of
Paranebalia and Levinebalio. The presenee of a
dorsal spinc on articlc 2 (character 18: Fig. 2b) is
recorded for most species of Nebaliv and
Nebaliella.The hypothetical aneestor is assumed
to have a simple peduncle of 4 articles, without
cuticular outgrowths or a dorsal spinc.

Mandible. The number of sctac on artiele 2 of the
mandibular palp (eharacter 19: Fig. 2g) can be
diagnostic (Hessler, 1984). However, Dahl (1985)
suggested that there is a growth-related inerease
in the number of spines (robust sctae) and setac
throughout the Leptostraca. Therefore, although
setal eharacters may be uscful for supplementing

other morphologieal features, lcptostracan
“chaetotaxononiy™ can ncver be of primary
importancc.  Levinebalia, most speeies  of

Paranebalia, Speonebalia, Dalilella, Nebaliella
brevicarinata Kikuchi and Gamao, 1992 and half
of the spceies of Nebalia have one seta on article
2 of the mandible palp.-Hall of thc species of
Nebalia have two setae as does Nebaliella caboti
Clark, 1932 and N. declivatas Walker-Smith,
1998. Paranchalia longipes (Willembes-Suhm,
1875) has more than two setae, as does Nebaliella
antarctica Thicle, 1904 and Nebalia cannoni
Dahl, 1990,

The length of artiele 2 of mandibular palp
rclative to article 3 was recognised by Dahl
(1985) as a diagnositic character (eharacter 20).
The plesiomorphic state is unknown.

The shape of article 3 of the mandibular palp
was considercd by Dahl (1985) to be a diagnostie
feature of lIcptostracans (character 21: Fig. 2g).
This is a variable charaeter within Nebalia, which
displays all three states. Nebaliopsis, Levinebalia,
Paranebalia, Speonebalia and most species of
Nebaliella have palps that taper distally (state 0:
e.g.. Fig. 2g). The palp of Nebalictlo antarctica
and Dallella is cxpanded distally (statc 2).

The mandible incisor of Nebaliella has two
teeth (charaeter 22, state 0: Fig. 2i). Dahl (1985,
1990) did not draw or mention the mandiblc
incisor in his descriptions of Nebalia. However,
as all other deseribed speeics and the undeseribed
species of Nebalia from Australia have two tecth,
We have scored all species described by Dahl as
having two teeth (statc 0: Fig. 2h). Levinebalia,
Paranebalia and Dahlella have one tooth (state 1:
Fig. 2¢). The incisor is absent in Speonebalia and
Nebaliopsis (state 2).

The molar of Nebaliella has an accessory
tooth or spinc (character 23, statc 1: Fig. 2i; see
arrow). No other leptostracan has this character
statc. The molar of Paranebalio alone has a large
accessory proeess (character 24, state 1: Fig. 2¢;
see arrow). The presenec of a sctal brush on the
molar process (character 25, state 1: Fig. 2¢) is
reeorded only for Paranebalia. The hypo-
thetical ancestor is assumcd to have a setose
mandibular palp, wcll-developed molar and
toothed incisor.

Maxilla 1. In all species of Nebaliidae, including
Paranebalio and Levinebalia, the palp of maxilla
1 is long and well-developed as in the hypo-
thetical ancestor. In Ncbaliopsididac it is reduced
to a small stub.

Therc are four diffcrent types of sccond cndites
found on maxilla 1 (eharaeter 26); complex (state
0: Fig. 3a) found in Nebalia and Dahlella: bilobed
(state 1: Figs 3b, d) in Nebaliella: clongate (statc
2. Fig. 3¢} in Paranchalia and Levinehalia; sim-
ple (state 3: Fig. 3c) only in Speonehalio. The sec-
ond cnditc is redueed in Nebaliopsis (state 4). The
state in the hypothctical anecstor could not be
detcrmined.

Maxilla 2. The maxilla 2 endopod is uniarticulate
(character 27; state 1) in Neboliopsis, Nebaliella
{cxcept N. brevicarinata), Paranebalia sp. A,
Levinebalia and Speonebalia. This is thought to
represent the derived state.

The Iength of the exopod of maxilla 2 relative
to the endopod is informative (charaeter 28). For
Speonebalia, Dahlella and Sarsinebalio typhlops
the maxilla 2 cxopod is less than half the length of
the endopod (state 1). Nebaliopsis docs not have
an exopod (state 2). All other gencra have an exo-
pod more than half the length of the cndopod
(state 0).

Thoracopods. The length of the thoracopods is
thc most obvious feature diagnosing genera of
leptostracans (charaeter 29). All genera execpt
Paranebalia and Levinebalia have ftoliaceous
thoracopods that do not cxtend well beyond the
ventral margin of the earapacc (statc 0: Fig. 4a).
The thoracopods of Parancbalia and Levinehalia
extend well beyond the ventral margin of the
carapacc (state 1: Fig. 11).

Thoracopod exopods are densely setosc (char-
aeter 30) in  Paranebalia. Levinebolia  and
Nebaliella (state 0: Figs 4b, 4¢). The exopods
have few setae in Nehalia (state 1: Fig. 4d),
Dalilelle and  Speonebaliac and no sctac in
Nebaliopsis (state 2: Fig. 4e).

Thoraeopod exopods of Nebaliella have a
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proximal lobe (character 31, state 1: Fig. 4e) not
seen in other Leptostraca.

All genera cxeept Nebaliella possess thora-
copodal epipods (character 32, state 2) whose
length relative to that of the exopod is informa-
tive. Paranebalia and Levinebalia have relatively
small epipods (state |: Fig. 4b) compared to those
of  Nebaliopsis, Speouebalia, Dallella  and
Nebalia which arc longer than the thoracopodal
exopod (state 0: c.g. Fig. 4d).

Pleouites. All speeics of Nebaliella, Speoucbalia,
Dalidella and Nebalia have a crenate postcrior
margin on plconites 4 and 5 (characters 33 and
34: Fig. 4a). In his deseriptions of Nebalia specics
Dahl (1985, 1990) did not mention the form of
pleonites 4 and 5 but as these plconites are crenate
in all other Nehalia speeies we have assumed this
is also the casc in Dahl's species. The posterior
margins ol all pleonites of Nebaliopsis are
smooth.

Pleonites 6 and 7 of Parauchalia are crenate
only along the dorsal margin (character 35, state
1: Fig 11). The pleonite margins of Nehaliopsis
and Leviuebalia are smooth (state 0). Pleonites 6
and 7 of Nebaliella, Speouneubalia, Dalilella and
Nebalia are crenate along the entire margin (state
2).
The shape of pleonitc crenations is a useful
species-level character (character 36). Specics of
Nebalia may have cither crenations that are
pointed or blunt. Nebalia sp. A has both blunt and
pointed crenations along the same pleonite
margin (Fig, 3f), but as this is an autapomorphy
for the purpose of the analysis it has been scored
as having only pointed crenations.

For most Leptostraca pleonites 6 and 7 are
much longer than pleonite 5 (character 37, state
1). However Tor Leviuehalia, Speouchalia and
Nebaliopsis pleonite 5 is approximately the same
length as pleonites 6 and 7 (state 0).

Pleopods. The posterior margin of pleopods 1-4
of Pavanebalia, Speonebalia and some speeics of
Nebalia are crenate (character 38, state 1: Fig. 3i).

The comb-row or “spinc-row™, considered
by Dahl (1985: pp. 142, 163) to bc a generic
character, consists of a row of short, pinnate sctae
along the cxterior margin of the exopod ol plco-
pod | (Figs 4k, 6a and 6b). As Dahl (1985)
created a new genus for Sarsinebalia tvphlops
which does not possess a comb-row on its first
picopod. The length of the comb-row relative to
the exopod is diagnostic (character 39). For all
species of Nebalia except Nebalia spp. A and B
the comb-row is greater than half the length of the
exopod (state 2). Nebalia spp. A and B do not

possess a comb-row (state 0: Fig. 4i). The comb-
row of Leviuebalia Walker-Smith, 2000 and
Nebaliclla declivatas is less than half the length
of the exopod (state 1: Fig. 4j).

All genera except Nebaliellu and Nebaliopsis
have pairs of smooth setac along the cxterior
margin of the exopod of pleopods 2—4 (character
40, state 0 (not in pairs): Fig. 4g. state 1: Figs
3i, 4h).

For all gencra except Nebaliella and Nebaliop-
sis the ramus of plecopod 5 is longer than the
ramus of plecopod 6, measured along the midline
(character 41, state (}). We have scored pleopod 5
longer than 6 as the plesiomorphic state

Pleopod 6 may be uni- or biarticulate, a char-
acter {irst used by Olesen (1999). Nebaliopsis,
Speouebalia and Nebaliella all have a biarticulate
plcopod 6 (character 42, state 0: Fig. 41). All other
Leptostraca have a uniarticulate plcopod 6 (state
1). The biarticulate condition is thought to be
plesiomorphic.

Carapace. The posterodorsal margin of the cara-
pacc of Nehaliella has small denticles (character
43, state 0: Fig. 3c). This character state is not
scen in other Leptostraca and the plesiomorphic
condition is unknown.

Rcsults

Cladograms

The phylogenctic program PAUP* 4.0 revealed
1527 cqually parsimonious trees of 114 steps.
Tree 711 and tree 340 were the two most distant
parsimony trees (found using the FILTER com-
mand). Their statistics are: consistency index (CI)
= 0.52; homoplasy index (HI) = 0.48; retention
index (RI) = 0.79; rescaled consistency index
(RC) = 0.41.

Bremecr support values were caleulated for tree
711 (Fig. 6) and tree 340. Branch lengths for tree
711 were caleulated in PAUP* 4.0 and arc pre-
sented diagramatically (Fig. 7). Characters with
C1=1 are also plotted on this tree.

A 50% majority-rule with bootstrap values and
the percentage of parsimony trees retaining
nominal clades is also presented (Fig. 8).

Characters defining the clades of parsimony

tree 711.

As trees 711 and 340 retain the same character
state changes at the major (gencric level) nodes,
only tree 711 is discussed in detail (Figs. 6 and 7)
with character state changes (Table 3).

Cladc 63 contains all Recent Leptostraca and is
supported by three synapomorphies from the
characters used (plus those characters gencrally
stated to definc the taxon).
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Table 3. Character transformations at all nodes in tree 711 (one of 1527 parsimonious trces). Character
numbers follow cach clade labelled in Fig. 6. Character numbers alone indicate a change from state 0
to state 1, — indicates a reversal from state 1 to 0, and superscripts indicate a change from one state
(default 0) to another. Characters in bold have Cl1=1.

Clade number or taxon

Characters changing

Clade 63

Nebaliopsis typica
clade 62

clade 37 (Paranebaliidac)
clade 34 (Levinebalia)
Levinebalia maria
clade 36 (Paranebalia)
cladc 35

Paranebalia longipes
Paranebalia sp. A
clade 61 (Nebaliidae)
Speouebalia cannoni
clade 60

cladc 40 (Nebaliella)
clade 38

Nebaliella antarctica
Nebaliella brevicarinata
clade 39

Nebaliclla declivatas
cladc 59

Dallella calderiensis
clade 58 (Nebalia)
clade 51

cladc 43

Nebalia sp. C

clade 41

Nebalia cannoni
Nebalia longicornis
Clade 49

cladc 45

clade 44

Nebalia capensis
Nebalia falklandensis
cladc 48

clade 46

Nebalia daytoni
Nebalia sp. A

clade 47

Sarsinebalia typhiops
Nebalia marerubri
clade 57

cladc 56

clade 55

clade 54

clade 53

Nebalia lagartensis

11, 22%, 27

264, 28%, 302. 41

8, 197, 36, 38, 40

1, 13,14, 15,17, 22*", 262, 29, 32, 42

16, -36, -38

20, 39
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=27

192’0

20

3,10, -11, 207, 30, 33, 34, 353, 43
26% 28

7, 18, 22, 37, 39*
2}, 23, 26, 30. 31, 32, -40, 41
202’>I

19>, -38

3921-1

47, 14,212 -27,42, 43
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23 TR
19>

6
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36I>2

-19
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—38
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6
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Nebaliopsis typica Sars, 1887 (Nebaliopsidi-
dac) is defined by four apomorphies (from the
characters used): maxilla | second endite
reduced; maxilla 2 exopod absent; thoracopod
exopod with no sctac; pleopod 6 shorter than
pleopod 5. At least 14 morc character states
define Nebaliopsis typiea but these unigue states
arc uninformative and had been excluded a priori:
molar process reduced; maxilla 1 palp reduced to
a small stub (but may terminatc in long scta);
maxitla I, sccond endite reduced; maxilla 2 with
endites 2—4 reduced in size and setation; maxilla
2 nearly as large as thoracopod I; thoracopod |
differing greatly Irom thoracopods 2-7, some-
what maxillipediform; thoracopod endopod not
articulate; thoracopods well spaced; pleopods 2—4
cxopod paddle-like, outer margin strongly curved
with numerous small spinules; carapacc not
emarginate; carapace with nctwork patiern of
sculpturing; body cuticle and carapace thin, mem-
branous; caudal fureca leaf-like, broadest midway;
entire Iength of mature female greater than 20
min.

Clade 62 contains all Leptostraca except
Ncbaliopsididac. This clade oceurs in all shortest
trees and has a Bremer support value of 2 and
72% bootstrap support. Five synapomorphies
definc this clade although none has Cl=1.

Clade 37. Parauebalia plus Levinebalia, occurs
in all trees and has a Bremer support value of 3
and 85% bootstrap support. The clade is defined
by ten synapomorphies, five with C1=1: antenna 2
articles 3 and 4 with two large cuticular out-
growths; antenna 2 of male not greatty clongate,
only half length of specimen; maxilla I second
endite clongate; thoracopods long, extending well
beyond the ventral margin of the carapace; thora-
copod 2-5 with epipod shorter than exopod. This
clade is also defined by the character state —
males with swollen callynophore — but as this
character is multistate it has CI=0.67.

Clade 34 (Levinebalia), cvident in 100% of
trees, has Bremer support of | and 77% bootstrap
support. It is defined by three synapomorphics:
antenna 2 peduncle and flagellum surface with
minute denticles or cuticular outgrowths (CI=1);
pleonite margins smooth (reversal); pleopods -4
peduncles with margins smooth (reversal).

Clade 36 (Paranchalia), cvident in 100% of
shortest trees, has Bremer support of 5 and and
99% bootstrap support. Six synapomorphies
including three with C1=I define this clade: molar
with large accessory process; molar process with
setal brush; and pleonites 6 and 7 with denticles

only over dorsal part of margin.
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Clade 61 occurs in all trees and has Bremer
support of 2 and 67% bootstrap support. This
clade, all specics of Speoucbalia, Nebaliella,
Dalillella and Nebalia, is defined by nine synapo-
mophies including three with CI=1. Some of the
characters defining the elade are: antenna 1 with-
out anterodenticulate fourth article (CI1=0.5);
thoracopod exopod not heavily sctose (C1=0.67)
pleonite 4 margin denticulate (CI=1); pleonite 5
margin denticulate (CI=1); with crenations over
cntire pleonite margin (CI=I).

Speonebalia  eamoni Bowman, Yager and
1liffe, 1985 is defined by two apomorphics, one
with CI=1; maxilla 1 sccond endite simple.
Speonebalia eannoni also has an autapomorphy
that was excluded from the analysis: maxilla 2
with marginal organclics.

Clade 60 (Nebaliella. Dalilelia and Nebalia)
occurs in all trees and has a Bremer support value
of | and bootstrap support <50%. It is defined by
five synapomorphies. None is unique.

Clade 40 (Nebaliella) is supported in all trees
with Bremer support value of 6 and 100% boot-
strap support. It is defined by eight synapomor-
phics, five with CI=I: presence of a rostral kecl
longer than the rostral flange; molar with acces-
sory tooth/spine; maxilla | second endite bilobed;
thoracopod exopod with proximal lobe; and tho-
racopods 2-5 without epipod. Pleopod 6 longer
than pleopod 5 and pleopod 6 uniarticulate are
also characters linking species in this clade.

Clades 38 and 39 relating the species of
Nebaliella occur in all shortest trecs, each clade
has Bremer support of | and clade 39 has 50%
bootstrap support.

Clade 59 (Dahlella and Nebalia), occurs in all
parsimony trees and has a Bremer support value
of 2 and 72% bootstrap support. Six synapo-
morphies define this clade but the presence of a
supraocular scale is the only unique character
(CI=1). All species in this clade also share:
antenna 2 pedunele articles 3 and 4 not fused
(C1=0.5); pleopod 6 shorter than plcopod 5
(C1=0.5) and pleopod 6 biarticulate (CI=0.5)

Dalilella has three apomorphies among the
characters in this matrix but none is unique.

Clade 58 (Nebalia) was cvident in all trees with
Bremer support of I and <50% bootstrap support.
It is defined by five synapomorphics. The pres-
encc of a rostral keel shorter than the rostral
llange and article 4 of antenna 1 with robust setae
are characters unique to Nebalia. Species in this
clade also have eyes shorter than the rostrum and
cyes with the ventral margin not cxtremely

curved.
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Only four clades, grouping three pairs and one
group of four spceies of Nebalia appcar in the
50% majority-rule tree (Fig. 8). Clade 46 (N. day-
toni and Nebalia sp. A) was rctained in all trees
and has a Bremer support of 2 and 69% bootstrap
support. Clade 47 (S. nplilops and Nebaliu sp. B),
rctained in all trees, has a Bremer support valuc of
1 and <50% bootstrap support. Cladc 52 (N. bipes
and N. fherbstii) was retained in 62% of parsi-
mony trecs but has no Bremer support and <50%
bootstrap support. The clade linking Nebalia can-
noni, Dahl, 1990, N. falklandensis, Dahl, 1990, N.
longicornis and N. patagonica Dahl, 1990 did not
occur in tree 711 but occurred in 75% of all trecs.
It has no Bremer support and <50% bootstrap
support. The relationships of the rcmaining
specices of Nebalia could not be resolved.

Svstematics and a new classificarion

Four synapomorphies uscd in this analysis and at
least 14 other character states define Nebaliopsis
typica (Ncbaliopsididac) and differentiate it from
all other Leptostraca. The sister group (clade 62)
is described by robust synapomorphics so there is
support for the existing family Ncbaliopsididae.

All shortest trecs contain a clade (clade 37),
Paranebalia plus Levinebalia, sister taxon of all
other species. We believe that with a Bremer sup-
port valuc of 3, bootstrap value of 85% and five
autapomorphies for this clade, a new family can
be justified for the two genera.

Clade 61, apparent in all trees, contains the
rcmaining genera of Nebaliidac (Speonebalia,
Dalilella. Nebaliella, and Nebalia). This clade is
supported by ninc synapomorphics, three autapo-
morphic for the clade (scc above) and has Bremer
support of 2 and 67% bootstrap support. This
clade defines the restricted family, Nebaliidac.

The monophyly of Speonebalia, Nebaliella,
Dalilella, and Nebalia is supported by the analy-
sis. Speonebalia and Dallella are monotypic and
their status as gencra is confirmed by the synapo-
morphies of their sister taxa.

Two autapomorphies for clade 58 unite all
specics  of Nebalia (including  Sarsinchalia
typlilops): the prescnce of a rostral keel shorter
than the rostrum and the presence of robust sctae
in the fourth article of antenna 1.

We were unable to find any characters which
support separate gencric status for the monotypic
Sarsinebalia and the genus must be synomiscd
with Nebalia and its specics, S. typllops returns to
its original combination.

Table 4 lists all described species with their
distribution.

Comparison with Olesen’s (1999) trees

Olesen (1999) presented two  equally  parsi-
monious hypotheses of the phylogeny of the
genera of Leptostraca. He uscd 27 mostly binary
characters. The four monotypic genera arc clearly
monophylctic and he was convinced a priori of
the monophyly of Parauebalia and Nebaliella.
Hc cntertained the possibility that Nebalia miglht
be paraphyletic with respect to Sarsinebalia or
Dabhlella (or both). Our hypothesis differs from
his. Olescn’s first trec was rooted against two out-
groups, Mysidacca and Anostraca, and placed
Nebaliopsis as a sister taxon to all other Lep-
tostraca, as in our tree. However, the position of
Nebaliella and Paranebalia was dircctly trans-
posed compared to our tree and Sarsinebalia was
placed as a sister to Dalilella and Nebalia. This
3-taxon clade occurred in both of Olesen’s trees
(the sccond tree having only Mysidacea as an out-
group) and he suggested this indicated strong
support. Howcever, two of the characters linking
Dalilella and Nebalia in Olescn’s tree actually
vary within Nebalia and thus arc not useful (char-
acter 9; antenna 2, spine on scgment 2; character
14: mandiblc, shape of scgment 3). The third
character, character 2 (the abscnce of a rostral
spine) occurs throughout the Leptostraca and was
a reversal. Qur trec treats Dalilella as a sister
taxon to Nebalia and synonomises Sarsinebalia
with Nebalia.

Olcsen’s sccond trec (with only Mysidacea as
an outgroup) suggested Paranebalia at the base of
the Leptostraca, with the remaining taxa split into
two cladcs. Speouebalia sits as a sister taxon to
Nebaliella and Nebaliopsis supported by a single
character (25: pleopod 6 biarticulatc). A single
character unites Nebaliella and Nebaliopsis (char-
acter 24: plecopod 6 longer than pleopod 5). These
characters are both uscful characters but, in our
trce appear to have evolved twice. The sccond
clade in Olesen’s tree was the Sarsinchalia-
Dallella-Nebalia clade, supported by four char-
acters, the three mentioned above and character
10 (antenna 2 with threc articles), which occurred
twice in this tree but only once in Olesen’s other
tree.

Olesen's (1999) trees Icad him to question
the family status of Ncbaliopsididac and the
monophyly of Nebalia. Our tree indicatcs the
validity of the Nebaliopsididae, and more signifi-
cantly of Ncbaliidac and a third family. Our trec
suggestes Nebalia is monophylcetic, Dallella is a
scparate genus and Sarsinebalia is a synonym of
Nebalia.
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Table 4. Taxonomic list of all familics, gencra and species of Reeent Leptostraca with reported distri-
butions. * indicates species omitted from phylogenetic analysis.

Order Leptostraca Claus, 1880
NEBALIOPSIDIDAE Hessler, 1984

Nebaliopsis Sars. 1887
N. typica Sars, 1887. West and south-east coast of South America, near Falkland Is, off coast of Ghana,
Ivory Coast, south-west Indian Ocean, South Pacifie, Scotia Sea

PARANEBALIIDAE fam. nov.
Parauebalia Claus, 1880

P, belizensis Modlin, 1991. Belize

P. longipes (Willemoes-Suhm, 1875). Bermuda, Virgin Is, southern Florida (USA), Japan, Gulf of
Siam. Torres Strait (Australia)

P. sp. A. South Australia (Australia)

Leviuebalia Walker-Smith, 2000

L. fortunata (Wakabara, 1976). Otago Peninsula (New Zealand)
L. maria Walker-Smith, 2000. Tasman Sea, off E coast of Tasmania (Australia)

NEBALIIDAE Samouelle, I819

Nebalia Leach, 1814
N. antarctica Dahl, 1990. Wilhelm I Land, Adelie Land (Antaretica)

*N. bipes abyssicola Fage, 1929. Monaco
N. bipes bipes (Fabricius, 1780). Greenland, Arctic North America, Svalbard to western Norway

*N. bipes valida Thiele, 1904. Pribilof Is (Bering Sca)

N. borealis Dahl, 1985. Norway, Sweden, British Isles, Shetland Is, Sleat Sound (Seotland)
N. brucei Olesen, 1999. Unguja 1., Zanzibar (Tanzania)

N. cannoni Dahl, 1990, South Georgia

N. capensis Barnard, 1914. South Africa

*N. chilensis (Claus. 1888) nomen nudunt. Chile

N. clansi Dahl, 1985. Adnatic Sca (Italy)

*N. dahli Kazmi and Tirmizi, [989. Karachi (Pakistan)

N. daytoui Vetter, 1996, San Diego (southern California, USA)

N. falklandensis Dahl, 1990. Falkland s

*N. gerkenae Haney and Martin, 2000. Monterey Bay, California (USA)

N. lierbstii Leaeh, 1814, Shetland Is, western Bristish Isles, western France to Spanish border
N. liessleri Martin, Vetter and Cash-Clark, 1996. Southern California (USA)

*N, illicoensis Kensley, 1976, South-western Africa

*N. japanensis (Claus, 1888). Japan
*N. lagartensis Escobar-Briones, 1995. Ria Largartos, Yueatin Pcninsula (Mexico)

N. lougicoruis longicornis Thomson, 1879. South Island (New Zealand), New Britain (Papua New
Guinca), South Africa, Lifou (New Caledonia), Blanche Bay, Sandal Bay

*N. longicornis soror Thicle, 1904. Caribbean Sea, Cuba

N. marerabri Wigcle, 1983. Red Sea

N. patagouica Dahl, 1990. Magellan region

*N. pugertensis (Clark, 1932). Friday Harbour (Washington, USA)

N, stransi Risso, 1826. Channel Is, Guernsey, Franee, Monaco, ltaly including Sicily

N. typlilops Sars, 1870, Red Sca, Lofoten Is (Norway), Messina, Bay of Naples (Italy), North America
from Davis Strait to New Jerscy, Australia

N. sp. A. Eastern Bass Strait (Australia)

N. sp. B. Tasmania and eastern Bass Strait (Australia)

N. sp. C. southcrn Western Australia (Australia )
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Table 4. continued

Nebaliella Thiele, 1904

N. antarctica Thiele, 1904. Kerguelen 1., Akaroa Harbour (New Zcaland)
N. brevicarinata Kikuchi and Gamd, 1992. Princess Ragnhild Coast (Antarctica), bathyal
N. caboti Clark, 1932, Cabot Strait (between Newfoundland and Cape Breton 1.), Ncw Jersey (USA),

Rockall Trough

N. declivatas Walker-Smith, 1998. E coast of Victoria. New South Wales, Tasmanta (Australia)
*N. extrena Thiele, 1905. Kaiser Wilhelm 11 Land. Palmer Archipclago (Antarctica)

Dahlella Hessler, 1984

D. caldariensis Hessler, 1984. Galapagos 1., hydrothermal vents

Speouebalia Bowman, Yager and lliffe, 1985

S. cannoni Bowman, Yager and lliffe, 1985. Turks and Caicos Is, marine caves

Key to families of Leptostraca

Maxilla 2 with cnditcs 2—4 reduced in size and setation (Fig. 2j); thoracopods
well spaced (Fig. 3h): pleopods 2-4 exopod paddle-like, outer margin
strongly curved, with numerous small spinulcs (Fig. 4g); caudal furca leaf-
likc, broadest midway (Fig. 4n).........................Nebaliopsididae (monotypic)
Maxilla 2 with at lcast first 3 endites wcll developed (Fig. 21); thoracopods
closcly space (overlapping); pleopods 24 cxopod slightly expanded mid-
way and/or distally or outer margin parallel (Figs 4b, d, ¢); caudal furca
tapering cvenly 10 tip (Fig. 4mM) .oc.ovecviiveiercieree it serieer e eseeeerennessseenes 2
Antenna | of mature male with swollen callynophore (Figs 2d, ¢); thora-
copods long, cxtending well beyond the ventral margin of carapacc (Fig. 11);
thoracopods 2-5 epipod shorter than exopod (Fig. 4b)......... ....Paranebaliidae
Antenna 1 of maturc male not swollen or with callynophorc, may have a
dense ficld of aesthetascs (Fig. 2f); thoracopods short, not extending well
beyond ventral margin of carapace (Fig. 4a); thoracopod 2-5 epipod longcr

than exopod or absent (Figs 4d, e)

Nebaliopsididae Hessler
Nebaliopsidae Hessler, 1984: 656.

Type genus. Nebaliopsis Sars, 1887 (original des-
ignation).

Diagnosis. Rostrum without spinc or keel. Eye
shorter than rostrum and with visual elements;
without denticles; without dorsal papilla; ventral
margin not extremcly convex. Supraocular scale
absent. Antcnna 1 with anterodenticulate fourth
article; article 4 without robust sctac. Antenna 2,
peduncle articles 3 and 4 not fuscd, without cutic-
ular outgrowths, or minute denticles; without
dorsal spine. Mandible without incisor proccss:
molar process reduced, with armature. Maxilla 1
reduced to small stub. Maxilla 2 (Fig. 2j) nearly
as long as thoracopod 1; endopod rcduced to
small, blunt distal lobe, without organelles; exo-
pod abscnt; proximal endite enormously enlarged,
well-armed with marginal setac; endites 24

................................................. Nebaliidae

reduced in size and setation. Thoracopods not
extending well beyond ventral margin of carpace;
well-spaced (Fig. 3h). Thoracopod | differcnti-
ated from thoracopod 2-8. Thoracopoed (Fig. 4c¢)
endopod blunt, featureless lobc, not articulate;
cxopod strongly rcduced, poorly differentiated,
without setae; epipod well developed. longer than
cxopod, somewhat maxillipediform. Posterior
margins of pleonitcs smooth. Plcopod 1 cxopod
without comb-row. Plcopods 2—4 exopods pad-
dle-likc (Fig. 4g), length less than 3 times width.
Pleopod 6 longer than pleopod 5 and biarticulate.
Caudal rami lcaf-like, broadest midway (Fig. 4n).
Thorax inflated; body cuticle and carapacc thin
and membranous. Carapace with a network
pattern of sculpturing; not cmarginate; cxtending
furthest posteriad midsagittally, without carina on
anterolateral lower corncr. Entire length of
mature female greater than 20 mm.

Composition, Nebaliopsis Sars, 1887,
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Nebaliopsis Sars

Nebaliopsis Sars, 1887: 21.
Diagnosis. With the eharacters of the family.

Remarks. This family, contains only the type
species N. typica Sars, 1887. Descriptions of N.
typica may be found in Thiele (1905), Cannon
(1931) and Linder (1943). Males have not been

reported.

Paranebaliidac fam. nov.
Type genus. Paranebalia Claus, 1880.

Diagnosis. Subterminal rostral spine present (Fig.
1b); kecl absent. Eye shorter than rostrum; visual
elements present. Eye sometimes with dentieles
(Fig. 1h); without dorsal papilla; ventral margin
not extremely convex. Supraocular scale abscnt.
Antenna 1 with anterodentieuiate fourth article
(Fig. 1q); article 4 without robust setac; male
flagellum modificd, either swollen (juveniles) or
transformed into eallynophore (Figs 2e, 2d).
Antenna 2 peduncle articles 3 and 4 fused; pedun-
cle with 2 rounded euticular outgrowths and
somctimes with minute cutieular denticles or
spines (Figs 5a. b); without dorsal spine. Antcnna
2 of male not greatly clongate, only half body
length. Mandible ineisor with | tooth (Fig. 2e).
Molar process well developed (Fig. 2¢); with or
without setal brush and sometimes with large
aeecssory proecss. Maxilla 1 paip (Fig. 2g). long,
well developed; seeond endite elongate. Maxilla 2
with at Icast first 3 endites well developed: much
smaller than thoracopod 1; cndopod without
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organclles; exopod greater than half length of
endopod. Thoraeopods long, extending beyond
ventral margin of the carapace; closely spaced
(Fig. 11). Thoraeopod 1 differing only slightly
from thoracopods 2-7. Thoracopod exopod heav-
ily sctose and without proximal lobe (Fig. 4b).
Thoraeopods 2-5 epipod shorter than exopod;
endopods showing a degree of artieulation.
Pleonites 4 and 5 with smooth margins. Pleonites
6 and 7 dorsal margins sometimes erenate (Fig.
). Plecopod 1 exopod comb-row present.
Pleopods 2-4 cxopod with parallel margins; outer
margins with setae in pairs. Pleopod 5 longer than
plcopod 6. Plcopod 6 uniarticulate. Caudal rami
tapering evenly to tip. Thorax not inflated; body
cuticle and carapace firm. Carapacc not seulp-
turcd; emarginate; without carina on antcrolateral
lower corner. Entire length of femalc less than

20 mm.

Composition.  Paranebalia  Claus, 1880;

Levinebalia Walker-Smith, 2000.

Remarks. Six unique charaeter states link the gen-
era of Paranebaliidae: antenna 2, articles 3 and 4
with two large euticuiar outgrowths; malc antenna
I flagellum with swollen callynophore; males
without greatly elongate antenna 2; maxilla 1 sec-
ond endite elongate; slender thoraeopods extend-
ing well beyond the ventral margin of the eara-
pace; thoraeopods with redueed cpipods. The
subterminal rostral spine is a synapomorphy of
the Paranebaliidae, shared with Sarsinebalia
nphlops and Nebalia sp. B. The presence of an
anterodentieulate fourth article on antenna | is
found in Paranebaliidae and Nebaliopsididac.

Key to genera of Paranebaliidac

Eye with dentieles (Fig. 1h); mandible molar with setal brush and large
accessory process (Fig. 2¢); antenna 2, without minute denticles or spine
over ther surfaee of the pedunele and flagellum (Fig. 5b); plcopods 1-4,
peduncle margin erenate (Fig. 2i); pleonites 6 and 7 margin dorsally
(ORI (0RTHG, () oo ommemomsaormmomon i oo s Paranebalia
Eyes without denticles; mandible molar without setal brush and accessory
process; antenna 2, with minute denticles or spines over the surfaee of the
peduncle and flagellum (Fig. 5a); pleopods 1-4, peduncle margin smooth;
pleonites 6 and 7 without elearly defined ercnations..................... Levinebalia

Paranebalia Claus

Parancbalia Claus, 1880: 576.—Thicle, 1905:
14-19, 24-25.—Verrill. 1923: 206-207.—Wakabara,

1976: 297.
Type species. Nebalia longipes Willembes-Suhm,
1875 (by monotypy).

Diagnosis. Eycs with dentieles or cutieular out-
growths (Fig. Th). Mandible incisor with setal
brush and molar large aeessory process (Fig. 2¢).
Antenna 2 without minute denticles or spines
over the surfaee of the pedunele and flagellum
(Fig. 5b). Pleopods 1—4, peduncle margin crenatc
(Fig. 2i). Pleonites 6 and 7, margin dorsally

crenate (Fig. 11).
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Composition. P. longipes, P. belizensis Modlin,
1991.

Remarks. This genus is distinguished most easily
from Levinebalia by the denticulate eyes, antenna
2 without minute denticles or spines over the sur-
face of the peduncle and flagellum, pleopods 1-4,
pedunele margin erenate and pleonite 6 and 7 dor-
sally erenate. Undeseribed speeies are known
from Australia.

Levinebalia Walker-Smith
Levinebalia Walker-Sniith, 2000; 138.

Type species. Levinebalia maria Walker-Smith,
2000 (original designation).

Diagnosis. Eyes without denticles or euticular
outgrowths. Mandible ineisor without setal brush
or aceessory molar proeess. Antenna 2 pedunele
and flagella with patehes of minute denticles or
spines (Fig. 5a). Pleopods 1-4, pedunele margin
smooth. Pleonites 6 and 7, margins with ill-
defined erenations.

Composition. L. maria, L. fozmnum (Wakabara,
1976).

Remarks. This genus 1s distinguished from
Paranebalia by smooth eyes, minute dentieles or
spines over the surfaee of antenna 2 pedunele and
flagella, smooth pleonites margins and smooth
pleopod peduncles. Pleonites may sometimes
have tiny, ill-defined crenations.

Nebaliidae Samouelle

Nebaliadae Samouelle, 1819: 100,
Nebaliidae Baird, 1850: 31-38.—Sars, 1887: 6-7.—
Verrill, 1923: 205-206.—Hessler, 1984: 656.

Type genus. Nebalia Leacl, 1814 (by monotypy).

Diagnosis. Subterminal rostral spine rarely pre-
sent; keel sometimes present (Figs 1a, d). Visual
clements present or absent. Supraoeular seale
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sometimes present (Fig. 1f). Antenna I, antero-
denticulate fourth artiele absent: male, flagellum
not swollen, but may have numerous acsthetases
(Fig. 2f). Antenna 2, pedunele without cuticular
outgrowths or minute dentieles; articles 3 and 4
sometimes fused (Fig. 2b); male antenna 2 greatly
clongate, reaching to the caudal furea (unknown
for Dallella). Mandible ineisor, present (exeept
for Speonchalia). Molar process well developed
(Fig. 2h), without sctal brush: without aceessory
proecss; sometimes with aceessory tooth/spine
(Fig. 2i). Maxilla 1 palp long. well developed.
Maxilla 2 (Fig. 21) with at least first 3 endites well
developed; much smaller than thoracopod 1.
Thoracopods not extending well beyond ventral
margin of carapace: ecloscly spaced (Fig., 4a).
Thoraecopod 1 differing only slightly from thora-
copods 2-7. Thoracopods 2-5 epipod longer than
exopod (Fig. 4d), or absent (Fig. 4c¢); endopods
showing a degree of articulation. Pleonites 4-7
erenate over entire margin (Fig. 4a). Pleopod 1
exopod generally with eomb-row (Fig. 4k). Pleo-
pod 2-4 exopod with paralicl margins or slightly
expanded medially; outer margins with setac
sometimes in pairs. Pleopod 5 longer or shorter
than pleopod 6. Pleopod 6 uni- or biarticulate.
Caudal rami tapering cvenly to tip. Thorax not
inflated, body cuticle firm. Carapace strongly
emarginate midsagittally. Entire body length less
than 20 mm.

Composition, Nebalia Leach, 1814; Nebaliella
Thicle, 1904 Palilelia Hessler, 1984; Speone-
balia Bowman, Yager and [liffe, 1985.

Remarks. The diagnosis for Nebaliidae has been
modified sinee Hessler (1984) to inelude Speone-
balia and exelude Parancbalia and Levinebalia
(removed to Parancbaliidac). Sarsinebalia has
been synonymised with Nebalia. Authorship of
the family name has been attributed to Baird
(1850) by other authors but Sumouclle’s (1819)
name has preecdence.

Key to genera of Nebaliidac

Rostrum with keel shorter than rostral Mange (Figs la, d) or absent; molar
without aecessory tooth/spine (hg 2h); thoraeopod exopod without proxi-

mal lobe (Fig. 4d); thorﬂcopods -S epipod longer than exopod (Fig. 4(1)
pleopods 2-4 outer margins parallel (Figs 4h-K)u. i,

Rostrum with keel longer than rostral flange (Figs le, ¢); molar with aeces-
sory tooth/spine (Fig. 2i); thoracopod exopod with proximal lobe (Fig. 4¢);
thoracopods 2-5 epipod absent (Fig. 4e); pleopods 2-4 outer margins
slightly expanded midway and/or distally (Fig. 4f).....cocooveiiiiinnns Nebaliella
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Rostrum without keel; eye longer than rostrum; antenna | article 4 without
robustysctac DS oINS S NN TR e

Rostrum with keel shorter than rostral flange (Figs la, 1d); eye shorter than
rostrum; antenna |, article 4 with robust setac (Fig. Ip) .oooecvvvevennnne. Nebalia
Eyc without denticles, narrow, tapering distally, surface smooth, without
visual clements, without supraocular scale; maxilla 1 sccond endite simplc
(Fig. 3c), maxilla 2 with marginal organelles (Fig, 2K)................Speonebalia
Eye (Fig. 1m) with denticles, strongly curved (banana shape), surface with
denticles, without visual elements, with supraocular seale; maxilla 1 second
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cndite complex (Fig. 3a); maxilla 2, marginal organellcs absent.......Dahfella

Nebalia Leach

Nebalia  Leach, 1814:  99.—Thomson, 1879:
418-419.—Sars, 1896; 7-8.— Thiele, 1904: 10-12.—
Thicle, 1905: 61.—Bamard, 1914: 443-446.—Fage,
1929: 41-42.—Cannon, 1931; 221-222 —Clark, 1932:
225-230.—Wigele, 1983: 127-138.— Dahl, 1985:
144-157—Dahl, 1990: 73-91.

Epinebalia Clark, 1932: 225-230 (type spccies
Epinebalia pugerntensis Clark, 1932 by monotypy).

Sarsinebalia Dahl, 1985: 160-163 (type species
Nebalia typhlops Sars, 1870 by original designation)
Syn, nov.
Type species. Cancer bipes Fabricius, 1780 (by
monotypy).
Diagnosis. Rostrum with keel shorter than rostral
flange, commonly without subterminal spine
(Fig. 1a). Eyes shorter than rostrum, gencrally
dorsally convex, sometinmes with papilla (Figs 1f,
§); usually with ommatidia or visual clements;
surfacc without denticles, ventral margin not
extremely convex. Supraoeular scale present
(Figs 1f, i). Maxilla 2 exopod at least half length
of endopod (except N. fyplilops). Antenna |
article 4 with 1 or more robust setae (Fig. Ip).
Antcnna 2, artiele 2 with commonly with dorsal
spine, articles 3 and 4 fused (Fig, 2b), Mandible
palp article 3 tapering distally. with parallcl mar-
gins; incisor with 2 teeth (Fig. 2h); molar process
well developed without accessory tooth/spine.
Maxilla 1 sceond endite complex (Fig. 3a).
Thoracopods exopod without proximal lobe; with
few sctae (Fig. 4d); epipods large, well devcl-
oped. Pleopod 1, exopod generally with comb-
row (Fig. 4k). Pleopod 6 shorter than pleopod S,
uniarticulate.

Remarks. The two characters  distinguishing
Nebalia from other Leptostraca are the presenec
of a keel shorter than the rostral flange and the
presence of onc or more robust setae on artiele 4
of antenna 1. Most specics of Nebalia are very
alike and difficult to distinguish from one
another. Howecver, four speeies are particularly
distinetive, Nebalia daytoni and N. sp. A havc an
unusual bilobed eyc (Fig. 1n). Nebalia sp. A also
has verticle striations on the antcroventral surface

of the carapace. Nebalia sp. A and sp. B and N.
typhlops all lack the comb-row on the exopod of
pleopod 1. Nebalia sp. B has an unusual triangu-
lar shaped eyc and N. niplilops has a rectangular
to circular eye that lacks pigment. The exopod of
maxilla 2 of N. nphlops is reduced to less than
half the length of the cndopod.

Sarsinebalia Dahl, 1985 is a new junior
synonyn.

Nebaliefla Thicle

Nebaliella Thicle, 1904: 4-9, 24-25.—Cannon, 1931:
216-221.—Walker-Smith, 1998: 41.

Type species. Nebaliella antarctica Thiele, 1904
(by monotypy).

Diagnosis. Rostrum with keel longer than rostral
flangc, subterminal spine absent (Fig. 1¢). Eycs
strongly curved, extending beyond the end of the
rostral keel. lacking visual clements (Fig. le).
Antenna | without robust setac on article 4.
Antenna 2, peduncle articles 3 and 4 not fused,
without euticular outgrowths (Fig. 2a). Mandiblc
incisor with 2 teeth. Molar with accessory
tooth/spine (Fig. 2i), without large accessory pro-
cess (Fig. 2¢). Maxilla 1 second endite bilobed
(Figs 3b, 3d). Maxilla 2 exopod greater than half
length  of endopod, biarticulatc,  without
organelles. Thoracopods without epipods (Fig.
4¢). Thoracopod cxopod with proximal lobe,
heavily setosce (Fig. 4¢). Pleonitcs 2-7 posterior
margin crenate. Plcopods 2-4 with lateral setac
not in pairs (Fig. 4f). Pleopod 6 longer than pleo-
pod S, biarticulate. Carapacc not sculptured, but
may have a carina on lower antcrolateral surface,
posterodorsal margin with tiny denticles.

Remarks. Nebaliella occurs at depths ranging
from 3 m to over 100 m. The cyes, like those of
Dahlella and Nebalia typhlops, lack visual pig-
ments; they are strongly curved and extend
beyond the cnd of the rostrum like thosc of
Dalilella but, unlike Dahielfa, lack denticles. The
rostruim is unique. Antcnna 2 articles 3 and 4 are
not fused in Nebaliella, Nebaliopsis and
Speounebalia. Thoracopod epipods are absent in
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Nebaliella but present in all other leptostracans.
The posterior margin of the carapace of
Nebaliella has a series of close-set spines; similar
ornamentation is found in Speonebalia.

Dahlella Hessler
Dahlella Hessler, 1984: 656.

Type speeies. Dahlella ealdariensis Hessler, 1984
(original designation).

Diagnosis. Rostrum without keel or subterminal
spine. Eyestalks without visual clements, curved,
longer than rostrum, tapering gradually to point;
anterior margin denticulatc (Fig. 1m); supraocular
seale prescnt. Antenna 1 without robust setae on
article 4. Antenna 2, peduncle articles 3 and 4
fused. Mandible incisor with 2 teeth; molar
process well developed, without accessory
tooth/spine; mandible palp, distal article with 2
rows of setae. Maxilla | second endite complex
(Fig. 3a). Maxilla 2 exopod small, less than
quarter length of endopod; endopod biarticu-
late, without organelles. Thoracopod exopod
without proximal lobe, with few setac: cpipod
large, approximatcly cqual in size to exopod;
proximal lobe small. Pleonites 2-7 posterior
margin erenate. Pleopods 2—4 exopods with pairs
of latcral setac. Pleopod 6 shorter than pleopod 5,
uniarticulate. Carapace not sculptured.

Remarks. The most pronounced feature of
Dahlella s the large, blind, tootlied eye, seen only
in this monotypic genus from deep-sca vent com-
munities. Hessler (1984) suggested the eycs may
be used in scraping surfaces to loosen food such
as bacterial encrustations. Dahlella is most simi-
lar to Nebalia, diffcring in the structure of the eye,
the lack of rostral keel, the small size of the exo-
pod of maxilla 2 and the shapc of the proximal
lobe of the thoracic epipod. Dahlella shares with
Nebalia the presence of a supraocular scale.

Speonebaliu Bowman, Yager and Iliffc
Speonebalia Bowman et al., 1985: 439.

Type species. Speonebalia eannoni Bowman,
Yager and lliffe, 1985 (original designation).

Diagnosis. Rostrum without keel and subtcrminal
spine. Eyes long and narrow, tapering distally,
extending beyond tip ol rostrum, without visual
clements, surfacc smooth. Antcnna 1 article 4
without robust sctae. Antenna 2 peduncle articles
3 and 4 not fused, without large cuticular out-
growths or minute denticles. Mandible without
incisor. Maxilla I second endite, simple (Fig. 3¢).
Maxilla 2 endopod, uniarticulate, with series of
oval marginal organelles, exopod very small (Fig.

2k). Thoracopods exopod without proximal lobe,
with few setae; epipods large, well developed.
Pleopod peduneles with crenate lateral margin.
Pleopod 1 without comb-row on lateral margin of
exopod. Pleopod 2-4 cxopod with parallel
margins, smooth sctac in pairs. Pleopod 6 shorter
than pleopod 5, biarticulate. Caudal rami short
and broad, tapering distally, margins densely
setose, setac on medial margin very long. Cara-
pace strongly compressed laterally, covering
plcopods 1-5, more than 8 times length of
rostrum, with scrics of close-set obtuse spines
along posterior margin.

Remarks. Visual clements are also absent in
Dahlella, Nebaliella and Nebalia typhlops. The
mandibular ineisor, absent in Speonebalia, is pre-
sent in all other Nebaliidae. The mandibular palp
is unusually large in Speonebalia, teaching the
distal scgment of the peduncle of antenna 2;
article 3 is unusual m its slender tapered
shape and its armature of three rows of eomplex
setac. The shape of the maxilla 1 sceond endite
(Fig. 3e) of Speonebalia is unique. Speone-
balia is the only leptostracan with glands on max-
illa 2. The exopod of maxilla 2 1s reduced in
Speonebalia and Dahlella. The posterior margin
of the carapace of Speonebalia has a series of
close-sct obtuse spines; species of Nebaliella also
show similar omamentation on the carapacc mar-
gin. The caudal rami of Speonebalia has a dense
armature of long setae along the medial margin.

The genus is monotypic, its only species
recorded from marine caves. It has been sug-
gested the caudal setae prevent the animal from
sinking and indicate a pelagic rather than a
benthic life (Bowman et al., 1985). All other
species of Leptostraca except Nebaliopsis typiea
are thought to be benthie.
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Figure 1. a, rostrum, dorsal and part lateral view, Nebalia sp. C. b, rostrum dorsal view, Paranchalia sp. A. e, rostrum
dorsal view, Nebaliella extrema, after Thiele, 1905, d, rostrum lateral view, Nebalia typhlops, after Dahl, 1985, ¢, eyc and
rostrum, Nebaliella extrema, afler Thicle, 1905, f, eye und supraocular seale, Nebalia patagonica, after Dahl, 1990, g, eye
and supraocular scale, Nebalia sp. B. h, eye, Paranebalia sp. A. i, eye and suproeular scale, Nebalia typhlops, afier Dahl,
1985. j, eye with dorsal papiltac, Nebalia longicornis, afier Dahl, 1990. k. eye. Nebaliclla declivatas. | Paranebalia sp. A.
m, eye and supraocular scale. Dalilella caldarensis, afier Hessler, 1984, n, eye and supraocular seale, Nebalia sp. A.
o, antenna 2, Levinebalia maria. p, antenna |, Nebalia bipes bipes, after Dahl, 1985. ¢, antenna 1, mesial view,

Paranebalia sp. A. v, antenna 2, Paranebalia sp. A.
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Figure 2. a, antenna 2, Nebaliella declivatas. b, antenna 2, Nebalia sp. C. ¢, immature male, Paranebalia tippara. d, mature
male, Paranebalia sp. A. e, mandible incisor and molar, Paranebalia sp. A. [, antenna 2, Nebalia sp. A, male. g, mandible
palp, Levinebalia maria. h, mandible incisor and molar, Nebalia sp. A. i, mandible incisor and molar, Nebaliella decli-
vauas. j, maxilla 2, Nebaliopsis typica after Sars, 1887. k, maxilla 2, Speonebalia cannoni, after Bowman et al. 1985.
1, maxilla 2, Nebalia sp. C.
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Figure 3. a, maxilla 1, Nebalia sp. C. b, maxilla 1, Nebaliella declivatas. ¢, maxilla 1, Speonebalia cannoni, after Bowman
et al. 1985. d, maxilla 1, Nebaliella declivatas, malc. e, carapace, Nebaliopsis typica, after Sars, 1887. f, Nebalia sp. A.
g, maxilla | (without palp), Paranebalia sp. A. h, Nebaliopsis typica, after Linder (1943). i, pleopods 14, Paranebalia

sp. A.
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Figure 4. a, Nebalia sp. C. b, thoracopod 3, Levinebalia maria. ¢. thoracopod 7, Nebaliopsis tipica, after Sars, 1887.
d, thoracopod 3, Nebalia sp. C. ¢, thoracopod 3, Nebaliella brevicarinata, afier Kikuchi and Gamo 1992. f, pleopod 2,
Nebaliella declivatas. g, pleopod 4, Nebaliopsis typica, after Thicle, 1904. h, pleopad 2, Nebalia sp. C. i, pleopod 1.
Nebalia sp. A. j, pleopod 1, Nebaliella declivatas. k, pleopod 1, Nebalia sp. C. 1, end of thoracopod 3, Nebalia puget-
tensis, after Dahl, 1985. m, caudal furca, Nebaliella declivatas. n, caudal furca, Nebaliopsis typica, after Thicle, 1904.
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Figure 5, Antenna 2 in situ (left), peduncle article 3 and 4 (thesc arc fused) and first article of flagellum. a, Levinebalia
maria, note row of small spincs. Arrows point to large cuticular outgrowths. b, Paranebalia sp. A, note absence of small
spincs. Arrows indicate large cuticular outgrowths.
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Hypothetical ancestor

Nebaliopsis typica
I = Levinebalia fortunata
3 34 Levinebalia maria

37 5 Paranebalia sp. A

36 [~ Paranebalia belizensis
35 paranebalia longipes

Speonebalia cannoni

1 — Nebaliella antarctica
6 EE Nebaliella brevicarinata

40| I — Nebalielia caboti
39% Nebaliella declivatas

59

Dahlella caldariensis
Nebalia sp. C
Nebalia antarctica

43 L i )
47 Nebalia cannoni
41—E Nebalia longicornis
51 Nebalia patagonica
Nebalia marerubri
Nebalia brucei
45 Nebalia capensis
50
|| 44- Nebalia falklandensis
49 2 Nebalia daytoni
46%- Nebalia sp. A

48| I Sarsinebalia typhlops
47 Nebaliasp. B

‘ l: Nebalia bipes

52 Nebalia herbstii

57 Nebalia clausi
36 Nebalia hessleri
55 Nebalia strausi

54 Nebalia borealis
53% Nebalia lagartensis

Figure 6. Hypothesis for phylogeny of Leptostraca, tree 71 1. Numbers above branches are Bremer values; numbers below

are node numbers.
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Hypothetical ancestor

Nebaliopsis typica
16 | Levinebalia fortunata
15, 17, 262, 29, Levinebalia maria

24| 25. 35 Paranebalia sp. A
‘ ’ [ Paranebalia belizensis

Paranebalia longipes

— Speonebalia cannoni

Nebaliella antarctica

. 22, 23, 26, Nebaliella brevicarinata
33, 34, 35 i

Nebaliella caboti
Nebaliella declivatas
— Dabhlella caldariensis
Nebaliasp. C
Nebalia antarctica

Nebalia cannoni
Nebalia longicornis

" Nebalia patagonica

|~ Nebalia marerubri
Nebalia brucei

Nebalia capensis
Nebalia falklandensis
4,9

2R Nebalia daytoni
Nebalia sp. A
Sarsinebalia typhlops
Nebalia sp. B

Nebalia bipes

Nebalia herbsti

Nebalia clausi

Nebalia hessleri
Nebalia strausi
Nebalia borealis
Nebalia lagartensis

Figure 7. Tree 711 with branch lengths. Numbers are characters with Cl=1 and superscripts are state changes from the
plesiomorphic condition.
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Hypothetical ancestor

Nebaliopsis typica
77 1~ Levinebalia fortunata
100 - Levinebalia maria

¥ 74 100 Paranebalia sp. A
I 100 ‘\(zo_lz Paranebalia belizensis

72 Paranebalia longipes

100 Speonebalia cannoni

{— Nebaliella antarctica
100 1.00 = Nebaliella brevicarinata

?g 5 100 50 Nebaliella caboti

100 Nebaliella declivatas

Dahlella caldariensis

L Nebalia antarctica
100

Nebalia borealis

Nebalia brucei

Nebalia capensis
72

100

Nebalia clausi

Nebalia hessleri

Nebalia lagartensis

Nebalia marerubri

Nebalia strausi
Nebaliasp. C
[ Nebalia bipes
61 Nebalia herbstii
— Nebalia cannoni

L
100

Nebalia falklandensis

15 = Nebalia longicornis

— Nebalia patagonica
69 [~ Nebalia daytoni
L00 Y- Nebalia sp. A

[~ Sarsinebalia typhlops
100 Y nebalia sp. B

Figure 8. 50% majority-rule trecc. Number above branch lines are Bootstrap values; numbers below are percentage of
parsimonious trees retaining cach elade (only valucs above 50% are included).



