CONTRIBUTIONS FROM THE MUSEUM OF PALEONTOLOGY

THE UNIVERSITY OF MICHIGAN

Vor. 22, No. 17, p. 221-239 (17 text-figs.) FEBRUARY 7, 1969

COPULATORY ADAPTATIONS IN OSTRACODS
PART II. ADAPTATIONS IN LIVING OSTRACODS

BY
DON L. McGREGOR and ROBERT V. KESLING

MUSEUM OF PALEONTOLOGY
THE UNIVERSITY OF MICHIGAN
ANN ARBOR




publication of papers based chiefly upon the collection in the Museum. When the number of
pages issued is sufficient to make a volume, a title page and a table of contents will be sent to
libraries on the mailing list, and to individuals upon request. A list of the separate papers may
also be obtained. Correspondence should be directed to the Museum of Paleontology, The
University of Michigan, Ann Arbor, Michigan 48104.

Vois. II-XXI. Parts of volumes may be obtained if available. Price lists available upon

. New species of Porocrinidae and brief remarks upon these unusual crinoids, by Robert
. Two unusually well-preserved trilobites from the Middle Devonian of Michigan and
. The corals of the Middle Devonian Tenmile Creek Dolomite of northwestern Ohio, by
. Mouth frame of the ophiuroid Onychaster, by Philip R. Bjork, Paul S. Goldberg, and

. Rugose corals of the Silica Formation (Middle Devonian) of northwestern Ohio and

. Systematics and faunal analysis of a Lower Pliocene vertebrate assemblage from Trego

. Gennaeocrinus chilmanage, a new crinoid from the Middle Devonian Silica Formation

. Note on ontogeny of the Middle Devonian crinoid Proctothylacocrinus esseri
10.

11.

12.
13.
14.
15.
16.

CONTRIBUTIONS FROM THE MUSEUM OF PALEONTOLOGY

Director: RoBerT V. KESLING

The series of contributions from the Museum of Paleontology is a medium for the

inquiry.

VoLUME 22

V. Kesling and Christopher R. C. Paul. Pages 1-32, with 8 plates and 14 text-figures.
Ohio, by Erwin C. Stumm. Pages 33-35, with 1 plate.

Erwin C. Stumm. Pages 37—44, with 3 plates.

Robert V. Kesling. Pages 45-60, with 4 plates and 4 text-figures.

southeastern Michigan, by Erwin C. Stumm. Pages 61-70, with 4 plates.
A redescription of the Middle Silurian compound rugose coral Grabauphylium johnstoni
Foerste, by Erwin C. Stumm. Pages 71-73, with 1 plate.

County, Kansas, by Richard L. Wilson. Pages 75-126, with 17 text-figures.

in southeastern Michigan, by Robert V. Kesling. Pages 127-131, with 1 plate and 1 text-
figure.

Kesling, by Robert V. Kesling. Pages 133—138, with 2 plates and 4 text-figures.
Archaeosperma arnoldii—a cupulate seed from the Upper Devonian of North America, by
John M. Pettitt and Charles B. Beck. Pages 139-154, with 6 plates and 3 text-figures.
Ameliacrinus benderi, a new dicyclic camerate crinoid from the Middle Devonian Silica
Formation in northwestern Ohio, by Robert V. Kesling. Pages 155-162, with 3 plates
and 2 text-figures.

Logocrinus conicus, a simple new Middle Devonian inadunate crinoid from Michigan, by
Robert V. Kesling. Pages 163—167, with 1 plate and 1 text-figure.

Copulatory adaptations in ostracods, Part I. Hemipenes of Candons, by Don L.
McGregor and Robert V. Kesling. Pages 169-191, with 3 plates and 16 text-figures.

A fossil carabid beetle from the Miocene of Montana, by P. J. Darlington, Jr. Pages
193-197, with 2 plates.

Two new crinoids from the Middle Devonian Silica Formation, by Robert V. Kesling.
Pages 199-206, with 2 plates.

Mammalian and other fossils, Early Eocene Pass Peak Formation, central western
Wyoming, by John A. Dorr, Jr. Pages 207-219, with 1 plate and 2 text-figures.




COPULATORY ADAPTATIONS IN OSTRACODS

PART II

DON L. McGREGOR?

ADAPTATIONS IN LIVING OSTRACODS*

and ROBERT V. KESLING

AssTrACT—Literature on living ostracods contains only scattered and incomplete information
on the genitalia and mating behavior. Most observations are directed more toward form than
toward function; many are based on dissected, unoriented, and distorted material. A review
of current knowledge reveals several adaptations for copulation, from which generalizations
can be made on the relationship of the mode of copulation to carapace morphology. These
generalizations may prove useful in interpreting similar features of extinct ostracods.
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INTRODUCTION

ONLY VERY RECENTLY have zoologists directéd
their attention toward studies of functional
morphology and behavior in living ostracods.
In particular this applies to genitalia and mat-
ing procedures, about which nothing is known
in the majority of ostracod families. A few in-
vestigations now under way have not appeared
in print.

Carapace dimorphism appears to us to be
directly related to the accommodation of sex
organs and facilitation of mating. Because di-
morphism of the carapace is a factor in taxon-
omy of both living and fossil ostracods, study
of copulatory adaptations takes on special sig-
nificance. When representative species have
been investigated, the distribution of genitalia
types and mating modes can be more effectively
evaluated in relation to configuration and di-
morphic features of the carapace.

Except for those species which reproduce
parthenogenetically, the male does copulate
with the female. Whatever the shape of the
valves and whatever the degree of carapace
dimorphism, copulation is always possible. In
different groups, however, it is accomplished
in different ways, suggesting that morphological
adaptations developed in separate lineages.

Whether carapace shape or mode of copulation
has been the stronger influence in evolution
may be difficult or impossible to establish. We
can be sure, however, that both have always
been closely integrated in any particular
species..

The next, and concluding, part of this series
will apply the generalizations from living os-
tracods to certain of the strongly dimorphic
Paleozoic ostracods. From our study of cop-
ulatory adaptations in living forms, we find
some correlations between configuration of the
carapace and mating procedures which seem
applicable to interpretation of extinct groups.
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PREVIOUS WORK

Genitalia—The genitalia of marine and
freshwater ostracods have been studied by a
large number of investigators over the past 100
years. Most of these studies were concerned
with the structure and taxonomic significance
of reproductive organs rather than with the
functional morphology of male and female
genitalia or mating behavior in living animals.

Many authors (Zenker, 1854; Brady &
Robertson, 1870; Stuhlmann, 1886; Vavra,
1891; Miiller, 1894; Turner, 1895; Jensen,
1904; Hirschmann, 1912; Skogsberg, 1920,
1928; Sars, 1922-28; Klie, 1926, 1938; Hard-
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ing & Sylvester-Bradley, 1953; Van Morkhoven,
1962; Kesling, 1965; Danielopol, 1968; Hart
& Hart, 1968; McGregor & Kesling, 1968)
have stressed the anatomical complexity of the
male genitalia in various ostracod groups. Yet,
these and other workers (Alm, 1916; Blake,
1931; Furtos, 1933, 1935; de Vos, 1957; Hart-
mann, 1959, 1964; Petkovski, 1959; Reys,
1964; Hulings, 1967) have recognized and de-
scribed many taxonomically important features
of ostracod genitalia.

In referring to similar anatomical features,
authors have used many diverse terms. This
problem in terminology developed both from
actual differences in kinds of genitalia and from
personal interpretations of the authors. Some
of the early workers (Zenker, 1854; Nordquist,
1885; Stuhlmann, 1886; Schwartz, 1888;
Vavra, 1891; Miiller, 1900; Jensen, 1904) were
engaged mostly in identifying and suggesting

TexT-F16. 1—Entocythere sp. [Podocopida, Podocopina, Cytheracea]. Pair in mating position, the male atop
the dorsal side of the female. Hemipenes of male lowered, rotated, and inserted in the posterior gape
between female valves. Other views of these specimens in text-figure 2. Female carapace 0.328 mm

long.
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TEXT-FI16. 2—Entocythere sp. Same specimens as shown in text-figure 1. a, posterior end of mating pair. b,
anterior end of mating pair, showing male with antennal claws holding to front end of female cara-
pace. ¢, enlargement of hemipenes.

the functions of various male and female re-
productive organs. These and other authors
often used different terms for the same anatom-
ical structure based upon the known or sup-
posed structural-functional relationships.

Professor Tage Skogsberg, one of the fore-
most early authorities on marine ostracods,
discussed (1920, p. 59) the necessity of defin-
ing and amplifying the terminology of the cop-
ulatory apparatus (“penis”) of male cypridinid
ostracods and remarked:

The complicated structure of this organ needs
a very thorough and comprehensive examina-
tion, a piece of work that probably needs a
special treatise.

The genitalia of male cypridinid ostracods con-
sist of an unpaired medial papilla-like swelling
with a lateral, sometimes distally bifurcated,
projection on each side. These lateral “append-
ages” do not contain the spermatic ducts but,
according to Skogsberg (1920, p. 58), they

were called “penes” by C. Claus and G. W.
Miiller, “penes or genital limbs” by Ramsch
(1906), and ‘“zampe sessuali” by Garbini
(1887). Skogsberg, however, used the term
“penis” for the small medial papilla on which
the spermatic ducts emerge. He (p. 95-96) also
noted that the most primitive type of genital
structures in living ostracods appeared to be
those of the cypridinids such as Philomedes
and Asterope. Van Morkhoven (1962, p. 25)
stated that the copulatory organ of cytherid
ostracods is usually less complex than that of
cypridids, but more heavily chitinized.

In subsequent studies of the genus Cy-
thereis, Skogsberg (1928, p. 16) again stressed
the need for study of the reproductive organs
of male ostracods and expressed what perhaps
were his strongest sentiments:

Especially the structure of the penis appears
to be significant. Indeed, just as in several
other groups of Arthropods, this organ appears
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antenna second thoracic leg Zenker's organ

oracic leg

thoracic leg
hemipenis

TEXT-FI6. 3—Cypria turneri Hoff. a, pair in copula; as specimens were killed, palps or clasping organs of
male first thoracic legs released their hold on edges of the female valves, permitting the male cara-
pace to slip and rotate very slightly down on the female carapace; Zenker’s organs turned to verti-
cal in erection, b, enlargement showing glans of male hemipenes still engaged in vagina of the
female; part of ovary can be distinguished in hypodermis of one valve, appearing as a series of
subquadrate nucleated eggs. Female 0.656 mm long, male 0.600 mm long.
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to have been the seat of initial morphological
changes leading to speciation. Unfortunately,
the morphological complexities of this organ is
still uncertain. To carry out the homologies of
its different parts will probably prove the most
fascinating and fruitful morphological problem
that the Ostracod group has to offer.

The complex genitalia of male ostracods
recently have received attention by Howe et al.
(1961), Van Morkhoven (1962), and Kesling
(1965). Van Morkhoven (1962, p. 25) stated
the problem generally applicable to most groups
of ostracods in reference to the hemipenis:

The mechanism and function of each part is
often extremely difficult to explain or even to
guess.

Kesling (1965, p. 38) also noted that the “ex-
tremely complicated penes have never been
fully understood” in the freshwater genus
Candona. Recent work by Danielopol (1968),
Hart & Hart (1968), and Part I of this series
detail the functional morphology of the hemi-
penes of certain freshwater ostracods.

The copulatory complex of male entocy-
therids has received intensive study (notably,
Hobbs & Walton, 1963; Hobbs & Hart, 1966;
Hart, 1962; Hart & Hart, 1967, 1968) com-
pared to most other groups. Hart & Hart
(1968) recently reviewed and proposed a stand-
ardized terminology for the copulatory appara-
tus of entocytherids and suggested possible
homologs in a hemicytherid ostracod. The
latter authors used the term “penis” for the
sclerotized portion of the “peniferum” of ento-
cytherids which corresponds, at least function-
ally, to the “glans” in Candona (McGregor &
Kesling, 1968). The long established terminol-
ogy for certain elements of the hemipenes of
Candona and difficulty in homologizing internal
structures of the hemipenis of the latter with
those of entocytherids make detailed compari-
sons of their respective genitalia beyond the
scope of this report.

As noted above and discussed in Part I of
this series, carapace dimorphism often appears
to be related directly to the accommodation of
sex organs. As reported by Kesling (1957),
Claus (1893) was one of the earlier workers to
comment on this relationship in the freshwater
genus Candona. Van Morkhoven (1962) made
a similar observation for certain species of
Semicytherura. Later, Sandberg (1964, p. 47)
discussed sexual dimorphism in the cytherid
Cyprideis and stated:

The differences between the genital organs
themselves account for most of the sexual
dimorphism in the soft parts of Cyprideis. In
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addition, it is those same genital structures
(particularly of the male) and functions as-
sociated with reproduction which give rise to
strong sexual dimorphism in the shell of that
genus.

Sandberg (p. 47-48) also found this same re-
lationship in other cytherid genera, Cytkero-
morpha and Perissocytheridea, which have
large male genitalia.

Copulation—The earliest recorded obser-
vation of ostracod copulation mentioned by
Klie (1926, p. 33-34) was that of Lilljeborg,
who had described in 1854 the ventral position
used by Notodromas monacha (O. F. Miiller).
However, in a rare volume on the wonders of
microscopy, Martin Frobenius Ledermiiller in
1761 (p. 140-141, pl. 73) noted and illus-
trated some freshwater creatures which he
called “eine besondere Art von Schaalenthier-
chens im Wasser; oder die nierenformige Pii-
cerons.” His “special kind of aquatic shelled-
animalcules, or kidney-shaped aphids” were
undoubtedly Ostracoda, although we would not
venture to guess as to the species. Ledermiiller
depicted (pl. 73, fig. d) a pair copulating in a
posterior-to-posterior position.

Little is known about the mating behavior
and mode of copulation in most ostracod fami-
lies. According to Jensen (1904, p. 11) male
ostracods were described first by Zenker in
1850. Most subsequent early workers were in-
volved more with studies of reproductive struc-
tures than with reproductive behavior. In 1880,
Weismann recorded his observations of sexual
and parthenogenetic reproduction in several
genera of freshwater ostracods and commented
on the frequency of spermatozoa in the seminal
receptacle of female Candona and other genera.
Jensen (1904) later summarized some of the
work on mating behavior prior to 1900 and
presented one of the most detailed descriptions
of copulation in the genus Candona. The struc-
ture and function of the male hemipenis and
the mechanism of erection and retraction were
at that time unknown.

Copulation in cypridid ostracods has been
observed and described, or briefly noted in:
Cyprinotus dentato-marginatus (Sars) by Sars
(1889, in Jensen, 1904); Notodromas monacka
(0. F. Miiller) by Vavra (1891), Jensen
(1904), and Klie (1926); Cyprois marginata
(Straus) by Jensen (1904) and Klie (1926);
Cyprinotus incongruens (Ramdohr) by Wohl-
gemuth (1914); Candonopsis kingsleii (Brady
& Robertson) [=Candona Kingsleyi] by Jen-
sen (1904); Candona fabaeformis Fischer and
C. rostrata Brady & Norman by Jensen
(1904); and Potamocypris smaragdina (Vav-
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second thoracic leg

TEXT-FIG. 4—Physocypria pustulosa (Sharpe). a, pair in copula; as specimens were killed, palps of male
first thoracic legs released their hold on edges of female valves, whereupon the male slipped and

rotated slightly down on the female carapace; Z_enker’s organs turned to vertical position in erec-
tion. b, enlargement showing the hemipenes still inserted deep within the female carapace, the glans

of one clearly defined. Female 0.600 mm long, male 0.544 mm long.
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ra) by Ferguson (1944). Among the Cyther-
acea, copulation has been briefly described for
Entocythere heterodonta Rioja [=Ankylocy-
there heterodonta (Rioja) Hart 1962] by
Rioja (1940); Leucocythere mirabilis Kauf-
mann by Kaufmann (1892), and Klie (1926);
and Metacypris cordata Brady & Robertson
by Paris (in Klie, 1926). Elofson (1941, p.
359) recorded the copulatory positions for
Cythere lutea O. F. Miiller, Leptocythere spp.,
Cythereis tuberculata Sars, “C. dunelmensis
Norman,” Cytherura nigrescens (Baird), C. un-
data Sars, Cytheropteron cellulosum (Nor-
man), Hirschmannia viridis (O. F. Miiller),
Xestoleberis aurantia (Baird), X . pusilla (Elof-
son), and Paradoxostoma spp.

Kaufmann (1892) observed the 180 degree
rotation of the hemipenes and the posterodorsal
attitude of the male in Leucocythere mirabilis
Kaufmann. Later (1896, p. 375-376), he again
described the posterodorsal position and speed
of consummation in the same species:

. . . die Ménnchen auf den Riicken der wei-
blichen Schale kletterte, welche es mit den
Klauen der zweiten Antenne festhielt, wobei
sich die Schlige der Branchialplatten stark
vermehrten. Hierauf wurde das Copulations-
organ wie an einem elastischen Band weit aus
der Schale herausgeschleudert, der ganze Ap-
parat gedreht, so dass die Wélbung nach unten
zu liegen kam, derselbe rasch in die Schale des
Weibchens eingefiihrt, um nach kurzem wieder
die urspriingliche Lage einzunehmen.

Still later (1900, p. 261), Kaufmann remarked
that in Cyprois marginata, as in the Cytheridae,
the entire male apparatus in copulation was
thrust forward and contorted (‘“‘vorgeschoben
und gedreht”).

Jensen (1904, p. 18-19) and Klie (1926, p.
22-23) also studied the copulatory behavior
of Cyprois marginata. Jensen noted the rota-
tion of the hemipenis and the posterodorsal
mating position; Klie -carefully illustrated
(1926, figs. 29, 30) the position of the male
both before and during copulation.

According to Jensen (1904), Sars (1889)
observed the mating behavior of Cyprinotus
dentato-marginatus and stated that the male
grasped the female with the palps of the first
pair of legs. Jensen questioned the validity of
Sars’ observation and discussed the important
function of the specialized setae of the male
second antennae in Candona, Cyclocypris, Cy-
pris, Cyprois, and Notodromas. Alm (1916, p.
11) also maintained that the palps of the first
pair of legs were not suited for grasping and
holding the female.

Wohlgemuth (1914, p. 44) recorded that in
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Cyprinotus incongruens the male approached
the female from the rear, assumed a postero-
dorsal position at about a 75° angle, inserted
the copulatory organs from the rear and below,
and accomplished fertilization in a few seconds.
For Cyclocypris laevis (O. F. Miiller), Wohl-
gemuth stated that the short duration and the
movements of male and female made it impos-
sible to get a clear understanding of the opera-
tion of the complicated penis apparatus.

In 1904, Jensen presented one of the first
detailed descriptions of the mating behavior of
a freshwater ostracod, Candona fabaeformis.
He also noted the similarity of the copulatory
act of the latter to that of C. rostrata, Cando-
nopsis kingsleii, and Cyprois marginata. Of
Candona, Klie stated (1938, p. 14-15) that
the male employed a posterodorsal approach
and completed copulation with quick entry and
retraction.

Ferguson (1944, p. 717) described a pos-
terodorsal mating posture in Potamocypris
smaragdine and stated further:

The ventral concavity of the male shell was
firmly appressed to the convex surface of the
posterodorsal part of the female shell and the
valves of the latter were kept open by the
long curved claw of the 2nd thoracic append-
age which was used as a wedge.

Among the freshwater Cypridacea only
Notodromas monacha is known to mate in other
than a posterodorsal position (Kesling, 1961a,
p. 18). According to Jensen (1904, p. 17), and
Klie (1926, p. 38), the venter-to-venter mating
position is not accompanied by the 180 degree
rotation of the hemipenes. Consequently, sper-
matozoa pass from the right testicle and hemi-
penis of the male to the left vagina and seminal
receptacle of the female, as in other cypridid
genera. In a subsequent publication on German
Ostracoda, Klie said (1938, p. 15) of Noto-
dromas monacha that:

. .. bei dieser Art liegen die unteren Schalen-
rinder der Tiere der Linge nach einander, und
die Drehung des Kopulationsorgans unter-
bleibt; Zhnlich werden sich vermutlich die
meisten Cytheridae verhalten.

Klie’s (1938) statement that in most cy-
therids the “Kopulationsorgans” are not ro-
tated was confirmed by Elofson (1941, p. 358-
360) for those species he observed. Elofson
described the mating positions of several marine
cytherids including species of Cythere, Lepto-
cythere, Cythereis, Cytherura, Cytheropteron,
Hirsckmannia, Xestoleberis, and Paradoxo-
stoma. These ostracods mate in a venter-to-
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TEXT-FIG. 5—Candona suburbana Hoff. Pair in copula, drawn with right valves removed to expose append-
ages and genitalia. Palp of right first leg shown withdrawn from proper position on female cara-
pace for clarity of illustration. Compare with text-figure 6.

venter position but form a wide angle to one
another. He stated (1941, p. 359):

Wihrend der Paarung wenden alle von mir
studierten Arten die Ventralseiten gegeneinan-
der, wobei diese jedoch einen weiten Winkel
miteinander bilden, der gew6hnlich 50°-120°
betrigt.
In the species he observed, the “penis” is
erected in such a fashion that the distal end
assists in forcing the female valves apart
(Elofson, p. 359).

According to Klie (1926, p. 33) in his re-
view of previous contributions, Paris reported
a ventral copulatory position for the fresh-
water cytherid Metacypris cordata, but no in-
formation regarding rotation of hemipenes in
this species was given.

In the detailed study of his Emntocytkere
heterodonta, Rioja (1940, p. 603-604) de-
scribed the anatomy of the male copulatory
apparatus. He also noted the role played by the
male antenna and thoracic legs in grasping the
female, and suggested that the copulatory po-
sition was maintained by contraction of the
male’s closing muscles. He stated (1940, p.
606) :

Entre los numerosos ejemplares observados
hemos podido ver algunos durante el momento

de la cépula. En este momento parece es de
importancia el funcionamiento de la segunda
antena del macho, que sujeta las valvas de la
hembra de modo que el borde de ellas pasa
entre la ufia terminal externa y la mediana, asi
una y otras la sujetan por sus dos superficies.
Entre las valvas entreabiertas se introduce en
la partie posterior el érgano copulador que se
dirige al encuentro del oroficio femenino. Los
tres pares de patas del macho contribuyen a
fijarle sobre el caparazén de la hembra. Las
dos valvas del macho se abren para dar lugar
a que entre ellas se coloque el cuerpo del in-
dividuo del otro sexo. Los musculos de la
concha del macho, al contraerse, favorecen se-
guramente la uni6én de los individuos que cop-
ulan.

His sketch (1940, pl. 3, fig. 1) of a mating
pair corresponds remarkably to our photograph
(text-fig. 1).

Hart & Hart (1968) described and illus-
trated the relaxed and erect positions of hemi-
penes in entocytherids and noted the 180 de-
gree rotation which occurs before the organs
are inserted between the valves of the female.
The rotation of the “copulatory complex” of
entocytherids apparently involves each half
independently rather than both halves together
as occurs in Cendona.
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Jensen (1904, p. 17), Klie (1926, p. 33),
and Elofson (1941, p. 360) noted that indi-
viduals of both sexes may mate with many
partners over intervals of a few minutes in
densely populated cultures. Elofson also stated
that under both high light intensity and in-
creased temperature the frequency of mating
increases.

Jensen (1904, p. 15) observed that copula-
tion in Candona fabaeformis lasted about 15
seconds. Klie (1926, p. 33) reported Cyprois
marginata in copula for periods of a few sec-
onds and stated that 50 seconds was maximal
for those he observed. In marine species, Elof-
son (1941, p. 360) found that the copulation
act often lasts from one-half to several minutes

closing muscles
3rd thoracic leg

Zenker's

mandible

antennule se. vesicle

maxilla
1st thoracic leg
2nd thoracic leg

€ closing muscles
mandible

antenna

3rd thoracic leg
uterus

2nd thoracic leg

TexT-F16. 6—Candona [Podocopida, Podocopina, Cy-
pridaceal. a, b, diagrams of male and female
animals as seen with left valves removed;
hemipenes inverted in error. ¢, d, male left
first thoracic leg and palp (endopod) of
right first thoracic leg. e, f, inner faces of
ends of male and female right antennae;
note “male setae.” [From Kesling in Howe,
Kesling, & Scott, 1961, fig. 6.]
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TExT-F16. 7—Notodromas monacha (0. F. Miiller)
[Podocopida, Podocopina, Cypridacea]. a, b,
lateral and ventral views of female carapace,
showing dimorphic ventral indentation. c,
lateral view of male carapace. [From T.I.P.,
pt. Q, 1961, fig. 180, 1.]

and, rarely, for five minutes. He also (p. 360)
reported copulation involving a male Cythkereis
villosa Sars and female Cythere lutea.

Both Weismann (1880, p. 83) and Elofson
(1941, p. 360) noted the presence of sperma-
tozoa in almost all sexually reproducing female
ostracods examined. Theisen (1966, p. 258,
261) stated that copulation occurs soon after
the last molt and often several times in the life
span of Cytherura gibba (O. F. Miiller), Loxo-
concha elliptica Brady, and Elofsonia baltica
(Hirschmann).

OBSERVATIONS

Our observations of mating in Candona sub-
urbana Hoff, C. ohioensis Furtos, C. rawsoni
Tressler, and C inopinata Furtos correspond
closely to those of Jensen (1904). The mating
pattern in Candona varies slightly among spe-
cies but generally is similar to that of Candona
suburbana (text-fig. 5). In brief, the male
grasps the female by a specialized pair of setae
on the second antennae and maneuvers his body
to a posterodorsal position on the female cara-
pace. Once this position is attained, the palps
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of the first pair of legs (second maxilla, Jen-
sen) are inserted inside the valves of the female
and turned to assist in forcing and holding the
valves apart for intromission of the voluminous
hemipenes. The second pair of legs also appear
to stimulate the female to spread her valves.
The latter appendages often come in contact
with the female carapace and body before the
hemipenes are thrust through the gape of the
female valves.

The paired “male muscles” (McGregor &
Kesling, 1968, text-figs. 5-7), passing from
the valves of the male to the hemipenes, con-
tract to bring the hemipenes downward and out
of the carapace. The hemipenes then are ro-
tated as one unit through 180 degrees, swung
forward between the valves of the female, un-
folded in erection, and the glans inserted into

antennule

1st thoracic leg
maxilla
mandible

maxilla
1st thoracic leg
2nd thoracic leg

3rd thoracic leg

TEXT-FIG. 8—Bairdia [Podocopida, Podocopina, Baird-
jaceal. @, b, diagrams of male and female
animals with left valves removed. [From
Kesling in Howe, Kesling, & Scott, 1961,
figs. 10, 11.]
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the paired vaginae. Rotation of the hemipenes
thus results in contact and transfer of sperm
from the male left and right testicles and hemi-
penes to the right and left vaginae and seminal
receptacles, respectively, of the female. Erec-
tion of the hemipenes is accompanied by a
nearly vertical rotation of the paired Zenker’s
organs and marked constriction of the posterior
region of the body. '

After copulation, the hemipenes are with-
drawn from the female carapace, rotated 180
degrees, retracted, and returned to their original
posterocentral position within the male cara-
pace. The palps of the first pair of legs are
withdrawn from the female valves shortly be-
fore the male releases the female. The func-
tional morphology of the hemipenes of Candona
and the process of erection and retraction are
discussed in greater detail by Danielopol
(1968) and McGregor & Kesling (1968).

In free-swimming ostracods [i.e., PAysocy-
pria pustulosa (Sharpe), Cypria turneri Hoff,
Cyclocypris ampla Furtos, and Cyprinotus
glaucus Furtos] the male assumes a postero-
dorsal position on the female carapace. How-
ever, the body of the male is pulled toward
the female posterior as the hemipenes are
everted and rests with the long axis of the
carapace perpendicular, or nearly so, to that of
the female (text-figs. 3, 4). As in Candona the
antennae serve to grasp and hold the female
whereas the palps of the first pair of legs func-
tion to hold the female valves apart and to pull
the carapace and body of the male and female
against one another. The second pair of legs of
the male often assist in pulling and holding his
carapace firmly against that of the female. The
female usually remains passive during copula-
tion; in strong light or as the temperature of
the medium increases, the male may copulate
with the female while the latter is swimming,
walking, or lying on her side. Often, the male
may be carried about by the female for several
minutes before copulation occurs.

Rotation of the hemipenes is very difficult
to observe in the above free-swimming species
because of the extremely rapid introduction of

- these organs between the female valves. In

Physocypria, for example, the hemipenes are
usually rotated before extrusion from the cara-
pace. The copulation act, including rotation,
erection, intromission, retraction, and rotation
of the hemipenes to their original position, may
be completed in less than four seconds.

In freshwater ostracods we have studied,
individuals of both sexes may mate repeatedly
with several partners over intervals of about
five minutes in densely populated cultures.
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Among species of Candona, copulation gener-
ally lasts from 10 to 25 seconds but occasionally
may last up to two minutes. Mating in Pkyso-
cypria pustulosa and Cypria turneri is usually
completed within a few seconds but in rare in-
stances lasts up to one minute. In addition, the
male often copulates with the female two or
more times before releasing her. Cyclocypris
ampla and Cyprinotus glaucus generally remain
in copula for periods of 15-20 seconds and
often longer than one minute.

In densely populated cultures, males often
attempt to copulate with other males and oc-
casionally with females of other species. Sexual
discrimination is decidedly poor when the ani-
mals are subjected to intense light, even for
brief intervals. We have observed male Cy-
prinotus glaucus mate with females of the par-
thenogenetic ostracod Cypridopsis vidua (O. F.
Miiller). Attempted copulation between differ-
ent species of Candona is common.

ADAPTATIONS

Living ostracods seem to be adapted for
copulation in several ways: mating position,
location of genitalia, general shape and dimor-
phism of carapace, extensible hemipenes, pro-
trusible posterior section of the body, and clasp-
ing organs. Most ostracods exhibit a combina-
tion of two or more of these features.

Mating position—The known positions as-
sumed by the male are dorsal, posterodorsal,
and ventral on the female carapace. Unfortu-
nately, most genera have not been observed in
copulation, so that other positions may exist.

mandible closing muscles
hemipenis

-
genital lobe

TEXT-FIG. 9—Limnocythere [Podocopida, Podocopina,
Cytheraceal. a, diagram of male animal with
left valve removed. b, female furca and
genital lobe. [From Kesling in Howe, Kes-
ling, & Scott, 1961, fig. 7.]
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Entocythere exemplifies the dorsal position
(text-figs. 1, 2). It is a small ostracod commonly
commensal on crayfish. This genus belongs in
the order Podocopida, suborder Podocopina,
superfamily Cytheracea, and family Entocy-
theridae. Its carapace is oval to subelliptical,
laterally compressed. The hemipenes are hinged
to a process in the posterodorsal part of the
animal in such a manner that they can be
lowered straight down, much as from a crane,
and then independently rotated (Hart & Hart,
1968). Although the hemipenis does not unfold
for greater length, the glans (“penis”) everts
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maxilla
first th. leg

antenna

antennule ~ /

)
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clo. muscles

first leg
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antennule

TEXT-FIG. 10—Polycope [Myodocopida, Cladocopina,
Polycopidae]. a, b, diagrams of male and fe-
male animals with left valves removed.
[From Kesling in Howe, Kesling, & Scott,
1961, fig. 4.]
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in copulation. The two hemipenes and their
supports are rather voluminous. By lowering
and rotation, each hemipenis can be extended
into the valves of the female immediately below
through the posterior gape in her opened cara-
pace (text-fig. 2a). Part of the hemipenis
structure forms a clasping device (text-fig. 2c).
The male holds to the front end of the female
valves with his antennal claws (text-fig. 2b).

Ostracods of the superfamily Cypridacea
are practitioners of the posterodorsal position.
We have observed Cypria turneri, Physocypria
pustulosa, and several species of Candona in
copula. The copulation act is so quickly accom-
plished that it can scarcely be photographed.
Preserving a pair in copula is difficult. Sedation
is too slow, and killing with boiling water usu-
ally results in the male releasing his hold with
the clasping organs and slipping down on the
female carapace (text-figs. 3a, 4a). For Cypria
turneri (text-fig. 3a,b) we were able to kill, fix,
and clear a pair while the hemipenes were still
engaged in the vaginae of the female, and for
Physocypria pustulosa (text-fig. 4a,b) while the
glans of the hemipenes were still inserted deep
within the female carapace. We were not so
successful with pairs of Caendona, and the cop-
ulation position is drawn from a series of rapid
sketches (text-fig. 5).

As described in Part I of this series, Can-
dona shows notable dimorphism on the postero-
dorsal region of the carapace, the female being
strongly beveled (text-figs. 5, 6b). In erection,
the male hemipenes rotate 180 degrees, unfold,
and extend to about half the length of the cara-
pace (text-fig. 5). The posterior section of the
body, to which the hemipenes are attached, can
also be lowered slightly to aid in protrusion of
the organs.

Several genera of the superfamily Cyther-
acea are known to use the ventral position, as
reported by Elofson (1941, p. 359). Their com-
mon character is a straight to very slightly con-
cave ventral border. In general, Leptocythere,
Xestoleberis, and Paradoxostoma species are
elongate, whereas Cythere and Hirschmannia
are more reniform. Cytheropteron, character-
ized by a flat venter and large ventrolateral
wing processes extending outward to form a
flat surface, appears well suited for the ventral
position. According to Elofson (1941, p. 359),
marine ostracods he observed in copulation lay
venter-to-venter, their posteroventral borders
in contact, and their bodies forming an angle,
usually 50 to 120 degrees. More observations
are needed to discover if the initial phase of
copulation is made with the partners subparal-
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lel (as we suspect) or at different angles accord-
ing to the species involved.

One ostracod of the superfamily Cypridacea
is known to mate in the ventral position. It is
Notodromas, a specialized freshwater ostracod
that spends its life upside down scooting along
just under the surface film of standing water
(text-fig. 7). The male Notodromas has a ro-
bust, inflated carapace with a beveled postero-
ventral corner. The female, however, has a
rounded posteroventral edge provided with a
short spine; she also has a special flat or con-
cave lanceolate venter bordered by low keels,
apparently designed to accommodate the ven-
tral edges of the male valves in copulation.

Location of genitalia—The second adapta-
tion to facilitate mating is location of the geni-
talia. For each living species that has been
studied, the copulatory organs are attached at
about the same part of the body in the male as
in the female. In some species, such as Ento-
cythere, the organs are posterior to postero-
dorsal. In others, such as Bairdia (text-fig. 8)
and Limnocythere (text-fig. 9), the furca is
much reduced and the genitalia lie near the
posteroventral end of the body. In Candona,
they are on the ventral side of the body in a
posterocentral position. In the subcircular Poly-
cope (text-fig. 10) they are nearly ventral be-
cause of the concentration of appendages in the
front half of the carapace.

Insofar as known, hemipenes are functional
from a particular location. It would appear im-
possible for the large hemipenes of Candona,
for example, to be retracted to a posterior posi-
tion or to function from a posteroventral at-
tachment. Similarly, the hemipenes of Ento-
cythere would be useless in the dorsal mating
position if fastened to the posterocentral part
of the body.

General shape of carapace—Shape of the
carapace has received special attention in tax-
onomy but very little in functional analysis.
Aside from such dimorphic features of the car-
apace as the posteroventral enlargement in
male Candona, necessary to house the volumi-
nous protrusible hemipenes (text-fig. 6a), most
carapace dimorphism appears to be directly
related to the copulation act. Even the general
shape of the carapace seems to be a significant
factor in the feasible modes of copulation in a
species.

In text-figure 11, five generalized carapace
shapes are shown in the three copulatory posi-
tions. The posterodorsal, posteroventral, and
posterocentral locations of genitalia are indi-
cated by symbols. In these models we assume
that the body of the male occupies at least one
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Male Position
Shape Dorsal Posterodorsal Ventral

Long
straig ht
venter

Long
straight
dorsum

Circular

Elongate

llBean »

TExXT-FIG. 11—Generalized shapes of carapaces and copulatory positions. Three possible locations of genitalia
are indicated by symbols.
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sketch of
ostracods showing effect of progressive mod-
ification of female carapace upon mating in
the posterodorsal position.

TexT-¥16. 12—Generalized “bean-shaped”

half of height and length, that his body marks
the limit of his overlap of the female carapace,
and that the posterodorsal position of the male
involves an inclination of 45 degrees and pos-
teroventral contact with the substrate. These
assumptions seem to be in reasonable agreement
with observations of various living species. In
reality, modifications of the copulatory position
and location of genitalia may be discovered in
future studies. Nevertheless, these drawings in-
dicate that certain positions and locations
would require less length and complexity of
hemipenes for ostracods of a given shape.
Contrary to what one might expect, the
circular shape is not ideal. Actually, a long ven-
tral border combined with posterodorsal posi-
tion and posteroventral genitalia involves rela-
tively short hemipenes. By the nature of their
geometry, ostracods with long straight dorsal
borders, such as the multitude of Paleozoic
palaeocopes, would appear to have needed ex-
tremely long, extensible hemipenes in any ex-
cept the dorsal position. In the text-figure, the
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dorsal position and elongate shape correspond
closely to the copulatory plan of Entocythere
and the posterodorsal position and ‘“bean”
shape to Candona.

Dimorphism of carapace—In Candona, the
beveled posterodorsal border in the female
probably evolved concomitantly with the pos-
terodorsal copulatory position and the postero-
central extensible hemipenis in the male. There
is a practical limit (text-fig. 12) of female

eye heart

3rd thoracic leg

testes

2nd thoracic leg

<3 :

hon'g:'gan eye heart 3d thoracic leg

antennule

mandibular palp
antenna

TEXT-FI6. 13—Cypridina [Myodocopida, Myodocopina,
Cypridinaceal. ¢, b, diagrams of male and
female animals with left valves removed.
¢, d, distal end of male antennule and en-
larged suctorial structures. [From Kesling
in Howe, Kesling, & Scott, 1961, figs. 1-2.]
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modification beyond which little copulatory
advantage accrues. Indeed, extreme dimorphism
in Candona would appear to be disadvanta-
geous both for copulation and for accommoda-
tion of female body and appendages. As men-
tioned above, ventral indentations in the female
carapace of Notodromas (text-fig. 7) fit the
edges of the male valves in the ventral position
of mating.

Extensible hemipenes—Genitalia of male
and female are separated by a considerable
distance in some kinds of ostracods. The cop-
ulation problem apparently was not solved for
all ostracods by optimum position of the male
or favorable location of genitalia. Some species
achieved union by extensible hemipenes, others
by a protrusible posterior part of the body. In
fact, one or the other arrangement seems to
exist, to some degree, in all living, sexually re-
productive ostracods that have been thoroughly
studied. Extensible hemipenes are found in
Entocythere and Candona (as representatives
of the Cytheracea and Cypridacea), of different
structure and mode of operation, and undoubt-
edly of different evolutionary history.

Protrusible body.—Numerous examples can
be cited of protrusible posteriors, in which the
rear of the body can be bent down and may be
thrust beyond the edges of the valves. In Cy-
pridina (text-fig. 13) the body has a very nar-
row dorsal attachment to the carapace. The
rear of the body follows a long curve parallel
to the posterodorsal, posterior and posteroven-
tral borders of the carapace, and the furca and
genitalia are set forward, not far behind the
middle of the ventral border. The same arrange-
ment occurs in the much more elongate Con-
choecia (text-fig. 14) and in the subcircular
Polyrote (text-fig. 10). In Cytherella (text-fig.
15) the posterior part of the body is a discrete
structure, approaching in form the abdomen of
a crayfish. In these genera and others, the pro-
trusion of the posterior part of the body un-
doubtedly serves to bring the non-extensible
hemipenes into contact with the female vaginae.

Clasping organs—Clasping organs in the
male are functional and the mating position
permits them to reach and hold to particular
parts of the female carapace. Several kinds of
clasping organs have evolved, specialized struc-
tures in various appendages. Ostracods of the
superfamily Cypridacea have the endopod or
palp of the male first thoracic leg modified to
form a pincer-like clasper (text-figs. 5, 6¢,d).
The male uses these claspers to hold fast to
the rear part of the female valves in the pos-
terodorsal mating position. Because the same
modification exists in males of the Macrocy-
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prididae (text-fig. 16), we would classify this
family in the superfamily Cypridacea (as done
by G. W. Miiller and others) rather than in the
superfamily Bairdiacea (as in the Treatise on
Invertebrate Paleontology). Other superfami-
lies of the suborder Podocopina—the Cyther-
acea, Darwinulacea, and Bairdiacea—have no
clasping organs developed on the first thoracic
legs.

In addition, males of certain cypridid ostra-
cods, such as Candona, have special “male
setae” on the inner sides of the antennae (text-
fig. 6e). These are conspicuous tubular setae
with expanded tips, attached to the second
podomere of the endopod. They are presumed
to assist the male in holding to the smooth
dorsal margin of the female carapace.

The highly specialized Ewntocythere (text-
figs. 1, 2) has adaptations in the male for
assuming and maintaining the dorsal mating
position. The male uses strong claws on the
antenna for holding to the anterior end of the
female valve (text-fig. 2c), and probably uses
his thoracic legs to cling to the sides of the
smooth female valve. Since the hemipenes them-
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frontal organ

heart
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frontal organ
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TExT-FI6. 14—Conchoecia [Myodocopida, Myodoco-
pina, Halocypridaceal. a, b, diagrams of
male and female animals with left valves
removed. [From Kesling in Howe, Kesling,
& Scott, 1961, fig. 3.]
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selves serve as clasping devices (text-fig. 2b),
the male attaches to the dorsal side of the fe-
male more or less as tongs, with opposing ac-
tions by the antennal claws and the falcate
processes of the hemipenes.

In Cytherella, a typical deep marine ostra-
cod of the suborder Platycopina and family
Cytherellidae, the male has the endopods of
both the first and second thoracic legs provided
with subdistal articulations to form effective
claspers (text-fig. 15¢,d). Carapace dimorphism
is strong, the male having a thin, parallel-sided
shell and the female an expanded posterior sec-
tion for brood care. Unfortunately, the mating
habits of the Cytherellidae are unknown.

In the order Myodocopida, suborder Myo-
docopina, noted as planktonic ostracods, the
clasping organs are located farther forward. In

mandible closing muscles

antennule

TeXT-F16. 15—Cytherella [Podocopida,
Cytherellidae]. @, diagram of female animal
with left valve removed. b-d, male furca and
hemipenes, left first thoracic leg, and left
second thoracic leg. [From Kesling iz Howe,
Kesling, & Scott, 1961, fig. 5.]

Platycopina,

Cypridina, the male antennule possesses special
suctorial setae for holding to the female (text-
fig. 13c,d), and in Conchoecia the endopod of
the male antenna has a terminal hook-shaped
device forming a pincer-like clasper (text-fig.
14a). Observations of the mating of myodoco-
pids are needed.

Of the various kinds of clasping organs de-
veloped in Ostracoda, the modification of the
male first thoracic leg in the Cypridacea seems
to be unique and universal in the superfamily.
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We suspect that it has a long geologic history
and that many extinct cypridaceans were simi-
larly equipped. Probably, the posterodorsal
mating position, which makes use of these
claspers, evolved at the same time and was em-
ployed by extinct ancestral forms.

COPULATION-CARAPACE RELATIONSHIPS

Current knowledge of living species permits
a few generalizations regarding the relationship
of copulation to carapace. Whether these gen-
eralizations will be substantiated or will be
modified by additional research, for the present
they can serve as working hypotheses for con-
sideration in fossil ostracods.

(1) Male valves can scarcely gape in mating
by more than the length of the contracted clos-
ing muscles. From observations of some living
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TEXT-FIG. 16—Macrocypris [Podocopida, Podocopina,
Cypridaceal. a, b, diagrams of male and
female animals with left valves removed.
¢, d, male left first thoracic leg and palp
(endopod) of right first thoracic leg. [From
Iﬁ(esl6in]g in Howe, Kesling, & Scott, 1961,

g. 6.
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freshwater species, we find that the valves sel-
dom gape by as much as the closed width of
the domicilium in feeding and locomotion. In
mating, however, they appear to open some-
what wider; we base this on the amount of
overlap of the female carapace in Candona
rather than on actual measurements of the
angle between the opened valves, since mating
lasts only a few minutes at most.

In addition, the geometry of the ostracod
makes this hypothesis reasonable. The valves
are hinged at their dorsal border, gape widest
at their ventral border, and are shut by closing
muscles attached near mid-height. In such an
arrangement, if the closing muscles expand
from their contracted condition by half their
length, then the ventral edges of the valves
separate by a distance approximating the length
of the contracted muscles.

(2) A female carapace can scarcely be over-
lapped by the male in mating in any part which
in width exceeds the length of the male’s con-
tracted closing muscles. This is a corollary of
the first hypothesis. It is especially significant
in selecting possible areas of overlap in ostra-
cods with a broad venter, bulbous expansions
of the carapace, or dimorphic inflation of the
posterior section of the female carapace.

(3) A male can scarcely overlap a female
carapace by more than half the height of his
carapace. Body and appendages occupy at least
two-thirds the height of the male carapace in
living species (text-figs. 8-10, 13-16), and can-
not be much compressed. This is exclusive of
the small distal tips of appendages. The proto-
pods of appendages and the ventral wall of
head and thorax cannot be displaced dorsally
to an appreciable degree. Minor displacements,
brought about by contraction of muscles from
the dorsal part of the carapace to appendages
and endoskeleton, have been described by many
workers, but the mass of the body prevents very
much contraction and dorsal displacement. In
the absence of preserved soft parts, we presume
that those of extinct species were as large as
those in living ostracods.

(4) Genitalia of both sexes attach in the
posterior ome-third of the carapace. All living
ostracods have a pair of maxillae behind the
closing muscles. In addition, living Podocopina
and Myodocopina have three pairs of thoracic
legs, Platycopina have two pairs, and Cladoco-
pina one pair. The sequence of appendages
added during ontogeny, in which one pair of
post-mandibular appendages is added at each
ecdysis until the full set is developed, has an
irregularity that indicates the ancestral ostra-
cod probably had an additional pair of maxillae
(Kesling, 1961b, p. 20). Hence, between the
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closing muscles and the genitalia, Paleozoic
Ostracoda may have had four pairs of append-
ages, possibly five pairs. It seems reasonable to
presume that genitalia could not encroach for-
ward beyond the posterior one-third of the car-
apace. Within the posterior region, however,
the genitalia may have been in a posterior, pos-
teroventral, or posterocentral position in a par-
ticular lineage.

(5) Genitalia require some lateral as well as
vertical accommodation within the carapace.
The inner space of the carapace, the domicil-
ium, houses the genitalia and other soft parts
of the body when the valves close (except for
the antennules in the Myodocopina). The vol-
ume and requisite maneuverability of hemi-
penes in living forms show that accommodation
and functioning of these organs would not be

TEXT-FIG. 17—Gomphocythere expansa (Sars) [Podo-
copida, Podocopina, Cytheracea]. a, b, dor-
sal and ventral views of female carapace,
¢, d, lateral and ventral views of male cara-
pace. [From T.LP., pt. Q, 1961, fig. 236, 2.]
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possible in a constricted section of the cara-
pace. Female genitalia are situated at about the
same place on the body as those of the male of
the species. For extinct ostracods with a deeply
indented S3, therefore, the genitalia were most
likely confined in L4. Generally, genitalia are
associated with lobate rather than sulcate parts
of the carapace.

(6) Dimorphic modification in the female
carapace may correlate with the mating posi-
tion assumed by the male. This has been shown
in Candona and in Notodromas. As will be dis-
cussed in the third part of this series, fossil
ostracods exhibit several kinds of dimorphic
modifications in the female which seem to be
indicative of mating position. The flattened
venter in certain benthonic species was termed
the fundium by Morris (1958, p. 344), who in-
terpreted it to be an adaptation for stability. It
seems to us that this flattening of the part of
the carapace in contact with the substrate may
serve a dual purpose: it may promote stability
in locomotion and also facilitate the ventral
position in mating. The flattened venter in
Gomphocythere (text-fig. 17), for example,
would certainly be of value in the ventral mat-
ing position. Other Cytheracea, even those
which do not have obvious dimorphism of the
carapace, if any, could similarly take advan-
tage of the flat ventral area for the two func-
tions.

(7) Posteroventral enlargement of the male
carapace may correlate with large, complicated
hemipenes. This is especially emphasized in
Candona, although present in some other cy-
pridaceans. It is necessary, however, to distin-
guish between posterior dimorphic enlarge-
ments which are present in the male for accom-
modation of the sex organs and those in the
female which are used to house the eggs and
young. This may not be easy to identify in
extinct groups.

A few more points could be listed, but they
would be based on only a few observatlons or
reports. We anticipate that future functional
studies of living forms will lead to substantial
and reliable generalizations of carapace-cop-
ulation relationships.
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