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Evolution of zooplankters with special reference to pelagic copepods

SusumMu OHTSUKA

Takehara Marine Science Station, Setouchi Field Science Center, Graduate School of Biosphere Science, Hiroshima University, 5—
8-1 Minato-machi, Takehara, Hiroshima 725-0024, Japan

Abstract The functional morphology, phylogeny, and zoogeography of the recent pelagic copepods have
revealed some distinct patterns and processes of their evolution. Benthic ancestors of copepods may have
originated in the Paleocene on the basis of the occurrence of diversified maxillopodans in the Cambrian.
Calanoid copepods appear to have independently invaded the pelagic realm several times. The most primitive
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arietelloideans may have first colonized this realm in the Devonian. Calanoids consist of two phylogenetically
different groups, the more advanced group of which might have successfully resided in open waters by
enhancement of sensory and genital systems. Copepods could have evolved with radical functional changes,
not altering structures as much, which made switching from suspension feeding to carnivory possible in an
arietelloidean family. Cladistic analyses postulate that arietelloideans have repeatedly exploited the pelagic
and benthic realms in harmony with environmental changes. The present day distribution of a marine
cavernicolous species of the most primitive superfamily Pseudocyclopoidea strongly alludes to the existence
of the westward Tethys-Equator Currents and passive dispersal of the ancestor from the Caribbean-
Mediterranean to the Central Pacific. A phylogenetic and zoogeographical study of a neritic genus Tortanus
hypothesizes its origin, colonization and dispersal routes during the Miocene to the Pleistocene.

Key words: copepod, calanoid, Arietelloidea, evolution, phylogeny, zoogeography

1. BU®IC

EYELD s —vET o3, LAELHEHEEL O
B, BHEOEE SFIcED  REMT BHEoNth s —
Y EREDHIEBHIA N+ & ORI L RREIICHR LT
EEh5 BT o by ELTRGEEL A 7 VHICH
LT, BAESENdic{taRMsTHT, RiFsTRED
LR aEEHBEmE» SRASh I AHTERETH 2
(Cressey & Patterson 1973). ZAEMHREIL HHEFHRELE, S
REL, TOBHREFRECAKRITA, REEE®TH T,
AFEHEPEEED SO REIICEIFEEEEZEAOATVS
(Huys & Boxshall 1991). 7z, MAELEEEERFHT 5EE
175 Platycopioida, Calanoida, Misophrioida ® %%/ % — v
BHEERKP~FERE=ZR LI CTEELLF - F REED
BIEARET 2 L5, ThoDEFIITERBI~PER
FTCHEENTE B EEZEL SNTE/ (Madhupratap & Ha-
ridas 1992, Jaume & Boxshall 1996, Ohtsuka et al. 2000b).
Linl, #1407 YEORET %2 3EWE Maxillopoda) 33 TR
HERFHOH v 7Y TRESHLAEREZ LTW R I LMNHS
MR- ED S, ES5ICHOERT TREEMSHEN 5 R
PgEEh T3 (Miller 1983, Walossek & Muller 1998,
KiF 2000).

BA T, WRERERE, SBRSEE, HTRE - ELFEoR
Bicfkv, 747 VEOBITOWT b A REESREIU L
M- T (e.g, Nishida & Ohtsuka 1996, Ohtsuka et al.
1997, Braga et al. 1999, Nishida et al. 2002). 5Bz, &7
57 b THROGEETH S M 7 X ZH (Calanoida) #dhin &
LT, #4147 vHOREK #tosy—viFowxzL
Ea—1753,

2. hS3XRRXERDOEFK

#352Z2AHD10 LB ORFKBFHRIZ> W TIE Andronov
(1974) (Park (1986) 5 N2 WE]) OHMAML S DOAH B,
Bll, CORMMHOZLUITALAE» SBRESNATVLS
(Fig. 1). #5 X RHATRELEEO» 0 RE 2 KO H

CLAUSOCALANOIDEA  SPINOCALANOIDEA
EVOLUTIONARY ]
RYOCALANOIDEA NOVELITIES
VRN
EUCALANOIDEA (1) Myelin-like sheath on
BATHYPONTIOIDEA nerve fibers
CALANOIDEA ) D:velopment of
chemosensory organs
BIAPEOMOIER — (3) Uniformly arranged
o - — genital system of female
ARIETELLOIDER (4) Atrophy of male
PSEODUCYCLOPOIDER mouthpart appendages*
EPACTERISCOIDEA (5) Reduction of male
| i *
OTHER QRDERS \__ geniculate antennule
CALANOIDA N

N
PLATYCOPIOIDA ARKRRNRRRRNRRN
7
ﬁl//////

Fig. 1. Phylogeny of calanoid superfamilies. The
Calanoida consists of two groups: Pseudocyclopoidea-
Epacteriscoidea-Arietelloidea-Diaptomoidea (indicated
by solid line) and Calanoidea-Bathypontioidea-Eucala-
noidea-Ryocalanoidea-Clausocalanoidea-Spinocala-
noidea (by finely hatched line). The more advanced
group has obtained five evolutionary novelities.
Fourth and fifth evolutionary novelities (¥) seem to
have independently occurred in each superfamily.
Geniculation of male antennule is enhanced or
regained in some taxa (after Park 1986; Ohtsuka &
Huys 2001; Bradford-Grieve 2002).

BhoMmsh Ty, BiffEosEE kI HacbIDT L
FHAREELCEbRIEL STV, 2 KSHEBEE, B
43igz U 7z Pseudocyclopoidea, Epacteriscoidea, Arietelloidea
$ & U Diaptomoidea D AR L 2 hPIERIRELZ LD T,
W& ORI, EEARE, EEHIC AKX LHEND S (Fig.
1) TOBIDRITIREL 27 V=713, 1) MEIEBILLT
By, AROCHBIH L TREIRIGTE 3, 2)(LERESE
DIET B, 3) HOEEREOWMEN LT 3, ) HoOR
DR bR 2R T (ERATHIY L TRAIELEC » T 5 L
Ea3h3), 5)HOHE | MACTEESRMHELERICS S (BiE
BIBECH—EHARLTEBBELLEEAOREfbLH2) &
LORBYORETS. ChS0RH, Thbb, BESIUH
BoXiE, HabEEEs LT, RERNEENEBACER
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LTiT-7ebBEA NS, BAR~BERE EBL TR TIR
—REEE, SHEYRENNEOTVLOOHEENDIEV,
EYHELG DL, BHEEEY, BEORENETF SN 3.
COLHILRBCHEL L TRERBAUBREE 12 EFELD
ha. BIAE, Ho% 1 MARKICIMOR Y « 0T v 2R
THORHEESH Y, LORENNEBEETEIIOSOREES
BRIFIcHEINL To Y, {LEAREH L THETH L AT
B3 E IHERELTVARY, HoORMmBELTEAEZL
B b, FHERPELZFMLESTLVWT E, OFEMEL
LTHSONBRTES LakRicESVTL 2 H%E 2
FrolPeinalihs, thyo0xy ORMEENT v 7
CBEN S B EHEF SR TV S (Ohtsuka & Huys 2001). fHEE
OHEBLELEDSE | MAOITERHE HENFHRICERSO
PTOREOBER 3, EaRBcEREL TV L
#Z 515 (Ohtsuka & Huys 2001). £ JESHEO—{b & A
HEOMEI >VLWTREHASE LV, HRLTIEEEZRE-T
WaZEns, REBKEZRS TAHMIELLAZ D EEDN
3. Eucalanoidea, Calanoidea #£ &3, B7E, A EOFEEH
AR ETABNKECIEY S v 7 vO T v—sitv V)
o F A XL AR 2 R o EEEMHILTHWE, oD
EOEEBRBER—EORET—EZENALENTE 300N
FEFABOKRBLEYRAF ALK >TVWE EELNRTWS
(Barthélémy et al. 1998). T S D ¥ R 5 4 2L L F-B T
BT, HENOBRELRHMUEL S > L LHEES LTV S
(Bradford-Grieve 2002). —7%, BRI TEICEK~RREEIC
487 % Diaptomoidea 3 B XK ICHE 3 ZRHEEEAR VTV S,

Lichs-> THRERIORBALEILL D, b 11 KEVvD

T& % (Barthélémy et al. 1998).
UL, AE~OHEW, [l v—7, 51T Arietel-
loidea BSFEATL TV EEZ SN TEY, T TIHEERFTE Y

~~OVLBIEET Y, X Y IR4ERA Calanoidea, Clausocala-
noidea 3 i3 ARV AR ~HERZERLL SVWIRERT
HEHLAZOTREB VLR EHESIN TV S (Bradford-Grieve
2002). SRR T 20, —BE, AFCEERLTS, iz
BoTHRBEREEEERLELEEZONE I V—THED,
R, FEFMICERLTWA A 7 v bRICH L~ i, &
BEOY7 P EHVEHOSEHIIE-TWEHIFTEH .

3. EEREDLSICEIZN—IEEEHIC
EBEBEBEE TS 5 RIBH 7 Arietelloidea iT/ BT 2
Heterorhabdidae 3K FEHRE & NAKBR U £ 0 hK 1
HEERTENEEN 1 =— BNERTH 2. AREOR
BOWFh b AHEoH (oW ro—RLBAMNBE) »HE~
' OFEF (fang) D & 5 BEHEHFEEL L TH b (Fig. 2B),
EEYICHE/ B ETEAATHEEREBT L0, ThET
FRETHL2 HAONTOE L > LEBRENK A A =X 6%
TW 3% (Nishida & Ohtsuka 1996; Ohtsuka et al. 1997). £ ®
H/RBER, EEOEMIS oKX S LHMERRON
mofiaha, —h, RTFEECLTHBRBERTBORIHEE
EERRCOLIUFERILLIR SO (Fig. 2A) 2, ok
SBED 7 b I A TR TTIREELTVWEDTSH S, KE
DD EHICIE 2/ [HOBRIAMBER) OBENERT
BERERD, NTFEELETREEKIRI v 2 FBIEV TS
n, 2RELAKC—RKICEREYRECEL AP VRIESE
U324, NAEETCRATBRESSHE L THEME 85—
H, HEEETNEGRLL, ERBIEVAENEZLT,
ZORENFEFF LLTHEEICS»>TwE. 2% b, B
BETHEAZEOX TS L CIBET 2 0B L 1HEE
KRERLTOWE, UL, #kisETBiEs 2l & ofNE
icRBEoZREEALERTVWOTH S, BEHOF oL iITE

Fig. 2. Mandibular cutting edges of two heterorhabdid genera. A. Particle-feeding genus Disseta; B. Carnivorous
genus Paraheterorhabdus. Note slit-like opening (arrowed) of ventralmost tooth (v) of Paraheterorhabdus to inject
venom or anesthetic into prey animals. v, d: homologous elements. Scales=0.1 mm.
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Genus (feeding)

Disseta (P)

Mesorhabdus (M)

Heterostylites (M)

'‘Hemirhabdus (C)

Neorhabdus (C)

Paraheterorhabdus (C) Meso- & bathypelagic

Heterorhabdus (C)

Range of body  No. of
Distribution length of female  species
(mm)

Meso- & bathypelagic  6.7-10.7 (8.4) 3
Meso- & bathypelagic 3.8-8.8 (5.4) s
Epi- to bathypelagic 2.6-55 (4.0 6
Bathypelagic 84-11.8 (104) 2
Bathypelagic 61-89 (12) S
22-53 (34) 7
Epi- to bathypelagic 1.6-44 (3.0) 31

Fig. 3. Cladorgam of heterorhabdid genera with data on feeding habits, main vertical distribution, female body
length (number in parentheses indicating average of median body lengths of adult females), and species number in
each genus (after Ohtsuka et al. 1997; Park 2000). Feeding habits: P: particle feeder; M: mix feeder; C: carnivore.

WT, ZoRIMBORRELEZFLOTHD. KHEOESP
E2/NHOHE (ChoEz LAY FAEKRT) IKBVLT, &0
WArsgEL, BlbLichid, FhooBEMEEBHTTE L
MEfET, BRIV T—EORBNER 7 v 7HHEETE S
(Fig. 2).

AR DORFERITEIT - 1R, NTFRED ShHEBRE 2 IRE
LoD, BRRICHAEENQE L - LiEEs i (Fig.3). T 0
BEEHBRIV LY, FOESIRLTELEDTHS I »?
TY vy INELT, BREREKIZELSE 5T LR
EMmAERLZT R EHRAENhE, 5£0, LUTD3-0EAN
B7ov 3 CAMERERLZ LTV A, 1) ABRORIE,
B ooF2 3, HREOZ LA VOB, HEEL, B 2) O
BB oME, B, 3) LBoRWRoiA, Ths 0
& BRENFHEZ T o2, ERNSHEERLEEOLT, B
REdni e 3 2 (LB A BEB T OB ST, &<
mohdfle LT, TR AREHIKEL, ZOo#HERIRAET
Bl FEEYME~OBREREN - 128, HETEET
LI FOFROEOEELELEETE OFE K 18
EEEDH LT EMET 5N 2 (Gauld 1980).

b, TOMORES, B BRRUCSOEHREZ LY
3L, 150#{kD v+ ) ABRATL % (Fig. 3). AREDF
T LEHEOBEE S E > Heterorhabdus B, REMICIE
HE~FEBIRLLATHLTV S, tiBREIchE~FER A
PRESNTHS, £, ABRIHATREOENEEDL, &
RREBH/NET, 20RNEREBYENEBETEYRES
K&\ (Roe 1972). COBHERGELINTIERILTVWE S
V=T EEALD. R OBETAY, FBHNTFAEBETHE -2
M, AE~OAMEZERI LB, AL SORALERY
Brzpike/NEULE T, HoBERNRBICHERL &
Fahzd G 4 23R, FROGGTFREFZNRTTRE,
CoRNoatER (BolRE) IBEAEORMNTEI - /£

THEESH S (BB S RER). REOSFi#EL « BEFOE
HREETFLL, 2<HRESEWEEbR TV EELDOR
YD, ERE0X—RHBLALBRENA 1= X2 8HBEL
1o T EHHBA L 7o B3 EiS . Heterorhabdus BOEF 318E
HIZAEPA EAA QLD EEER A N =X s mbd TRERL
TWBH, 5%, ZOBEEEVHTHRETFREDHEREEEL
BRI 2UEND .

FiEE, RREOARLY, Fr Y 2 2ABEGEHETEA
TW3. BT M) 5 RAER, B2/ SRS
EREEAFALY, FERRI/IFIr5LV VX, REROL S
BB EFES#0 LTW3 (Nishida & Ohtsuka 1997;
Nishida et al. 2002; Ohtsuka et al. 2002). Heterorhabdidae
DRI S TERE(L LRI, BMEOMELERELTHE
EEER A - TV 3. HlZ L, @it Cophalophanes BIZE X
IERERD & S SREFEOH, BIERERENICE 4 7 VS
—fEN o — 7Y O RIBOERDTHB. COAAT Y
Mg, thoF ) 2 2BEBEILAEFALEVERES 52
SEFARLLTED, COFMY FRICMHETERNLEI 7Y
TEANI =V L THEHETELS THS (Nishida et al.
2002).

4. HDEBTAFT IV EER
BEOBRERE, BE, WAH 4y, FEEynEoy
BYLAER « EYEREE L - T, 74 7 VDL B
FAF Iy JIHER, fh, 7R LEEELLSNS, FIAE,
BAETIREL UTERBICERT % Arietelloidea i&, 7K vig
B0, BREICTEEE» SEEEANLEL, v aidic
S, FENEEEEETARLLEEL SN TV S (Bradford-
Grieve 2002). COR#LE LT, {LEHEECED, A4 TV
X & ERRICESEIC B 3 5 B (Ostracoda) DR Tt &
BANBEO TR VRIHD THRL Tn 2 ETHB. P4
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T, TOERHCREEES V- 7HBBEREL, HEBRVCA
EhORBENESSRFEV—- PEWSIELD L EETEESNT
W3 (Fig. 4). COBREL THAERRENICEL7v—F
o, ZIRENC, FEBREECECRD, BREEENSEL
te 7 nv—=7H50WBDTH S (Ohtsuka et al. 1994, Soh 1998).
DU F I XLBEEENNCHETETH, WoER
HBEv7 L0, TOFERIEATS >72h, RT3
EREREELHOEYREOHRE LTRKETH 3.

BEMECE [EE/bA]) LN 3, Arietelloidea £ 0

NERITIC OCEANIC

— — — —— e——

‘ EPIPELAGIC

Fig. 4. Habitat exploitation by arietellodeans (afer
Ohtsuka et al. 1994; Soh 1998). 1. Initial colonization
by ancestors of pelagic realm; 2. Colonization by
ancestors of open surface waters; 3. Colonization by
primitive arietelloideans (Augaptilidae-Meteridinidae-
Heterorhabdidae-Lucicutiidae-Discoidae) of deep-sea
pelagic zones; 4. Recolonization by primitive arietel-

loideans (Augaptilidae-Meteridinidae-Heterorhabdidae-
Lucicutiidae) of epipelagic zone; 5. Colonization by
more advanced arietelloideans (Hyperbionychidae-
Arietellidae-Nullosetigeridae) of deep-sea hyperben-
thic zone; 6. Recolonization by more advanced arie-
telloideans ({Arietellidae-Nullosetigeridae) of pelagic
realm; 7. Colonization by more advanced arietelloi-
deans (Arietellidae) of shallow-water hyperbenthic
zone; 8. Recolonization by more advanced arietelloi-
deans (Arietellidae) of shallow surface waters.

Subgenus

Eutortanus

pe—— Tortanus

— A fOrtus

S A cutanus

Boreotortanus

W BB Pseudocyclopoidea BETET 5. AR _LFH3 Arie-
telloidea D XA WEBEHOS1 F I v 7B v 7 FRETET,
REEERRUVHBIERE GIEBICH > THE) KERL TE
BLEEF TS Cho0BREDHTH, 5 bEKEVEEH|
ALz, /v35 4 DEBERE TRRE N Ridgewayia BD 1 1&
B, FFRELEKEEZENL CAET 2ABBROGEE
BEEOIILE oED, KERA VP -FBREFEICEBT S
T8E¥ (species group) & D Hichifg « 7 Y THRICE R T 2R
ERMsb- 1o ThH5, HETIHHRCLI2NHOKRE
RIRE N TV 3 (Ohtsuka et al. 2000b).

4 v F - BARELILBEBRBFEORK~BREEICERET S
Tortanus J& (Diaptomoidea) ® 5 BF I 2 W TIRFE L VWERE
BEZ, v — b EEMSHEE STV S (Ohtsuka & Reid
1998). Fig.5 i, OERBORHKBRL, 2/, L£ERE B
FERCER U 7o, AR (1981) @ [l « 3% DERMEE:RI] » S
ET 5L, KERITFHLISCRBLLSV—FT, TFK 1
VK e L-OBEBEREREE L, B, 2y TERAN
FTHMETRLL OO LEEE NS, REFICHIE L f2 Boreo-
tortanus BB & BB ICHE L 1 Acutanus BEHHLFEAREET
BT 205, KFEPSOEALLIHE V- ML RT3
DTH B, HEOHEHE 800~350 FLERIT/ ¥+ < Hilk B
WTOWBHRICHET MR (F—F XABIRI T L THR
BEEL SHEANESELTWS) Itk->THHIL, # ) 7l
FEATHEL i EHESNZDIT LT, BIFRT -» L 8H
FLL, EFEORNKES 3 izl L AT E D 5K
E~O—HBITOHBRIC L » THEE, Bkt snT
“oo@EGEcREEI N EHESINS, Acutanus BREOH
SERKEEEAER L2 LEEELRTREN S0, K
HO+HET+ 7 I BETHIOL I RN V- b BBES LT
VW3, BEHL, RATECHFET ARESNED [BLAE]
BHRFmERERESLTVWELELAL Y, 4 v F « BRFEE
TRHLHLHLAMERD, BRORLTH S Atortus BRIV

' No. of
Distribution Habitat species
North Pacific &  Brackish 1
North Atlantic
East Asia Brackish 7

Indo-West Pacific Coastal (eutrophic) 3

Indo-West Pacific Coastal (oligotrophic) 18

Northwestern

Atlantic Coastal (eutrophic) 4

Fig. 5. Cladogram of five subgenera of Tortanus with data on horizontal distribution, habitat preference, and species
number in each subgenus (after Ohtsuka & Reid 1997; Itoh et al. 2001).
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L ohO#EKFRELRES €. BHEORVWERAEEE
WBIG LI S S CRENHEE 28T 2 e DIcEGHEER L
f2 b (Ohtsuka et al. 2000a), HTFHRFOERTHIRRETS S
7 %BA% U 1z (Barthélémy et al. 2003). W7 YV 7 icEB D Fu-
tortanus BB PFHE~EHHCH G THEELICER Y L
BELTEEE, FERBORAKNOHEGPHEDHH 5 —
v oEBIREshG, AEROAHIR, HRYFBEOME
WE, Ry rEEFEAREO GBI TO) BiHEE,
\Bxmt, BRHBCART 2ENOKEREN, SEoElo
R e v b 252 TN 5 (ltoh et al. 2001). FTHRE
KEL, nv7~thERFEICERT 3 1 ErEfcid, BB
»PooAMESN, KEAFELHAIN TV S (Ohtsuka et
al. 1995). #ER, WEKE IR 4E (6,000~10,000 Fd7]) T
SE N LFEASNTE LY, HED mtDNA © COI FfE
OERERIZLKLTA2 L 1% OBRMIEENSH D, B
XL D X S LIFTh SREEL T LHEE X i (Soh et
al. in preparation).

BEkER A 7 VHRBBEERTH 2 LHEESH TV S
(Huys & Boxshall 1991). # 5 X Z HOEK~DRFIOHEER
FERY 2 5 R~OFLTAREI s EHEESNLTWVS
(Boxshall & Jaume 2000). # 3 X RABDEMIKL, #2707
B (Cyclopoida), > /v,y 7 ¥ 7 X B (Harpacticoida), #' V)
5 B (Gellyelloida), # = # o X + 4 H (Poecilostomatoida),
%4 7+ / X b & H (Siphonostomatoida) »BEKicAEE L T
WE, REORLEBLZIASDIS V=T ], BEOHTHE
-V R ERERELT, ST RRURI~BEEZIT,
T, D1 b 220 UCHEANER LIZEELZ SN
TWw53 (Boxshall & Jaume 2000). & 5z, BEKMSEHE, %
ROl s EESNZAEROFEEL TS, BENLY
T, BKEBELOMTOERRO Y7 RBVERLED
BLEI-TEY, F4F+ 1y 7 GO IRDITL T
3, WHESLAETRIOL I BEFRE hOHSATVE
B, EEHBMTO OIS BT EMREICHIAL TE .

5 &hYIC

FRHESBE, DYBMBEENHROER, 14 7 VRo#o
Ba REMRIES o2 5 505, DFEL « RHENSRIT
WERIBE - fiddTh 3, BHiticbBvwor 4 7 Y HIZKE
HEERATORLEECHRE TS 385, 20 LOEELHRE
T EEHIKOEYBEREOEEEREHELr T LiCBLN
5L,

Ed 33

ABRE, #47 vEEEME L, MBORBLRINE -
1B OFA LOKRARAOERTHE I LEBALLV. H

2, FEEEY, ETHERE ST GERARE), LhheEt (B
), 18 B&ELE EKENASE), G. A Boxshall, R. Huys
Bt CREOAKRLEYN), J.W. Reid BLicididL THiled
N3, FHEO—RIE, HEFNRESHERAHBGSOEY
%5372 (No. 14560151).
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