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A cladistic analysis of the non-‘Bradfordian’ genera was used to improve the classification of the superfamily 
Clausocalanoidea. The prevalence of homoplasy among the morphological characters used interfered with tree 
inference and our assessment of support for the topologies produced. Characters previously thought to have 
phylogenetic significance appear to be homoplasious (e.g. the presence of large spinules on the coxa of leg 4). Other 
characters, not previously thought to have phylogenetic significance, contributed to the fundamental topology of 
the trees even though incompletely congruent. These female characters are the setation of: antennular ancestral 
segments I, XIII, XV, XXI and XXIII; mandible basis and endopod segment 1; maxillule exopod; the maxilla praecoxal 
endite 1; and segmentation of the leg 1 exopod and leg 2 endopod. Our phylogenetic hypothesis of the non-‘Bradfordian’ 
Clausocalanoidea, using ‘Bradfordian’ taxa as the outgroup, gives some confidence in three clades: Aetideidae 
Giesbrecht, 1893, Clausocalanidae Giesbrecht, 1893 and Pseudocyclopiidae G. O. Sars, 1902, a conclusion requiring 
corroboration with genetic data. The Euchaetidae are always nested within the Aetideidae, and the Stephidae are 
paraphyletic and nested within the Clausocalanidae. The Mesaiokeratidae is a terminal branch within a clade 
composed of genera currently grouped as the Stephidae.

ADDITIONAL KEYWORDS:  anchialine – benthopelagic – pelagic – phylogeny.

INTRODUCTION

The copepod superfamily  Clausocalanoidea 
currently comprises 13 families, several of which 
are abundant and diverse members of the epipelagic 
(e.g. Clausocalanidae) and mesopelagic (e.g. 
Aetideidae) zooplankton communities of the global 
ocean. Seven of these clausocalanoidean families 
(Diaixidae, Kyphocalanidae, Parkiidae, Phaennidae, 
Rostrocalanidae, Scolecitrichidae and Tharybidae) 
are referred to as ‘Bradfordian’ because they share 
the possession of characteristic vermiform and 
brush-like sensory elements on the modified maxilla 
(Bradford, 1973; Markhaseva et  al., 2014). The 
Bradfordian families are monophyletic and terminal 
among the Clausocalanoidea (Blanco-Bercial et al., 
2011; Bradford-Grieve et al., 2010, 2014; Laakmann 
et al., 2018). The remaining six families (Aetideidae, 

Clausocalanidae, Euchaetidae, Mesaiokeratidae, 
Pseudocyclopi idae and Stephidae)  are non-
‘Bradfordian’ and retain unmodified setal elements 
on the maxilla. The family structure within the non-
‘Bradfordian’ genera of Clausocalanoidea (Andronov, 
1974, as Pseudocalanoidea) and the phylogenetic 
relationships among and within families are becoming 
increasingly unclear as new benthopelagic taxa are 
added. For example, Peniculoides Markhaseva & 
Renz, 2015 shares morphological features with both 
the Clausocalanidae and the Aetideidae (Markhaseva 
& Renz, 2015). It was previously suggested that 
the Aetideidae might be paraphyletic (von Vaupel 
Klein, 1984: 56), a question supported by Boxshall & 
Halsey (2004: 120), who recommend ‘a full revision 
of the aetideid-euchaetid complex’. Furthermore, 
Pseudotharybis Scott, 1909 and Valdiviella Steuer, 1904 
have been interpreted as occupying an intermediate 
position between the Euchaetidae (two genera) and *Corresponding author. E-mail: janet.grieve@niwa.co.nz
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Aetideidae (29 genera) (e.g. Boxshall & Halsey, 2004: 
57, and references therein).

Wi th in  the  remain ing  non- ‘Brad ford ian ’ 
Clausocalanoidea there are several families that contain 
a limited number of genera. The Pseudocyclopiidae 
contains five benthopelagic genera: Frigocalanus 
Schulz, 1996, Paracyclopia Fosshagen in Fosshagen & 
Iliffe, 1985, Pseudocyclopia Scott, 1892, Stygocyclopia 
Jaume & Boxshall, 1995 and Thompsonopia Jaume, 
Fosshagen & Iliffe, 1999. The Clausocalanidae 
contains six pelagic genera: Clausocalanus Giesbrecht, 
1888, Ctenocalanus Giesbrecht, 1888, Drepanopus 
Brady, 1883, Microcalanus Sars, 1903, Pseudocalanus 
Boeck, 1872, Spicipes Grice & Hulsemann, 1965 and a 
benthopelagic genus: Peniculoides; note that Spicipes 
has been provisionally placed in the Clausocalanidae 
(Boxshall & Halsey, 2004: 92), and Farrania Sars, 1920 
has been reassigned to the Aetideidae (Markhaseva 
& Renz, 2015). The Mesaiokeratidae contains one 
benthopelagic genus: Mesaiokeras Matthews, 1961, 
and the Stephidae contains four benthopelagic genera: 
Miostephos Bowman, 1976, Parastephos Sars, 1902, 
Speleohvarella Kršinic, 2005 and Stephos Scott, 
1892. Schulz (1996) noted the similarity between 
Frigocalanus (currently in the Pseudocyclopiidae) and 
the Mesiaokeratidae, and Boxshall & Halsey (2004) 
noted the similarity of Mesaiokeratidae (one genus) 
to the Stephidae. Also, they noted that Pseudocyclopia 
minor Scott, 1892 cannot be placed within the two 
genera created by splitting the type genus (Jaume et al., 
1999). Within the Clausocalanidae, Clausocalanus 
and Ctenocalanus are similar because they are linked 
by the possession of posterodistal spines on the 
basis of swimming legs 2 and 3 and by the absence 
of an inner border coxal seta on leg 4, whereas the 
remaining genera in this family do not exhibit these 
features (e.g. Bradford-Grieve, 1994). Also, Spicipes 
and Microcalanus have four setae on the leg  1 
endopod compared with five setae in the remaining 
clausocalanid genera. The Pseudocyclopiidae have five 
setae on the endopod of leg 1 except for Paracyclopia, 
which has four setae (Boxshall & Halsey, 2004). 
Furthermore, the Clausocalanoidea, according to Sars 
(1902) when he defined the Isokerandria, contain taxa 
across the ‘Bradfordian’–non-‘Bradfordian’ divide that 
are characterized by antennules that show little sexual 
dimorphism and by female and male mouthparts 
that are usually similar (Stephidae, Tharybidae, 
Pseudocyclopiidae and Diaixis).

All these observations suggest that the current 
system of classification of the Clausocalanoidea does 
not reflect the distribution of the various plesiomorphic 
and specialized features found within this superfamily.

To make the initial task of re-evaluating the family 
structure in the Clausocalanoidea manageable, the 

‘Bradfordian’ families have been omitted from the 
present analysis. The evidence in support of this course 
of action comes from a phylogeny of ‘Bradfordian’ genera 
(Laakmann et al., 2018) which placed the ‘Bradfordian’ 
families as a monophyletic group sister to the non-
‘Bradfordian’ families within the Clausocalanoidea. 
A similar result was obtained in a morphology-based 
analysis (Bradford-Grieve et al., 2010) using single 
plesiomorphic exemplars. Together, these analyses 
show that the Clausocalanoidea represent a derived 
lineage that is sister to the Spinocalanoidea and 
Ryocalanidae, both lying within a larger clade also 
containing the Megacalanoidea, Bathypontioidea and 
Eucalanoidea.

Here, we present a cladistic analysis of the non-
‘Bradfordian’ genera of the Clausocalanoidea based 
on morphology. The aims are to find all the likely 
phylogenetically informative characters/states and to 
test the monophyly of existing families and whether, in 
the case of the monogeneric Mesaiokeratidae and the 
Euchaetidae, they represent terminal branches more 
properly belonging within other, possibly paraphyletic, 
families.

MATERIAL AND METHODS

Data

The data used in the analysis of genera in the 
Clausocalanoidea are derived from among the best 
species descriptions in the literature (Table  1). 
Where character states vary within a genus these 
descriptions were augmented by data from the 
most plesiomorphic species in each genus (based on 
generally accepted notions of character polarity), 
e.g. Bradyidius  Giesbrecht, 1897, Chiridiella 
Sars, 1907, Euchirella Giesbrecht, 1888, Gaetanus 
Giesbrecht, 1888, Paracomantenna Campaner, 
1978, Prolutamator Markhaseva & Schulz, 2008, 
Pseudochirella Sars, 1920 and Pseudotharybis 
Scott, 1909. Original observations were made of the 
following: Sursamucro spinatus Bradford, 1969b 
(holotype re-examined J.M.B.-G.), Farrania frigida 
(Wolfenden, 1911)  (J.M.B.-G.) and Azygokeras 
columbiae Koeller & Littlepage, 1976 (paratype 
re-examined J.M.B.-G.). The female antennule 
setation was augmented by additional observations 
of Pseudeuchaeta brevicauda Sars, 1905, Chirundina 
streetsii Giesbrecht, 1895, Undeuchaeta major 
Giesbrecht, 1888, Euchaeta rimana Bradford, 1974, 
Paraeuchaeta exigua (Wolfenden, 1911), Valdiviella 
insignis Farran, 1908 and Aetideopsis tumorosa 
Bradford, 1969a from the National Institute of Water 
and Atmospheric Research (NIWA) invertebrate 
collection (J.M.B.-G.). Microcalanus pusillus Sars, 

D
ow

nloaded from
 https://academ

ic.oup.com
/zoolinnean/article/185/4/958/5298238 by guest on 20 January 2022



960  J. M. BRADFORD-GRIEVE and G. A. BOXSHALL

© 2019 The Linnean Society of London, Zoological Journal of the Linnean Society, 2019, 185, 958–983

T
ab

le
 1

. 
C

al
an

oi
d 

co
pe

po
d 

ta
xa

 c
on

si
de

re
d 

as
 e

xe
m

pl
ar

s 
in

 t
h

e 
cl

ad
is

ti
c 

an
al

ys
is

 o
f 

n
on

-‘B
ra

df
or

di
an

’ g
en

er
a 

of
 t

h
e 

C
la

u
so

ca
la

n
oi

de
a

G
en

u
s/

sp
ec

ie
s

R
ef

er
en

ce
A

dd
it

io
n

al
 in

fo
rm

at
io

n
H

ab
it

at

D
ia

ix
id

ae
 G

.O
. S

ar
s,

 1
90

2
N

eo
sc

ol
ec

it
h

ri
x 

ja
po

n
ic

a
O

h
ts

u
ka

 e
t 

al
., 

20
03

B
en

th
op

el
ag

ic
 3

37
–3

40
 m

T
h

ox
an

ca
la

n
u

s 
sp

in
at

u
s

M
ar

kh
as

ev
a 

et
 a

l.
, 2

01
4

B
en

th
op

el
ag

ic
 5

14
8 

m
C

la
u

so
ca

la
n

id
ae

 G
ie

sb
re

ch
t,

 1
89

3
C

la
u

so
ca

la
n

u
s 

br
ev

ip
es

B
ra

df
or

d-
G

ri
ev

e,
 1

99
4

G
ie

sb
re

ch
t,

 1
89

2/
93

;
F

ro
st

 &
 F

le
m

in
ge

r, 
19

68
E

pi
pe

la
gi

c

C
te

n
oc

al
an

u
s 

ci
te

r
H

er
on

 &
 B

ow
m

an
, 1

97
1

G
ie

sb
re

ch
t,

 1
89

2/
93

E
pi

pe
la

gi
c

D
re

pa
n

op
u

s 
fo

rc
ip

at
u

s
H

u
ls

em
an

n
, 1

99
1

E
pi

pe
la

gi
c

M
ic

ro
ca

la
n

u
s 

pu
si

ll
u

s
S

ar
s,

 1
90

3
G

.A
.B

., 
pe

rs
. o

bs
.

P
el

ag
ic

 >
 2

75
 m

P
en

ic
u

lo
id

es
 s

ec
u

n
d

u
s

M
ar

kh
as

ev
a 

&
 R

en
z,

 2
01

5
B

en
th

op
el

ag
ic

  4
00

0 
m

P
se

u
d

oc
al

an
u

s 
ac

u
sp

es
M

ar
kh

as
ev

a 
et

 a
l.

, 2
01

2
E

pi
pe

la
gi

c
S

pi
ci

pe
s 

n
an

se
n

i
G

ri
ce

 &
 H

u
ls

em
an

n
, 1

96
5

B
at

h
yp

el
ag

ic
 1

90
0–

30
00

 m
M

es
ai

ok
er

at
id

ae
 M

at
th

ew
s,

 1
96

1
M

es
ai

ok
er

as
 s

pi
ts

be
rg

en
si

s
S

ch
u

lz
 &

 K
w

as
n

ie
w

sk
i, 

20
04

B
en

th
op

el
ag

ic
 2

0–
80

0 
m

P
se

u
d

oc
yc

lo
p

ii
d

ae
 G

.O
. S

ar
s,

 1
90

2
F

ri
go

ca
la

n
u

s 
ra

u
sc

h
er

ti
S

ch
u

lz
, 1

99
6

B
en

th
op

el
ag

ic
 s

u
bl

it
to

ra
l

P
ar

ac
yc

lo
pi

a 
n

ae
ss

i
F

os
sh

ag
en

 &
 I

li
ff

e,
 1

98
5

G
.A

.B
., 

pe
rs

. o
bs

.
M

ar
in

e 
ca

ve
P

se
u

d
oc

yc
lo

pi
a 

cr
as

si
co

rn
is

G
.A

.B
., 

pe
rs

. o
bs

.
T.

 S
co

tt
, 1

89
2

B
en

th
op

la
gi

c 
~4

0 
m

S
ty

go
cy

cl
op

ia
 b

al
ea

ri
ca

Ja
u

m
e 

&
 B

ox
sh

al
l, 

19
95

M
ar

in
e 

ca
ve

T
h

om
ps

on
op

ia
 m

ed
it

er
ra

n
ea

Ja
u

m
e 

et
 a

l.
, 1

99
9

O
h

ts
u

ka
, 1

99
2

M
ar

in
e 

ca
ve

A
et

id
ei

d
ae

 G
ie

sb
re

ch
t,

 1
89

3
A

et
id

eo
ps

is
 r

os
tr

at
a

M
ar

kh
as

ev
a,

 1
99

6
B

ra
df

or
d,

 1
96

9a
; P

ar
k,

 1
97

8;
 S

h
ih

 &
 

M
ac

le
ll

an
, 1

98
1;

 M
cK

in
n

on
 e

t 
al

., 
20

11
B

en
th

op
la

gi
c 

to
 p

el
ag

ic
 <

 5
00

 m

A
et

id
eu

s 
ac

u
tu

s
P

ar
k,

 1
97

4
P

ar
k,

 1
96

8,
 1

97
8

E
pi

pl
an

kt
on

ic
A

zy
go

ke
ra

s 
co

lu
m

bi
ae

K
oe

ll
er

 &
 L

it
tl

ep
ag

e,
 1

97
6

J.
M

.B
.-

G
., 

pe
rs

. o
bs

.
B

en
th

op
el

ag
ic

 6
50

 m
B

at
h

eu
ch

ae
ta

 a
n

om
al

a
M

ar
kh

as
ev

a,
 1

98
1,

 1
98

6
A

by
ss

op
el

ag
ic

B
ra

d
ye

te
s 

pa
ci

fi
cu

s
O

h
ts

u
ka

 e
t 

al
., 

20
05

M
ar

kh
as

ev
a 

&
 S

ch
u

lz
, 2

00
6

B
en

th
op

el
ag

ic
 6

00
 m

B
ra

d
yi

d
iu

s 
ca

pa
x

B
ra

df
or

d-
G

ri
ev

e,
 2

00
3

M
ar

kh
as

ev
a,

 1
99

6
B

en
th

op
el

ag
ic

30
0–

45
0 

m
C

h
ir

id
ie

ll
a 

ku
n

ia
e

M
ar

kh
as

ev
a,

 1
99

6
S

ar
s,

 1
92

4/
25

; G
ri

ce
, 1

96
9;

 D
ee

ve
y,

 1
97

4;
 

M
ar

kh
as

ev
a,

 1
99

6
B

at
h

y-
 t

o 
ab

ys
so

pe
la

gi
c

C
h

ir
id

iu
s 

gr
ac

il
is

P
ar

k,
 1

97
8;

 M
ar

kh
as

ev
a,

 1
99

6
M

es
op

el
ag

ic
 5

00
–1

00
0 

m
C

h
ir

u
n

d
in

a 
st

re
et

si
i

T
an

ak
a,

 1
95

7
M

ar
kh

as
ev

a,
 1

99
6

E
pi

- 
to

 m
es

op
el

ag
ic

C
h

ir
u

n
d

in
el

la
 m

ag
n

a
W

ol
fe

n
de

n
, 1

91
1;

 T
an

ak
a,

 1
95

7,
 1

96
9

M
ar

kh
as

ev
a,

 1
99

6
M

es
o-

 t
o 

ba
th

yp
el

ag
ic

C
om

an
te

n
n

a 
re

cu
rv

at
a

G
ri

ce
 &

 H
u

ls
em

an
n

, 1
97

0;
 A

lv
ar

ez
, 1

98
6

B
en

th
op

el
ag

ic
 1

10
0–

18
00

 m
C

ra
ss

an
te

n
n

a 
co

m
os

a
B

ra
df

or
d,

 1
96

9b
; M

ar
kh

as
ev

a 
et

 a
l.

, 2
01

7
B

en
th

op
el

ag
ic

 1
38

3–
53

99
 m

D
ow

nloaded from
 https://academ

ic.oup.com
/zoolinnean/article/185/4/958/5298238 by guest on 20 January 2022



FAMILY STRUCTURE OF CLAUSOCALANOIDEA  961

© 2019 The Linnean Society of London, Zoological Journal of the Linnean Society, 2019, 185, 958–983

G
en

u
s/

sp
ec

ie
s

R
ef

er
en

ce
A

dd
it

io
n

al
 in

fo
rm

at
io

n
H

ab
it

at

E
u

ch
ir

el
la

 r
os

tr
at

a
M

ar
kh

as
ev

a,
 1

99
6

G
ie

sb
re

ch
t,

 1
89

2/
93

;
B

ra
df

or
d 

&
 J

il
le

tt
, 1

98
0;

vo
n

 V
au

pe
l K

le
in

, 1
98

4

E
pi

- 
to

 m
es

op
el

ag
ic

F
ar

ra
n

ia
 f

ri
gi

d
a

V
er

vo
or

t,
 1

95
1

T
an

ak
a,

 1
95

6;
 J

.M
.B

.-
G

., 
pe

rs
. o

bs
.

M
es

o-
 t

o 
ba

th
yp

el
ag

ic
G

ae
ta

n
u

s 
m

in
u

tu
s

P
ar

k,
 1

96
7 

as
 c

ol
u

m
bi

ae
P

ar
k,

 1
97

3;
 M

ar
kh

as
ev

a,
 1

99
6

M
es

o-
 t

o 
ba

th
yp

el
ag

ic
Ja

sc
h

n
ov

ia
 b

re
vi

s
M

ar
kh

as
ev

a,
 1

98
0,

 1
99

6
M

ar
kh

as
ev

a,
 1

98
0

B
en

th
op

el
ag

ic
 o

r 
u

n
de

r 
ic

e
L

u
ta

m
at

or
 p

ar
ad

is
eu

s
O

h
ts

u
ka

 e
t 

al
., 

20
05

A
lv

ar
ez

, 1
98

4
B

en
th

op
el

ag
ic

 6
00

 m
M

es
oc

om
an

te
n

n
a 

sp
in

os
a

A
lv

ar
ez

, 1
98

6
B

en
th

op
el

ag
ic

 3
40

 m
P

ai
ve

ll
a 

in
ac

ia
e

V
er

vo
or

t,
 1

96
5

E
pi

pe
la

gi
c

P
ar

ab
ra

d
yi

d
iu

s 
an

ge
li

ka
e

S
ch

u
lz

 &
 M

ar
kh

as
ev

a,
 2

00
0

B
ra

df
or

d,
 1

96
9b

B
en

th
op

el
ag

ic
 1

98
3 

m
P

ar
ac

om
an

te
n

n
a 

go
i

O
h

ts
u

ka
 e

t 
al

., 
20

05
M

ar
kh

as
ev

a 
&

 S
ch

n
ac

k-
S

ch
ie

l, 
20

03
B

en
th

op
el

ag
ic

 1
35

–5
37

 m
P

ro
lu

ta
m

at
or

 h
ad

al
is

M
ar

kh
as

ev
a 

&
 S

ch
u

lz
, 2

00
8

B
en

th
op

el
ag

ic
 5

00
0 

m
P

se
u

d
eu

ch
ae

ta
 a

rc
ti

ca
M

ar
kh

as
ev

a,
 1

98
6,

 1
99

6
M

ar
kh

as
ev

a 
&

 S
ch

n
ac

k-
S

ch
ie

l, 
20

03
; 

M
ar

kh
as

ev
a 

&
 S

ch
u

lz
, 2

00
6;

 M
ar

kh
as

ev
a 

et
 a

l.
, 2

01
7

B
en

th
op

el
ag

ic
 3

30
0–

35
00

 m

P
se

u
d

oc
h

ir
el

la
 o

be
sa

R
oe

, 1
97

5;
 v

on
 V

au
pe

l K
le

in
 &

 R
ij

er
ke

rk
, 

19
96

, 1
99

7
P

ar
k,

 1
97

8;
 M

ar
kh

as
ev

a,
 1

99
6

M
es

op
el

ag
ic

P
se

u
d

ot
h

ar
yb

is
 p

ol
ar

is
M

ar
kh

as
ev

a 
&

 S
ch

u
lz

, 2
00

8
B

ra
df

or
d,

 1
96

9b
B

en
th

op
el

ag
ic

 3
50

0 
m

S
en

ec
el

la
 s

ib
er

ic
a

V
ys

h
kv

ar
tz

ev
a,

 1
99

4
Ju

da
y,

 1
92

5
B

ra
ck

is
h

, s
h

al
lo

w
 w

at
er

s
S

u
rs

am
u

cr
o 

sp
in

at
u

s
B

ra
df

or
d,

 1
96

9b
H

ol
ot

yp
e 

re
-e

xa
m

in
ed

, J
.M

.B
.-

G
.

B
en

th
op

el
ag

ic
 1

00
0–

20
00

 m
U

n
d

eu
ch

ae
ta

 i
n

ci
sa

P
ar

k,
 1

97
8

vo
n

 V
au

pe
l K

le
in

, 1
98

4
M

es
o-

 t
o 

ba
th

yp
el

ag
ic

V
al

d
iv

ie
ll

a 
in

si
gn

is
S

ar
s,

 1
92

5;
 P

ar
k,

 1
97

8
Z

ve
re

va
, 1

97
5

M
es

o-
 t

o 
ba

th
yp

el
ag

ic
P

te
ro

ch
ir

el
la

 m
al

e,
 f

em
al

e 
u

n
kn

ow
n

S
ch

u
lz

, 1
99

0
B

en
th

op
el

ag
ic

? 
13

18
 m

E
u

ch
ae

ti
d

ae
 G

ie
sb

re
ch

t,
 1

89
3

E
u

ch
ae

ta
 m

ar
in

a
P

ar
k,

 1
99

5
E

pi
pe

la
gi

c
P

ar
ae

u
ch

ae
ta

 n
or

ve
gi

ca
P

ar
k,

 1
99

5
E

pi
- 

to
 m

es
op

el
ag

ic
S

te
p

h
id

ae
 G

.O
. S

ar
s,

 1
90

2
M

io
st

ep
h

os
 c

u
br

ob
ex

B
ow

m
an

, 1
97

6
G

.A
.B

., 
pe

rs
. o

bs
.

A
n

ch
ia

li
n

e 
po

ol
P

ar
as

te
ph

os
 o

cc
at

u
m

D
am

ka
er

, 1
97

1
B

en
th

op
el

ag
ic

 1
60

 m
S

pe
le

oh
va

re
ll

a 
ga

m
u

li
n

i
K

rš
in

ić
, 2

00
5

M
ar

in
e 

ca
ve

S
te

ph
os

 v
iv

es
i

Ja
u

m
e 

et
 a

l.
, 2

00
8

M
ar

in
e 

ca
ve

S
pe

ci
es

 w
er

e 
ch

os
en

 b
as

ed
 o

n
 w

el
l-

de
sc

ri
be

d 
sp

ec
ie

s,
 a

u
gm

en
te

d 
in

 s
om

e 
ca

se
s 

by
 m

or
e 

pl
es

io
m

or
ph

ic
 s

pe
ci

es
. W

h
er

e 
or

ig
in

al
 o

r 
su

bs
eq

u
en

t 
de

sc
ri

pt
io

n
s 

w
er

e 
n

ot
 s

u
ff

ic
ie

n
t,

 a
dd

it
io

n
al

 s
pe

ci
m

en
s 

w
er

e 
ex

am
in

ed
 f

or
 t

h
is

 w
or

k 
(i

n
di

ca
te

d 
as

, e
.g

. G
.A

.B
., 

pe
rs

. o
bs

.)
; s

ee
 s

ec
ti

on
 o

n
 D

at
a.

T
ab

le
 1

. 
C

on
ti

n
u

ed

D
ow

nloaded from
 https://academ

ic.oup.com
/zoolinnean/article/185/4/958/5298238 by guest on 20 January 2022



962  J. M. BRADFORD-GRIEVE and G. A. BOXSHALL

© 2019 The Linnean Society of London, Zoological Journal of the Linnean Society, 2019, 185, 958–983

1903 (from Aalesund, Norway, collected by G. O. Sars, 
in Norman collection British Museum of Natural 
History (BMNH) Reg. Nos. 1911-11.8.37519–37538), 
Pseudocyclopia crassicornis Scott T., 1892 (from 
Firth of Forth, Scotland, Norman collection BMNH 
Reg. No. 1911.11.8.38037–38042), Paracyclopia 
naessi Fosshagen & Iliffe, 1985 and Miostephos 
leamingtonensis Yeatman, 1980/cubrobex Bowman, 
1976 were also re-examined (G.A.B.). The proximal 
setation of the antenna exopod of Clausocalanus 
arcuicornis (Dana, 1849)  (Zoological Institute, 
Russian Academy of  Sciences, 1/40817) was 
re-examined by Dr Elena Markhaseva, Institute of 
Zoology, Russian Academy of Sciences, St Petersburg, 
who has also shared other aspects of her work on the 
Clausocalanoidea (see Acknowledgements).

The challenge during this work was to add to the 
relatively small number of characters that have been 
used in the taxonomy of the Clausocalanoidea and that 
have been described consistently in the literature. We 
investigate which characters/states are homologous 
and likely to contain a phylogenetic signal.

Character analysis

Female representatives of most Clausocalanoidea 
genera are represented in the ingroup of an analysis 
of relationships among these genera (Table 1) except 
for Spicipes, which was omitted because too many 
characters have not been described. Male characters 
were analysed (Table 2) but not included in the cladistic 
analysis because males of six genera are unknown and 
a further six genera have incomplete data (Supporting 
Information, Appendix S1).

Outgroup taxa
The outgroup taxa were chosen in the context of the 
current phylogenetic hypothesis of Bradford-Grieve 
et al. (2010, 2014) and Laakmann et al. (2018), where 
the Clausocalanoidea represent a derived lineage that 
is sister to the Spinocalanoidea and Ryocalanoidea. 
Here, we use two Bradfordian genera as the outgroup 
to polarize character states among non-‘Bradfordian’ 
Clausocalanoidea. We have chosen Neoscolecithrix 
Canu, 1896 and Thoxancalanus Markhsaeva et al., 
2014 as relatively plesiomorphic Bradfordian genera 
placed in the Diaixidae by Markhaseva et al. (2014).

The character set
The character set was chosen based on hypotheses 
of primary homology. These data were mainly taken 
from the literature, but taxa were additionally checked 
where there was a question about a character state 
and type or voucher specimens were available.

Hypotheses of primary homology relating to 
segmentation and setation are based upon our current 
understanding of copepod development (see Bradford-
Grieve et al., 2010 and references therein). Where we 
failed to arrive at a hypothesis of primary homology for 
individual mouthpart characters/states, this failure is 
evaluated in the sections below.

Characters (char.) and their states are listed in 
Table 2, and the data matrix is given in the Supporting 
Information (Appendix S1). In the figures, selected 
specific characters and states separated by a colon 
are indicated in the form ‘character 1: state 2’ or  
‘◄ 1:2’. Developmental stages are denoted as follows: 
copepodid stages I–V (CI–V) and naupliar stages 
(NI–VI).

Female anterior body:   A setulose lobe (supralabrum) 
on the anteroventral surface, anterior to the mouth 
(Fig.  1A), is a synapomorphy of the Euchaetidae 
(char. 1).

The copepod ‘rostrum’ has been defined as a 
median extension of the anterior margin of the dorsal 
cephalosome that carries the rostral sensory complex 
(Huys & Boxshall, 1991: 358), which includes a median 
pore and a pair of sensilla (Fig. 1A–C) and often a pair 
of rostral filaments. Hosfeld (1995/96) makes it clear 
that a pair of rostral filaments as in, for example, 
Calanus Leach, 1816, are a part of the complex, which 
is not found in Euchaeta Philippi, 1843 or Chiridius 
Giesbrecht, 1893 (Elofsson, 1971: 300). Hosfeld 
(1995/96) showed that the rostral sensory complex 
also includes the sensory pore X-organ (SPX-organ) 
(Elofsson, 1971; Hosfeld, 1995/96). Elofsson (1971) 
demonstrated the gross morphology of the organ, 
which includes a pair of nerves that emanate from 
the anterior portion of the brain and run each side of 
the naupliar eye towards the anterior of the animal. 
When studied with the electron microscope, the paired 
organ consists of three morphologically separate 
units combined within each nerve. The first unit is 
made up of a pair of heavily myelinated dendrites 
that continue on into two small anterior sensilla. The 
second unit consists of dendrites whose cilia are split 
in a distinct arrangement surrounded by a specialized 
glial cell. Hosfeld (1995/96: 187) and Elofsson (1971: 
307) both confirmed that it is unit 3 which runs into 
the paired rostral filaments (Fig. 1C). These filaments 
have a porous cuticle in genera such as Calanus but 
were not present in Euchaeta or Chiridius. Little is 
known about these structures in other Calanoida. 
The following characters are likely to be related to the 
SPX-organ, the study of which could result in a deeper 
understanding of the evolution of the rostral area.

Hosfeld (1995/96) postulated that a bifurcate 
rostral margin with paired rostral filaments is 
the plesiomorphic state, and an unpaired rostral 
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Table 2.  Morphological characters/states used for phylogenetic analysis, using Neoscolecithrix and Thoxancalanus as the 
outgroup, followed by the consistency index and rescaled consistency index

Character (states) CI RC

1. Supralabrum (1. Absent; 2. Present) 1.00 1.00
2. Female rostral filaments (1. Present; 2. Absent) 0.20 0.12
3. Female anterior head margin (1. Bifurcate; 2. Single extension; 3. Not produced) 0.15 0.08
4. Female seta II of caudal ramus (1. Present; 2. Absent or minute) 0.25 0.17
5. Female caudal ramus seta VII (1. Small; 2. Highly developed as appendicular seta) 1.00 1.00
6. Female caudal ramus seta VII insertion (1. Symmetrical; 2. Asymmetrical) 1.00 1.00
7. Female caudal rami seta VII inserted on (1. Inner border; 2. Ventral surface) 0.50 0.42
8. Female A1 ancestral segment I number non-aesthetasc setae (1. Three setae; 2. Two setae; 

3. One seta)
1.00 1.00

9. �Female A1 ancestral segment XXIII distal seta extends (1. Short of end of A1; 2. Well beyond 
end of A1)

0.50 0.46

10. Female antennule ancestral segments I and II (1. Separate; 2. Fused) 0.25 0.06
11. Female A1 ancestral segment 12 with (1. Two setae; 2. One seta; 3. Zero setae) 0.40 0.33
12. Female A1 ancestral segment 13 with (1. Two setae; 2. One seta; 3. Zero setae) 0.25 0.21
13. Female A1 ancestral segment 15 with (1. Two setae; 2. One seta; 3. Zero setae) 1.00 1.00
14. Female A1 ancestral segment 16 with (1. Two setae; 2. One seta) 0.25 0.13
15. Female A1 ancestral segment 17 with (1. Two setae; 2. One seta) 0.17 0.12
16. Female A1 ancestral segment 18 with (1. Two setae; 2. One seta) 0.25 0.18
17. Female A1 ancestral segment 19 with (1. Two setae; 2. One seta) 0.20 0.15
18. Female A1 ancestral segment 20 with (1. Two setae; 2. One seta) 0.25 0.17
19. Female A1 ancestral segment 21 with (1. Two setae; 2. One seta) 1.00 1.00
20. Female A2 basis and endopod segment 1 (1. Separate; 2. Fused) 0.50 0.25
21. Female A2 exopod segment 1 and 2 (1. Separate; 2. Fused) 0.50 0.44
22. Female A2 exopod segments 4 and 5 (1. Separate; 2. Fused) 1.17 0.11
23. Female A2 exopod segment 1 seta (1. Present; 2. Absent) 0.09 0.04
24. Female A2 exopod segment 2 seta (1. Present; 2. Absent) 0.13 0.07
25. Female A2 exopod segment 3 seta (1. Present; 2. Absent) 0.17 0.06
26. Female A2 exopod segment 4 seta (1. Present; 2. Absent) 0.33 0.00
27. Female A2 exopod segment 9 seta (1. Present; 2. Absent) 0.11 0.04
28. Female Mn basis seta 4 (1. Present; 2. Absent) 0.50 0.45
29. Female Mn basis seta 3 (1. Present; 2. Absent) 0.11 0.07
30. Female Mn basis seta 2 (1. Present; 2. Absent) 0.25 0.16
31. Female Mn basis seta 1 (1. Present; 2. Absent) 0.50 0.00
32. Female Mn endopod segment 1 seta 4 (1. Present; 2. Absent) 0.50 0.44
33. Female Mn endopod segment 1 seta 3 (1. Present; 2. Absent) 0.20 0.14
34. Female Mn endopod segment 1 seta 2 (1. Present; 2. Absent) 0.17 0.11
35. Female Mx1 coxal endite seta 5 (1. Present; 2. Absent) 0.11 0.05
36. Female Mx1 coxal endite seta 4 (1. Present; 2. Absent) 0.17 0.13
37. Female Mx1 coxal endite seta 3 (1. Present; 2. Absent) 0.33 0.20
38. Female Mx1 coxal endite seta 2 (1. Present; 2. Absent) 1.00 1.00
39. Female Mx1 basal endite 2 seta 5 (1. Present; 2. Absent) 0.17 0.05
40. Female Mx1 basal endite 2 seta 4 (1. Present; 2. Absent) 0.20 0.07
41. �Female Mx1 arthrodial membrane between basis and endopod segment 1 (1. Present; 

2. absent)
0.10 0.03

42. Female Mx1 arthrodial membrane between endopod segment 2 and 3 (1. Present; 2. Absent) 0.09 0.04
43. Female Mx1 exopod seta 11 (1. Present; 2. Absent) 0.17 0.12
44. Female Mx1 exopod seta 10 (1. Present; 2. Absent) 0.33 0.24
45. Female Mx1 exopod seta 9 (1. Present; 2. Absent) 0.33 0.24
46. Female Mx1 exopod seta 8 (1. Present; 2. Absent) 1.00 1.00
47. Female Mx1 exopod seta 7 (1. Present; 2. Absent) 1.00 1.00
48. Female Mx1 coxal epipodite seta 9 (1. Present; 2. Absent) 0.09 0.03
49. Female Mx1 coxal epipodite seta 8 (1. Present; 2. Absent) 0.14 0.05
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margin with paired filaments represents a derived 
state (Fig. 1D). In the Clausocalanoidea, a further 
modification seems to be loss of paired rostral 
filaments (Fig. 1E), with unit 3 of the anterior nerve 
presumably ending in the cuticle (Elofsson, 1971). We 
note, from a re-examination, that Farrania does not 
have an anterior head rostral extension (unlike the 

description by Vervoort, 1951) nor does it have rostral 
filaments.

In our data set, we included the nature of the frontal 
margin of the head, which may or may not have 
rostral filaments (char. 2) and may or may not extend 
into bifurcate points (Fig. 1E), into a single structure 
(pointed or rounded), or not be produced (char. 3).

Character (states) CI RC

50. Female Mx1 coxal epipodite seta 7 (1. Present; 2. Absent) 0.17 0.05
51. Female Mx1 coxal epipodite seta 6 (1. Present; 2. Absent) 0.33 0.11
52. Female Mx1 coxal epipodite seta 5 (1. Present; 2. Absent) 0.50 0.25
53. Female Mx1 coxal epipodite seta 4 (1. Present; 2. Absent) 0.50 0.25
54. Female Mx2 praecoxal endite 1 seta 5 (1. Present; 2. Absent) 0.33 0.28
55. Female Mx2 praecoxal endite 1 seta 4 (1. Present; 2. Absent) 1.00 1.00
56. Female Mx2 basal endite seta 4 (1. Present unmodified; 2. Present, modified; 3. Absent) 0.50 0.43
57. Female Mx2 endopod seta 1 (1. Untransformed; 2. Transformed) 1.00 1.00
58. Female Mx2 endopod seta 2 (1. Untransformed; 2. Transformed; 3. Absent) 1.00 1.00
59. Female Mx2 endopod seta 3 (1. Untransformed; 2. Transformed; 3. Absent) 1.00 1.00
60. Female Mx2 endopod seta 4 (1. Untransformed; 2. Transformed) 1.00 1.00
61. Female Mx2 endopod seta 5 (1. Untransformed; 2. Transformed) 1.00 1.00
62. Female Mx2 endopod seta 6 (1. Untransformed; 2. Transformed; 3. Absent) 0.67 0.44
63. Female Mx2 endopod seta 7 (1. Untransformed; 2. Transformed; 3. Absent) 0.17 0.06
64. Female Mx2 endopod seta 8 (1. Untransformed; 2. Transformed; 3. Absent) 0.22 0.09
65. Female Mx2 endopod seta 9 (1. Untransformed; 2. Transformed; 3. Absent) 0.33 0.11
66. Female Mxp syncoxal endite 3 seta 3 (1. Present; 2. Absent) 0.50 0.25
67. Female Mxp syncoxal endite 4 seta 4 (1. Present; 2. Absent) 0.50 0.43
68. Female Mxp syncoxa terminal sensory appendage (1. Absent; 2. Present) 0.50 0.40
69. Female Mxp endopod segment 2 seta 4 (1. Present; 2. Absent) 0.20 0.00
70. Female Mxp endopod segment 3 seta 4 (1. Present; 2. Absent) 0.17 0.05
71. Female P1 basis outer border seta (1. Present; 2. Absent) 0.14 0.09
72. Female P1 basis inner border seta (1. Present; 2. Absent) 0.50 0.38
73. Female P1 exopod segment 1 outer edge spine (1. Present; 2. Absent) 0.14 0.06
74. Female P1 endopod with (1. Five setae; 2. Four setae) 1.00 1.00
75. �Female P1 arthrodial membrane between exopod segments 1 and 2 (1. Present; 2. Absent or 

partial)
1.00 1.00

76. Female P2 arthrodial membrane between endopod segments 1 and 2 (1. Present; 2. Absent) 1.00 1.00
77. Female P2–P3 basis distoposterior border spinous extensions (1. Absent; 2. Present) 1.00 1.00
78. Female P4 coxa inner seta (1. Present; 2. Absent) 1.00 1.00
79. Female P4 coxa inner proximal border large spines (1. Present; 2. Absent) 0.50 0.25
80. Female P5 (1. Present; 2. Absent) 0.13 0.08
81. Male A1 ancestral segments I and II (1. Separate; 2. Fused) 0.20 0.10
82. Male geniculate or right A1 ancestral segments XI and XII (1. Separate; 2. Fused) 0.11 0.04
83. �Male A1 ancestral segments XXII and XXIII (1. Fused on one side; 2. Fused on both sides; 

3. Separate on both sides)
0.15 0.05

84. Male mouthparts (1. Same as female; 2. Inner parts atrophied) 0.20 0.13
85. Male right P5 (1. Biramous; 2. Uniramous; 3. Absent) 0.33 0.26
86. Male right P5 basis swollen relative to coxa (1. Absent; 2. Present) 0.25 0.19
87. Male left P5 (1. Biramous; 2. Uniramous; 3. Absent) 0.20 0.16
88. Male left leg 5 exopod segment 3 opposed to extension of segment 2 (1. Absent; 2. Present) 0.08 0.04
89. Male left P5 exopod segment 2 serrated lamella (1. Absent; 2. Present) 1.00 1.00

Male characters (81–89) were omitted from the anlaysis.
Abbreviations: A1, antennule; A2, antenna; CI, consistency index; Mn, mandible; Mx1, maxillule; Mx2, maxilla; Mxp, maxilliped; P1–P5, legs 1–5; Pd5, 
pedigerous somite 5; RC, rescaled consistency index.

Table 2.  Continued
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naupliar eye
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sensillum
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brain
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A
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H
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L
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3:1
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1:2
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19:2

9:2

5:1
4:1

2:1

5:2
7:2

80:1
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Figure 1.  Illustrations of character location and selected states for characters in Table 2. Female: schematic longitudinal cross-
section of head region of: A, Euchaeta; B, Chiridius; C, Calanus; stippled region represents sensory pore X-organ in the sense of 
Elofsson (1971). Frontal margin of head: D, Stygocyclopia; E, Aetideus. Caudal rami: F, schematic, ventral view; G, Euchaetidae, 
ventral view. Antennule: H, Drepanopus; I, Bradyidius. J, Sursamucro pseudoannulate seta, dorso-terminally on right antennular 
segment XXVIII. Leg 5: K, Paracomantenna; L, Pseudotharybis. (Figures modified and redrawn from: Elofsson, 1971; Bradford, 
1971; Hulsemann, 1991; Park, 1995; Jaume et al., 2001; Bradford-Grieve, 2003; Markhaseva & Schnack-Schiel, 2003; Ohtsuka 
et al., 2005; Markhaseva & Schulz, 2008; Bradford-Grieve et al., 2017). Character and states are indicated; for example, ‘◄ 1:2’.
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Female caudal rami:  The setation of the caudal rami in 
copepods was analysed by Huys & Boxshall (1991), who 
noted the presence of seven setae, primitively. Seta I is 
usually absent in most clausocalanoidean taxa apart 
from a few plesiomorphic aetideids, pseudocyclopiids 
and one outgroup member (Neoscolecithrix). Setae II–
VII are present in most Clausocalanoidea. Seta II 
is apparently absent in Mesocomantenna Alvarez, 
1986, Mesaiokeras, Clausocalanus, Ctenocalanus 
Giesbrecht, 1888, Microcalanus, Paivella Vervoort, 
1965 and the Stephidae (char. 4). Seta VII is usually 
short but is elongated and strongly developed in 
the Euchaetidae (Fig. 1G) (char. 5). Seta VII may be 
inserted symmetrically on each caudal ramus or 
asymmetrically as in Mesaiokeras and Speleohvarella 
(char. 6). Seta VII is inserted on the inner border in 
Microcalanus, Pseudocyclopia, some Thompsonopia, 
most Stephidae and Mesaiokeras (char. 7), but the 
remaining genera have this seta inserted on the 
ventral surface (Fig. 1G), although the plesiomorphic 
position of insertion of this seta is on the dorsal surface 
(Huys & Boxshall, 1991: 28). We noted that Farrania 
has seta VII inserted on the ventral surface, a fact not 
mentioned by Vervoort (1951).

Female antennule:  Uttieri et al. (2008) characterized 
the antennular setae of Clausocalanus furcatus 
(Brady, 1883). There were aethetascs and simple setae 
with a smooth external surface and a tapering tip (two 
serrulate setae were on both segments I and XXVII–
XXVIII) on most segments, but pseudoannulate setae 
are not mentioned. A few modified, possibly bimodal 
mechano-chemoreceptive, setae were found on 
segments V, IX, X–XI, XVI, XII, XVII, XX and XXIII.

In the non-‘Bradfordian’ clausocalanoidean genera, 
there are two distribution patterns for the longest, 
non-aesthetasc setae: the first set of taxa have the 
longest setae typically on ancestral segments V, 
IX, XI, XVI, XX, XXIII and XXVII–XXVIII (Frost & 
Fleminger, 1968: 111), with the remaining setae being 
short and straight along the other segments of the limb 
(Clausocalanidae and the more derived Aetideidae) 
(Fig. 1H). In planktonic Aetideidae, these setae are 
moderately long, being two to three times the length 
of a segment, but in the Euchaetidae these setae are 
extremely developed, being up to nine times the length 
of their segment, and are arranged in three planes with 
a specialized basal articulation that allows rotation of 
each seta to streamline the antennule during escape 
movements (Yen & Nicoll, 1990; Boxshall et al., 1997).

In contrast, a second set of taxa have setae 
that are consistently longer, often conspicuously 
pseudoannulate and curved (Weatherby et al., 1994) 
(Fig.  1I) (Bradyetes Farran, 1905, Comantenna 
Wilson, 1924, Crassantenna Bradford, 1969, Farrania, 
Lutamator  Bradford, 1969, Mesocomantenna , 

Parabradyidius  Schulz & Markhaseva, 2000, 
Paracomantenna, Prolutamator, Pseudeuchaeta, 
Sursamucro Bradford, 1969 and Pseudotharybis). 
Pseudoannulate setae are textured in scanning 
electron microscope photographs of Pleuromamma 
(Weatherby et al., 1994: 676, fig. 4d), and the cuticle 
appears to be unevenly thickened in Sursamucro using 
a light microscope (Fig. 1J). The nature and function 
of the pseudoannulation is not known. Nevertheless, 
Petra Lenz, University of Hawaii (pers. com.) 
speculates that these setae might be strengthened in 
some fashion to allow bending and may be serviced 
by bend-sensitive neurons, as proposed by Garm et al. 
(2004) for setae on some of the mouthparts of the spiny 
lobster Panulirus argus (Latreille, 1804). We note that 
the pseudoannulate type of seta is conspicuous in 
benthopelagic Clausocalanoidea. Such setae are also 
present in Mesaiokeras (Schulz & Kwasniewski, 2004) 
but are not as long as in the Aetideidae. To represent 
the elongate, pseudoannulate type of setation, the 
length of the distal seta on ancestral segment XXIII in 
relationship to the end of the antennule (char. 9) was 
recorded. That is, this seta extends either short of, or 
well beyond, the end of the antennule. Note that the 
pseudoannulate seta on segment XXIII of Farrania 
extends well beyond the end of the antennule, not as 
illustrated by Vervoort (1951).

Ancestral segment 1 primitively has three setae 
(Boxshall & Huys, 1998). The distal seta is always 
present and well developed, but one or both proximal 
setae may be absent. It is assumed that where there 
are two setae it is the same two that are present. 
The number of setae (one, two or three) on ancestral 
segment I was recorded (char. 8).

In some genera of Pseudocyclopiidae and Stephidae, 
ancestral segments I and II are partly fused, without a 
fully formed arthrodial membrane between them. This 
characteristic in the Pseudocyclopiidae is associated 
with very short antennules. Whether ancestral 
segments I and II are separate or fused was noted 
(char. 10).

There is a dichotomy in the number of female 
non-aesthetasc setae on the antennule (Markhaseva 
& Renz, 2015) between the Clausocalanidae + 
Pseudocyclopiidae + Stephidae + Mesaiokeratidae 
and the Aetideidae + Euchaetidae (Supporting 
Information, Appendix S2). That is, there tends to 
be one seta on most of ancestral segments XII, XIII, 
XV, XVII, XVIII, XIX and XXI in the Clausocalanidae, 
Stephidae, Pseudocyclopiidae and Mesaiokeratidae 
(Fig. 1H). The Aetideidae tend to have two setae on 
these segments, and the Euchaetidae has one seta on 
segments XII, XIII, XVII, XIX and two setae on XV, 
XVIII and XXI (Fig. 1I). ‘Bradfordian’ genera tend 
to have one seta on at least segments XII, XIII, XV 
and XXI and usually, but not always, on segments 
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XVII and XIX. Further examination of specimens of 
Farrania frigida (as Drepanopus) confirm Vervoort’s 
(1951) observations, although we further note that 
an aesthetasc is found on each of ancestral segments 
III, VII, XI, XIV, XVII, XXI and XXVIII and that most 
setae along the whole antennule are conspicuously 
pseudoannulate (note that this genus is not known 
to have a benthopelagic habit; see Table 1). The 
number of non-aesthetasc setae on segments XII, 
XIII, XV, XVI, XVII, XVIII, XX and XXI is recorded 
(char. 11–19) in our data set. Preliminary analyses 
suggested that the distribution of aesthetascs does 
not contain phylogenetic information at the family 
level; therefore, these characters were omitted from 
the final analysis.

Female antenna:  The antenna is analysed following 
the interpretation of Huys & Boxshall (1991) 
(Fig. 2A–D). In most taxa, the basis and endopod 
have a fully formed arthrodial membrane between 
them, apart from three pseudocyclopiid genera 
(Pseudocyclopia, Paracyclopia and Thompsonopia) 
(char. 20) (Fig. 2C). Exopod segments I and II and IV 
and V may be fused or separate (char. 21, 22). Ancestral 
exopod segments I, II, III, IV and IX were investigated 
to determine whether (Fig. 2B) they bear one seta each 
(char. 23–27). Among the exemplars used, several taxa 
have a full suite of exopod setae, or only the proximal 
seta is absent, enabling the interpretation of which 
proximal ancestral segments are fused. Nevertheless, 
it was discovered that some taxa (Clausocalanus, 
Pseudocalanus, Ctenocalanus, Azygokeras Koeller & 
Littlepage, 1976 and Bradyidius) have the arthrodial 
membrane between exopod segments I and II not evenly 
formed such that it was possible to interpret their state 
as either fused or separate (e.g. Fig. 2D′–D‴). In some 
genera, it was clear that segments I and II are fused 
[Bradyetes (Markhaseva & Schulz, 2006), Lutamator 
(Bradford, 1969b; Alvarez, 1984), Crassantenna 
(Bradford, 1969b), Pseudeuchaeta (Markhaseva & 
Schulz, 2006), Prolutamator (Markhaseva & Schulz, 
2006), Sursamucro (Bradford, 1969b), Senecella 
Juday, 1923 (Vyshkvartzeva, 1994), Jaschnovia 
Markhaseva, 1980 (Markhaseva, 1980)]. Lutamator 
hurleyi Bradford, 1969b was re-examined, and it was 
confirmed that setae of exopod segments 1 and 9 
were absent. A second group of taxa was interpreted 
as having ancestral segments I and II separate (char. 
21)  (Fig.  2A) [Aetideus Brady, 1883, Azygokeras, 
Ctenocalanus, Drepanopus (cf. Hulsemann, 1991), 
Farrania, Microcalanus, Mesaiokeras, Parabradyidius, 
Peniculoides , Paracyclopia , Pseudocyclopia , 
Stygocyclopia, Bradyidius, Chirundina, Paivella, 
P s e u d o ch i r e l l a ,  M i o s t e p h o s ,  Pa r a s t e p h o s , 
Speleohvarella, Pseudocalanus and Stephos]. There are 
some genera within the Clausocalanoidea with more 

than one proximal seta missing. In these cases, it was 
impossible to be certain which arthrodial membrane 
has failed to develop; therefore, these were scored as 
‘unknown’.

Female mandible:  Plesiomorphically, the mandibular 
palp has four setae on the basis and on endopod 
segment 1 (Huys & Boxshall, 1991: 20) (Fig. 2E). It is 
difficult to determine individual setal homologies for 
these segments because during development the full 
suite of setae is present at CI (Hulsemann, 1991), and 
in Clausocalanus nauplii there are four setae on the 
basis at naupliar stages NIV and NV (Björnberg, 1972). 
We assumed, initially, that the same total number 
of setae are homologous across clausocalanoidean 
genera. The characters used are presence or absence of 
setae 1–4 on the basis (char. 28–31) and setae 2–4 on 
endopod segment 1 (char. 32–34) (Fig. 2E).

Female maxillule:  The maxillule, in the plesiomorphic 
state, is orientated such that the main axis of the limb 
almost passes through the endopod, and the praecoxal 
arthrite is directed into the animal’s midline and 
has a conservative number of setae as analysed by 
Giesbrecht (1892/93) (Fig. 2F). In the Euchaetidae, the 
endopod is twisted through ~90° towards the animal’s 
midline and overlaps the praecoxal arthrite, and the 
coxal and first basal endites are reduced or may be 
even absent, a characteristic that appears to be related 
to a carnivorous habit (Yen, 1985). In some aetideid 
taxa (e.g. Pseudochirella obesa Sars, 1920) the endopod 
also lies at ~90° to the main axis (von Vaupel Klein 
& Rijerkerk, 1997), and in Euchirella messinensis 
(Claus, 1863) the endopod lies at ~45° to the main 
axis (von Vaupel Klein, 1982), apparently related to 
an omnivorous habit (Sano et al., (2013, 2015). The 
angle at which the endopod lies to the main axis of the 
limb was difficult to measure objectively and interpret; 
therefore, it was omitted from the final analysis.

Initially, we hypothesized that the reduced 
number of setae observed in the adult stage of many 
Clausocalanoidea maxillules represents the retention 
of larval states of development (by failure to add 
setae following the typical ancestral developmental 
sequence), and therefore it might be reasonable to 
assume that similar numbers of setae are strictly 
homologous. For example, it was noted that during 
development of Clausocalanidae (Heron & Bowman, 
1971) CI and CII have three setae on basal endite 2, 
CIII and CIV have four setae, and CV and CVI have 
five setae. Of note were Peniculoides, Pseudocyclopia, 
Paracyclopia, Thompsonopia, Stygocyclopia, Euchaeta, 
Paraeuchaeta and Spicipes, all of which have only two 
setae on the coxal endite. The presence or absence of 
setae 2–5 on the coxal endite and setae 5 and 4 on 
basal endite 2 was noted (char. 35–40) (Fig. 2F).
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Figure 2.  Illustrations of character location and selected states for characters in Table 2. Female: A, antenna exopod of 
Megacalanus; B, antenna exopod of Bradyetes; C, antenna basis and endopod of Thompsonopia; D′–D‴, three different views 
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The development of the maxillule endopod seems to 
express features of larval segmentation as observed in 
the Clausocalanidae (Heron & Bowman, 1971). It is 
very difficult to establish homologies among variable 
numbers of setae on each endopod segment throughout 
the Clausocalanoidea; therefore, these character states 
are not used. The presence or absence of an arthrodial 
membrane between the basis and endopod segment 1 
and between endopod segments 2 and 3 were scored 
(char. 41, 42) (Fig. 2F). On the exopod, it was assumed 
that similar numbers of setae are homologous with 
taxon. It was noted that most genera have 11 or 
ten setae, with the fewest (fewer than nine) being 
found in Peniculoides, Frigocalanus, Pseudocyclopia, 
Paracyclopia , Thompsonopia , Stygocyclopia , 
Mesaiokeras and Spicipes. The presence or absence of 
setae 7–11 on the exopod (char. 43–47) was noted. The 
coxal epipodite appears to develop by the addition of 
setae proximally (see Bradford-Grieve et al., 2010 and 
references therein). Therefore, we considered setae to 
be homologous, counting from the distal part of the 
epipodite. The presence or absence of setae 4–9 on the 
coxal epipodite (char. 48–53) was noted.

Fe m a l e  m a x i l l a :   T h e  c a l a n o i d  m a x i l l a 
plesiomorphically has ten setae on the first praecoxal 
endite, four setae on the basal endite and 13 setae on 
a four-segmented endopod (Huys & Boxshall, 1991), 
but the maximum number of setae on the maxilla 
of Clausocalanoidea are five, four and nine setae, 
respectively.

As pointed out by Markhaseva & Renz (2015), the 
setation of praecoxal endite 1 is useful in separating the 
Clausocalanidae and Aetideidae. Praecoxal endite 1 
has a maximum number of setae in the spinocalanid 
Monacilla: two medioterminal, two outer terminal 
and three proximal setae, plus an additional small 
attenuation (Fig. 2G). The Aetideidae and Euchaetidae 
have three terminal setae, with seta 4 (distomedial 
terminal seta) missing. A small number of taxa have 
from four to six setae. The presence or absence of 
setae 5 and 4 on praecoxal endite 1 (char. 54, 55) was 
recorded.

The maximum number of setae (four) on the basal 
endite of the ingroup is found in most Stephidae, 
Mesaiokeratidae and Clausocalanidae, but three in the 
Aetideidae and Euchaetidae. In the case of the outgroup 
taxa, the fourth seta is modified into a chemosensory 
structure (Ohtsuka et al., 2003; Markhaseva et al., 

2014). The presence, absence or modification of seta 4 
of the basal endite was recorded (char. 56).

The calanoid maxilla endopod has a maximal 
number of 11 setae on segments 1–4, as in Megacalanus 
(Bradford-Grieve et al., 2017: 46), which are arranged 
as four, two, two and three, respectively. In the 
Clausocalanoidea there can be four separate endopod 
segments or the first segment may be fused to form an 
allobasis plus three separate segments. The maximum 
number of setae recorded in the Clausocalanoidea is 
nine. These are located on segments 1–4 as follows: 
two, two, two and three, respectively, in, for example, 
Pseudochirella obesa (von Vaupel Klein, 1998), 
Euchirella messinensis (von Vaupel Klein, 1982: 32) or 
Lophothrix frontalis (J.M.B.-G., pers. obs.). These 
setae are numbered from proximal to distal on the 
outer surface (from one to six) and from seven to nine 
from proximal to distal on the inner surface (Fig. 2H). 
In many taxa, the number of setae is reduced to six, 
and they are distributed one, one, one and three. 
In this case, it is assumed that it is the inner setae 
(7–9) that have been lost, especially given that, where 
setae 7–9 are present, they are often reduced in size 
(e.g. Pseudochirella obesa). The total number of well-
developed endopod setae is most frequently six across 
the non-‘Bradfordian’ members of the superfamily, 
but a number of taxa retain additional rudimentary 
setae (e.g. one seta: Aetideus and Lutamator; 
two setae: Euchirella , Chiridius , Bradyidius , 
Bradyetes, Parabradyidius, Prolutamator, Senecella, 
Pseudotharybis and Thompsonopia; and three setae: 
Aetideopsis, Paracomantenna and Pseudochirella).

Where there are fewer than six setae it is interpreted 
that Peniculoides has setae 2, 3, 8 and 9 missing, 
and Speleohvarella and Mesaiokeras have setae 6–9 
missing. The ‘Bradfordian’ families stand apart 
because most of the eight or nine setae found on the 
maxilla endopod are modified into chemosensory setae 
(Nishida & Ohtsuka, 1997). Therefore, the unmodified 
presence, absence or modification of setae 1–9 were 
recorded (char. 57–65).

Female maxilliped:  Plesiomorphically, the maximum 
number of setae on the syncoxal endites is one, two, 
four and four (Fig. 3A) (Huys & Boxshall, 1991: 27). 
In the Clausocalanoidea, syncoxal endite 3 usually has 
only three setae (except Mesaiokeras, Paracyclopia and 
Pseudocyclopia, which have two setae), and endite 4 
has three setae (except in Bradyetes, Comantenna, 

of antenna exopod segments 1–4 of Clausocalanus, which illustrates the difficulty in deciding whether segments 1 and 2 
are fused or separate (drawn by E. L. Markhaseva); E, mandible of Megacalanus; F, maxillule of Megacalanus; G, maxilla 
of Monacilla; H, schematic diagram of maxilla endopod with setae numbered: endopod segment 1 fused to form allobasis 
in this example. (Figures modified and redrawn from: Schulz, 1989; Markhaseva, 1996; Jaume et al., 1999; Markhaseva & 
Schulz, 2006; Bradford-Grieve et al., 2017). Character and states are indicated; for example, ‘◄ 1:2’.
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Crassantenna , Lutamator , Mesocomantenna , 
Paracomantenna and Pseudeuchaeta, which have four 
setae). Here, it is assumed, as a first approximation, 
that where there are fewer than the maximum 
number of setae, the lesser numbers of setae are 

homologous among genera. Here, the presence or 
absence of seta 3 on syncoxal endite 3, and of seta 4 on 
endite 4 were recorded (char. 66, 67) (Fig. 3B). In some 
Aetideidae (Bradyetes, Comantenna, Mesocomantenna, 
Paracomantenna, Pseudeuchaeta and Crassantenna) 
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Figure 3.  Illustrations of character location and selected states for characters in Table 2. Female: A, maxilliped of 
Megacalanus; B, syncoxa of maxilliped of Paracomantenna; C, leg 1 of Paracomantenna; D, basis of leg 3 of Ctenocalanus; 
E, coxa of leg 4 of Euchirella. Male: F, proximal antennule segments of Mesaiokeras; G, proximal antennule segments of 
Clausocalanus. Male leg 5: H, Clausocalanus; I, Aetideopsis; J, Batheuchaeta (left). (Figures modified and redrawn from: 
Bradford, 1969a; Bradford-Grieve, 1994; Markhaseva, 1996; Markhaseva & Schnack-Schiel, 2003; Bradford-Grieve et al., 
2017). Character and states are indicated, for example, ‘◄ 1:2’.
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one of the setae on syncoxal endite 4 is modified into 
a sensory structure (char. 68) (Fig. 3B). The maximum 
number of setae on endopod segments 2–5 is four, 
four, three and three plus one, respectively. Endopod 
segments acquire setae during development in an 
order which is revealed by their length, i.e. the shorter 
setae were the most recently added (see Hulsemann, 
1991). It is assumed that it is the later setae to be added 
that have failed to develop. The presence or absence 
of seta 4 on endopod segments 2 and 3 (Fig. 3A) was 
recorded (char. 69, 70).

Female legs:  Legs 1–4 in the Clausocalanoidea have 
three-segmented exopods, whereas endopods are 
one-, two-, three- and three-segmented, respectively, 
with the arthrodial membrane between segments 1, 2 
and 3 having failed to develop in leg 1 and between 
segments 2 and 3 in leg 2. The female leg 1 basis in the 
Clausocalanoidea may or may not have an outer border 
reduced seta (char. 71), and the mediodistal seta may 
sometimes be absent (char. 72) (Fig. 3C). Leg 1 exopod 
segment 1 outer spine may or may not be present 
(char. 73). Leg 1 endopod usually bears five setae in 
most genera in this analysis, although Microcalanus 
and Paracyclopia have only four setae (char. 74). The 
arthrodial membrane between exopod segments 1 
and 2 of leg 1 and between segments 1–2 of leg 2 may 
or may not be present (char. 75, 76). The presence of 
spine-like extensions on the distoposterior border of 
the basis of legs 2 and 3 (Fig. 3D) of Ctenocalanus 
and Clausocalanus was recorded (char. 77). The coxa 
of leg 4 usually bears an inner border seta (char. 78) 
except in Clausocalanus and Ctenocalanus. The inner 
border, proximal to this seta, is usually ornamented 
with very fine setules apart from in Euchirella, 
Gaetanus, Valdiviella, Euchaeta, Paraeuchaeta, 
Parabradyidius , Chirundina , Pseudochirella , 
Undeuchaeta, Stephidae and Pseudocyclopiidae. 
Of these listed genera, Gaetanus, Pseudochirella 
and Euchirella all have large, well-defined spinules 
(char. 79) (von Vaupel Klein, 1998) proximal to the 
inner border seta (Fig. 3E); smaller strong spinules are 
also present in Undeuchaeta, Aetideus and Paivella 
(Bradford, 1980; Markhaseva, 1996). Typically, the 
lack of an ornamentation of fine setules is correlated 
with the presence of heavy spinules, suggesting that 
strong spinules are modified fine setules. Nevertheless, 
Paivella has two rows of small spinules in addition to 
fine setules.

Female Clausocalanoidea are either without leg 5 
or have simple fifth legs (Fig. 1K, L) composed of a 
fused basal part comprising the fused coxae and the 
intercoxal sclerite, a globular basis and a terminal 
segment that is a featureless rudiment (Sursamucro) 
or, more usually, a cylindrical segment with one to 
three spine-like extensions, which may be fused to, 

or variously articulated with, the segment (Fig. 1K, 
L) (Pseudotharybis, Parabradyidius, Stygocyclopia, 
Frigocalanus , Thompsonopia , Paracyclopia , 
Pseudocyclopia, Mesaiokeras, Spicipes, Farrania 
and Clausocalanus). In addition to these forms, 
Ctenocalanus and some Comantenna do not have a 
third segment. Comantenna has a multi-segmented 
exopod and rudimentary endopod. The presence or 
absence of fifth legs was coded (char. 80). Farrania 
may or may not have a fifth leg in the female 
(Tanaka, 1956). Although it is tempting to assume 
that the presence of a fifth leg is the plesiomorphic 
state, the presence of fifth legs on females of some 
apparently non-basal Aetideidae (e.g. Comantenna, 
Paracomantenna, Parabradyidius, Sursamucro 
and Pseudotharybis) suggests that in some genera 
this is a homoplasious feature and possibly not 
homologous across the Aetideidae, Clausocalanidae, 
Pseudocyclopiidae, Stephidae and Mesaiokeratidae.

Male antennules and mouthparts:  A group of 
clausocalanoidean families were placed in the 
no-longer-accepted grouping, the Isokerandria, by 
Sars (1902: 56). This group was based on the nature 
of the male antennules and mouthparts and the 
general body shape, i.e. the proximal segments of the 
male and female antennules and the general body 
shape do not differ appreciably, and male mouthparts 
are usually identical to those of the female. Sars 
(1902: 57) noted that genera in this grouping are 
benthopelagic. Markhaseva & Renz (2015) noted that 
Clausocalanidae males have ancestral segments I 
and II of the antennule fused (Fig. 3G), whereas these 
segments in the Aetideidae are separate. We also noted 
that segments I and II are fused in both males and 
females of Stygocyclopia, Pseudocyclopia and Stephos, 
whereas in Frigocalanus and Mesaiokeras the female 
and male antennules have segments I and II separate 
(Fig. 3F).

The right antennule in the genus Azygokeras 
is adapted for grasping but is not in the form of a 
geniculation between ancestral segments XX and XXI 
(Boxshall, 1985: 320; Ohtsuka & Huys, 2001; Bradford-
Grieve et al., 2017: 13). That is, from segments XIX 
to XXIV in Azygokeras there are separate flexor 
muscles capable of bending each joint relative to its 
neighbour (J.M.B.-G., unpublished data). This type 
of grasping antennule is an autapomorphy and so is 
not included in our data set. Male antennules may or 
may not have ancestral segments I and II (char. 81) 
and ancestral segments XI and XII fused (char. 82). 
Ancestral segments XXII and XXIII may be separate 
on both sides, fused on one side or fused on both sides 
(char. 83), and male mouthparts may have the inner 
parts too reduced to be functional or developed in a 
similar manner to the female (char. 84).
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Male leg 5:   In members of the Clausocalanoidea, leg 5 
may be biramous or uniramous or sometimes absent 
on one side and is often very slender (Fig. 3H–J). 
The number of rami on the right leg 5 (char. 85) was 
recorded, in addition to whether or not the right 
basis is swollen, as in some aetideid genera and the 
Euchaetidae (char. 86). The number of rami on the 
left leg 5 (char. 87) was recorded. The presence of an 
extension of the left exopod segment 2, which opposes 
exopod segment 3 (char. 88), was recorded, in addition 
to the presence or absence of a serrated lamella on 
left exopod segment 2, which is a unique character for 
the Euchaetidae (char. 89). In the final analysis, the 
male characters were omitted because there were six 
genera for which males have not been described, plus 
six where the existing descriptions were incomplete.

Analytical methods

A database of 50 taxa including the outgroup (Table 1) 
and 89 morphological characters was initially created 
using the DELTA software (Dallwitz et al., 1993) 
and output as a nexus file (Supporting Information, 
Appendix S3). Most characters are binary, although 12 
characters have three states. Inapplicable characters 
were coded ‘?’. Characters were unordered and equally 
weighted. Given that characters are unordered, the 
scores given for each state (1, 2 or 3) imply nothing 
about polarity.

Phylogenetic analysis under maximum parsimony 
was conducted in PAUP v.4.0a163 (Swofford, 2002). 
Analyses were conducted using the heuristic search 
(1000 replicates with random input order; branching 
swapping: tree bisection–reconnection). Strict 
consensus and majority rule consensus trees were 
computed. Jackknife support for each node using 
unweighted data was determined in PAUP (30% 
characters deletion; 500 pseudoreplicates). The data 
set was finally analysed under a single round of 
successive weighting using the rescaled consistency 
index (Farris, 1969). Character state distribution was 
studied in MacClade v.4.0 (Maddison & Maddison, 
2000).

RESULTS

Cladistic analysis

Using Neoscolecithrix and Thoxancalanus as the 
outgroup, the heuristic search retrieved 394 most 
parsimonious trees of length 330, consistency index 
0.273 and retention index 0.659. In the strict consensus 
tree, the Aetideidae were grouped together, but there 
were many unresolved relationships (Fig. 4A). The 
50% majority rule consensus tree (Fig. 4B) had more 
resolved relationships, and Pseudocyclopiidae genera 

+ Peniculoides were grouped together, as were the 
Clausocalanidae + Stephidae + Mesaiokeratidae. The 
Pseudocyclopiidae + Peniculoides were sister to all 
other genera.

In the 50% majority rule consensus tree (Fig. 4B) 
there were only two basal monophyletic clades with 
high jackknife support (98 and 93%, respectively). 
Clade A contained all the non-‘Bradfordian’ taxa 
and clade  B the Aetideidae + Euchaetidae + 
Clausocalanidae + Stephidae + Mesaiokeratidae. 
Six terminal clades had strong to medium jackknife 
support (Comantenna + Mesocomantenna, Jaschnovia 
+ Senecella, Euchaeta + Paraeuchaeta, Clausocalanus 
+ Ctenocalanus, Peniculoides + Frigocalanus and 
Paracyclopia + Pseudocyclopia + Stygocyclopia + 
Thompsonopia). Many intermediate clades had < 50% 
jackknife support (Fig. 4B). In the jackknife analysis, 
if random selection of characters does not include the 
few characters most consistent with the cladogram, 
the topology will not be well supported. This result 
reflects the high homoplasy among the characters 
used in this analysis (more than half the characters) 
and is indicated by the low values for the rescaled 
consistency index (RC) (Table 2).

As indicated by the RC index for each character 
(Table 2), 39 out of 80 female characters made no 
or a small contribution (RC < 0.20) to the resulting 
topologies. Among the characters with RC > 0.20, 
some have been recognized historically in the family 
classification of the Clausocalanoidea (see Boxshall & 
Halsey, 2004). For example, in the ingroup, all setae 
of the maxilla endopod are untransformed compared 
with most of these setae being transformed into 
chemosensory elements in the outgroup (char. 57–65); 
the Euchaetidae has been defined by the presence of 
a supralabrum and highly developed caudal seta VII 
(char. 1 and 5, respectively); some Pseudocyclopiidae 
have the basis and endopod segment 1 of the antenna 
fused (char. 20); and Aetideidae and Euchaetidae have 
only three setae on praecoxal endite 1 of the maxilla 
(char. 54, 55). Other characters that have high RC values 
have not been widely recognized as having phylogenetic 
significance; the quantitative distribution of non-
aesthetasc setae on certain antennular segments, 
for example. Thus, these analyses indicated that the 
presence of two setae on ancestral segment XXI is a 
synapomorphy for the clade containing the Aetideidae 
+ Euchaetidae (char. 19) (e.g. Fig. 5E).

One round of successive reweighting (to reduce the 
influence of homoplasious character states on tree 
topologies) yielded a single most parsimonious tree. 
The strict and 50% majority rule consensus trees were 
identical. The 50% majority rule consensus tree is 
illustrated (Fig. 6) and differed in some respects from 
the trees derived from unweighted data (Fig. 4). In the 
reweighted analysis, all the relationships amongst 
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Figure 4.  Strict consensus (A) and 50% majority rule consensus (B) of 394 most parsimonious trees of length 330, 
consistency index (CI) 0.273 and retention index (RI) 0.659. Clade numbers 1 and 2 are indicated, as is the jackknife 
support. The outgroup is Neoscolecithrix and Thoxancalanus. Current family groupings of genera are indicated in colour. 
For species exemplars, see Table 1.
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the genera were resolved. The clade containing 
Clausocalanidae, Stephidae and Mesaiokeratidae was 
the same as that derived from the unweighted data 
except that this clade was sister to all other genera 
in the reweighted tree. In the reweighted analysis, 
the clade containing the Aetideidae and Euchaetidae 
had the relationships of some genera differently 
resolved; nevertheless, Aetideopsis was sister to 
all other Aetideidae using both unweighted and 
reweighted data.

In the final tree, after one round of successive 
reweighting, clade 1 (Clausocalanidae + Stephidae + 
Mesaiokeratidae) (Fig. 6) was united by two character 

states: seta 4 of the mandibular endopod segment 1 
(char. 32: present) and seta 11 of the maxillule exopod 
(char. 43: present) (Tables 2 and 3). Clade 2 was united 
by one character: seta 5 of the maxilla praecoxal 
endite 1 (char. 54: absent). Clade 2 divided into clades 
3 and 4 (Fig. 6). Clade 3 (Aetideidae + Euchaetidae) 
was united unambiguously by two character state 
changes that did not change above in the clade: 
the number of non-aesthetasc setae on antennule 
ancestral segment XXI (char. 21: two setae) and the 
maxilla praecoxal endite 1, seta 4 (char. 55: absent). 
Seven other characters united this clade (Tables 2 
and 3), amongst which were: rostral filaments (char. 2: 

Aetideidae Clausocalanidae
Pseudocyclopiidae

Aetideidae Clausocalanidae
Pseudocyclopiidae Aetideidae Clausocalanidae

Pseudocyclopiidae

Aetideidae Clausocalanidae
Pseudocyclopiidae Aetideidae ClausocalanidaePseudocyclopiidae

A B

C D

E F

A2 Re2
seta:

present
absent

Mx1 C  en
seta 5:

present
absent

Mn B
seta 4:

present
absent
equivocal

equivocal

present
absent

Mx1 Re 
seta 9:

A1 sgt
XXI:

Mx2 PC  
en1 seta 4:

2 setae
1 seta

present
absent

Character 18 Character 55

Character 45Character 28

53retcarahC42retcarahC

Aetideidae Clausocalanidae
Pseudocyclopiidae

Figure 5.  Distribution of unambiguous character state changes for six characters. A, B, homoplasious characters; C, for 
clade 1 (Clausocalanidae s.l.); D, for clade 4 (Pseudocyclopiidae); E, F, for clade 3 (Aetideidae) and clades 1 and 4. For genus 
labels, see Figure 4. For character list, see Table 2.
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absent), and setae on ancestral segment  XIII of 
antennule (char. 12: two setae). In clade 3, Aetideopsis 
was sister to all the remaining Aetideidae (clade 5). 
Clade 4 (Pseudocyclopiidae + Peniculoides) was united 
by four character states: maxillule coxal endite setae 4 
and 5 (char. 35 and 36: absent) and maxillule exopod 
setae 9 and 10 (char. 44 and 45: absent). Clade 5 was 
united unambiguously by one character state change 
that did not change above in the clade: the number 
of non-aesthetasc setae on antennular ancestral 
segment XV (char. 13: two setae). The other character 
uniting this clade was the number of non-aesthetasc 
setae on antennular ancestral segment XVII (char. 15: 
two setae). Clade 5 divided into clades 6 and 7. Clade 6 

was united by one character state change: seta 11 on 
the exopod of the maxilla (char. 43: present). Clade 7 
was united by two character state changes: setae 7 
and 8 on the endopod of the maxilla (char. 63 and 64: 
untransformed). Clade 8 was united unambiguously by 
one character state change that did not change above in 
the clade: leg 2 arthrodial membrane between endopod 
segments 1 and 2 (char. 76: absent). Clade 9 was united 
unambiguously by one character state change that 
did not change above in the clade: number of non-
aesthetasc setae on antennular segment I (char. 8: 
one seta). Two other character states united this 
clade (Table 3). Clade 10 was united by two character 
states: distal seta of antennular segment  XXIII 
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(char. 9: extends well beyond end of antennule) and 
seta 3 of mandibular basis (clade 29: absent). Clade 11 
(Jaschnovia + Senecella) was united by four character 
state changes: antennal exopod segments 1 and 2 
(char. 21: fused), seta of antennal exopod segment 9 
(char. 27: absent), seta 9 of maxillule coxal epipodite 
(char. 48: absent) and leg 1 exopod segment 1 outer 
border spine (char. 73: absent).

DISCUSSION

Data/characters

The most noteworthy characterization of the present 
data set is the prevalence of homoplasy and low 
level of congruence of individual character states. An 
explanation for these characteristics might lie in a 
lack of well-supported hypotheses of homology, which 
has resulted in otherwise potentially apomorphic 
character states behaving as homoplasious states.

Typical examples of a homoplasious distribution of 
character states are to be found among the presence or 
absence of individual setae on the exopod segments of 
the female antenna (char. 23–25) and on the maxillule: 
coxal endite, basal endite 2, exopod and coxal epipodite 
(char. 35–38, 39–40 and 43–53; e.g. Fig. 5A, B). There is 
a possibility that we have made an incorrect analysis 
of which setae are homologous, but equally, these 
character states might be genuinely homoplasious, 
having been lost several times independently in 
addition to apparently undergoing reversals back to 
the ancestral (plesiomorphic) state.

One character, previously thought to be a 
synapomorphy indicating relatedness, appears to be 
homoplasious: character 79 (female leg 4 coxa inner 

proximal border large spinules: present) currently 
defines the Euchirellinae. This character fails to unite 
any clade identified here unambiguously. Nevertheless, 
we note that Aetideus, Paivella and Undeuchaeta, 
which have small, strong spinules on the coxa of leg 4, 
are also recovered in the same clade as Gaetanus, 
Pseudochirella and Euchirella (Fig. 6).

Fifteen female characters out of 77 were important 
in the overall structure of the trees (Table 2; examples 
shown in Fig. 5). These include the following characters: 
8 (number of setae on antennule segment 1), 9 (length 
seta on antennule segment XXIII), 12 (number of 
setae on antennule segment XIII), 13 (number of setae 
on antennule segment XV), 19 (number of setae on 
antennule segment XXI), 21 (antenna exopod segment 
1 and 2 separate), 22 (antenna exopod segment 4 
and 5 separate), 28 (mandible basis seta 4 absent), 
32 (mandible endopod segment 1 seta 4 absent), 
44 (maxillule exopod seta 10 absent), 45 (maxillule 
exopod seta 9 absent), 54 (maxilla praecoxal endite 1 
seta 5 absent), 55 (maxilla praecoxal endite 1 seta 4 
absent), 56 (maxilla basal endite seta 4 absent), 75 
(leg 1 arthrodial membrane between exopod segments 
1 and 2), and 76 (leg 2 arthrodial membrane between 
endopod segments 1 and 2)  (Table  2). Of these 
characters, 8, 13, 19 and 55 are almost congruent and 
help to define clades 3, 5 and 9 (Table 3). Characters 
12, 22, 32, 44, 45, 54 and 76 help to define clades 1, 
3, 4 and 8. Most of the above 14 characters have not 
been used before in diagnoses of Clausocalanoidea or 
as indicators of phylogenetic relationships.

Male characters were not included in our analysis 
because descriptions of five genera did not contain 
complete data, and the males of seven other genera are 
currently unknown. In general, most male characters 
have rather low rescaled consistency indices (RC) 
(Table 2). Character 89 (presence of a serrated lamella 
on the exopod segment 2 of the male fifth legs) is a 
synapomorphy of Euchaeta and Paraeuchaeta (RC = 1), 
and char. 85 (right leg 5 is uniramous) is found mostly 
in clades 1 and 4 (RC = 0.26).

Impact of homoplasy on phylogenetic 
reconstruction

The widespread prevalence of homoplasy has 
implications for our cladistic analysis. First, it means 
we have a reduced number of characters/states that 
support nodes in our trees and second, Brandley et al. 
(2009) and Chemisquy & Prevosti (2013) showed how 
elevated levels of homoplasy can interfere with accurate 
tree inference in a manner that is related to clade 
size. This is apparently because greater homoplasy 
increases the number of random or near-random trees 
obtained during the resampling of data sets (during 
the calculation of branch support), increasing the 

Table 3.  Unambiguous character state changes for 
the single most parsimonious tree after one round of 
successive reweighting (Fig. 6)

Clade 1 32: 2→1, 43: 2→1
Clade 2 54: 1→2
Clade 3 2: 1→2, 12: 2→1, 19: 2→1, 22: 2→1, 24: 1→2, 

29: 1→2, 55: 1→2, 56: 1→3, 80: 1→2
Clade 4 35: 1→2, 36: 2→1, 44: 1→2, 45: 1→2
Clade 5 13: 2→1, 15: 2→1
Clade 6 43: 2→1
Clade 7 63: 3→1, 64: 3→1
Clade 8 76: 1→2
Clade 9 8: 1→3, 43: 2→1, 80: 2→1
Clade 10 9: 1→2, 29: 2→1
Clade 11 21: 1→2, 27: 1→2, 48: 1→2, 73: 1→2

Unique character changes at nodes not changing above in the tree are 
in bold.
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chance that medium-sized clades will be contradicted, 
thus lowering branch support (Chemisquy & Prevosti, 
2013: 269).

Phylogeny and taxonomy

We accept that monophyletic groups and lineages are 
the fundamental basis of taxonomy and evolution 
(e.g. Cantino & de Queiroz, 2010). Therefore, the 
provisional phylogeny of the non-‘Bradfordian’ 
Clausocalanoidea suggests that the family structure 
may need future adjustment because the monophyly 
of some existing families appears to be in doubt. We 
have some confidence in the conclusions concerning 
the deep branching topology of our hypothetical 
phylogeny because Goloboff et al. (2008) showed 
that down-weighting characters according to their 
homoplasy increases jackknife frequencies and 
produces results that are more stable. Therefore, we 
attach significance to the phylogeny produced after 
one round of successive reweighting (Fig. 6). Clade 1, 
which contains genera from the Clausocalanidae, 
Stephidae and the genus Mesaiokeras, suggests 
that the Clausocalanidae, as currently configured, is 
paraphyletic. The Pseudocyclopiidae (clade 4) may be 
monophyletic, although it has several character states 
in common with the Clausocalanidae (usually one seta 
on antennule ancestral segments XIII, XV, XVII and 
XXI; four setae on praecoxal endite 1 of maxilla and 
usually four setae on the basal endite; e.g. Fig. 5E, F). 
Also, the highly modified genus, Peniculoides, currently 
assigned provisionally to the Clausocalanidae, is sister 
to Frigocalanus in the present analysis. The Aetideidae 
(clade 3) appears to be paraphyletic as currently 
configured because Euchaeta and Paraeuchaeta, 
currently in the Euchaetidae, nests within clade 6. 
There is a possibility that the Aetideidae could be 
divided further in the future, but there is no jackknife 
support for such a move based on the present data 
(Fig. 4B).

These results are viewed here as hypotheses that 
can be evaluated further using, for example, genetic 
data. Our hypothesis, based on present evidence, 
is that non-‘Bradfordian’ Clausocalanoidea may be 
composed of three families. Aetideidae s.l. is chosen 
as the name for clade 3 because it contains the type 
genus, Aetideus (Boeck, 1872), and contains the 
most genera in comparison with the Euchaetidae, 
a family name that was published simultaneously 
[also the Aetideidae (clade 3) takes page precedence 
over the Euchaetidae in Giesbrecht, 1892/93]. 
Clausocalanidae takes precedence for clade 1 because 
it is the oldest available name; there are currently no 
morphological data to support Stephidae as a stand-
alone monophyletic taxon, and the monogeneric 
Mesaiokeratidae is recovered as a terminal branch 

within this clade. Pseudocyclopiidae plus Peniculoides 
may remain as a monophyletic family, although it does 
not have clear synapomorphies, the nearest being 
eight or fewer setae on the exopod of the maxillule, a 
character held in common with Mesaiokeras in clade 1 
(Fig. 5D).

Historical taxonomic enterprise relating to the 
Aetideidae s.l. and Clausocalanidae s.l. was originally 
undertaken mostly on pelagic genera (e.g. Giesbrecht, 
1892/93; Sars, 1903, 1924/5). Therefore, families were 
created that grouped genera together that appeared to 
be related at that time. Increasingly, as benthopelagic 
taxa and taxa from anchialine environments were 
discovered, these genera did not fit neatly into existing 
families, and the creation of new families has left some 
taxa stranded in ‘dustbin’ families. For example, the 
Clausocalanidae, as presently understood, cannot be 
defined unambiguously as a monophyletic entity.

We note that Andronov’s (2014: 155) revision of the 
Calanoida considered a superfamily Clausocalanoidea 
to contain the Spinocalanidae, Ryocalanidae and an 
enlarged Clausocalanidae. The Clausocalanidae was 
composed of the Clausocalaninae, which included 
the current Clausocalanidae, Mesaiokeratidae 
and Stephidae; the Aetideinae, which included 
the present Aetideidae and Pseudocyclopiidae; the 
Euchaetinae; and Scolecitrichinae, which incorporated 
all ‘Bradfordian’ genera. It is probably a matter of 
opinion as to whether it is appropriate to lower the 
rank of current families, but we find no evidence 
that the Pseudocyclopiidae are closely related to the 
Aetideidae. Andronov (2014: 95) appears to have based 
his conclusion on the insertion of seta VII on the 
ventral surface of the caudal rami in Pseudocyclopiidae 
but did not consider the setation of praecoxal endite 1 
of the maxilla. Also, it appears that seta VII may 
be on the ventral surface or the inner border in the 
Pseudocyclopiidae: e.g. seta VII is on the inner border 
in Paracyclopia naessi, Pseudocyclopia crassicornis 
and Thompsonopia stephoides.

Our analyses support the hypothesis that at least the 
taxa Euchaetidae and Stephidae should probably not 
be recognized as stand-alone monophyletic entities. The 
two genera currently comprising the former are always 
nested within the Aetideidae, and the latter is itself 
paraphyletic and nested within the Clausocalanidae. 
The Mesaiokeratidae is a terminal branch within a 
subclade composed of the genera currently grouped as the 
Stephidae. Therefore, we provisionally diagnose the non-
‘Bradfordian’ Clausocalanoidea families here, as follows.

Aetideidae  s. l . (Aet ideidae  +  Euchaet idae) :  
Clausocalanoidea without modified setae on maxilla 
and maxilliped: rostral filaments absent; antennule 
ancestral segment XXI with two non-aesthetasc seta, 
ancestral segment XV usually with two setae (one seta 
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in Aetideopsis); mandibular basis with three or fewer 
setae; maxilla praecoxal endite 1 with three setae, 
basal endite with three setae; female leg 5 usually 
absent or vestigial.

Clausocalanidae s.l. (Clausocalanidae + Stephidae + 
Mesaiokeratidae):  Clausocalanoidea without modified 
setae on maxilla and maxilliped: rostral filaments 
absent or present; four setae in the mandibular 
basis; antennule ancestral segment XXI with one 
non-aesthetasc seta, ancestral segment XV usually 
with one seta; maxilla praecoxal endite 1 with four 
or more setae; female leg 5 usually present (except 
Microcalanus and Pseudocalanus).

P s e u d o c y c l o p i i d a e  ( P s e u d o c y c l o p i i d a e  + 
Peniculoides):  Clausocalanoidea without modified 
setae on maxilla and maxilliped: rostral filaments 
usually present; maxillule exopod with eight or fewer 
setae; antennule ancestral segment XXI with one non-
aesthetasc seta, ancestral segment XV usually with 
one seta (no seta in Paracyclopia); mandibular basis 
with three or fewer setae; maxilla praecoxal endite 1 
with four or more setae; female leg 5 present.

Habitat

In this phylogenetic study, genera from similar 
habitats are often grouped together; some groups 
of genera are planktonic, whereas other groupings 
relate to benthopelagic or anchialine habitats, and 
another to brackish water (Table  1; Fig.  6). For 
example, the basal taxa of clade 1 (Clausocalanus, 
Ctenocalanus, Drepanopus and Pseudocalanus) are 
pelagic, whereas the remaining taxa (Stephidae and 
Mesaiokeras) are either shallow benthopelagic or 
inhabitants of anchialine caves. Also, taxa in clade 4 
(Pseudocyclopiidae) are either benthopelagic or 
inhabitants of marine caves. In the non-planktonic 
genera of clades 1 and 4, male mouthparts are the same 
as those of the female, i.e. functional. The presence of 
feeding males with functional mouthparts suggests 
there is an advantage to these males of being longer 
lived and available for mating at any time, in contrast 
to many planktonic genera (Ohtsuka & Huys, 2001: 
463), which have short-lived males without functional 
mouthparts. Strong seasonality or another mechanism 
synchronizes maturation, ensuring that males and 
females are present together in the breeding season.

Clade  6, composed of the genera Aetideus to 
Batheuchaeta (Fig. 6), have epi- to bathypelagic habits 
(Table 1). Clade 10, composed of the genera Azygokeras 
to Bradyidius (Fig. 6), consists of benthopelagic forms 
(apart from Farrania) (e.g. Markhaseva, 1996; Schulz 
& Markhaseva, 2000; Markhaseva & Schulz, 2008). 
Nevertheless, there is no evidence for feeding males 

within any groups in this clade. This suggests that even 
in the deep sea there is a synchronization mechanism 
for the maturation of short-lived males, which appear 
in the population at the same time as females mature. 
Clade 10 is united by char. 9 (long pseudoannulate seta 
on ancestral antennulary segment XXIII). This seta is 
representative of what may be bend-sensitive setae 
along the whole antennule and may be associated with 
a need to search the seafloor for prey.

It appears that most of the aetideid genera may 
be carnivores, omnivores or scavengers based on 
mouthpart morphology in the original descriptions. 
Mouthpart indicators of possible feeding mode may 
include the rotation of the endopod of the maxillule 
to lie at 45–90° to the main axis of this limb. 
Euchaeta and Paraeuchaeta are extreme examples 
of adaptation to carnivory, with very modified 
maxillules, maxillae and maxillipeds (e.g. Yen, 1985; 
Park, 1995). The maxillipeds of most Aetideidae are 
usually not extremely enlarged and are probably 
indicative of omnivory (Sano et al., 2013), but a group 
of genera (Bradyetes, Pseudeuchaeta, Comantenna and 
Mesocomantenna) have a sensory structure distally on 
the maxilliped syncoxa, suggesting that these genera 
might be scavengers (e.g. Nishida & Ohtsuka, 1997).

Finally, a strongly supported clade 11 (Fig. 4B) 
contained Senecella and Jaschnovia (Fig. 4B) from 
brackish waters and shallow benthopelagic (or 
under-ice) habitats, respectively (Markhaseva, 1996) 
(Table  1). This clade appears to be composed of 
genera occupying marginal habitats and is united by 
character state changes for characters 21, 23, 48 and 
73 (Tables 1 and 3).

The habitats of the above groupings of genera 
suggest that invasions of certain habitats have driven 
the evolution of clausocalanoidean copepods. Among 
these habitats, an oxygenated benthic boundary layer 
may have been important in the evolution of many 
aetideid, clausocalanid and ‘Bradfordian’ genera. This 
radiation of genera may have occurred after the end-
Permian extinction event, when many niches were 
unoccupied (e.g. Bradford-Grieve, 2004). Nevertheless, 
we do not currently understand why there is so much 
homoplasy and lack of congruent character states 
that would allow the further subdivision of these taxa 
into monophyletic groups. The repeated colonization 
of these benthopelagic habitats by different lineages 
within the Clausocalanoidea might be part of the 
explanation for the elevated levels of homoplasy 
revealed in this analysis.

Conclusions

Our phylogenetic hypothesis of the non-‘Bradfordian’ 
Clausocalanoidea, based on a cladistic analysis 
using ‘Bradfordian’ exemplars as the outgroup, 
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gives some confidence in three clades: Aetideidae 
Giesbrecht, 1893, Pseudocyclopiidae G.O. Sars, 
1902 and Clausocalanidae Giesbrecht, 1893, a 
conclusion that needs corroboration using genetic 
data. Based on previous evidence, the group of non-
‘Bradfordian’ clausocalanoidean families is sister 
to the ‘Bradfordian’ families. There are currently no 
morphological data to support families Euchaetidae 
and Stephidae as stand-alone monophyletic taxa, and 
the monogeneric Mesaiokeratidae is nested within 
the Stephidae. The prevalence of homoplasy among 
characters used in our cladistic analyses interfered 
with tree inference and our assessment of support for 
the topologies produced.

Our analyses suggest that characters previously 
thought to have phylogenetic significance proved 
to be homoplasious (e.g. char. 79), whereas other 
characters not previously thought to have phylogenetic 
significance contributed to the fundamental topology of 
the trees. These informative female characters include 
the antennule setation of ancestral segments I, XV, XXI 
and XXIII; setation of the mandible basis and endopod 
segment 1; setation of the maxillule exopod; setation 
of the maxilla praecoxal endite 1; and segmentation of 
leg 1 exopod and leg 2 endopod. Although incompletely 
congruent, these characters define major clades 1–4.
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