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Abstract

M a te  lo ca tio n  an d  reco g n itio n  are essen tia lly  asy m m e trica l p ro cesses  in  th e  rep ro d u c tiv e  b io lo g y  o f  ca lan o id  co p ep o d s w ith  
th e  ac tive  p artn e r  (th e  m a le )  lo ca tin g  and  ca tch in g  th e  la rg e ly  p ass iv e  p a rtn e r  (the fem ale ). T h is  b eh av io u ra l asy m m e try  has 
led  to th e  evo lu tio n  o f  sexual d im o rp h ism  in  copep o d s, p lay in g  m a n y  p iv o ta l ro le s  d u rin g  th e  various success iv e  p h ases  o f  
c o p u la to ry  and  p o st-co p u la to ry  behav iour. S ex u a lly  d im o rp h ic  ap p en d ag es and  stru c tu res are  en g ag ed  in  (1) m a te  reco g n itio n  
b y  th e  m a le ; (2) cap tu re  o f  th e  fem a le  by  th e  m ale ; (3 ) tran sfe r  and  a ttach m en t o f  a  sp e rm a to p h o re  to th e  fem a le  b y  the  
m ale ; (4) rem o v al o f  d isc h a rg ed  sp e rm ato p h o re(s) by  th e  fem ale ; and  (5) fe rtiliza tio n  and  re le a se  o f  th e  eg g s by  th e  fem ale . 
In  m an y  m a le  ca lan o id s , th e  an ten n u la ry  ch em o sen so ry  sy s tem  is en h an ce d  a t th e  final m o u lt and  th is en h an ce m e n t appears 
to  b e  s tro n g ly  lin k ed  to  th e ir  m a te -lo ca tin g  ro le , i.e . d e tec tio n  o f  sex  p h e ro m o n es  re le a se d  by  th e  fem ale . I t  can  be  ex trem e 
in  ca lan o id s  in h ab itin g  o cean ic  w aters, tak ing  th e  fo rm  o f  a  dou b lin g  in  th e  n u m b er o f  ae s th e tascs on  a lm o st every  segm ent, 
and  is less ex p ressed  in  fo rm s re sid in g  in  tu rb u len t, n e ritic  w aters. M a te  reco g n itio n  is a  p ro c e ss  w h ere  ch em o recep tio n  and 
m e c h an o recep tio n  p re su m ab ly  w o rk  in  co n ju n c tio n . T h e  less e lab o ra te  m a le  ch em o sen so ry  sy s tem  in  th e  C e n tro p ag o id ea  is 
co u n te rb a lan ced  b y  fem ales p lay in g  a  m o re  ac tive  ro le  in  g en e ra tin g  h y d ro m ech an ica l cues. T h is  is re flec te d  in  fem ales in  the  
shape  o f  th e  p o ste rio r  p ro so m al m arg in , th e  co m p lex ity  o f  u ro so m al m o rp h o lo g y  and  th e  size o f  th e  cau d a l se tae . V isua l m a te  
reco g n itio n  m ay  b e  im p o rta n t in  th e  P o n te llid ae , w h ich  ty p ica lly  show  sexual d im o rp h ism  in  eye  des ign . T h e  m o s t d istin c tiv e  
sexual d im o rp h ism  is th e  a tro p h y  o f  th e  m o u th p a rts  o f  n o n -fee d in g  m ales , illu stra tin g  how  co p ep o d  d e tec tio n  sy s tem s can  be  
sh ifted  to a  new  m o d a lity  a t th e  final m o u lt. In  th e  n ex t p h ase , th e  m a le  cap tu res th e  fem a le  u sin g  th e  g en icu la te  an ten n u le  
an d /o r o th e r  ap p endages. T h ree  ty p es o f  an ten n u la ry  g en icu la tio n s are  reco g n ized , and  th e ir  d e ta iled  m o rp h o lo g y  suggests 
th a t th ey  have  o rig in a te d  independen tly . G rasp in g  e ffic iency  can  b e  en h an ced  by  th e  d ev e lo p m en t o f  su p p le m e n ta l h inges. 
T h e  scan ty  d a ta  on  cap tu re  m ech an ism s in  m a le s  lack in g  g en icu la te  an ten n u les are  rev iew ed . I t is su g g ested  th a t th e  lo ss o f  
th e  an ten n u la ry  g en icu la tio n  in  m an y  n o n -cen tro p a g o id e an  ca lan o id s has evo lved  in  re sp o n se  to in c reasin g  p red a to r  p re ssu re  
im p o sed  on  p a irs  in  am plexus. S p e rm a to p h o re  tran sfe r  and  p la c e m e n t are  g en e ra lly  acco m p lish ed  b y  th e  m o d ified  leg 5 o f  the  
m a le . In  so m e m ales , leg  5 co n s is ts  o f  b o th  a  ch e la te  g rasp in g  leg and  a  sp e rm a to p h o re -tran sfe rr in g  leg , w h ereas in  o thers, 
o n ly  th e  la tte r is  developed . T ufts o f  fine se tu le s /sp in u le s  an d /o r sc le ro tized  e lem en ts  on  th e  te rm in a l p o rtio n  o f  th e  leg  are 
invo lved  in  th e  tran sfe r  and  a ttach m en t o f  th e  sp e rm ato p h o re . T h e  co n fig u ra tio n  o f  g o n o p o res, co p u la to ry  p o res and  th e ir  
co n n ec tin g  duc ts  in  th e  fem a le  g en ita l d o u b le -so m ite  is d iversified  in  th e  ea rly  c a lan o id  o ffsh o o ts  such  as A rie te llid a e  and 
M e trid in id ae , w h ereas in  m o re  d erived  g roups, it  is co n s ta n t and  in variab le , w ith  p a ired  g o n o p o res and  co p u la to ry  p o res lo ca ted  
b en ea th  a  sin g le  g en ita l op ercu lu m . T h e  ab sen ce  o f  se m in a l recep tac le s  in  m o s t C e n tro p ag o id ea  lim its  th e  fe m a le ’s ab ility  
to sto re  su ffic ien t sp e rm  fo r m u ltip le  egg  ba tch es , su g g estin g  th a t re p e a te d  m a tin g  is n ecessa ry  fo r su s ta in ed  egg  p ro d u c tio n . 
D isc h a rg e d  sp e rm ato p h o res are  u su a lly  rem o v ed  b y  th e  fem a le  leg  5 an d /o r sp e c ia lized  e lem en ts  o n  o th e r  legs. In  Tortanus  
(A to r tu s ) O h tsu k a , w h ich  has ru d im e n ta ry  fifth  legs in  th e  fem a le  and  co m p lex  co u p lin g  d ev ices in  th e  m ale , a  sp e rm ato p h o re  
su p p o sed ly  rem a in s  o n  th e  fem a le  u ro so m e, sin ce  eggs appear to  b e  re lease d  fro m  a  v en tra l o p en in g  o f  th e  sp e rm ato p h o re . T h e  
ty p e  o f  sex u a l d im o rp h ism  is c lo se ly  re la te d  to h a b ita t and  b io logy . S o m e  h y p e rb en th ic  fam ilies  nev er show  m u ltip lic a tio n  o f  
aes th e tascs o n  th e  m a le  an ten n u le , w h e reas  fam ilies  o f  th e  o p en  p e lag ic  re a lm  su ch  as th e  A e tid e id ae  alw ays hav e  no n -feed in g  
m a les  ex h ib itin g  seco n d ary  m u ltip lic a tio n  o f  an ten n u la ry  aes thetascs . T h e  v arious aspects and  d iv ersity  o f  ca lan o id  sexual 
d im o rp h ism  are  h e re in  co n s id e red  in  an  ev o lu tio n ary  con tex t.
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Introduction

During the hundredsof millions of years spanning the 
evolutionary history of the subclass Copepoda (Huys 
& Boxshall, 1991), the habitat shift from benthos to 
plankton performed by the Calanoida can be viewed as 
the major and probably earliest attempt by copepods 
to colonize the pelagic biome. It is largely through 
this evolutionary success, combining radiation, di­
versification and specialization, that copepods can be 
ranked among the most abundant animal groups on 
earth. Calanoids are highly adapted to the planktonic 
mode of life and dominate Zooplankton communities, 
although members of the most primitive families such 
as the Pseudocyclopidae and Ridgewayiidae have re­
tained their close association with the sediment-water 
interface, the ancestral hyperbenthic habitat where 
most copepod orders probably originated (Huys & 
Boxshall, 1991). They are morphologically distin­
guishable from other orders by the combination of the 
following characters: the gymnoplean tagmosis, the 
presence of a genital double-somite in the female and 
the unarmed sixth legs closing off the genital apertures 
in both sexes. Huys & Boxshall (1991) also recog­
nized a number of plesiomorphies such as the presence 
of a coxal epipodite on the maxillule and an inner 
coxal seta on the antenna, but the evolutionary sig­
nificance and diagnostic value of such characters are 
limited.

Although no single type of sexual dimorphism is 
universal in the order, in practice, adult male calanoids 
can be readily distinguished from other copepods by 
prominent modifications expressed in the antennules 
and fifth legs. The male antennule is primitively gen­
iculate on the right side only, a morphological and 
functional asymmetry not noted in any other order. 
The fifth legs can be extremely modified in the males 
of many families and their profound transformation 
frequently hampers correct homologization with the 
female condition. In all other copepod orders, leg 5 
sexual dimorphism is limited to modest transformation 
in segmentation and number of armature elements. 
Conversely, female calanoids -  in contrast to males 
-  show an amazing variety in genital structures. This 
diversity in configurations between genital apertures, 
copulatory pore(s) and their connecting ducts is un­
rivalled in the Copepoda (Huys & Boxshall, 1991; 
Ohtsuka et al., 1994; Cuoc et al., 1997; Barthélémy et 
al., 1998). The nature of each of these three categories 
of sexual dimorphism is unique to calanoids; however, 
homology-based unifying patterns that could provide

diagnostic apomorphies for the entire order have yet to 
be identified.

Mate location and recognition are essentially 
asymmetrical processes in the reproductive biology 
of copepods. The male is the active partner dur­
ing these phases and its primary role is geared to­
wards locating and catching the largely passive part­
ner, the female. Consequently, the male is adapted 
for its locating role and its success can be enhanced 
through signals provided by the female. It is con­
ceivable that this behavioural asymmetry led to the 
evolution of sexual dimorphism in copepods. This 
phenomenon is central to our understanding of the 
species-specific sequence of mating and post-mating 
behavioural processes observed in calanoids: (1) mate 
recognition by the male; (2) capture of the female 
by the male; (3) transfer and attachment of a sper­
matophore by the male; (4) fertilization and release 
of eggs by the female; and (5) removal of discharged 
spermatophores by the female (cf. Lee, 1972; Blades, 
1977; Blades & Youngbluth, 1979; Jacoby & Young- 
bluth, 1983; Blades-Eckelbarger, 1991; Vaupel Klein, 
1998; present study). Interspecific reproductive isol­
ation mechanisms rely on chemical, mechanical and 
behavioral barriers, all of which can be collectively 
promoted by sexual dimorphism (Blades-Eckelbarger, 
1991).

The aim of this review is to interpret calanoid 
sexual dimorphism and its putative functions from a 
behavioral and evolutionary perspective, primarily by 
addressing the following two questions: (1) Which 
sexually dimorphic structures are involved in each of 
the five sequential events identified during calanoid 
mating and post-mating? (2) What is the evolutionary 
significance of sexual dimorphism?

Materials and methods

Calanoid copepods examined in the present study 
were mainly collected from both shallow and deeper 
waters in the Seto Inland Sea and off the Nansei 
Islands, western Japan, during 1992-1999, using 
plankton nets, dredges and sledge-nets (mesh size 
0.1-0.3 mm): (1) superfamily Pseudocyclopoidea: 
Pseudocyclops spp.; (2) superfamily Epacteriscoidea: 
Ridgewayia boxshalli Barthélémy, Ohtsuka & Cuoc, 
1998; Placocalanus inermis Ohtsuka, Fosshagen & 
Soh, 1996; P. longicauda Ohtsuka, Fosshagen & 
Soh, 1996; and, P. brevipes Ohtsuka, Fosshagen & 
Soh, 1996; (3) superfamily Arietelloidea: Lucicutia
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magna Wolfenden, 1903; Metridia pacifica Brod­
sky, 1950; Neorhabdus latus (Sars, 1905); Pleur­
omamma xiphias (Giesbrecht, 1889); P. abdominalis 
(Lubbock, 1856); and, Nullosetigera helgae (Far- 
ran, 1908); (4) superfamily Centropagoidea: Candacia 
bipinnata (Giesbrecht, 1889); C. longimana (Claus, 
1863); Labidocera acuta (Dana, 1849); L. japonica  
Mori, 1935; Pontellina plumata (Dana, 1849); Pon­
tellopsis tenuicauda (Giesbrecht, 1889); P. strenua 
(Dana, 1849); P. yamadae Mori, 1937; Temora dis­
caudata Giesbrecht, 1889; Tortanus Atortus longipes 
Brodsky, 1948; T. A. rubidus Tanaka, 1965; and, T. 
A. terminalis Ohtsuka & Reid, 1998; (5) superfam­
ily Megacalanoidea: Acrocalanus gibber Giesbrecht, 
1888; A. monachus Giesbrecht, 1888; Calanus sin­
icus Brodsky, 1962; Calocalanus styliremis Gies­
brecht, 1888; Cosmocalanus darwini (Lubbock, 
1860); Megacalanus princeps Wolfenden, 1904; and, 
Paracalanus parvus (Claus, 1863) s.l.; (6) superfam­
ily Bathypontioidea: Temorites longicornis (Tanaka, 
1965); and, T. spinifera (A. Scott, 1909); (7) su­
perfamily Eucalanoidea: Eucalanus attenuatus (Dana, 
1849); E. hyalinus (Claus, 1866); and, E. mucronatus 
Giesbrecht, 1888; (8) superfamily Clausocalanoidea: 
Euchaeta rimana Bradford, 1974; Gaetanus kruppi 
Giesbrecht, 1903; Lophothrix frontalis Giesbrecht, 
1895; Paraeuchaeta barbata (Brady, 1883); P. me­
dia (Giesbrecht, 1888); P. sarsi (Farran, 1908); P. 
tuberculata A. Scott, 1909; and, Scottocalanus se­
curifrons (T. Scott, 1894). Pseudocyclops minutus 
Ohtsuka, Fosshagen & Putchakarn, 1999 was collec­
ted from Phuket, Thailand (Ohtsuka et al., 1999). In 
addition, material of Ryocalanus bowmani Markha- 
seva & Ferrari, 1995 (Ryocalanoidea) deposited in the 
Smithsonian Institution was also examined. Copepods 
were observed with light (Nikon Optiphoto) and scan­
ning electron (JEOL T-20) microscopes. Terminology 
follows Huys and Boxshall (1991).

Results and discussion

(1) Mate recognition

Antennulary chemosensory system 
It is now widely accepted that for successful mate 
recognition (and copulation) most copepods rely heav­
ily on sensory modalities other than vision, such 
as mechano- and/or chemoreception. Although direct 
neurophysiological evidence is still lacking, it is gen­
erally assumed that the male actively searches for sex

pheromones released by the female, mainly by means 
of its array of chemosensory aesthetascs on the anten- 
nules (Katona, 1973; Griffiths & Frost, 1976; Snell & 
Carmona, 1994 Boxshall et al., 1997). According to 
Katona (1973) and Snell & Morris (1993), these gyn- 
opheromones released by females attract males from 
a distance, are species-specific and appear highly sol­
uble in order to minimize the energetic cost involved 
in loss of the diffusing signal.

Aesthetascs are generally more numerous and fre­
quently larger in male copepods. Boxshall & Huys 
(1998) remarked that the most significant qualitative 
change in the ontogeny of the male calanoid anten- 
nules is the acquisition of additional aesthetascs at 
the final moult from the fifth copepodid stage to the 
adult. The timing of appearance of these sexually 
dimorphic aesthetascs strongly indicates their func­
tion in mate recognition. The ancestral condition for 
calanoids is the presence of one aesthetasc on every 
antennulary segment, except the segment representing 
the ancestral segmentXXVI (Huys & Boxshall, 1991). 
In males of many marine calanoid families, secondary 
multiplication (mainly doubling) of aesthetascs is dis­
tinct, and it has been speculated that this enhancement 
of the chemosensory system is correlated with the 
colonization of the open pelagic environment where 
chemical cues are of paramount importance (Huys & 
Boxshall, 1991; Boxshall & Huys, 1998). In fact, in 
species residing in freshwater and neritic waters (su­
perfamily Centropagoidea) or the hyperbenthic zone 
(families Arietellidae, Boholinidae, Pseudocyclop­
idae, Pseudocyclopiidae, Ridgewayiidae, Stephidae), 
where chemical cues may be less important than in 
oceanic regions, males rarely bear multiple aesthetascs 
on the antennules (Huys & Boxshall, 1991; Boxshall 
& Huys, 1998; Ferrari & Benforado, 1998; present 
study).

Doubling of aesthetascs in the male is usually re­
stricted to the proximal segments of the antennule 
(segments I-XIV) except for Eucalanus Dana (Eu­
calanidae) in which each of the ancestral segments 
II-XXIV carries two aesthetascs. This addition at the 
final moult of male E. attenuatus is equivalent to 
a doubling of the aesthetascs present in the female 
(Fig. 1). Many of these additional aesthetascs are loc­
ated within the high velocity zone of the scanning 
current generated by the antennae and the mandibu­
lar and maxillulary palps, and are well positioned to 
sample any gynopheromones which could reveal the 
presence of females (Katona, 1973; Griffiths & Frost, 
1976; Boxshall et al., 1997). Aesthetasc multiplication
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is typically expressed on odd ancestral segments III, 
V, VII, IX and XI, except for some genera such as 
Clausocalanus Giesbrecht, Spinocalanus Giesbrecht 
and Euchaeta Philippi which may have secondarily 
lost certain double aesthetascs (Boxshall et al., 1997; 
present study). The alternate distribution pattern of 
multiple aesthetascs on odd segments only may ef­
fectively avoid overlapping of aesthetascs across the 
scanning current.

Sexually dimorphic multiplication of aesthetascs 
seems to be almost exclusively restricted to males 
of certain genera in the relatively derived superfam­
ilies Eucalanoidea (Eucalanidae), Clausocalanoidea 
(Aetideidae, Clausocalanidae, Euchaetidae, Phaen­
nidae, Pseudocyclopiidae, Scolecitrichidae), Ryo- 
calanoidea (Ryocalanidae), Bathypontioidea (Bathy­
pontiidae), Megacalanoidea (Calanidae, Calocalan­
idae, Megacalanidae, Paracalanidae) and, extremely 
rarely, in the primitive Arietelloidea (Arietellidae). 
Exceptionally, secondary aesthetasc doubling is ex­
pressed on the antennules of both sexes. This evolu­
tionary multiplication on the proximal segments took 
place in some genera of the families Augaptilidae 
within the superfamily Arietelloidea (Augaptilus Gies­
brecht, Centraugaptilus Sars, Euaugaptilus Sars, Hal­
optilus Giesbrecht (in Giesbrecht & Schmeil), Pseud­
haloptilus Wolfenden), Metridinidae (Metridia Boeck, 
Pleuromamma Giesbrecht (in Giesbrecht & Schmeil)) 
and Heterorhabdidae (Neorhabdus Heptner), and in­
dependently in the Candaciidae, the only family in 
the Centropagoidea that has successfully colonized the 
open-pelagic zone (Giesbrecht, 1892; Ohtsuka et al., 
1997; Soh, 1998; present study). In these taxa aes­
thetascs may play a role not only in mate tracking 
but also in the detection of food and/or in the ex­
change of chemical information between both sexes. 
Indirect supporting evidence for the reciprocity of the 
latter mechanism is provided by recent behavioural 
studies of Temora longicornis (Müller, 1792) (Centro­
pagoidea) which lacks multiple aesthetascs in both 
sexes. Females of this species seem to react to chem­
ical exudates of male conspeciflcs by changes in their 
swimming motion (and hence, hydromechanical sig­
nal), in order to increase the encounter probability 
with potential mates (Van Duren & Videler, 1996; Van 
Duren et al., 1998).

Huys & Boxshall (1991) speculated that the ad­
dition of aesthetascs in males of derived superfam­
ilies occurred secondarily when they colonized the 
open oceanic waters. Sexually dimorphic double aes­
thetascs evolved independently at least twice in the

Calanoida, once (or possibly also twice) within the 
Arietelloidea, and a second time in the common 
ancestor of the lineage comprising the superfamil­
ies Megacalanoidea, Bathypontioidea, Eucalanoidea, 
Clausocalanoidea and possibly Ryocalanoidea (Box­
shall & Huys, 1998). The oceanic Candaciidae 
(Centropagoidea) represent an independent line of 
evolution, since double aesthetasc numbers, when 
present, always occur in both sexes. However, since 
some taxa of the most primitive families in the Arietel­
loidea, the Metridinidae and Augaptilidae, bear mul­
tiple aesthetascs on the proximal antennulary seg­
ments in both sexes (Soh, 1998), this pattern might 
well be the ancestral one in these families. Boxshall & 
Huys (1998) remarked that aesthetascs are evolution­
ary labile and character reversal cannot be excluded. 
We hypothesize that the secondary loss of double aes­
thetascs in females of the arietelloidean genera that 
have colonized the open pelagic is the result of sup­
pression by heterochrony, either by progenesis (early 
cessation of development), neoteny (slower develop­
mental rate) or post-displacement (later initiation of 
development). It is conceivable that various hetero­
chronic processes may have played an important role 
in the enhancement or simplification of the chemo­
sensory system when new habitat shifts occurred 
within families.

Trophic dimorphism
Planktonic calanoids belonging to a wide range 
of families have independently evolved non-feeding 
males. Mouthpart atrophy of males in some lineages 
can be correlated with enhancement of the chemo­
sensory capacity of the male antennule (Boxshall et 
al., 1997). In the Euchaetidae, females are powerful 
predators, and the non-feeding strategy in the males 
may therefore have evolved as a means of preventing 
cannibalism. This is discussed in detail below.

Integumental organs
Other chemosensory organs, such as the cephalic 
dorsal humps in some males of the Megacalanoidea 
(Nishida, 1989), and, presumably, the complex ceph­
alic dorsal structure in male Pterochirella tuerkayi 
Schulz, 1990 (Aetideidae) may also be involved in 
mate recognition, although Schulz (1990) speculated 
that the latter may be involved in attachment to the 
bottom or to an animal host.

Blades-Eckelbarger (1991) claimed that integu­
mental organs such as hair-sensilla and glandular 
pores (e.g. Vaupel Klein, 1982; Hulsemann & Flem-
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I II III IV  V  VI V II VIII IX  X  X I X II X III X IV  X V  X V I X V II  X V III X I X  X X  X X I X X II  X X III X X IV  X X V  X X V I X X V II X X V III

EU C A LA N ID A E • * • ★ • ★ • ★ • ★ • • • • • • • • • • • • •

(1) A  •  A •  A •  A
AETID EID A E

(2) ★ *  ★ •  ★ A

M EG A CA LA N ID A E *  *  *  *  A •  •  •

R Y O CA LA N ID A E A A A •  A •  A •  •

B A TH Y PO N TIID A E *  *  ★  ★  A •  •

C A LA N ID A E A  A A A A

PA R A C A L A N ID A E  A A A A  A

C A L O C A L A N ID A E  A A  A  A  A

S C O L E C IT R IC H ID A E  *  A *  *  *

S PIN O C A L A N ID A E  A A A A

A R IETEL LID A E •  -A •

EU C H A E T ID A E  «  A

Figure 1. Distribution of double aesthetascs on the male antennule of selected families. I-XXVIII: number of ancestral segment; closed asterisk 
double aesthetascs on segments III, V, VII, IX and XI; closed circle: double aesthetascs on other segments. (1 ) Aetideus armatus (Boeck, 1873)
(2) Pterochirella tuerkayi Schulz, 1990. Data from Giesbrecht (1892); Frost & Fleminger (1968); Damkaer (1975); Bradford et al. (1983) 
Fleminger (1985); Schulz (1990); Ohtsuka et al. (1994); Markhaseva & Ferrari (1996); Boxshall et al. (1997); Soh (1998); present study. Note 
the family Calocalanidae is now relegated to a junior synonym of the family Paracalanidae (Andronov, 1970; Bradford-Grieve, 1994).

inger, 1990) may play an important role during mate 
recognition in calanoids which lack highly modified 
secondary sexual characters, such as the Eucalanoidea 
and Megacalanoidea (Fleminger, 1973; Fleminger & 
Hulsemann, 1977). It has been repeatedly sugges­
ted that such integumental organs may function as 
a communication system of receptors and effectors 
(Fleminger, 1973, 1975; Fleminger & Hulsemann, 
1977; Hulsemann & Fleminger, 1990). At each step 
of ritualized mating behaviour, there may be sig­
nals recognized by each sex, particularly involving 
the integumental organs on the geniculate antennule 
(in some taxa), the urosome and leg 5 in male (see 
Fig. 9B), and the prosome and urosome in female. 
Integumental organs, in particular mechanoreceptive 
hair- and peg-sensilla, appear to play important roles 
in calanoids that produce spermatophores with com­
plex coupling plates such as pontellids. For example, 
Hulsemann & Fleminger (1990) found that the pore 
signature pattern and other epicuticular structures on 
the female urosome differ greatly in sibling species of 
Pontellina Dana, and it is conceivable that similar in­
terspecific differences are to be found on the urosome 
and leg 5 of their respective males. Such integumental 
features may provide the male with mechanical sig­
nals, confirming that he has captured a conspecific 
female, and may provide topographic information ne­

cessary to determine the orientation of the female 
genital double-somite during mating. The latter is a 
critical step in the mating encounter since the grip 
of the male’s leg 5 on the female’s urosome must 
be positioned precisely to enable the male to place 
the spermatophore coupler correctly (Blades, 1977; 
Blades & Youngbluth, 1979; Jacoby & Youngbluth, 
1983; Blades-Eckelbarger, 1991).

Vision and bioluminescence
Visual mate recognition may be important in the Pon­
tellidae, which are typically colorful and mostly live 
in well-lit, oceanic surface waters. The nauplius eye 
in these calanoids has separated into three separate 
eyes, and in genera such as Anomalocera Templeton, 
Epilabidocera Wilson, Labidocera Fubbock, Pontella 
Dana and Pontellina there is distinct sexual dimorph­
ism in eye design, with the males having the larger 
eyes. The eye of Pontella males is a highly sophistic­
ated ‘centre and surround’ spot detector (Fand, 1984, 
1988) and is almost certainly involved in mate recog­
nition as it could provide a mechanism for detecting 
spots of one color against a background of another. 
Some pontellid genera are strongly colored with blue 
or green pigment (cf. Giesbrecht, 1892, Plate 1, Fig. 6; 
Plate 3, Fig. 9) and many display sexually dimorphic 
color patterns which may be related to mate recogni-
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Figure 2. Schematic illustrations o f 3 types of geniculate antennules in male calanoids. In Bathypontia the compound segment XIX-XX bears 
modified elements and functions as a  contact surface in grasping females. Note: the genus Barhypontia  Sars is relegated to a  junior synonym of 
the genus Temorites sars (Bradford-Grieve, 1999).

tion. Recognition by means of color is presumably of 
limited importance in oceanic communities because of 
the rapid extinction of most wavelengths with depth. 
The presence of elaborate eyes in both pontellid sexes 
may also indicate partial involvement in prey-capture. 
Some representatives of the Centropagidae (Centro­
pages Krpyer), Aetideidae ( Chiridius Giesbrecht) and 
Phaennidae ( Cephalophanes Sars) also have elaborate 
nauplius eyes, but no sexual dimorphism is expressed.

All species of Metridinidae and most Heterorhab­
didae and Lucicutiidae are bioluminescent (Herring, 
1988). At least some Augaptilidae and Megacalan­
idae also show luminous capability, but most other 
marine calanoids are non-luminous. Although males 
and females have a fundamentally similar distribution 
pattern of luminous glands, sexual differences in the 
intensity of light emission have been reported for some 
calanoid genera (e.g. Pleuromamma', see references in

Herring (1988)) suggesting a signalling role in mate 
recognition or mating behavior in general.

Mechanical cues
It is likely that mate seeking in copepods, like search­
ing for food, is a process where chemoreception and 
mechanoreception work in conjunction (Van Duren et 
al., 1998). In the low-to-intermediate Reynolds num­
ber regime, where planktonic copepods operate, a 
hydromechanical signal gives strongly directional in­
formation (Yen & Strickler, 1996; Yen et al., 1998). 
Recent experimental designs have produced accumu­
lating evidence that males can detect and pursue fe­
males using mechanical cues from the females’ swim­
ming wake. Strickler & Bai (1973) first suggested that 
mechanical cues may be involved in mate recogni­
tion, and this hypothesis appears to be supported by 
the fact that sexual dimorphism in the shape of the 
posterior prosomal margin and the urosome is primar­
ily found in the families of the Centropagoidea which
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Figure 3. Antennules of male Temorites longicornis (Tanaka, 1965). (A) Right antennule (this specimen probably showing grasping position), 
main and supplemental geniculations indicated by large and small arrow, respectively; (B) Compound segment XVII-XXIV; (C) Compound 
segments X IX -X X  and XXI-X XIII around hinge; (D) Compound segment X IX-X X, modified elements arrowed. Scale = 1 mm (A); 0.1 mm 
(B-D).
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Figure 4. Modified elements on geniculate antennule of male. (A) Compound segment X X I-X X III of Pseudocyclops ensiger Ohtsuka, Fossha­
gen & Putchakarn, 1999; (B) Compound segment o f Nullosetigera helgae (Farran, 1908); (C) Compound segment X IX -X X  of Temorites 
longicornis (Tanaka, 1965); (D) Compound segment X X I-X X III of Temora discaudata Giesbrecht, 1889; (E) Segment XIX of T. discaudata; 
(F) Compound segment XX I-X X III of Pontellina plum ata  (Dana, 1849). Scale = 0.01 mm (A-F).
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lack double aesthetascs on the male antennules. Fe­
males in these families typically possess wing-like 
expansions or acute protrusions on the posterior pro- 
somal margins, complex urosomal morphology and 
enlarged modified caudal setae. Similarly, in the prim­
itive anchialine cave-dwelling Epacteriscidae, females 
typically have asymmetrically modified caudal rami, 
with seta V elongated on one side only and with left 
seta VI ornamented with a setular tuft near the base 
(Fosshagen et al., 2001). Another example of caudal 
ramus sexual dimorphism is found in the Euchaetidae, 
where most members show distinct differences in 
the length and morphology of caudal ramus seta VI 
(e.g. Paraeuchaeta norvegica (Boeck, 1863): Sars 
(1902)). These sexually dimorphic modifications may 
produce species-specific hydrodynamic (mechanical) 
cues, which are short-lived, directional and trace­
able over time and distance. The less enhanced male 
chemosensory system in these families appears, there­
fore, to be counterbalanced by the females playing a 
more active role in attracting males.

(2) Mate capture

Males with a geniculate antennule capture the female’s 
caudal rami or urosome before transfer and attach­
ment of the spermatophore (Lee, 1972; Katona, 1973; 
Blades, 1977; Blades & Youngbluth, 1979; Jacoby 
& Youngbluth, 1983; Blades-Eckelbarger, 1991). In 
contrast, little is known about how males without a 
geniculate antennule capture their mates (Mauchline, 
1998). In the former, the main hinge is usually loc­
ated between ancestral segments XX and XXI (Huys 
& Boxshall, 1991), and it enables the antennule to fold 
in upon itself in such a way that the anterior edges of 
ancestral segments XX and XXI are opposed (Blades, 
1977) (Fig. 2). The present study reveals another two 
types of male geniculate antennules, on the basis of 
the configuration of intrinsic and extrinsic muscles 
and the distribution of modified elements as grasp­
ing organs. In Temorites Sars (Bathypontiidae) (Figs 
2 and 3), the main geniculation is located between 
ancestral segments XX and XXI, corresponding to 
the neocopepodan geniculation found in generalized 
forms. However, the posterior edge of the compound 
segment XXI-XXIII (Figs 2 and 3) is bent antero- 
laterally to form a grasping device opposing the dorsal 
side of the compound segment XIX-XX, which is 
expanded and carries two short hook-like grasping 
elements (Fig. 3D, arrowed; Fig. 4C). The posterior 
edge of XXI-XXIII is curved at the mid-point and

bears a groove with a longitudinal ridge, probably rep­
resenting a highly modified element (Fig. 3C). The 
third type is found in Ryocalanus Tanaka (Ryocalan­
idae), which differs completely from the other two 
types, as Tanaka (1956) has already pointed out. The 
main hinge is located at segmental boundary X X II- 
XXIII, and the antennule folds back upon itself in 
such a way that the posterior edges of segments X X - 
XXVI are opposed. Judging from the configuration of 
antennulary elements proposed by Huys & Boxshall 
(1991), the proximal processes on segments XX, XXI, 
XXII, and probably XXIII are modified elements, 
whereas the serrated structures along the posterior 
edges of segments XXV and XXVI seem not to be true 
elements.

Grasping efficiency of the male antennules can be 
enhanced by the development of supplemental hinges. 
These are common in the Cyclopoida and Miso­
phrioida, but generally rare in the Calanoida (Huys 
& Boxshall, 1991; Boxshall & Huys, 1998) although 
found in all three types of geniculated antennules 
(Fig. 2). In Heterorhabdus Giesbrecht (in Giesbrecht 
& Schmeil), which belongs to the first type, a supple­
mental hinge is found between segments XV and XVI 
(Boxshall & Huys, 1998) while in Labidocera aestiva 
Wheeler, 1901, a major accessory articulation point 
is located between segments XIX and XX (Blades 
& Youngbluth, 1979). In Temorites it is located at 
segmental boundary XIV-XV while in Ryocalanus, 
five and two supplemental geniculations are present 
proximal and distal to the neocopepodan genicula­
tion, respectively. Supplemental geniculations in Het­
erorhabdus, Labidocera and Temorites are supposed 
to function in drawing the female close and/or in the 
male orientating himself with respect to the female just 
before transfer of the spermatophore with leg 5, rather 
than in the direct capture of the female. On the other 
hand, Ryocalanus seems to utilize these supplemental 
geniculations to capture the female directly.

The degree of modification of armature elements 
on either side of the geniculation is variable in the 
Calanoida (Fig. 4). The simplest modification is a 
sclerotized spiniform process with the proximal part 
fused to the segment and distally free (Fig. 4A, B). 
The Epacteriscoidea, Pseudocyclopoidea (Fig. 4A), 
Megacalanoidea and the majority of the Arietelloidea 
(Fig. 4B) exhibit such simple transformations of setae 
and spines. Elaborate modifications, involving the 
formation of comb-like or serrated structures along 
the anterior ridge of the modified element, are found 
in members of the superfamily Centropagoidea, such
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Figure 5. Eucalanus attenuatus (Dana, 1849), female (A), male (B, C). (A) Pedigers 2 -5  (p) and urosome (u), lateral; (B) Pedigers 3 -5  (p) and 
urosome (u), lateral, leg 5 arrowed; (C) Maxilliped, laterally directed setae arrowed. Scale = 0.2 mm (A, B); 0.1 mm (C).
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as Temora discaudata (Fig. 4D, E) and Pontellina 
plumata (Fig. 4F), and parts of the Arietelloidea. In 
Temorites, two elements are modified into simple, 
short hook-like prominences (Fig. 4C). These modi­
fications certainly guarantee secure clasping of the 
female during spermatophore transfer (Blades, 1977, 
Blades & Youngbluth, 1979).

Recently, some information on mechanisms of 
capture of females by males without a geniculate 
antennule has become available. In the Euchaetidae, 
the male grasps the female urosome with his right leg 
5, facing in the opposite direction from the female 
(Mauchline, 1998). In the Calanidae, the male holds 
the lateral sides of the female prosome with both his 
maxillipeds (Tsuda & Miller, 1998). In several calanid 
genera, the outer setae of the last two endopod seg­
ments of the maxilliped are typically reflexed in the 
male (except for those with reduced mouthparts). This 
modification in combination with the size difference of 
the male maxilliped may be an adaptation for clasping 
the female’s prosome by the male situated dorsally. 
Spermatophore transfer can be carried out by the left 
leg 5 in both Calanidae and Euchaetidae. Although 
the copulatory behaviour of the Eucalanoidea has not 
been observed yet, it may be similar to that of the 
Calanidae, based on the structure of the non-geniculate 
antennules and non-grasping fifth legs in males. In fe­
male Eucalanus attenuatus (Fig. 5A), the dorsal and 
lateral sides of the last three prosomites (pedigers 2-5) 
are covered with minute spinules, which may func­
tion in helping the male to grasp the female, as in 
the Calanidae (Tsuda & Miller, 1998). These spin­
ules are completely lacking in the male (Fig. 5B). 
The maxilliped is relatively shorter in the male than 
in the female, and the plumose setae on the basis 
and endopod are much better developed in the male 
(Fig. 5C). The inwardly directed plumose setae on 
the basis and endopod of the male maxilliped may 
function in grasping, whereas outwardly directed setae 
(Fig. 5C, arrowed) on the fifth and sixth endopodal 
segments may play a restricted role in generating a 
scanning current, together with the antennae, mand­
ibles and maxillules. Such sexual dimorphism has not 
been observed in the prosome of Calanus sinicus al­
though both sexes of this species bear paired patches 
of minute integumental ridges dorsolaterally on the 
second to the fifth pedigerous somites (Fig. 6).

Figure 6. Lateral view of pedigers 2 -5  o f female Calanus sinicus 
Brodsky, 1962. (A) Pedigers 2 -5 , lateral, dorsolateral patch of 
minute ridges arrowed (not clearly seen in pedigers 4 and 5, but 
similar patches present); (B) Dorsolateral patch o f minute ridges on 
pediger 3; (C) Magnification of dorsolateral ridges. Scale = 0.1 mm 
(A, B); 0.01 m m  (C).

(3) Spermatophore transfer and attachment

Copulation comprises a series of sequential events dur­
ing the transfer and attachment of a spermatophore 
from the male to the female (Blades, 1977). After 
a spermatophore is extruded from the posterior slit­
like opening of the left (or right, in parts of the 
Arietelloidea, Clausocalanoidea and Spinocalanoidea) 
margin of the male genital somite (Fleberer, 1932; 
Blades & Youngbluth, 1979), it is attached to the gen­
ital double-somite of the female by the male leg 5 
(Blades, 1977; Blades & Youngbluth, 1979; Jacoby 
& Youngbluth, 1983; Blades-Eckelbarger, 1991). The
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spermatophore provides an efficient vehicle by which 
the aflagellate and presumably amoeboid spermatozoa 
can be transferred to the female. Glycoproteins on the 
surface of the female genital double-somite can be 
informative as a potential signal for the male when 
attaching a spermatophore (Snell & Carmona, 1994).

In the centropagoideans with a geniculate anten­
nule in the male, the chelate right leg 5 instead of 
the antennulary hold is used to grasp the female uro­
some, and the left leg 5 transfers and attaches an 
extruded spermatophore to the female genital double­
somite (Katona, 1973, 1975; Blades, 1977; Blades & 
Youngbluth, 1979; Jacoby & Youngbluth, 1983). A l­
though the function of leg 5 has never been elucidated 
in the taxa without a geniculate antennule in the male, 
it is possible to some degree to make inferences from 
a functional morphology point of view.

Basically, male fifth legs can be classified into 
three functional types: (1) both legs present, usually 
biramous, with functional swimming setae; (2) both 
legs present, uniramous or biramous, without func­
tional swimming setae, sometimes highly modified 
into a grasping organ (see Fig. 9A, B); (3) only one 
functional leg present, uniramous, without functional 
swimming setae (see Fig. 5B). The first type retains 
not only mating but also swimming functions in as­
sociation with legs 1^1, while the other two types 
are engaged only in mating. Since in most males, 
except for the Arietelloidea (Soh, 1998) and parts 
of the Spinocalanoidea and Clausocalanoidea (Frost 
& Fleminger, 1968; Damkaer, 1975), a single male 
genital aperture opens on the left side, the sperma­
tophore is transferred to the female by the male left 
leg. In some taxa displaying the first and second 
types, the right leg retains its hold on the female 
until placement of the spermatophore is completed 
(Lee, 1972; Katona, 1975; Blades, 1977; Blades 
& Youngbluth, 1979; Blades-Eckelbarger, 1991). 
The spermatophore extruded from the genital aper­
ture is either temporarily attached to a tuft of fine 
setules on the terminal or subterminal part of the 
left exopod as in the Pontellidae (Centropagoidea) 
(Blades & Youngbluth, 1979), gripped by terminal 
spines/spiniform processes on the left exopod as in 
the Centropagidae (Centropagoidea) (Blades, 1977), 
and/or grasped by some modified elements or seg­
ments as in the Euchaetidae (Clausocalanoidea) (Fer­
rari, 1978; Blades-Eckelbarger, 1991). These three 
spermatophore transfer mechanisms can probably be 
applied to other taxa.

Figure 7. Terminal exopodal segments of male left leg 5. (A) 
Calanus sinicus Brodsky, 1962; (B) Candacia bipinnata Gies­
brecht, 1889; (C) Eucalanus mucronatus Giesbrecht, 1888; (D) 
Paraeuchaeta tuberculata A. Scott, 1909; (E) Labidocera acuta 
(Dana, 1849); (F) Scottocalanus securifrons (T. Scott, 1894). Scale 
= 0.1 m m  (A, C); 0.2 mm  (B, F); 0.5 m m  (D, E).

Tufts of fine setules on the terminal/subterminal 
portion of the left exopod (right if the gen­
ital aperture is on the right side) are found in 
such taxa as: Arietellidae, Hyperbionychidae, Lu­
cicutiidae, Metridinidae and Nullosetigeridae (Soh 
et al., 1999) (Arietelloidea); Acartiidae, Can­
daciidae (Fig. 7B), Diaptomidae, Pseudodiaptom­
idae, Pontellidae (Figs 7E and 9C), Temoridae and 
Tortanidae (Centropagoidea); Calanidae (Fig. 7A) 
(Megacalanoidea); Temorites (Bathypontioidea); Eu­
calanidae (Fig. 7C) (Eucalanoidea); Ryocalanus 
(Ryocalanoidea); Aetideidae, Clausocalanidae, Eu­
chaetidae (Fig. 7D), Phaennidae, Scolecitrichidae, 
and Tharybidae (Clausocalanoidea); Spinocalanus 
(Spinocalanoidea) (cf. Giesbrecht, 1892; Frost & 
Fleminger, 1968; Deevey, 1973; Damkaer, 1975; 
Bradford et al., 1983; Ferrari & Dojiri, 1987; Blades- 
Eckelbarger, 1991; Andronov, 1992; Ohtsuka et al., 
1993; Markhaseva, 1996; Markhaseva & Ferrari, 
1996; Soh 1998; present study). Alternatively, in 
some members of the Clausocalanoidea and Mega-
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Figure 8. Left exopodal segments o f male Cosmocalanus darwini (Lubbock, 1860). (A) Left exopod, arrowed part magnified in B; (B) 
Magnification of terminal inner surface o f outer process on second segment. Scale = 0.1 m m  (A); 0.01 m m  (B).

calanoidea, the second exopodal segment of the left 
leg 5 bears patches of fine spinules (Scottocalanus 
securifrons; Fig. 7F) or granules ( Cosmocalanus dar­
wini', Fig. 8), which may also function in grasping the 
spermatophore.

Two or all of these three male leg 5 types may 
sometimes be found within a single superfamily. 
Members of the primitive superfamily Epacteriscoidea 
display the first type while members of the equally 
primitive Pseudocyclopoidea exhibit either the first 
or the second type. In contrast, species belong­
ing to the derived superfamilies Bathypontioidea, 
Eucalanoidea, Ryocalanoidea, Spinocalanoidea and 
Clausocalanoidea usually display the second or the 
third type. Taxa belonging to the Arietelloidea and 
Centropagoidea are assignable to the first or the 
second type. Finally, the Megacalanoidea exhibit all 
three types. The distribution of each of the three 
leg types in the currently recognized superfamilies 
suggests that evolutionary plasticity in the mode of 
spermatophore transfer is considerable. It is conceiv­
able that identical mechanisms have been adopted by 
different superfamilies but changed subsequently and 
independently many times in the course of evolution.

Calanoid spermatophores are basically classified 
into two morphological types (Blades-Eckelbarger, 
1991). In the majority of the calanoids, spermato­
phores are simple, tube-shaped flasks, narrowing into

a neck of variable length. They adhere to the female 
by a cement-like secretion present on the outside of 
the neck or by secretions extruded from the sperma­
tophore itself. In some members of the Centropa­
gidae, Pontellidae, Pseudodiaptomidae and Tortanidae 
(Centropagoidea) the spermatophore flask is connec­
ted to a coupling apparatus ( ‘coupler’; Fig. 11), con­
sisting of one or more chitinous plates and carrying 
an adhesive secretion (Ohtsuka & Kimoto, 1989; Wal­
ter, 1989; Blades-Eckelbarger, 1991; Ohtsuka & Reid, 
1998). In calanoids producing the latter type, the fe­
male genital double-somite is usually ornamented with 
spines, processes and swellings which fit the shape 
of the coupler, constituting a key-and-lock mechan­
ism (Lee, 1972). Closely related species employing 
this key-and-lock mechanism (with coupler) are re- 
productively isolated primarily at the copulation stage, 
rather than at the premating search and capture stages 
(Vaupel Klein, 1982; Blades-Eckelbarger, 1991).

Some males appear to bear a specialized struc­
ture on the terminal portion of the transferring leg 
5, that is used for tactile inspection and cleaning of 
the genital area prior to transfer and attachment of 
a spermatophore. This cleaning device can be loc­
ated on either the exopod or the endopod. In the 
Euchaetidae, the second exopodal segment of the left 
leg 5 bears a serrate process and a digitiform pro­
cess with fingerprint-like ornamentation (Fig. 7D),



454

which may clean the female genital area before cop­
ulation (Mauchline, 1998; present study). Members 
of the superfamily Centropagoidea require multiple 
copulations in order to fertilize all the egg clutches be­
cause of the lack of seminal receptacles in the female 
(Barthélémy et al., 1998). This change in reproduct­
ive strategy is reflected in structural modifications in 
the leg 5 endopod and/or the urosome of the males. 
Observations of male Labidocera aestiva showed that 
the left ridged endopod is used to stroke the female 
genital area before copulation, suggesting that it may 
function to clean the female body surface, where 
waste products of previous matings and broods remain 
(Blades & Youngbluth, 1979). In some males of the 
Tortanidae, the terminal portion of the left leg 5 bears 
a file-like structure which could serve a similar pur­
pose (Ohtsuka & Reid, 1998). It is noteworthy that in 
some males of the families Pontellidae, Candaciidae 
and Tortanidae, peculiar structures are present also on 
the right side of the urosome. In Pontellopsis yamadae 
(Figs 9A and 10A, B) highly specialized, file-like 
structures are found on the right side of the second 
and third urosomites, whereas in Labidocera japonica 
a single, acute process is present on the right ventrolat­
eral side of the genital somite. In Candacia bipinnata, 
the right lateral process on the genital somite bears 
a fingerprint-like structure (Fig. IOC, D). In some 
male tortanids, a process or swelling is present on the 
right lateral side of the second urosomite (Ohtsuka & 
Reid, 1998). The idea that all these sexually dimorphic 
structures could serve as auxiliary cleaning devices 
is particularly attractive, however, the copulatory be­
haviour of each species must be directly observed in 
order to reveal their precise function. Many of these 
putative cleaning devices are usually associated with 
mechanoreceptors such as peg- and hair-sensilla (see 
Fig. 10B, C), which suggests that grooming may also 
be important during mating (see ‘Mate recognition’).

(4) Removal o f discharged spermatophore(s)

The empty spermatophore is usually removed after 
the spermatozoa and seminal secretions are fully dis­
charged. In numerous calanoid families, this process 
appears to be accomplished by the specialized female 
leg 5. Blades & Youngbluth (1979) demonstrated how 
female pontellids position the long exopods of their 
fifth legs under the lateral edges of the anterior shield 
to remove the whole spermatophore apparatus. Spe­
cialized pit-pores on the female genital double-somite, 
underlying the spermatophore attachment area, may

facilitate the removal by secreting a substance which 
structurally modifies and thus loosens the cement of 
the posterior coupling plate.

Calanoid female fifth legs can be classified into 
three types according to their modification (cf. Vaupel 
Klein, 1998). (1) The modification is not particu­
larly prominent; leg 5 is biramous and essentially 
similar to the preceding legs. This type may re­
move discharged spermatophores using the stout outer 
spines on the exopod (Boholinidae, Epacteriscidae, 
Pseudocyclopidae, Ridgewayiidae) or the large in­
ner spine/process on the second exopodal segment 
(Augaptilidae, Fleterorhabdidae, Lucicutiidae, Centro­
pagidae). In Calanus Leach, Cosmocalanus Bradford 
& Jillett and Nannocalanus Sars (Calanidae), the fe­
male leg 5 bears serrations along the inner coxal 
margin which may be engaged in removing discharged 
spermatophores. Since this structure is found in both 
sexes (Bradford, 1988), it may play an alternative role 
in grooming the tips of the antennules (cf. Price et 
al., 1983). (2) Leg 5 is reduced, usually uniramous, 
with well developed spines and/or processes termin­
ally (most other taxa). (3) Leg 5 is completely ab­
sent or reduced to a rudimentary appendage which 
is apparently without function (some Arietellidae, 
Augaptilidae, Tortanidae (Fig. 11, indicated by small 
arrow), Paracalanidae, Eucalanidae, Ryocalanidae, 
Spinocalanidae, Aetideidae, Clausocalanidae, Diaix­
idae, Euchaetidae, Parkiidae and Scolecithricidae).

In some calanoids exhibiting the third type, the 
preceding legs 1^1 seem to compensate for the loss 
of leg 5 (Vaupel Klein, 1998). For example, some 
aetideids such as Euchirella Giesbrecht, Gaetanus 
Giesbrecht, and Pseudochirella Sars bear one or more 
inner acute processes on the coxa of leg 4 only in 
females. These processes are supposed to function 
in the removal of empty spermatophores (cf. Brad­
ford & Jillett, 1980; Markhaseva, 1996; Vaupel Klein,
1998). In the Diaixidae and Ryocalanidae, females 
also have strong inner coxal processes on leg 4, as 
in these aetideids (cf. Andronov, 1992; Markhaseva 
& Ferrari, 1996). In female Paraeuchaeta tuberculata 
(Euchaetidae), with the genital area located ventropos- 
teriorly on the genital double-somite, the inner coxal 
setae of leg 4 are longer and thicker than those of the 
preceding legs 1-3, and sufficiently elongate to reach 
the genital area, whereas those of the male are sim­
ilar to those of legs 1-3. However, these setae seem 
not to be sclerotized sufficiently for scraping off spent 
spermatophores, and might be used only to clean the 
female genital area. In the Euchaetidae, the male may



Figure 9. Male Pontellopsis yamadae Mori, 1937. (A) Ventral view of pediger 5 and urosome, leg 5 indicated by large arrow, putative cleaning 
organ indicated by small arrows; (B) Chelate structure o f exopod of right leg 5, hair-sensilla arrowed; (C) Terminal exopod segment of left leg 
5, posterior. Scale = 0.1 m m  (A); 0.05 m m  (B); 0.01 mm (C).
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Figure 10. Putative cleaning organs in males of Pontellopsis yamadae Mori, 1937 (A, B) and Candacia bipinnata Giesbrecht, 1889 (C, D). 
(A) Urosome, right lateral, cleaning device on second and third urosomites arrowed; (B) Cleaning organs on second and third urosomites, 
hair-sensillum arrowed; (C) Urosome, cleaning device and gonopore indicated by large and small arrow, respectively; (D) Cleaning device. 
Scale = 0.1 m m  (A -C ); 0.01 m m  (D).
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Figure 11. Ventral view of female urosome of Tortanus (Atortus) rubidus Tanaka, 1965, covered by complex spermatophore. (A, B) Two 
different specimens, s: spermatophore; c: caudal rami; large arrow: opening of spermatophore from  which fertilized eggs may be released; 
small arrow: rudimentary leg 5. Scale = 0.1 m m  (A, B).

scrape off an empty spermatophore, and the terminal 
serrated and ridged processes on the second exopodal 
segment of the male left leg 5 in effect, compensate 
for the loss of the female leg 5 (see Fig. 7D).

Some species of Tortanus (Atortus) Ohtsuka (Tort­
anidae) with a rudimentary plate-like leg 5 (Fig. 11 A, 
B, indicated by small arrow) have a complex coupling

device on the spermatophore which almost entirely 
covers the urosome of the female (Fig. 11, s) (cf. Oth- 
man, 1987; Ohtsuka & Kimoto, 1989; present study), 
and is not readily detached from it using dissecting 
needles (Ohtsuka, pers. obs.). A spermatophore so 
firmly glued onto the female urosome may remain on 
it after all egg clutches have been fertilized within the



Figure 12. Reduced mouthparts o f males. (A) Ventral view of mouthparts o f Acrocalanus gibber Giesbrecht, 1888; (B) Proximal parts of 
mandible, maxillule and maxilla of Acrocalanus gibber; (C) Ventral view of reduced mouthparts o f Eucalanus attenuatus (Dana, 1849); (D) 
Proximal parts o f mandible, maxillule and maxilla of Lophothrix frontalis Giesbrecht, 1895. 1 : labmm; small arrow: reduced mandibular cutting 
edge; large arrow: reduced maxilla; asterisk: reduced precoxal arthrite o f maxillule. Scale = 0.1 m m  (A, D); 0.01 mm (B); 0.5 m m  (C).
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Figure 13. Eucalanus attenuatus (Dana, 1849), female (A, C), male (B, D). (A) Labrum (1); (B) Labrum (1) and paragnath (p); (C, D) Dorsal 
wall o f filter basket between maxillae (ma) and maxillipeds (mp). Scale = 0.1 mm (A-D).

genital atrium (Barthélémy et al., 1998) and released. 
In T. (A.) rubidus, a large pore, ca. 60 /um in diameter, 
is present on the ventral side of the spermatophore 
(Fig. 11, indicated by large arrow), beneath which the 
gonopore is located. This pore seems to be the only 
opening for releasing the fertilized eggs.

Females of some species of the Pseudocyclopiidae 
(Clausocalanoidea) bear an inner elongate coxal spine 
on legs 2^1, which may be involved in removal of dis­
charged spermatophores, presumably in conjunction 
with leg 5 (Ohtsuka, 1992).

In addition to spermatophore removal, the female 
leg 5 is supposed to play a role in handling, posi­

tioning, and/or protecting either spermatophore and/or 
egg sac (Vaupel Klein, 1998), but this has never been 
confirmed directly.

(5) Genital system infernale

This section briefly deals with the female genital sys­
tem in relation to fertilization and release of eggs by 
the female. The spermatophore extruded by the male 
is cemented onto the female genital double-somite 
(Blades & Youngbluth, 1979; Jacoby & Youngbluth, 
1983). Recent detailed observations have revealed that 
the structure of female genital systems is surprisingly
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diversified in the Calanoida, compared with those of 
other orders (Huys & Boxshall, 1991; Ohtsuka et 
al, 1993, 1994; Cuoc et al., 1997; Barthélémy et 
al., 1998). Particularly in the primitive superfamilies 
Pseudocyclopoidea and Arietelloidea, the female gen­
ital structures are extremely diverse (see Cuoc et al., 
1997). However, this complexity of the female genital 
systems seems not to be directly correlated to partic­
ular reproductive structures in the males. The reason 
probably is that in copepods, insemination occurs via 
a spermatophore rather than a copulatory intromittent 
organ, such as a penis (cf. Ostracoda: Tsukagoshi, 
1988, 1989).

In the majority of Centropagoidea, the female 
genital system is radically divergent from the ances­
tral calanoid condition by the presence of a single 
genital operculum and the complete absence of sem­
inal receptacles (Barthélémy et al., 1998; Barthélémy,
1999). Spermatophores discharge their contents over 
the ventral surface of the genital double-somite of 
the female, forming an attached spermatophoral mass. 
This major evolutionary change in storage of seminal 
products, from internal (seminal receptacles) to semi­
external (genital atrium) or fully external (Sulcanidae, 
Diaptominae), limits the ability of females to store suf­
ficient spermatozoa for multiple egg batches. Further 
inseminations are effectively prevented until the old 
supply of spermatozoa is being displaced by extrusion 
of eggs (or in some taxa, egg-sacs). Barthélémy et al. 
(1998) suggested that in most species repeated mat­
ing is necessary for the sustained production of egg 
clutches and that this unusual reproductive strategy 
is reflected in the near-parity sex ratio commonly 
observed in centropagoidean populations.

In contrast, more derived superfamilies always 
bear a single genital operculum, beneath which paired 
gonopores and copulatory pores open (Cuoc et al., 
1997). Eggs are then typically released into the water, 
or exceptionally carried in multiseriate sacs (Arietel­
lidae) or linear strings (some Aetideidae). Ohman 
& Townsend (1998) hypothesized that the presence 
of ventrally carried egg-sacs in some species of 
Euchirella may be associated with the evolutionary 
loss of leg 5 in the female.

(6) Trophic dimorphism

The most distinct sexual dimorphism is the reduction 
or atrophy of mouthparts in non-feeding males. This 
is restricted to superfamilies such as the Arietelloidea, 
Megacalanoidea, Eucalanoidea, Clausocalanoidea and

Figure 14. Rostrum of Pseudocyclops minutus Ohtsuka, Fosshagen 
& Putchakarn, 1999, female (A), male (B); a: antennule; suture sep­
arating pseudorostrum from  dorsal cephalic shield arrowed. Scale = 
0.1 mm.

Spinocalanoidea, and is a strategy adopted irrespective 
of the feeding habits exhibited by the corresponding 
females. The non-feeding strategy in the male has 
probably evolved independently many times during 
calanoid evolution.

Non-feeding males generally exhibit reductions 
in the mandibular gnathobases (Fig. 12A-D: indic­
ated by small arrow), inner lobes of the maxillule 
(Fig. 12B, D: indicated by asterisk), the entire max­
illa (Fig. 12A-D: indicated by large arrow), and, 
in some cases, particular inner setae on the maxil­
liped, irrespective of feeding habit. These parts are 
involved in catching, handling, and ingesting food 
in females with multifunctional mouthparts. In the 
carnivorous Euchaetidae, females have maxillulary 
endopods modified as grasping devices which may as­
sist the maxillae and the maxillipeds to capture and 
consume active prey, while those of the males are 
reduced in addition to the usually reduced parts men­
tioned above. The remaining parts of these mouthpart 
appendages of the non-feeding male play roles in gen-



461

Eucalanidae

Bathypontiidae

Calanidae
M ecynoceridae
M egacalanidae
Paracalanidae

Acartiidae Pontellidae
Candaci idae Pseudodiaptom  idae
Ccntropagiidae Sulcanidae 
D iaptom idae Tem oridae 
Parapontellidae Tortanidae

A rietellidae H yperbionychidae
Augaptilidae Lucicutiidae
Discoidae M etridinidae
1 leterorhabdidac N ullosetigeridae

Pseudocyclopidae
Boholinidae

Epacteriscidae
R idgewayiidae

Spinocalanidae SPINOCALANOIDEA
Aetideidae Pseudocyclopiidae
Clausocalanidae M esaiokeratidae
Diaixidae Scolecitrichidae
Euchaetidae Stephidae
Parkiidae Tharybiidae
Phaennidae

Ryocalanidae |

CLAUSOCALANOIDEA

RYOCALANOIDEA 4
• Specialized geniculation in 
d'antennule

EUCALANOIDEA
• Addition o f aesthetascs in 
<f antennule

• Complete loss o f  geniculation in 
efantennula

BATHYPONTIOIDEA
• Specialized geniculation in 
a* antennule

MEGACALANOIDEA
* Loss o f geniculation in 
o’ antennule (partial)

CENTROPAGOIDEA
* Loss o f seminal receptacle in ? (partial) >
* Development o f couplers associated with 
spermatophores (partial)
* Enhancement o f  mechanoreceptor array

ARIETELLOIDEA
* Left geniculation in antennule 
(rarely right)

* Multiplication o f antennulary aesthetascs in 
both sexes (partial)

PSE U DOC YCLOPOIDE A 

EPACTERISCOIDEA

PLATYCOPIOIDA 4

• Almost obligatory non-feeding 
in <f<f

• Complete loss o f  geniculation 
in antennules

• Formation o f single genital 
operculum covering both gono­
pores and copulatory pores in ?
• Enhancement o f chemoreceptor 
array
• Non-feeding in cfcf (partial)

PODOPLEA

* Right geniculation 
in o* antennule (loss 
on left side)

Figure 15. Phylogenetic tree of calanoid superfamilies, after Andronov (1974) and Park (1986). Each superfamily is defined by sexually 
dimorphic characters (apomorphies). Arrows indicate synapomorphies.
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erating scanning currents for detection of pheromones 
and hydromechanical cues, in mating, in swimming 
and possibly in grooming (Boxshall et al., 1997).

On the ventral integumental wall between the max­
illae and maxillipeds of female Eucalanus attenuatus, 
fine spinules and setules are present, all of which 
are directed anteriorly (Fig. 13C). These are lack­
ing in the non-feeding male (Fig. 13D). Probably 
these structures reduce leakage of particles captured 
within the ‘Alter basket’ (cf. Boxshall, 1985). The 
posterior margin of the labrum in the female bears 
short, stout spinules directed toward the esophagus 
(Fig. 13A), whereas that of the non-feeding male is 
naked (Fig. 13B). This presumably also plays a role 
in reducing leakage of food particles during chewing 
with the mandibular gnathobases.

In addition to the reduction in mouthparts, the 
array of elements on the antennules differs between 
both sexes of the Euchaetidae. At the last moult, 
non-feeding males in this carnivorous family, simul­
taneously shed the 3-dimensional, 4-point setal array 
on the proximal antennulary segments, which is the 
primary prey detection system in the feeding female 
(Boxshall et al., 1997).

(7) Other sexually dimorphic characters

Other sexually dimorphic characters except for the 
basic Bauplan (the number of urosomites) are found 
in the shape of the posterior prosomal margin, the 
ornamentation of the urosome, the mobility of the 
rostrum, and the structure of the setal elements on 
the legs. Since knowledge of the mating behaviour 
of calanoids is restricted mainly to particular genera 
in the Centropagoidea, most of their functions remain 
unknown.

Within the Centropagoidea, some taxa of the Diap­
tomidae, Centropagidae, Pontellidae, Pseudodiaptom­
idae, Temoridae and Tortanidae, exhibit distinct sexual 
dimorphism in the shape of the prosomal rear mar­
gins. As discussed above, the wing-like expansions or 
large projections of the posterior prosomal end mar­
gins of the female may provide a hydromechanical cue 
utilized by the seeking male.

In some males of Pleuromamma (Arietelloidea), 
the urosome is considerably asymmetrical, covered 
with numerous long setules on the dorsal, lateral and, 
in particular, ventral sides, which are not found in the 
females (see Giesbrecht, 1892: Plate 33, Figs 49 and 
50). In females of Calocalanus plumulosus (Claus, 
1863) and C. pavo (Dana, 1849) (Megacalanoidea),

the caudal seta(e) are extremely decorated (cf. Gies­
brecht, 1892: Plate 3, Fig. 5; Plate 4, Fig. 15). 
These structures may be involved in mate recognition 
(wakes as mechanical cues) or in the diffusion of sex 
pheromones (as chemical cues).

In some species of the hyperbenthic fam­
ily Pseudocyclopidae, the rostrum ( ‘pseudorostrum’ 
sensu Huys & Boxshall, 1991) is mobile at the base 
only in the male (Fig. 14B) but not in the female 
(Fig. 14A). This juncture may facilitate grasping of the 
female by the right geniculate antennule of the male 
during the initial phase of copulation, since the female 
is an active swimmer (Bowman & González, 1961).

In the Euchaetidae, in particular the genus 
Paraeuchaeta A. Scott, the female antennule bears 
dense rows of fine setules along the posterior mar­
gin of the proximal segments (in female Euchaeta 
rimana only the 3rd, 7th and 8th segments with an 
elongate seta bear such row of setules), whereas the 
non-feeding male lacks them. The female shows a ho­
rizontal swimming pattern, swimming smoothly and 
continuously for detection of prey and mate, whereas 
the male swims vertically displaying a hop-and-sink 
pattern (Greene & Landry, 1985; Landry & Fager- 
ness, 1988; Yen, 1988). These antennulary setules, 
present only in the female, are suggested to function 
as "a hydrodynamic faring to reduce the separation 
of the boundary layer and shedding of vortices as 
the antennules (continuously) pass through the water", 
which can be "important in reducing background noise 
to enhance the sensitivity of the receptor" (Landry 
& Fagerness, 1988). The "hop-and-sink" swimming 
pattern of the adult male seems to conserve energy 
because of its non-feeding stage. In this family addi­
tional sexual dimorphism is found in legs 1 and 2 (cf. 
Bradford et al., 1983), but the function is unknown.

(8) Phylogenetic implications 
A modern scheme of the phylogenetic relationships 
between calanoid superfamilies was first proposed by 
Andronov (1974) and later modified by Park (1986) 
(Fig. 15). These systems are not based on cladist- 
ics, but generally correspond well to a phylogenetic 
tree generated by a cladistic analysis (Boxshall, pers. 
comm.). Their topology is also approximately suppor­
ted by a 28 S rRNA-based phylogenetic study (Braga 
et al., 1999). According to Braga et al. (1999), the 
Centropagoidea is an earlier offshoot than the Arietel­
loidea, whereas the reverse position is supported in 
Park’s (1986) tree. The new superfamily Fossha- 
genioidea, recently established by Suárez-Morales &
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Iliffe (1996), is not considered in the present study 
because of its potential synonymy with another named 
superfamily (Boxshall, pers. comm.). We noted some 
confusion in the correct application of the superfam­
ily name for the Megacalanoidea, Centropagoidea and 
Epacteriscoidea since all contain families which are 
older than their respective coordinate families (Calan­
idae Dana, 1849 vs Megacalanidae Sewell, 1947; 
Diaptomidae Baird, 1850 vs Centropagidae Gies­
brecht, 1892; Ridgewayiidae M.S. Wilson, 1958 vs 
Epacteriscidae Fosshagen, 1973) which is in contra­
diction with the Principle of Coordination traditionally 
applied to family-group names. On priority alone, all 
three superfamily names would require substitution by 
their older synonym, however, according to Art. 35.5 
of the new Code (4th edition), which came into effect 
on 1 January 2000, preference should be given to pre­
vailing usage rather than priority, and consequently the 
older name is not to displace the younger one.

Each superfamily is well defined by its own char­
acteristic sexual dimorphism. Recent studies have ad­
ded new information about their distinct evolutionary 
trends. The early diverging branches comprising the 
originally hyperbenthic superfamilies Pseudocyclop- 
oidea, Epacteriscoidea and Arietelloidea are generally 
characterized by: (1) the absence of multiplication of 
antennulary aesthetascs in the male (or exceptionally, 
in both sexes of some Arietelloidea); (2) the pres­
ence of a geniculate antennule on either the right or 
left side in the male; (3) the absence of non-feeding 
males (except for a few arietelloideans); (4) female 
genital system without a single genital operculum cov­
ering paired gonopores and copulatory pores. Most 
of the Centropagoidea share the first three symple- 
siomorphies. In addition, the Centropagoidea have 
the following autapomorphies: (1) loss of seminal re­
ceptacles (except for a few taxa); (2) development 
of complex coupling devices (in part) (Vaupel Klein, 
1982; Blades-Eckelbarger, 1991; Barthélémy et al., 
1998; Ohtsuka & Reid, 1998; Barthélémy, 1999).

The main lineage of calanoids seems to have 
acquired the following derived sexually dimorphic 
characteristics after the divergence of the Centro­
pagoidea: (1) formation in the female of a single 
genital operculum, beneath which gonopores and 
copulatory pores open; (2) duplication of antennu­
lary aesthetascs being strictly confined to the males. 
Moreover, there is a distinct tendency in males to­
wards loss of antennulary geniculations and adoption 
of a non-feeding strategy, yet the pattern of both 
morphological changes within each superfamily ap­

pears to be erratic. Non-feeding is completely adop­
ted by the terminal clade, comprising the open-water 
Spinocalanoidea and Clausocalanoidea. The Bathy­
pontioidea and Ryocalanoidea have independently de­
veloped specialized and supplemental geniculations 
in the male antennules. However, as Boxshall et 
al. (1997) suggested, the putative secondary loss of 
doubled aesthetascs on the male antennule is found 
in the Euchaetidae (Clausocalanoidea). This may be 
related to a mate-seeking behavior in which the female 
actively searches for the male (Yen, 1988).

Centropagoideans without seminal receptacles in 
the female are supposed to need a copulation before 
the production of each egg clutch, while in other taxa 
(with seminal receptacles), one or two matings at the 
beginning of the reproductive season provide the fe­
male with a sufficient stock of sperm throughout her 
life (Barthélémy et al., 1998). Centropagoideans are 
usually the predominant calanoids in the epipelagic 
zone and freshwater habitats (Grice & Hulsemann, 
1965; Mauchline, 1998), and sometimes form dense 
swarms or schools (Ueda et al., 1983; Kimoto et al., 
1988), which seems to guarantee multiple copulations.

Non-feeding and doubling of antennulary aes­
thetascs in males, both of which can enhance the 
capacity for chemosensory mate recognition (Boxshall 
et al., 1997), are adopted by the mainly open-water 
families Aetideidae, Calocalanidae, Clausocalanidae, 
Euchaetidae, Paracalanidae and Spinocalanidae, and 
facultatively by the neritic/oceanic families Calan­
idae, Eucalanidae, Phaennidae and Scolecitrichidae. 
These families belong exclusively to the derived 
Clausocalanoidea, Eucalanoidea, Megacalanoidea and 
Spinocalanoidea, all of which possess a single gen­
ital operculum and paired seminal receptacles in the 
female. The configuration of the genital system in fe­
males in conjunction with the enhanced chemosensit- 
ivity in males seem to be linked to their secondary 
invasion of open pelagic waters (the first was sup­
posedly by the Arietelloidea; see Soh, 1998). In par­
ticular, chemosensitivity is likely to be more important 
for communication between the sexes in open waters 
than in shallow waters (Huys & Boxshall, 1991). On 
the other hand, non-feeding males have a short life 
span (Matthews, 1964). Therefore, synchronized mat­
uration in both sexes is advantageous for taxa with 
non-feeding males. In fact, many cold-water species 
of the Megacalanoidea and Eucalanoidea reproduce in 
a restricted season in deep, calm waters where tur­
bulence is low and chemical cues are very effective
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(Miller et al., 1984; Atkinson, 1991; Schnack-Schiel 
&M izdalski, 1994).

Observations of mating behaviour in centropag­
oideans and non-centropagoideans showed that the 
duration of mating is relatively long in the former 
(45-77 min. in Pseudodiaptomus spp.; Jacoby & 
Youngbluth, 1983), whereas in the latter it is much 
faster (0.1 to a few seconds; Tsuda & Miller, 1998). 
Prolonged mating involving complex coupling ap­
paratuses clearly places couples at a greater risk of 
encountering predators since it reduces their escape 
ability and renders them more conspicuous to visual 
predators (cf. Svensson, 1992). Pairs in amplexus 
are more readily detected and consumed by visual 
predatory fish than is a single individual, because 
meso- and bathypelagic fish tend to prefer larger prey 
(Tsuda, 1995). The loss of the antennulary genicu­
lation in many non-centropagoidean males may be 
related to this predation pressure. Calanoids which do 
not employ a key-and-lock mechanism have probably 
become more efficient in mate recognition (keeping 
tactile inspection to a minimum) and spermatophore 
transfer (direct attachment to female genital aperture), 
making antennulary geniculations largely redundant. 
Highly evolved pheromonal or hydromechanical cues 
(Van Duren et al., 1998) in these calanoids would 
clearly reduce the need for physical contact during 
mate recognition, facilitating rapid separation of the 
couple after successful spermatophore transfer. In 
families where mating is short to very short such as 
the Euchaetidae, males typically hold a spermatophore 
in the left leg 5, ready for attachment to the female 
before mating takes place (Ferrari, 1978; Hopkins et 
al., 1978). The majority of the Centropagoidea, how­
ever, retain the spermatophore internally in the ductus 
ejaculatorius until both sexes have assumed the cor­
rect mating position (e.g. Blades & Youngbluth, 1979, 
1980; Blades-Eckelbarger, 1991; Mauchline, 1998).
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