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CHAPTER 1

GENERAL INTRODUCTION

OBJECTIVES:

Euchaeta norvegica (Boeck, 1872) is one of the larger species of calanoid
copepod (adult females = 7-1Imm total length, adult males 5.5-7mm total
length) and has a widespread distribution in northern waters. Details

of its distribution provided from the records of the Continuous Plankton
Recorder Survey (Edinburgh Oceanographic Laboratory, 1973) show that it
is present throughout the northern temperate waters of the north Atlantic
Ocean, with its centre of abundance situated in the boreal waters of the

Greenland-Labrador Current Complex.

Hedgpeth (1957), in his classification of marine environments, showed the
boundary between oceanic and neritic as approximating to the position of
the 100-fathom (ca.182 metre) depth contour. Colebrook (1964, 1972) has
since found that further divisions in the classification of geographic
areas and water types are possible and has classified E. norvegica as
being a typical component of the "north-west oceanic' plankton community.
Relatively few specimens of E. norvegica are found in neritic seas
although it is often found in abundance in Norwegian fjords and Scottish
west coast sea lochs, and the deep waters associated with them. In its
typical oceanic environment the adults occupy an essentially mesopelagic

depth distribution whilst the younger copepodite stages are found in the

more surface waters.

A large body size and its often high abundance makes E. norvefica one of
the dominant biomass copepods of the northern temperate and boreal
plankton communities. This, coupled with the fact that it appears to be

wholly carnivorous (see Harding, 1974), emphasises the importance of



this copepod in marine ecosystems. It is thus surprising that little
published information is available about the biology and ecology of

this species.

The necessity to mate and breed is a dominant factor in an animal®s
life. The research presented in this thesis was carried out in order
to examine these important processes in E. norvegica with particular
reference to those aspects which are likely to determine the breeding
intensity of a population. This study has, therefore, concentrated on
an examination of sperm and spermatophore production in relation to
fertilization and subsequent egg-laying, rather than the development of

generation cycles after the eggs have hatched.

The female reproductive system has been described, with an emphasis on
its function during mating and egg-laying. The male reproductive system
has been described and its histology and ultrastructure have been
investigated with regard to secretion of the various components of

the spermatophore. The mating process and the inseminatory position
adopted by the male has been predicted. Analyses have been made of

the frequency distributions of spermatophores found on adult females as
well as the patterns of distribution of these spermatophores on the
different areas of the female genital segment. The significance of
such distributions have been discussed in terms of mating behaviour.
The relationship between maternal body size and the size of the egg-
clutch produced has been quantified. Seasonal variations in the sex-
ratio of adults, as well as stage IV and stage V copepodites, have been
followed and possible factors responsible for these changes have been
discussed. Finally, the proportion of males present in the adult
population has been examined as a factor determining the numbers of

spermatophores attached to adult females and the quantity of egg-sacs

subsequently produced by the population.



The concept of examining “reproductive potential’” adopted for this study
requires assessments to be made of the numbers of spermatophores

found on adult females, the number of egg sacs these females are

carrying, as well as the sex ratio of the participants. However, an
accurate delineation of breeding and its intensity requires the study

to be made of a natural population in reproductive isolation. In

oceanic areas the effects of current systems in causing immigration and
emigration of individuals from different populations, which may be out

of phase in terms of a reproductive “reaction time lag"” (see Krebs, 1972),
would significantly reduce the degree of information received from this
type of study. In accordance with these consideration® Loch Etive,
Argyll, was selected as a most suitable area for sampling as its
structure and hydrography act to maintain the integrity of the large
population of E. norvegica found there.

In Loch Etive E. norvegica is one of the dominant members of the plankton
community and is associated there with populations of the mysid
SrhiBtomvsiB ornata (G.0. Sars), the chaetognath Sapitta ele6ans Verrll

and the ™p»rni Calanus flnmarchlcus (Gunnerus).

LOCH ETIVE

Loch Etive (Fig. 1) opens into the Firth of Lome at its junction with
Loch LInnhe. It is situated in the western part of the Grampian High-
lands, and historically is best regarded as a submerged land valley

over-deepened by ice-erosion during the glacial period. The loch is

28km long, varying in width from 0.5km to 1.2km with two main sills, one

at the entrance (Connel Bridge) and the other in the region of the

Bonawe narrows (Fig. 2). A third, smaller sill is present about 4km



from the entrance at Connel Bridge. The sill at Connel ensures that
the entrance channel to the loch is very shallow (8m) with exposed low
water rocks under the Bridge. The sill at Bonawe divides the loch into
two major basins. The upper basin has a maximum depth of 150m and runs
north-east to south-west between mountainous terrain. The lower basin
has a maximum depth of 60m and runs east to west in fairly low lying

country.

Loch Etive has a large catchment area of 1400km2 over which the average
rainfall is about 2400mm per year peaked so that 75% of it occurs

between September and February. The freshwater run-off from the surrounding
area determines much of the hydrography of the loch, with the drainage

from the river Awe being particularly important as this river drains 60%

of the catchment and flows from Loch Awe to enter Loch Etive at Bonawe.

In the loch precipitation and run-off exceed evaporation. In such a
situation a surface layer of low salinity and corresponding low density
is developed. This layer has a mean seawards motion as shown by Wood et
al (1973). At the base of this layer is the primary halocline, below
which a return layer of intermediate salinity moves landwards to

replace salt entrained into the brackish layer. The base of the return
layer is marked by a secondary halocline, below which "stagnating" water
of slowly varying salinity and temperature normally shows slowly

decreasing dissolved oxygen levels and currents of theorder of a few cm/sec.

The salinity of the brackish and return layers is inversely related to
run-off; the salinity of the bottom water is usually near 28 /oo falling by

1°/00 per year and apparently unrelated to run off. The temperature of



the return flow varies between 7°C and 14 C, following local coastal
sea conditions. In the brackish layer this cycle is modified towards
an earlier lower winter minimum and earlier summer maximum. Cooling is
never sufficient to drive a convective overturning to erode the primary
halocline, which in winter usually shows about 10% change in salinity.
In the deep water of the upper basin the temperature is nearly constant

during stagnation, showing no seasonal progression.

The slow variation of deep water salinity and temperature is occasionally
interrupted by rapid change. At such time bottom currents increase
considerably, oxygen levels rise to saturation, phosphate and nitrate
levels fall to coastal levels, the secondary halocline disappears and
bottom density rises. The temperature and salinity of the water which
has apparently flushed the upper basin are close to those of the return
water at the Bonawe sill and suggests a density driven flow of new water
from the sill into the deep basin. The cause of this dense water is a
period of low run-off; its effects are important in determining bottom
conditions for months or years afterwards. If the temperatures of the
new and old waters are very different then the rapid changes which
accompany mixing may disturb pelagic or planktonic stages of plants

and animals found in the bottom water. However, the mean time between

renewals is 1.3 years (Edwards & Edelsten, in press) so conditions are

normally very stable.
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stages outwards on the ebb tide. Movement of immigrants into the upper
basin of the loch during the sampling period (27th September 1971-24th
August 1972) was most unlikely as renewal of water in the upper basin

was absent throughout this period of study (Edwards, pers.comm; Edwards

& Edelsten, 1in press).

SAMPLING PROGRAMME

Plankton samples were collected from the upper basin of Loch Etive at
approximately 10 day intervals between 27th September 1971 and 24th
August 1972, using a one metre diameter stramin net of 1mm2 mesh size
towed for 30 minutes duration at a ship"s speed of about 2 knots. The
net was shot and hauled in such a manner that the whole of the water
column was sampled with no obvious bias being placed on any particular

depth horizon. The plankton was preserved in neutral 4% formaldehyde

in sea water using hexamine as the buffering agent.

The 21 plankton samples so collected contained such large quantities of
E. norveglca that each sample was first poured into a large beaker and
the volume made up to 1 litre with preservative. The contents were then
thoroughly stirred with a spatula or other flat blade-shaped paddle in

an irregular manner to achieve a random distribution of organisms. The
shape of the stirring vessel is not important as long as the worker learns
how to stir in such a way as to avoid vortices that serve to concentrate
the organisms in one part of the vessel (Edmondson, 1971). A stainless
steel ladle of 50ml volume was used to remove each aliquot. The aliquots
were then poured, one at a time, into a perspex rafter cell until 500
adult females had been encountered. All other specimens of E. norveglca
regardless of copepodite stage, which were found whilst counting the

standard 500 adult females, were removed and tubed together with them for

further examination.



EXTERNAL ANATOMY

The body is divisible into three primary tagmata, the cephalosome,
the metasome, and the urosome. The cephalosome consists oi the
cephalic somites bearing the antennules, the antennae, the mandibles,
the maxillules and the maxillae, and the first true thoracic somite
bearing the maxillipeds. The metasome contains the five thoracic
somites, each of which bears a pair of swimming limbs. The left and
right legs of the Ist-4th pairs are symmetrical. The cephalosome

and the metasome together make up the prosome.

The first four pairs of swimming limbs have the following typical
structure: each swimming limb consists of two basal segments, the
proximal and distal basipodites. The distal basipodite bears two
branches or rami, the lateral exopodite and the medial endopodite.
The segments of the rami are numbered in sequence from proximal to
distal joint. Both rami are typically three-jointed, the endopodite
being shorter than the exopodite. Fusion of joints results in one
or two-jointed branches; this occurs in the 1st pair of legs and in

the endopodite of the second pair.

The fifth pair of limbs of the male do not resemble the preceeding
pairs. In the male it is transformed into a copulatory organ which
holds the female and attaches the spermatophore to her genital

a perture. The male fifth limbs are asymmetrical whilst in the female

the fifth pair are absent altogether.

The urosome is composed of five segments in the male but in the female

it is four-segmented as the first two have fused. The stage of



development of the immature stages may be determined from the number
of urosome segments together with the number of swimming limbs (see

Nicholls, 1934).

The 1st urosome segment is known as the genital segment, and in the
female is larger than any of the others. In the female it is ventrally
developed in the form of a massive protuberance which bears a number

of processes as well as the genital aperture. The genital segment of
the male (likewise the most anterior segment of the urosome) is shorter
than each of the rest and is slightly asymmetrical since the genital
opening lies asymmetrically to the left of the mid-line. The last
segment of the urosome is the anal (perianal) segment ending in furcae

or caudal rami bearing long setae and feather-like bristles.

Further details of the segmentation of the body and legs are given
by Sars (1903), With (1915), and Nicholls (1934). Specimens were
originally identified as E. norveglca using the criteria given in Sars

(1903), Rose (1933) and Brodskii (1950).









Bathymetry of Loch Etlve (drawn from Admiralty charts)
The lower basin stretches from Connel bridge to the
prominent sill at Bonawe. The upper basin stretches

from Bonawe to the head of the loch.
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CHAPTER 2

THE FEMALE REPRODUCTIVE SYSTEM

INTRODUCT ION

A number of aspects of the female reproductive system have been described

in various species of copepod. Among the more notable studies describing

the morphology and histology of the entire genital system are those of
Lowe (1935) for Calanus finmarchicus, Fahrenbach (1962) for Diarthrodes

cvstoecus, and Park (1966) for Epilabidocera amphitrites. Heberer (1930)

has studied the genital system of Eucalanus elonga tus with the major

emphasis on oogenesis, and Raymont et al (1974) have provided an account

of an electron microscope investigation of the body of C. finmarchicus
which includes brief details of the fine structure of parts of the

female reproductive system. In addition, C. finmarchicus has been the

subject of further attention with detailed studies having been made by

Hilton (1931) on oogenesis, and Grobben (1881) and Harding (1963) having

concentrated on the chromosomes of the maturation divisions.

The female reproductive system of Euchaeta norve”ica has not been

described before and details of the female"s reproductive biology have
previously been lacking.
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cystoecus, and Park (1966) for Enilabidocera amphitrites. Heberer (1930)

has studied the genital system of Eucalanus elongates with the major

emphasis on oogenesis, and Raymont et al (1974) have provided an account

of an electron microscope investigation of the body of C. finmarchicus
which includes brief details of the fine structure of parts of the

female reproductive system. In addition, C. finmarchicus has been the

subject of further attention with detailed studies having been made by
Hilton (1931) on oogenesis, and Grobben (1881) and Harding (1963) having

concentrated on the chromosomes of the maturation divisions.

The female reproductive system of Euchaeta norvegica has not been

described before and details of the female®s reproductive biology have

previously been lacking.

, - 1. reproductive of <» - 3 °“« “ I1"ic“u "
th, .... .. that described for ether c.l.h.ld cop.pod. 1» that it con-
sist. e, a single ovsry. ... Oc=-»«. P - “M « "»* "»d

entering the genital «.-*»_. *»— e m»*“ «" &7 *

»..ever, there are a »-her ef anh,_,tl._1 difference. in the .rr.nge.en.

.,,d Ffunctioning ef the fe.al. reproductive

compared ,1th the published description, tor other c.p.p.da, especially

£i_£I15SH™ ub.cb she. «bat the reproductive of =«

specie. 1. distinctive and highly speclali-d.



10.

MATERIALS AND METHODS

Narcotised, live specimens were used for in situ examination of the
female reproductive system. Histological studies were made using the
methods described in Chapter 3. Examination of the genital segment of
adult females was carried out using a scanning electron microscope

(Cambridge Instruments Series 11A).

In the scanning electron microscope a beam of electrons is passed by a
condenser lens to a fine point on the specimen and made, by scanning
coils, to scan or sweep over the specimen’s surface in a "raster”

as in a television set. The electrons which hit or slightly penetrate
the surface cause secondary electron emission. These secondary electrons,
their number and energy governed by the nature of the surface from which
they emerge and the energy which is applied to them, are collected by a
scintillator/photomultiplier system. This collected signal is used to
produce a scanned image, displayed, after amplification, on a long-
persistent cathode-ray tube screen (Oatley & Smith, 1955; Oatley, Nixon

& Pease, 1965). The scanning electron microscope gives a detailed view
of the surface of the specimen, with a pronounced three dimensional
effect due to the great depth of focus possible with the electron beam;
the resolution lies conveniently mid-way between that of the light and
transmission electron microscopes and varies, depending on the accelerating

voltage of the beam, from about 0.2”" at 3kV to 20nm at 20kV.

All specimens in the scanning electron microscope build up a charge as
the electrons strike them. Unless the surface is conducting this distorts
the image. Non-conducting surfaces, such as copepod cuticle, must be
coated with conducting material to drain away the charge. Different types

of specimen need different treatments and further details are provided

by Echlin (1968) e



The technique used here for preparing specimens of E. norvegica for
examination in the microscope was adapted from Lee (1972). The formalin
preserved specimens were washed in distilled water, and then dehydrated
by passing them through a graded series of tertiary butyl alcohol, from
30% to absolute in 5% steps. The specimens were kept for 10 minutes

in each alcohol concentration (c.f. 5 minutes for Lee"s specimens)
because of the large size of Euchaeta, and then dried in a desiccator
containing silica gel. The tertiary butyl alcohol hardens the body
musculature which provides a skeletal support for the cuticle when the
fluid has been removed. After 48 hours the dried specimens were taken
out of the desiccator and mounted in the required positions on the
specimen stubs using Durofix glue. The mounted specimens were then
coated with a layer of gold-palladium ca. 30nm thick whilst under a

-5 -6 N
vacuum of 10 to 10 torr.

RESULTS AND DISCUSSION

THE OVARY:

The ovary is single and is situated close to the median line of the body
within the cephalosome, in a position directly above the point of attach-
ment of the maxillipeds. It is about 500/”ong by 250r wide in its

fully mature state and is subcylindrical in shape being slightly
compressed in a dorso-ventral plane. The organ is slightly rounded at
its anterior end and tapers in width at its posterior end. The ovary is

connected to the oviducts at its left and right antero-lateral surfaces.

The ovary varies in size according to the physiological condition of

S _ - to the body of the
the female but it is always small in comparison Yy

_ It therefore differs
copepod, no matter what the stage of ripeness.
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significantly from the ovary of C. finmarchicus which Marshall & Orr

(1952) have described as undergoing large variations in size depending

on the state of maturity of the individual. The ovary of E. norvegjxa

appears to be an organ primarily for the production of eggs which migrate

into the oviducts for maturation, growth and storage, whereas in C.

finmarchicus (Fig. 5) the ovary, when fully ripe, occupies a significant

proportion of the body as it becomes the primary area for maturation,

growth and storage.

Oogenesis has not been studied in detail in E. norvegica during the present

investigation but it is evident that the ovary exhibits three distinct

zones. The posterior end of the ovary contains oogonia undergoing

multiplication by mitosis; the second zone, anterior to the first, contains

oocytes in early stages of maturation divisions; the third zone, which

occupies the most anterior position of the ovary, is the growth zone

where initial growth and maturation of the oocytes occur. The oocytes

continue to develop in the oviducts where they reach the fully grown

condition prior to fertilization and egg laying.

THE OVIDUCTS:
The oviducts (Figs. 3 * 4) are paired ducts which arise from the antero-

lateral sides of the ovary but the actual point of demarcation between

the ovary and oviducts is usually not very clear. In the mature state

the position of the oviducts anterior to the ovary proceed forward and
slightly inward in a horizontal plane for about dOO”before turning
and running backward and upward at an angle of about 45°C. The two

B with their inner walls being closely apposed,
oviducts eventually meet with tnei

R - IN i the ovarv. These anteriorly and dorsally
at a point directly dorsal to the ovary:
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directed limbs of the oviduct are known as the anterior or head

diverticula.

The section of the oviducts posterior to the ovary pass backwards and
invards until at a distance of about 500"J>ibehind the ovary the walls

of the two ducts are only separated by about 60Yv. They then continue

to pass backwards and carry on through the metasome segments and give
off three diverticula on their outer sides. The first, second, and

third diverticula occur intersegmentally at about the junctions of

the cephalosome and metasome, first and second metasome segments, and
second and third metasome segments respectively. The diverticula project
outwards in the direction of the ventro-lateral exoskeleton, occupying
the space between the segmental muscles. The oviducts narrow and
approach one another as they near the posterior of the metasome. At
this point the lumen of the ducts decrease in diameter owing to the
decrease in the external diameter of the ducts combined with an increase
in the thickness of their walls. Once within the urosome the oviducts
begin to widen and having reached nearly to the middle of the 1st urosome
(genital) segment the ducts become thick walled and lined with cuticle.

These cuticular lined portions of the oviducts are called the receptacula

seminis.

Lowe (1935) has stated that in C. finmarchicus the anterior diverticula
of the oviducts are each divided into an upper and a lower canal by a
thin membranous partition which she believed represented the fused
adjacent walls of a U-shaped loop. The oocytes from the ovary pass
forward into the upper channels and then back along the ventral channels

and into the oviducts proper. Park (1966) could not detect a similar
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partition in the calanoid Epilabidocera amphitrites and such an

arrangement is also absent in E, norvegica.

In females which are in an immature or spent condition the head diverticula
and posteriorly directed oviducts are difficult to see and may appear

to be absent. In the semi-ripe condition the living female is trans-
parent enough for the ovary to just become visible and the oviducts

can be seen as two dark, thin cords containing immature eggs. In the
mature condition the oviducts and anterior diverticula are much expanded,
so that the ovary is partly masked from view, and are filled with a row

of large, ripe eggs. The three lateral diverticula are prominent.

The largest and most fully developed eggs are found at the distal end

of the ducts whereas the smallest eggs are present at the narrower, more
anterior ends of the ducts. Marshall & Orr (1952) state that the oviducts
of C- finmarchicus in medium or fully mature conditionscan contain more
than one row of eggs, whilst Park (1966) has described female E. amphitrites
as having a single row of eggs anteriorly and several rows posteriorly.

The condition of both these copepods differ appreciably from that of

E. norvegica which has never been observed with more than one row of eggs

present in each oviduct.

The walls of the oviducts consist of a very thin, often indistinct, layer
of epithelial cells. The nuclei of the cells are clearly seen as
positively staining, elongated structures. The lumen of the ducts in
ripe females are greatly distended with enlarging eggs and the walls are
so stretched that they are often so tenuous as to appear invisible in
light microscope preparations stained with haematoxylin and eosin. The

extreme dilation of the oviducts around the maturing eggs, as well as



the constriction of the same ducts between individual eggs suggests
that the walls possess elastic-like properties. The fully mature
oocytes that are found in the oviducts are elongated in shape as a

result of the pressure in the duct.

THE GENITAL SEGMENT:

The genital segment is the name given to the 1st urosome segment and
follows on immediately posterior to the last segment of the metasome.

The structure of the genital segment is complex, and its shape and
arrangement are key features used in the taxonomic separation of females
of the family Euchaetidae (see Rose, 1933; Brodskii, 1950; Geptner, 1968).
The present description is an attempt to analyse the structure of the
genital segment and the genital region from the standpoint of functional
morphology as well as to relate the female genital segment to the later

description of spermatophore placement in this region by the male.

The genital segment (plates 1 & 2) can be divided into an elongated,

more or less cylindrical main part and the genital prominence. The

genital prominence is the name given to the large, readily visible part

of the genital segment which is directed ventrally away, at approximately
90°, from the cylindrical portion of the segment and upon which the

genital field is situated. The proximal part of the segment is articulated
with the distal part of the last metasome segment. The genital segment,
like the urosome in general, can be moved in a vertical plane. Upward
movement is effected by three pairs of short muscles, whilst downwards
movements are made by two, long powerful muscles which pass through the

prosome and are attached to the exoskeleton of the cephalosome.

The central cavity of the cylindrical part of the genital segment is

occupied by the gut, the nerve cord, various muscle bands as well as the



genital organs. The genital organs are the receptacula seminis and
the paired accessory glands. Externally the cylindrical part of the
segment is devoid of any prominent structures except for a well defined
ridge which is mainly situated on the left ventral aspect anterior to

the genital prominence (Plates 1 & 2).

The receptaculum seminis is essentially a tube, bent at right

angles, with thick, semi-rigid walls. The proximal straight horizontal
part lies along the articulation of the urosome with the metasome, at
which point the tube becomes constricted and merges with the main thin
walled portion of the oviduct. The distal end is narrowed and proceeds

ventrally to terminate in the region of the genital field.

The accessory glands (Figs. 3 & 4) lie along the lateral wall of the
segment at the same level as the proximal halves of the receptacula.
The inner aspects lie close to the alimentary canal. Each gland gives
off a duct which opens in the genital region. The function of the
glands are not known but it seems reasonable to envisage that they are
connected with the reproductive system. They undergo cyclical changes
in size and activity which appear to be associated with mature oocytes

and egg laying; they may be involved in some way with secretion of the

egg sac.

THE GENITAL FIELD:

The distal parts of the genital system are contained in the genital
prominence, where they have the advantage of being removed from the
proximity of the urosome musculature. The genital prominence and
associated genital field have developed in E. norvegica as structures

more or less separated from the rest of the segment.



The genital field is a complex part of the integument in the form of
a system of folds, bulges and thickenings of the cuticle which surrounds
the openings of the ducts of the reproductive organs (Plates 2 & 3).
The male attaches its spermatophore to the genital field, and later the

egg sac is formed and attached to the field.

Geptner (1968) in a general description of the morphological features

of the genital segment of members of the family Euchaetidae has divided
the genital field into three major parts. These are the valve, the pads
and the posterior wall of the field; the latter bounding a deep recess
in the integuments, the half-closed genital cavity into which the ducts
of the receptacula seminis and accessory glands open. The genital field
accessory glands are situated under the integument of the field. Their
function, like that of the main accessory glands, is unknown but their

connection with the reproductive system is obvious.

The genital valve is a flap of integument from the anterior wall of the
prominence, curving over on its apex where it forms a roof . The
valve appears to possess some degree of mobility and probably acts to
close the entrance to the genital cavity in the manner of a door.
Morphologically the genital valve is seen as a complex, doubly curved
plate. The outer visible part occupies a large area of the field. The
lamella of the valve eventually merges with the lining of the genital
cavity, where the ducts of the receptacula and accessory glands have
their openings. The lining of the posterior wall of the genital cavity
surfaces to form the posterior wall or posterior border of the genital
field, which in turn merges into the posterior wall of the prominence.
The posterior wall of the prominence has a large outgrowth on the right

side and is therefore asymmetrical. Viewed from above the valve flap is



seen to be heart-shaped in outline with a V-shaped notch in the centre
of its posterior border. The upper external part of the valve flap

has an intricate relief and structure due to bulges and convexities in
the valve flap as well as local thickenings of the integument. By far
the most pronounced structures situated in the flap are the paired
elongated lateral folds. In addition the left and right outer portions
of the valve flap each bear a distinct tooth which curves outwards

and ends in close proximity to the inner edge of the respective genital
pads. Paired muscles are attached to the under surface of the genital
valve while the other ends are attached to the anterior and lateral
walls of the genital prominence; when they contract they probably function
to enlarge the genital opening during egg laying and possibly during

copulation.

The genital pads are symmetrical paired structures, lying along the sides
of the genital valve. The body of the pad is formed by a layer of
integument from the lateral wall of the genital prominence. The axis

of the pad runs parallel to the long axis of the genital segment and

urosome.

FERTILIZATION AND EGG MEMBRANES:

The eggs of E. norvegica are of such a size when mature that the egg
number can often be discerned with relative ease, and enable egg counts
to be made within the oviduct before egg laying has occurred. This
feature coupled with counts of eggs in the egg sacs after extrusion has
taken place demonstrates that all the eggs seen in the oviducts are

usually shed together in one ™spawning™.
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The extruded eggs within the egg sac are surrounded by three membranes

(Plate 4):

1. The primary egg membrane or perivitelline membrane

2. A second membrane which is external and concentric to the
perivitelline membrane, and

3. The egg sac membrane which surrounds the extruded egg mass and
helps to bind the eggs together as well as attach them to the
genital orifice.

Light microscope preparations show the perivitelline membrane to be

present around the egg in the ovary. The second egg membrane appears

after the egg has reached the distal end of the oviduct which suggests

that it is added by the relatively more developed, secretory walls

of this region of the duct. The egg sac membrane is added last around

the egg mass and is probably associated with increased secretory

activity of the accessory glands.

The presence of two non-living membranes around the developing eggs

has been clearly demonstrated in various species of Decapod crustaceans
(Yonge 1935, 1937). An inner chitinous membrane secreted by the oviducal
epithelium is closely applied to the protoplasmic membrane which already
surrounds the eggs in the ovary. An outer cuticular membrane is later
added by a secretion flowing round the eggs when they pass back through
the genital openings to the underside of the abdomen during the process
of egg laying. This flowing round is possible owing to the low surface
tension of the cuticular material (Yonge, 1932). Two secreted, non-living
membranes exist in the branchiopod crustacean Chirocephalus digEhanus
(Mawson & Yonge, 1938) and in Copepoda (Hacker, 1901; Ziegelmayer, 1926).

Raymont et al (1974) have indicated the presence of a primary egg membrane
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in the copepod Calanus finmarchicus using transmission electron
microscope observations and have made histochemical studies on its
composition which indicate an abundance of both basic proteins,

mucoproteins and lipids.

Fertilization of the eggs of E. norvegica probably takes place when the
eggs pass through the seminal receptacles and genital cavity when

egg laying takes place, as the sperm are non-motile and are only found
in the genital cavity and receptacula seminis. Fusion of the sperm

and egg probably occurs some time between the addition of the second
egg membrane and the egg sac membrane. The eggs are not shed free

into the water column but are firmly attached to the parent copepod

in the form of a single egg mass which is carried around until after

the nauplii have hatched out.



Fig.

Diagram of an adult female Euchaeta norvegica
viewed from the dorsal aspect to show the arrange-
ment of the component parts of the reproductive
system in the fully developed condition, just
prior to egg laying. The oviducts are shown

packed with mature eggs.
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Diagram of an adult female Euchaeta norvegica
viewed from the left side to show the arrangement
of the component parts of the reproductive

system in the fully developed condition, just
prior to egg laying. The oviducts are shown

packed with mature eggs.
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Fig.

5.

Diagram of an adult female Calanus viewed from the
left side (after Marshall & Orr) showing the
arrangement of the component parts of the

reproductive system.

a: aorta; an: anus; br: brain; fo: frontal organ;

g: gut; h: heart; me: median eye; mo: mouth; mxg:
maxillary gland; o: ovary; o di: oviducal diverticula;
od: oviduct; oes: oesophagus; os: oil sac; rf: rostral
filament; sp: spermathecal sac; vnc: ventral nerve

cord






Scanning electron micrograph showing the adult
female genital segment of Euchaeta norvegica viewed

from the right side.

gp: genital prominence; r: ventral ridge; h: hairs
found mainly on the 2nd urosome segment but also, to
a lesser extent, on the posterior border of the

genital segment.



Plate 1.

Scanning electron micrograph showing the adult
female genital segment of Euchaeta norvegici i viewed

from the right side.

gp: genital prominence; r: ventral ridge; h hairs
found mainly on the 2nd urosome segment but also, to
a lesser extent, on the posterior border of the

genital segment.






Plate 2.

Scanning electron micrograph showing the ventral
aspect of the genital segment of an adult female
Euchaeta norvegica. The broken line delineates

the approximate boundary of the genital field.

r: ventral ridge; h: hairs on 2nd urosome segment.
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Plate 3.

Scanning electron micrograph of the genital field
of an adult female Euchaeta norveglca. The broken
line delineates the approximate boundary of the

genital field.

v: valve flap; If: lateral fold; gc: genital cavity;
pw: posterior wall of field; gp: genital pad; t: lateral

tooth






Plate 4.

Section through the egg sac of an adult female
Euchaeta norvegica to show the arrangement of the

egg membranes.

1: perivitelline membrane; 2: secondary egg

membrane; 3: egg sac membrane
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CHAPTER 3

THE MALE REPRODUCTIVE SYSTEM

INTRODUCTION

The reproductive system of male animals is primarily orientated towards
the production and transference of sperm. In the Copepoda the male
system is responsible for the packaging of the sperm and associated
secretions within a flask-shaped spermatophore. The ripe spermatophore
is eventually extruded from the male"s body and attached to the female
genital orifice in such a manner that discharge of the contents causes
internal fertilization of the female®s eggs. The spermatophore may

thus be thought of as acting in place of a male intromittent organ.

Heberer, in a series of papers (1924, 1926, 1932a, b, 1937, 1955a, b),
has made notable studies of the male reproductive system and spermatophore
in a number of calanoid, cyclopoid and harpacticoid copepods. These
studies have been supplemented by Lowe®s (1935) short account of the male
reproductive system of Calanus finmarchicus and more recently by the
comprehensive studies of Fahrenbach (1962) and Park (1966) on Diarthrodes
cystoecus and Epilabidocera amphitrites respectively. Raymont et al
(1974) have provided, for the first time in a copepod, brief details

of the fine structure of aspects of the male reproductive system and
spermatophore of Calanus finmarchicus. The last named investigators

have also indicated the remarkable degree of discord which exists over

the exact methods of production and entry of the various components of

the spermatophore.

The present study is an attempt to provide details of the morphology,
histology and ultrastructure of the male reproductive system of Euchaeta

norveglcai a8 well as to elucidate the manner of production and function
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of the calanoid spermatophore. Investigations were initially made

using light microscope techniques which, although adequate for determining
the more gross histology, soon revealed that the vital, dynamic aspects

of the system were beyond the limit of resolution of the light microscope.
Accordingly the relationship between structure and function was pursued

with the superior potential of the transmission electron microscope.

MATERIALS AND METHODS:

Standard techniques were exploited for examination of histology and
ultrastructure. However, certain problems arose with the material

which required modification and development of these techniques. Further
details have been provided in the form of appendices, where it has been

considered necessary.

A.  Whole Mounts

Copepods required for viewing of the intact reproductive system in situ

within the body were treated in the following manner:

1. Formalin-fixed material was placed directly into Anthracene blue
staining solution but material stored in 70% alcohol was washed
in 50% alcohol before being placed directly into the staining
solution.

The staining solution was prepared by diluting an Anthracene blue
solution <0.5gm of Anthracene blue W.R. *Becker™ in 100ml of 5%
aluminium sulphate solution) with 5% aluminium sulphate solution
until a pale purple-pink colour is obtained (approx 1 part stain
to 20 parts of aluminium sulphate solution).

The copepods were left in the stain for approx 36 hours. Over-
staining rarely occurred but when this happened excess stain was

removed by immersing in 1% aqueous aluminium sulphate solution for

several hours.

r*
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Stained specimens were washed for 1 hour in several changes of
distilled water.

Dehydrated through a graded alcohol series (i.e. 30%, 50%, 70%,
90%, absolute alcohol, allowing 10 minutes per grade and giving
2 changes of absolute alcohol).

Cleared in cedarwood oil (12 hours) followed by xylol (2 changes
of 5 minutes each).

Finally mounted in DPX synthetic resin under a supported cover
slip.

Permanent whole mounts prepared in this way enable the internal
anatomy of the specimens to be easily viewed through the now

transparent body.

Specimen Preparation for Light Microscope Histology

The specimens were fixed in Bouin"s fluid which was made up according

to the recipe given by Bradbury (1969).

The reasons for using Bouin®s fluid were two-fold:

The fixative contains acid and is a mild decalcifying agent, thus
helping to soften the tissue making it easier to cut at a later
stage.

The fixative is yellow and stains the tissue. As the specimens
are fairly small this fixative makes the tissue easier to see and

thus easier to orientate when embedding.

A fixation time of 48 hours was used. This was probably excessive for

the size of specimen but did not appear to be detrimental to the end

result.
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After fixation the specimens were then processed by the "double
embedding” method. This method is so called because it combines the
celloidin method of processing with the paraffin wax method. It is
carried out by firstly impregnating with celloidin and subsequently
embedding in paraffin wax. The advantage of this method is that it
helps the tissue layers to maintain their architecture and lessens the

possibility of sections falling to pieces.

The double embedding method employed is given in Appendix 1.

Sections were cut at a thickness of 5'.m using a heavy rotary microtome.
The sections were floated on top of 30% spirit on glass microscope
slides coated with "tissue tek™ (a commercially made adhesive) and then
lowered gently into water. The resulting change in surface tension

causes the sections to stretch and flatten.

The wax was removed by soaking the slides bearing the sections in xylol
for 5 minutes and the xylol was in turn removed by rinsing in absolute
alcohol for 1 minute. The sections were then taken down through descend-
ing strengths of alcohol before being stained by the haematoxylin and
eosin method (see Bradbury, 1969), dehydrated by passing through
ascending strengths of alcohol, cleaned in xylol and mounted in DPX

synthetic resin.

C. Specimen Preparation for the Transmission Electron Microscope

Correct preparation of material for E/M is important as cells deteriorate
rapidly after the death of the organism. The primary rule to be followed
is that material should be kept relatively small in size as fixatives do

not penetrate very far into the tissue. The copepods were killed by
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dropping them into buffered 3.1% gluteraldehyde solution. After death
had occurred (usually less than 1-2 minutes) they had the last segments
of their urosomes and their heads anterior to the testis cut off to
facilitate speedy entry of fixative. Other specimens were killed in a
similar manner and then removed to filtered sea water before quickly
having their entire reproductive system carefully dissected out and
immersed in fixative. Damage of the reproductive system should be kept

to a minimum.

Fixation:

The cell structure of the tissue to be examined in the E/M must be
stabilised by suitable fixatives. These fixatives stabilise cell
structure by creating cross-linkages between some of the constituent
molecules, thereby providing a framework so that fine structure does

not change through stresses caused by dehydration and embedding. Although
it is known that this cross linkage chiefly involves proteins and

lipids, the full details of the chemistry of fixation are not well
understood. Cell constituents which do not react with fixatives may

be washed out; on the whole it is only the macromolecular skeleton of

the cell which is preserved.

Double fixation was found to be the most satisfactory method of fixation
available. This involved the use of gluteraldehyde (CHO(CH2>gCHO) and
osmium tetroxide (0S04>, often mutually incompatible, in sequence to
obtain better fixation than would be obtained with either alone. The
image resulting from double fixation is the most complete yet obtainable.
The less toxic gluteraldehyde used first enables the tissue to be handled
during fixation. Since gluteraldehyde penetrates faster than osmium,

cellular activity stops more quickly which results in better preservation
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of fine structure. All traces of gluteraldehyde should be removed from
the tissues before post-fixation in osmium, as the two chemicals react
to produce a fine electron-dense precipitate which pervades the
preparation. The material being fixed was thus washed in several
changes of buffer to remove all gluteraldehyde before being placed in
osmium. Only cacodylate buffer is suitable for both fixatives. It

was customary to use chilled solutions to avoid as far as possible
unwanted chemical extraction of components of the cells. After fixation
the specimens were washed thoroughly in buffer as any free osmium
remaining in the tissue will be reduced during dehydration in ethanol

and leave an electron-opaque precipitate throughout the tissue.

The recipes and processing schedule used during fixation and dehydration

are given in Appendix 2.

Embedding:

After fixation and dehydration the specimens were placed in a clearing
agent such as propylene oxide, miscible with with alcohol and the embedding
medium, which was used to provide a transition to the final stage of
processing. The pure propylene oxide was gradually replaced by the
embedding epoxy resin Epon over a period of 12 days. This abnormally
long period of transition was necessary to cause full infiltration of
the specimen by the medium, as shorter periods were found to introduce
extreme compression during sectioning or even failure to satisfactorily
cut the spermatophore within its sac. Full replacement of propylene
oxide by pure Epon was particularly difficult to achieve when shorter

Infiltration times were employed on whole male copepods.
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Epon embedding modified from Luft (1961) was found to be the most
suitable embedding medium for use with E. norvegica as it has the
advantage of being able to produce embedded specimens free from poly-
merization damage, the plastic does not sublime in the microscope

and so helps provide continual support and preservation of fine detail.
In addition Luffs medium allows very hard blocks to be prepared by
varying the quantity of the constituents employed, thus helping support
the copepod body components which range in toughness from the strong

chitinous exoskeleton to the soft internal organs.

After the required infiltration period had taken place the specimens were
embedded in No. 3 beem capsules prior to polymerization. The specimens
should be placed in the top of capsules filled with fresh Epon; any
further infiltration necessary will occur as the specimens sink to

the capsule bottom in the oven. Very small specimens, such as the
dissected reproductive system or parts of it, were prevented from
dropping to the capsule bottom by polymerizing a little resin in the
capsule first. |If misorientation of the specimens occurred during

polymerization they were cut out with a jewellers saw and re-embedded.

The recipe used to make the Epon embedding medium and the processing

schedule used during embedding are given in Appendix 3.

Section Cutting:

Ultrathin sectioning of crustacean tissue presents problems not generally
encountered with other animal material. The most important of these is
the vast range of variation in toughness found in a single block of a

whole male Euchaeta. The microtome knife must cut the exoskeleton which
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is relatively hard. At the same time it must cut the internal organs
which are much softer. This conflict sets up considerable strain at

the cutting face and can easily result in imperfect sectioning of one

or more of the components, or in distortion of the section. A further
problem is the presence in the body cells of hard inclusions and secretion
granules, as well as the resistant wall of the spermatophore. These
features are difficult to section and may be roughly fractured, knocked
out completely or pushed through the tissue by the knife edge, tearing

the section.

These problems had to be overcome, in part, at the embedding stage. The
resin had to be uniformly hard throughout, and the hardness had to be
correct to support the tissues concerned. Without this, attempts at
sectioning were futile. In addition, trimming of the block to expose

the specimen in the required orientation and with a correctly shaped face

became vitally important.

Thick sections were cut at ~um thickness for light microscopy and stained
with methylene or toluidine blue or were examined unstained by phase
contrast microscopy in order to localise areas of interest for subsequent
electron microscopy. The area of the block face was then trimmed down

to include only those structures of interest in the electron microscope

investigation.

Sections for E/M were cut on LKBIIl and Reichert OmU3 ultramicrotomes at
silver (60-90nm thickness) or grey (<60nm thickness) interference colours.
Glass microtome knives of 45° angle were generally employed but the

hardness of the Epon resin quickly damaged the cutting edges. Accordingly



a diamond knife was used when serial sections were required. The
sections were floated and collected on the surface of a water bath and
mounted on copper grids (“MICRON" grids; type 200 & 400) without a
supporting film. The absence of a supporting film allowed opportunities

for higher resolution and better contrast.

Staining:

Staining for E/M means increasing specimen contrast by depositing in
certain areas atoms of high atomic number which have greater electron
scattering power than the atoms (C,0,N,H) of the tissue. In addition the
fixative osmium tetroxide adds some contrast by selective deposition of
its heavy atoms by increasing the contrast of phospholipid membranes,

proteins and unsaturated lipids.

A variety of heavy metal stains (lead hydroxide, lead acetate, lead
citrate, uranyl acetate and phosphotungstic acid) were assessed for
staining performance but the most successful results were produced by
staining the grids initially in a saturated alcoholic solution of

uranyl acetate, followed by an aqueous solution of lead citrate.

The grids were submerged with the aid of forceps in drops of stain in
covered watch-glasses. When using lead preparations a few beads of
potassium hydroxide or similar carbon dioxide removing agent were placed
in the dish along with the drops of stain to remove carbon dioxide
contamination. Care was taken not to breathe over the drops. The grids
were not allowed to dry between staining and washing as drying causes
deposition of a contaminated layer. After a final rinse the grids were

placed on a filter paper, sections upwards, to dry.

The recipes and staining schedule used during staining are given in

Appendix 4.
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D. The Transmission Electron Microscope

The great advantage of the transmission electron microscope lies in its
far greater resolving power as compared with the light microscope. The
resolving power of the latter, that is its ability to differentiate
between two small objects close together so that they appear separate

and not as one, is a function both of the numerical aperture of the
objective and the wavelength of light; in practice, the minimum resoluble
distance between two objects is about 200nm. The wavelength of the
electron beam in the E/M, however, is very much less, so that its resolv-
ing power, and hence its ability to reveal detail, is greatly increased.
A consequence of this is that the photographic negatives obtained can

be greatly enlarged to reveal an enormous amount of detail.

The transmission electron microscope used throughout the present study was
an AEl Corinth 275. This microscope has a resolving power of 0.9nm,

and a theoretical resolution of 0.35nm. The magnification provides a
working range of 600x-100000x. An accelerating voltage of 60kV was used

throughout.

Further details concerning the functioning of the transmission electron
microscope and the preparation of tissues for use with it are provided
by Pease (1964), Kay (1965), Wischnitzer (1967), Sjostrand (1967) and

Meek (1970).

RESULTS

The male reproductive system of E. norveglca (Fig.6 ) consists of a
single testis and a single genital duct which passes posteriorly in the
left of the perivisceral cavity and opens to the exterior in the left

side of the first urosome segment. There is no sign of the right genital
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duct in E. norvegica but Lowe (1935) describes it as being present in a
rudimentary condition as a cord of cells lying in the right side of the

pericardial floor in Calanus finmarchicus.

Four distinct regions can be differentiated in the structure of the wall
of the male genital duct in E. norvegica. Following Heberer®s (1924)
terminology for the duct of Heterocope these regions have been termed
the vas deferens, the seminal vesicle, the spermatophore sac and the

ductus ejaculatorius (Fig. ).

A. Testis:

The single pear-shaped testis lies entirely within the anterior region

of the cephalosome. In its fully developed condition it extends from the
level of the maxillipeds forward to the maxillae, and measures about
60Qu.m in length by 390>*m in width at its widest point, which is close

to the rounded anterior end. The posterior, narrow end of the testis

is bifurcated, with each bifurcation terminating in a small rounded bulb.

The main body of the testis is displaced slightly to the left of centre
in the cephalosome and is suspended in the main perivisceral cavity by
connective tissue mesenteries; the dorsal surface of the testis is
attached by mesenteries to the ventral wall of the main aorta, whilst
the ventral aspect of the organ is often closely applied to the dorsal

surface of the gut.

Spermatogenic stages are arranged in sequential order, starting with
spermatogonia at the posterior end and ending at the anterior with mature
spermatozoa. The posterior region or multiplication zone is occupied by

spermatogonia, ca. 25-3("™m in size. The next, more anterior layer is



the zone of spermatogenesis consisting of the spermatocytes which are
ca. 18-22M11 in size and are thus smaller than the spermatogonia. The
anterior of the testis is occupied by spermatids and maturing spermatozoa

(Plate 6A).

Each sperm is ca. 16-20yttm long by 8-10"m in diameter and are thus slightly
spindle-shaped. The wall of the sperm (Plates 6B, 6C) is ca. 270nm
thick and is covered on the outside by a double layered cell membrane

of ca. 50nm thickness. Just interior to the membrane is a layer of
granules of ca. 30nm diameter which are spaced 30-100nm apart. These
granules closely resemble glycogen particles in structure. The internal
cytoplasm of the sperm consists of a uniformly granular ground substance
which may, in part, be ribosomal. Situated at the periphery of the
internal cytoplasm is a zone of vesicles. Each vesicle is ca. L.fy<m

in diameter and can be seen to be made up of a system of extremely thin
concentric membranes which produces an overall whorl-like appearance.

The sperm, as is usual in crustaceans, do not have a "tail".

The anterior of the testis contains a central cavity (Plate 5A) ca. 4Qam
in diameter into which the mature sperm are released. The central cavity
courses forwards to the left anterior end of the testis where it grades

into the vas deferens.

B. Vas Deferens:

The vas deferens is a thick-walled, glandular tube arising from the left
anterior end of the testis, which proceeds ventrally and posteriorly at
an angle of about 15° to the main longitudinal axis of the prosome for a

distance of 390/tm before generally travelling dorsally backwards for 400™m.
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This last mentioned region is, however, characterised by the lumen of the
duct forming a number of loops, the limbs of which have fused to such an
extent that the walls are no longer distinct from each other, and thus
when viewed externally make this region thicker than any of the rest of
the vas deferens. The duct then passes straight backwards as a single,
unlooped tube for about 3CK"um before passing in a ventral direction at

an angle of nearly 45° for 290"m. The vas deferens then continues to
travel backwards at an angle of about 15° for nearly 600/»m. The thickness
of this last mentioned part of the vas deferens is about 100™m. The duct
then turns inwards at right angles to the longitudinal axis of the body
for 300/um before passing upwards and forwards for 168/i.m. At this point
the external diameter of the duct becomes constricted to only 50/um before

entering the seminal vesicle.

Anterior vas deferens

The anterior portion of the vas deferens is vascular and consists of
elongate columnar cells. The lumen of the proximal region is relatively
narrow and sperm passing into it from the testis are often packed in
tightly so that some of the sperm assume semi-hexagonal profiles where
their walls have become distorted in shape owing to compaction (Plates

7A, 7B). The walls of the sperm are thus fairly soft, non-rigid structures.

Interspersed between the tightly massed sperm are numbers of small electron-
dense granules, ca. 800nm in size, which vary in shape from sub-spherical

to elongate (Plates 7A-F). These granules have been termed alpha granules
and consist of a homogeneous, Tfairly granular material surrounded by a
delicate limiting membrane. Both the sperm and alpha particles are
encompassed in a matrix secreted by the proximal region of the vas deferens.
The matrix can sometimes be seen to include a feint, filamentous

component (Plate 7C).



The alpha granules are secreted by the whole length of the anterior region
of the vas deferens, and they first appear in the lumen of the duct soon
after the junction point with the testis. Large quantities of these
granules are liberated into the duct and the numbers found increase as
the vas deferens proceeds backwards. The cells of the anterior vas
deferens are devoted towards producing alpha granules within numerous
secretory vacuoles which are scattered throughout the cytoplasm but are

generally crowded towards the lumen (Plates 7B, 7D).

The formation and secretion of alpha granules has been extensively

studied during this investigation, and it is evident that their manufacture
is closely connected with the presence of numerous prominent Golgi

apparatus. The Golgi apparatus in the vas deferens of E, norvegica viewed
under the electron microscope has the typical structure described by

Favard (1969) for a wide range of organisms, and consists of membrane
lamellae forming stacks of flattened saccules, dilated membrane bound
vesicles and smaller transition vesicles (Plate 8A). Each stack of sa.ccu.lti

is termed a dictyosome.

Also associated with the well defined Golgi apparatus is an elaborate
system of granular endoplasmic reticulum (GER) which fills most of the
cytoplasm (Plate 7D). The cisternae of the GER are long, extensively
interconnected and at times so closely packed that the cytoplasmic space
containing the ribosomes between adjacent cisternae is narrower than the
width of the individual cisternae. The contents of the cisternae are
usually of low density in comparison with the adjacent cytoplasmic ground
substance with its numerous ribosomes, however, at times the cisternae

may be dilated and the material contained in the cavities may be flocculent

and suggestive of a proteinaceous precipitate.



Morphological observations at the ultrastructural level have established
the presence of numerous minute vesicles, each about 40nm in size, in the
space between the most external Golgi saccules and the GER. Intensive
investigation of the GER in this zone has revealed that the cisternae
nearest the dictyosomes are agranular and appear to bud off small
vesicles. This suggests that the transfer of proteins occurs within

the vesicles which arise from the GER and then open into the most
internal Golgi saccule. These vesicles which form what have been called
the transition elements (Ziegel & Dalton, 1962) can be seen in many types
of cell (Palade, 1961; Friend, 1965; Kessel, 1966) and transfer by

similar vesicles has been demonstrated byJamiesonfc Palade (1965; 1967a).

It is now generally accepted that proteins are carried from the GER
toward the Golgi apparatus inside transition vesicles whose membrane
isolates them from the hyaloplasm. The saccules of the dictyosomes

seem to form the final secretion granule by the accumulation of material
of appreciable density. These secretion granules are released in the
form of vesicles budded off from the saccules which may fuse together

to form larger secretion granules (Plates 8A-D). Sometimes the secretory
vesicles can be seen to aggregate into small clumps each of 3-12
granules. The mature alpha granules are transported to the cell

surface where they are released by fusion of the limiting membrane

of the vesicle with the apical cell membrane by the process of merocrine

secretion.

The alpha granules, when present in the lumen of the duct in large
numbers, give the impression that they are repellent to the sperm in

some way, as the latter are often surrounded by a "halo™ from which the



granules are absent (Plate 9B). The granules appear very electron dense
in the proximal region of the vas deferens but gradually become less
dense as they pass posteriorly along the duct. The reason for this
change is not known but may possibly be due to a change in the pH or

nature of other secretion products within the vas deferens.

Posterior vas deferens

The cells of this region of the vas deferens are intensely secretory and
the wall of the duct becomes thicker than that of the anterior region.
Morphologically and functionally the posterior vas deferens is considered
to begin at the position where the secretory activity of the alpha granule
producing cells decrease considerably to the point of complete absence

and is replaced by a new type of cell which produces secretion responsible

for the formation of the wall of the presumptive spermatophore.

The GER of the posterior vas deferens is very conspicuous and the cytoplasm
contains larger quantities of the rosette types of ribosome than the
anterior vas deferens. A number of ribosomes concerned in the manufacture
of a single large protein molecule may be arranged together in a functional
group known as a polyribosome or polysome, probably linked by the thread
of messenger RNA (Toner & Carr, 1968) and it is likely that the rosettes
and spirals of ribosomes commonly seen in electron micrographs of this
portion of the duct may represent these functional units of protein

synthesis.

The highly basophilic cytoplasm of this region, contains large numbers

of vesicles, each between 600nm and 1.8"m in diameter when fully developed
which enclose globules of fibrillar material (Plate 9C) and occasionally
small very electron dense granules (Plates 9D, 9E) which have been termed

beta granules. Each beta granule is nearly spherical with a diameter,



after liberation into the lumen of the duct, of ca. 600nm. The
vesicles containing globules of spermatophore wall secretion are
membrane limited, and besides containing beta granules, often enclose
a uniformly dense amorphous component (Plate 9C) which suggests that
formation of the fibrillar globules may involve a condensing process
within the vesicle. Mitochondria (Plate 9E) are more evident in this

region than in the anterior vas deferens.

The globules of fibrillar secretion are released into the lumen and merge
together, taking up a position closely applied to the lining of the duct
where they form the presumptive spermatophore wall (Plates 9A, 9). The
beta granules are liberated along with the globules of fibrillar secretion

and become arranged interior to the forming wall (Plate 9F).

The lumen of the distal region of the posterior vas deferens can now be
seen to contain a central core of alpha granules set in a moderately

dense matrix around which are arranged a single, sparsely distributed
layer of sperm. Outside the sperm zone, the beta granules are found
closely applied to the inner surface of the presumptive spermatophore wall,
which, in turn, encapsulates the whole assemblage. Both the sperm and

the beta granules are set in a matrix which is less dense than that of
the alpha granules. The recently applied spermatophore wall has a
semi-fluid, viscous consistency and frequently contains vesicles (Plate
9F) which decrease in number towards the distal end of the vas deferens.
These vesicles, visible within the newly produced spermatophore wall

often contain beta granules which appear to be in the process of migrating
through to the other side. The presumptive spermatophore wall lines the
whole of the posterior vas deferens and reaches its maximum thickness

of ca. 3nm at the distal end, just prior to entering the seminal vesicle.



The end of the vas deferens is marked by a well defined thinning of
the walls of the reproductive tract and a decrease in the diameter of

the lumen to about 25yum.

C. Seminal Vesicle

The beginning of the section of the reproductive tract known as the
seminal vesicle is indicated by a noticeable widening of the external
diameter of the tube after the point of constriction marking the

termination of the vas deferens.

The seminal vesicle commences by proceeding upwards and forwards at

an angle of about 45° to the longitudinal axis of the male®s body

for 13Qum before bending backwards and upwards for about 350/im. The
seminal vesicle has now reached an external diameter of nearly 100/un
and bends round forwards and downwards for about 500/01 so that a loop
is formed in which the ascending and descending limbs of the duct are
separated from each other by an average of 20/un. The external diameter
of the duct has by this point increased to 18¥»a. The descending limb
now curves round posteriorly and passes backwards for about 400/m at
which point it reaches its maximum diameter of 160/im. The reproductive
tract now rapidly narrows to about 20/tm in external diameter before
entering the right side of the spermatophore sac at a distance of about

50/im from the letters anterior end.

Freshly dissected whole mounts of the seminal vesicle can be seen to
have an extremely thin hyaline wall through which the contents are
easily visible. In all dissections (over 120 specimens) the seminal
vesicle was always seen to contain a presumptive spermatophore in the

process of manufacture.



The wall of the seminal vesicle varies in thickness from place to place
depending upon the size of the developing spermatophore assemblage but
it is usually only 2-3dm in diameter (Plate 10A). The cells of the duct
form a single layer in which are interspersed a small number of highly
elongated nuclei, however, in the places where the two adjacent loops

of the duct meet the junctional nuclei tend to assume a more ovoid

shape (Plates 10B, 10C, 10D).

The cytoplasm of the cells contain an abundant, convoluted network of

GER as well as many vesicles containing globules of fibrillar spermatophore
wall material. These vesicles range in size from 100nm to 2%im and are
similar in structure to those produced in the posterior vas deferens
except that beta granules are absent from the cells of the seminal vesicle.
E/M preparations frequently show globules of fibrillar secretion merging
with and adding to the already present spermatophore wall (Plate 10C).

The seminal vesicle thus acts in a supplementary capacity to the posterior
vas deferens in secreting the spermatophore wall material. The fibrillar
structure of the spermatophore wall is particularly visible in higher
power electron micrographs taken within this region of the reproductive

tract (Plate 10E).

Preparations of the distal, widened portion of the seminal vesicle often
reveal the presence of foamy, vesicular-like areas within the outer
matrix of the presumptive spermatophore (Plate 10F). These foamy areas
are sometimes visible in the posterior vas deferens but generally become

more apparant as the various secretions pass posteriorly along the duct.

The spermatophore assemblage in the form of the cylindrical contents of

the seminal vesicle is continuous anteriorly throughout the vas deferens.



The various components of the formative spermatophore, which have been
secreted into the vas deferens in different regions along its length
pass down, assuming an organized radial symmetry, into the cavity of
the seminal vesicle. The contents are collected in the lumen whilst
maintaining the same order of arrangement as that in which they were
originally secreted. The components of the spermatophore accumulate
and become compacted to varying degrees prior to the final shaping

in the spermatophore sac. The seminal vesicle thus mainly acts as a
compartment for the collection and storage of the constituents of a
definitive spermatophore, and it is here that they take up their final

positions.

The short section of the reproductive tract following the seminal vesicle
proper, and which continues into the anterior of the spermatophore sac, is
believed to be equivalent to the "Former" (= shaper, moulder) described

by Heberer (1932b, 1937) in other copepods. The highly constricted

lumen of the Former appears to act to cut off the cylinder of secretion
contained within the seminal vesicle by fusing the distal end of the
spermatophore wall in the manner of a round-bottomed flask. The

rounded end of the spermatophore flask often displays an irregular,

wavy pattern in the wall which may indicate that the viscous material

has been closed by fusing after the neck of the preceeding spermatophore
was pinched off by the Former. Park (1966) has recorded a similar
occurrence in the calanoid copepod Epilabidocera amphitrites and has

also noted that this closure of the spermatophore flask results in

the normally ordered arrangement of the contents of the presumptive
spermatophore often being disrupted at the distal end of the seminal vesicle.
An analogous situation has been observed in the harpacticoid copepod

Diarthrodes cysto.ecus by Fahrenbach (1962), who has further supported



41.

the above hypothesis by noting that the distal end of the spermatophore
flask has a terminal, bulbous portion in the wall; probably as a result

of fusion.

The natural passage of the spermatophore assemblage from the seminal
vesicle into the spermatophore sac has not been observed in E. norvegica,
however, the artificial passage of the assemblage has been followed

after careful application of pressure to the anterior metasome of the

live male copepod. This increase in internal pressure resulted in the
extrusion of the ripe spermatophore already contained within the
spermatophore sac and its replacement by the passage of the crude
spermatophore into the vacant cavity of the sac. The Former was seen

to clamp down onto the narrowing spermatophore cylinder after the wider
flask had passed through it. This had the effect of stretching and
compressing the narrow strand of material until the proximal end of

the newly formed spermatophore had become moulded into a short, narrow
neck. Further observations were made impossible owing to the copepod
becoming opaque prior to its death, however, it appears very likely

that the narrow cylindrical strand of secretion is severed, probably

by the action of the wall between the seminal vesicle and the spermatophore
sac. Under natural conditions it is probable that the crude spermatophore
assemblage, partly preformed within the seminal vesicle, passes down

into the spermatophore sac in a single, smooth continuous motion,

similar to that observed in other calanoid copepods be Heberer (1932b).

D. Spermatophore Sac
The spermatophore sac is an extensive spindle-shaped tube which occupies

a position that is slightly displaced to the left side of the body, about
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three-fifths of the distance between the ventral and dorsal surfaces

of the metasome. The proximal end of the sac usually extends forwards
into the middle of the first free metasome segment. The size of the sac
can be very variable and in its most developed condition the proximal
end of the organ will extend into the cephalosome as far as the position
of the first pair of thoracic limbs. Distally the spermatophore sac

extends as far back as half-way into the last metasome segment.

The spermatophore sac is usually about 1100-1300,/um long, and reaches

its greatest width of 200-250/im two-thirds of its way back. The walls of
the duct are thick and glandular with the cytoplasm of the cells being
packed with numerous globules of secretion (Plate 5C). The cytoplasm

is highly vacuolated and the cisternae of the GER are characteristically
wide and distended (Plate 11B). The ellipsoid shaped nuclei are

abundant and vary from 7-11/tm in length and are about 54m wide. The
secretory cells are often multinucleate and tend to have their nuclei

distributed towards the external surfaces of the sac.

The wall of the sac displays irregular, wavy outer contours and is of
varying thickness. The greatest thickness of the wall is found in the
proximal third of the tract and gradually becomes thinner towards the
distal end where it finally passes into the ductus ejaculatorlus. The
anterior 210-230pm of the sac is narrower than the rest and is bulb-
shaped. The thin constricted duct leading from the seminal vesicle
enters the anterior end of the spermatophore in this region (Plates
13A, 13B). This part of the sac is equivalent to Heberer"s Former

and has thick walls which form the main secretory sites in the sac.
The cytoplasm of the cells in this area is crowded with secretory

vesicles, which congregate toward the lumen.



The external cell membrane of the sac"s surface is bounded by a

thin diffuse basal lamina, beneath which are circular and longitudinal
muscle fibres (Plate 11A). These muscles consist of spindle-shaped
cells in which most of the cytoplasm is occupied by myofilaments with
a predominantly longitudinal orientation without evidence of a
pattern of repeating units. On these criteria the fibres can be

diagnosed as being smooth muscle.

The circular muscles are situated at the periphery of the spermatophore
sac close to the external cell membrane, whilst the longidtudinal
muscles are arranged in distinct bundles underneath the enclosing
circular muscle layer. Smooth muscle is characterised by a slow and
sustained mode of contraction which is independent of voluntary control.
Such fibres have a great capacity for deformation, much greater than
that for striated muscle. Smooth muscle generally may contract by as
much as 400-500% whereas a corresponding figure for striated muscle
would be 20% or less (Barrington, 1967). Therefore, the arrangement
found in the spermpatophore sac of E. norvegica is ideally suited for
lengthy maintenance of the tonus required to cause extrusion of the

mature spermatophore from within the sac.

The secretory activities of the spermatophore sac vary considerably
from region to region and the vesicles found in the wall of the sac
vary in size and staining properties. These vesicles have been
classified into three main types on the basis of their appearance under

the E/M.

The first type of secretion consists of electron dense, homogeneous

globules which range in size from 1-4"im (Plates 11C, 11D). These



globules are secreted throughout most of the length of the spermatophore
sac but become reduced in number towards the neck of the spermatophore.
The globules which lie closer to the external periphery of the cell are
often paler and more mottled in texture than those which have passed

to their storage area in the cell apex. Pale inclusions of this type
near the cell periphery appear to be condensing vesicles which
apparently mature to form the final globule during the course of

their passage towards the lumen of the duct.

The second type of secretion consists mainly of electron dense globules,
similar to those first described, but also contain small very electron
dense granules (Plate HE) . These granules are ca. 300-700nm in

size and are usually situated centrally within the globule of secretion.
This type of secretion is mainly liberated towards the proximal half

of the spermatophore sac, although smaller quantities of it can also

be encountered within the distal portion of the lumen.

The first and second types of secretion can be found distributed along
most of the inner surface of the spermatophore sac and are responsible
for the addition of a new layer to the outside of the spermatophore
flask (Plates 11D, 11E; Plates 12A-D). The layer covering the distal
region of the spermatophore flask (Plate 12A) incorporates only small
numbers of the dense granules which, however, become more prevalent
towards the proximal end of the spermatophore flask (Plate 12D). This
recently added layer formed by the first and second secretions is
600-1000nm thick over most of the area of the flask but increases to
a thickness of over 3nm at the proximal end where the flask starts

to narrow (Plate 12D). In the region of the spermatophore neck the

added secretion becomes noticeably thicker and the electron dense granules



in it increase in size to a maximum of ca. 500nm (Plate 12E). However,
it is unlikely that these secretions modify the properties of any
components of the spermatophore in the sense of a "differentiation
secretion” such as described by Heberer (1932b). |Instead it is more
likely that the layer constitutes a spermatophore lubricant ('Gleit-

sekret” of Heberer) which aids ejaculation of the spermatophore.

The third type of secretion found within the cells of the spermatophore
sac consists of birefringent globules, each one of which is made up

of a centrally located pale spherule surrounded by a slightly more
dense corona (Plate 11F). This secretion fills the cavity of the
spermatophore sac in the region of the Former and forms an opaque
jelly-like layer (Plate 12F) which proximately becomes compacted into
an ovoid body, 140 x 80}w in size, around the terminal portion of the
spermatophore neck (Plate 13C). The secretion causes the neck of the
spermatophore to be sticky to the touch and thus has been called the
adhesive secretion (“'Klebsekret" of Heberer). In calanoid copepods

of the families Pontellidae and Centropagidae the spermatophore neck
is developed into a large and highly-specialised coupling device
(""Koppler" of Heberer, 1937) which aids the accurate transfer and
location of the opening of the spermatophore on the females genital
orifice (see Lee, 1972). In view of the fact that the relatively
unmodified mass of secretion completing the spermatophore neck in

E, rorvegica cannot be construed to form part of a true coupler in the
original sense of Heberer, it has been considered more appropriate to

follow the terminology of Fahrenbach (1962) and call it the "adhesive

body".
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In the region of the spermatophore neck encompassed by the adhesive
body, the added secretions become thicker than the spermatophore wall
material (Plate 12F), as extra electron-opaque material is added.

This electron-opaque secretion also forms the adhesive body and is
composed of electron dense granules and particles each of which is
surrounded by moderately dense homogeneous material set in an electron
opaque matrix. The birefringent secretory globules probably account
for the majority of the less dense material of the matrix of the
adhesive body, whilst the granules and other particles can be traced
back to the electron dense granules of the second type secretion which

coats the spermatophore flask.

The manner of release OFf all the secretory products in the spermatophore
sac appears to be typically merocrine as the products, after being
synthesised and stored in the cells, are released by fusion of their
limiting membranes with the cell membrane thus allowing the contents

to be released without breakdown of the structural integrity of the cell.

The lumen of the spermatophore sac is lined by a brush border of abundant
microvilli (Plates HC-E). Each microvillus is round in cross section
and cylindrical in overall shape except for a domed distal extremity.

The microvilli are of uniform size being ca. 980nm long and I00nm in
diameter. They are invested by a membrane continuous with the plasma
membrane of the cell, and comprising part of it. Axial longitudinal
filaments within the microvilli are not evident and a glycocalyx, common
in mammalian organization, appears to be absent. These microvilli are
of uncertain function since they have no obvious association with
absorptive activity, however, they may aid the distribution of secretion

by increasing the area of the duct constantly in contact with the

spermatophore.
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The spermatophore sac of E. norvegica nearly always contains a sperm-
atophore (Plate 13A). The proximal end of the spermatophore tapers
into a slender neck, about 270/um long by 40jam wide, which has been
shaped by the action of the Former (Plates 13B, 13C). The lumen of
the spermatophore neck is about 15/amn in diameter. The distal end of
the spermatophore is flask-shaped and has a maximum diameter of about
BCeyn.  The total length of the ripe spermatophore within the sperm-

atophore sac on average is about 885y»m long.

The neck of the spermatophore is usually found a short distance posteriorly
to the constricted anterior end of the sac (ie in the posterior region of
the Former) whilst its body occupies all except the posterior 25% of the
sac. This last part of the spermatophore sac is characterised by having
thinner walls than the anterior of the sac. Behind the distal end of the
spermatophore flask the sac and rest of the tract are empty throughout

the ductus ejaculatorius.

The constituents of the definitive spermatophore, within the spermatophore
sac, maintain essentially the same relative symmetry as was present
in the seminal vesicle. The beta granules do, however, decrease in
number towards the distal end of the spermatophore flask whilst they
increase in number and appear to merge into larger bodies (Plate 12D)
towards the spermatophore neck. Sections of the proximal region of
the spermatophore flask thus show the presence of a thick outer layer
of beta granules (Plate 5B) whereas sections of the distal region
demonstrate the near absence of this layer (Plate 5C). Coupled with
the decrease in the number of distally situated beta granules is an
increase in the quantity of foamy, vesicle-like bodies found in the

pale outer matrix of this layer. This arrangement results in the distal



end of the spermatophore, when viewed through the semi-transparent body
of the live copepod, appearing to be filled with a clear, foamy mass;
the core of alpha granules maintains its central position into the

distal region but the beta granules and sperm are displaced proximally.

The wall of the completed spermatophore is about 8-10/im thick on
average, and consists of the fibrillar wall proper with its newly
applied outer coating. There is a tendency for the wall of the distal
half of the spermatophore flask to be thinner than the wall of the
narrower proximal third of the flask. The fibrillar material of the
spermatophore neck is quite thin, 3-5/tm, although the addition there

of the thick outer coat of secretion gives it more substance.

The consistency of the spermatophore wall, within the sac, becomes more
firm than it previously was in the seminal vesicle although it is

still moderately pliable. There is an absence of definite layering

or banding within the spermatophore wall (Plates 12C, 12D) although
Park (1966) believes the spermatophore wall of Epilabidocera amphitrites

to be composed of four distinct layers and Raymont et al (1974) have

described it in Calanus finmarchicus to consist of about seven layers.

E. Ductus E.laculatorius

The ductus ejaculatorius is that section of the reproductive tract which
leaves the spermatophore sac terminally and passes posteriorly to the
external genital aperture situated on the left lateral surface of the

first urosome segment. The total length of this section is about 35("m.

The walls of the duct are only 1.5-3.0”m thick (Plate 5D) and are

composed of elongated epithelial cells in which are distributed a few
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scattered ellipsoidal nuclei. The ductus ejaculatorius is distinct

in structure from the end of the spermatophore sac.

The anterior region of the duct, lying within the metasome, is dorso-
ventrally compressed so that it is about 130/un wide and 40/um high.
However, once within the urosome the duct becomes dorso-ventrally
elongated and measures 140 x 60]im as it approaches the slit-like genital
aperture. The terminal section of the duct has a thin lining of cuticle

and is kept firmly closed except during ejaculation of a spermatophore.

The ductus ejaculatorius appears to be non-secretory and functions solely
as a tube along which the spermatophore passes to the outside of the
body. No dilator muscles are connected with it nor are any myofibrils
visible in its wall. Both Fahrenbach (1962) and Park (1966) have

noted an absence of associated muscles in their studies of the ductus
ejaculatorius in Diarthrodes cystoecus and Epilabidocera amphitrites
respectively, although Marshall & Orr (1955) describe this region of

Calanus finmarchicus as being short and muscular.

F. Spermatophore Discharge

Adult male E. norvegica can often be found in plankton hauls with
spermatophores gripped in the terminal processes of their left fifth
limbs (see Chapter 4). These spermatophores are nearly always
identical in size and structure to the pre-ejaculation spermatophore
found within the spermatophore sac. Occasionally, however, the
spermatophore gripped by the male may show signs of some secretion
having emerged from the neck at, or Just before the adhesive body. The
quantity of secretion seen to have escaped in these circumstances is

very small.



Spermatophores are frequently found attached to the genital segment of
adult female E. norvegica (see Chapter 5). These attached spermatophores
differ from the spermatophore held in the male®s fifth limbs in a number
of respects. The main point of difference is that after attachment the
spermatophore gains a long tube (Plates 13E-G) that is continuous with
its short original neck and which has approximately the same external
diameter as the originally present adhesive body. In some instances

this newly added "extended neck™ may be more than five times the length

of the original, short spermatophore neck (Plate 13G).

It is highly unlikely that the extended neck of the spermatophore is
formed before attachment to the female as the necks of spermatophores
carefully removed from the adult male fifth limbs (Plates 13C, 13D)

have necks which closely resemble that of the ripe spermatophore present
in the spermatophore sac. If the spermatophore did increase in length
during the period between ejaculation and attachment it is probable that
examples in this condition would have been found considering the large

number of specimens examined.

The first section of the tube leaving the flask of the attached sperm-
atophore is the original short neck of the spermatophore as seen in

the male"s fifth limbs. Beyond this region the colour and refractive index
of the tube increase to a dark brown shade and indicate the beginning

of the extended neck. With the aid of high power magnification and
frequent re-focussing it is possible to discern the widening at the

end of the true spermatophore neck which marks the previous position of

the adhesive body (Plate 13F). However, the bulk of the secretion forming

the adhesive body itself has disappeared.



51.

Spermatophores found attached on the genital segment can on the basis
of their position of attachment and appearance be grouped into two main

types; direct and non-direct placement spermatophores.

Direct placement spermatophores are those which have been attached
immediately over the female"s genital pores. These spermatophores

are nearly always found empty as they have discharged their contents
into the female®s genital cavity. Their flasks are about the same size
as those of spermatophores found gripped in the male"s fifth limbs and

their extended necks are usually about 454"tm long.

Non-direct placement spermatophores are those which are found outside
the region of the female"s genital field and thus have not been attached
over the genital pores. They can be found attached in nearly every
part of the genital segment (see Chapter 5) and often may be some
distance from the genital pores. Such spermatophores are usually found
half-full and use of Duncan®s Multiple range test (Duncan, 1955)

has shown that they have significantly larger flasks than those of
direct placement spermatophores or those from the male®s fifth limb

or spermatophore sac (Table 1). Their extended necks are appreciably
longer than those of direct-placement spermatophores, usually being
about 870”m or more, and end in a large circular mass of secretion

on the female®s cuticle(Plate 13G). This circular mass of secretion
has been named the "attachment disc” and represents the original point
of attachment of non-direct placement spermatophores to the genital

segment.

The majority of non-direct placement spermatophores (69.7%) had no

form of connection between the point of attachment and the female®s



TABLE 1: The results of comparing the mean size (“m) of samples of
spermatophores of Euchaeta norvegica obtained from different

sources using Duncan®s Multiple Range Test.

Spermatophore Male Fifth Direct Non-Direct

Sac Limbs Placement Placement -E

Length 885 876 826 1207 26
a a a c

Width 142 138 133 163 30
a ab b (o}

Samples with mean values which are not significantly different (P = 0.05)
share similar identificatory letters. The length of the spermatophore
was measured from the distal end of the flask to the start of the
adhesive body on the short neck, whilst the spermatophore width was
measured as the greatest diameter of the flask (n = 20 from each

source).
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genital orifice. The flask of these spermatophores are never found

fully empty and thus are unlikely to be viable for fertilization of the
female. The remaining non-direct placement spermatophores (30.3%)

had, however, a connection with the female"s genital orifice in the

form of a very thin tube traversing the cuticle from their attachment
discs (Plate 13H). These thin tubes, which have been called *"fertilizat-
ion tubes, enable their spermatophores to fully empty by passing their
contents into the female"s seminal receptacles. Spermatophores with
fertilization tubes are thus likely to be viable for fertilization

purposes.

Examination of over 6000 spermatophores on females failed to reveal any
attached spermatophores which had not developed their extended necks.
This strongly suggests that the extended spermatophore neck is produced
immediately after attachment and that the time taken from the start of
extrusion of this structure to the point where it is fully developed

is very short indeed.

Although adult males with spermatophores in their fifth limbs can be
brought into the laboratory and kept alive for a week or more, it is
extremely rare for spermatophore attachment to take place under such
conditions. Only one mating took place in the laboratory during the
period of this study but it occurred, however, unobserved between
midnight and six o"clock in the morning. The directly attached sperm-
atophore flask had fully emptied through the already formed extended
neck by the time observations were made. The male responsible had
previously been carrying the spermatophore in his fifth limb for over

24 hours without the contents having started to extrude.
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Adult males which were taken into the laboratory with spermatophores
already gripped in their fifth limbs were frequently discovered to

have released their spermatophores after about 2-3 days. The released
spermatophores were collected from the bottom of the confining container
and, in the majority of cases, were found to have produced long extended
necks. These observations indicate that the discharge of spermatophore
contends does not happen automatically within a few hours of ejaculation
and further suggest that there is a critical, limiting period of time
within which attachment has to occur otherwise the contents will

spontaneously start to extrude.

In the absence of observations of mating and spermatophore attachment,
spermatophores were squeezed out of live males in seawater and used
for experimental work to determine the mechanism of discharge of the
spermatophore contents. Once in seawater the distal foam-like bodies
of the flask expand to produce a polygonal pattern on the inside

of the spermatophore wall in the manner of fusing soap bubbles. It
is, however, most uncommon for any of the spermatophore contents to
extrude naturally in such recently extruded spermatophores. Neverthe-
less discharge of the contents can be brought about experimentally by
cutting the short neck of the spermatophore in the region of the
adhesive body. This results in the core secretion flowing out through
the short neck of the spermatophore and quickly solidifying on contact
with the seawater to form an elongated tube, since the liquid interior
continues to push forward. The tube so formed is identical in every
respect with the extended neck of those spermatophores found attached
to the female genital segment.

Electron microscope preparations of the extended neck confirm that it is
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constituted from solidified alpha granules and matrix from the core
secretion of the spermatophore flask (Plates 14A, 14B). The alpha
granules in the outer wall of the extended neck appear to increase in
size towards the outside where they have been in contact with seawater;
the process of solidification of the newly extended neck may well be

associated with enlargement of the alpha granules.

In artificially activated spermatophores the process of extrusion of

the spermatophore contents usually stops, probably because of a pressure
balance between the swollen material at the distal end of the flask

and the blocking effect due to the solidification of the central
secretion at the end of the extended neck. It is noticeable, even

with the formation of a fairly long extended neck, that the central

core secretion is still present in quantity within the flask (Plate

13E). This is probably because the formation of a fairly long narrow
neck causes relatively little drain on the material of the spermatophore
core as well as the fact that enlargement of the alpha granules by
imbibition of water makes the contents go further. Repeated cutting

of the extended neck along its length causes further discharge of the
spermatophore until, finally, the whole of the flask is empty except

for the foamy material which eventually begins to lose its identity.

During extrusion of its contents the flask of the long-necked sperm-
atophore often increases in length and width. Any increase in size

is maintained even after the contents have been extruded and even
puncturing of the empty flask does not cause it to shrink. These events
indicate that the spermatophore probably stretches to a certain degree
owing to increased pressure within the flask, but if it stretches beyond
a critical threshold level it appears to be unable to contract back

to its former dimensions.
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The consistency of the spermatophore wall also changes noticeably after
the spermatophore has been extruded into seawater. When gripped in

the male fifth limbs it is more difficult to section than when in the
spermatophore sac, although it is still reasonably pliant. After

the spermatophore has been attached to the female and the extruded neck
has formed the wall hardens to such an extent that sectioning of the
specimen is impracticable without very lengthy impregnation. Dehydration
and embedding causes the surface of the spermatophore flask to reflect
light and exhibit a shiny appearance. Similar changes in consistency
and appearance have been noted in the post-ejaculation spermatophore

of Epilabidocera amphitrites by Park (1966), although he further records
that the spermatophore of this species shrinks after discharge of the

contents.

The ejaculated spermatophore, consisting of the flask and short neck,

is fixed to the female by the left fifth limb of the adult male (see
Chapter 4). Initial attachment of the spermatophore is probably helped
by the stickiness of the adhesive body situated at the end of the

short spermatophore neck. Artificial attachment of spermatophores
removed from the fifth limbs of males has demonstrated that fixation

to the female by the adhesive body alone is insecure as spermatophores
so applied are often easily dislodged by natural swimming movements.
Puncture of the spermatophore neck at or close to the adhesive body
quickly causes the extrusion of material from the central core onto

the surrounding cuticle. At the start of extrusion of the contents

the tip of the short spermatophore neck remains in contact with the
female®s cuticle, but as more of the material comes out the spermatophore
is slowly forced away on the end of the lengthening tube of the extended

neck. A circular disc of secretion, larger in diameter than the width
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of the extended neck, forms at the place where the spermatophore contents
meet the female"s cuticle thereby demonstrating the origin and mode of
formation of the attachment disc. The central core secretion of the
spermatophore is sticky and helps, when it solidifes on contact with

seawater, to glue the spermatophore securely to the female.

Park (1966) has postulated that the canal through which the sperm can
pass into the female orifice in Epilabidocera is possibly opened by

an action of the female, such as secretion of an enzyme or lysin, after
the spermatophore has been glued down. Discharge of the contents of the
spermatophore placed over the genital opening of a female Euchaeta may
possibly be caused by the same means as has just been outlined, however,
similar activation of a spermatophore attached elsewhere is improbable
as the glands necessary to secrete such chemicals are absent outside

the genital field.

Occasionally spermatophores have been observed with developed extended
necks within the spermatophore sac of a dead male. This rare occurrence
is probably brought about by passage of seawater into the body tissues
and spermatophore resulting in triggering of the extrusion mechanism.

It must be pointed out, however, that production of the extended
spermatophore neck has only been observed within the spermatophore sac

of obviously decomposing individuals.

Under natural conditions a lack of delay in effecting extrusion of the
spermatophore contents after attachment would be beneficial if not
indispensible in cementing it to the female. This requirement, coupled
with an absence of attached spermatophores without extended necks in

plankton hauls, is good reason to believe that the male, either intention-
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ally or inadvertently, punctures and opens the spermatophore neck to

enable the contents to discharge.

Although there is a significant difference in size between direct and
non-direct placement spermatophores, removal and measurement of sperm-
atophores from within the spermatophore sac has failed to reveal the
presence there of more than one morphological type or modal size of
spermatophore produced by the male. Ejaculated spermatophores found
within the male fifth limb also exhibit a general uniformity in size.
Thus it appears to be the position of attachment (ie direct or non-direct
placement) on the female"s genital segment which influences the size of
the spermatophore flask found there, as direct-placement spermatophores
have smaller flasks than non-direct-placement spermatophores. This
dimorphism of size present in post-attachment spermatophores may be
associated with the markedly different length of the extended neck in

the two main types of attachment.

The extended neck of the direct-placement spermatophore is short because,
being placed over the female genital orifice, most of its contents flow
straight into the female"s seminal receptacles and only a small quantity
of spermatophore core material solidifies outside her body on contact
with seawater. There is thus unlikely to be much resultant back pressure
even though the contents of the flask obviously swell. This probably
results in the pressure within the flask being speedily relieved and

the flask of the direct-placement spermatophore not being significantly

different in size to that of the pre-attachment structure.

The non-direct placement spermatophore, being attached some distance

away from the female®s genital pores, is not able to extrude its core



material directly into the seminal receptacles and so must form a
characteristically long extended neck due to solidification of this
material with seawater. The pressure set up within the flask is unlikely
to be relieved speedily as continued solidification of the core

material at the end of the lengthening neck is likely to cause a
persistent build up of pressure within the tube and finally result in

the visibly expanded flask. The previously mentioned fact that many
non-direct-placement spermatophores never succeed in fully discharging
their contents is probably because they may not be able to overcome

the back pressure within the narrow bore of the long neck or else as

a consequence of material solidifying and blocking its end.

DISCUSSION

Examination of the ultrastructure of the male reproductive system of

E. norvegica has demonstrated a noteworthy intensity of secretion of

these tissues as revealed by the presence of abundant ribosomes, secretory
vacuoles and Golgi apparatus. The vas deferens in particular, and to

a slightly lesser extent, the spermatophore sac, exhibit many of

the intrinsic features of a characteristic protein-secreting cell as
typified by Jamieson & Palade"s descriptions (1967a, b; 1968a, b) of

the zymogenic cell of the mammalian exocrine pancreas. The presence

of well defined and abundant Golgi apparatus in animal tissue is generally
associated with the packaging of secretory products to form secretory
granules which may be either polysaccharides (it should be noted that

in general these polysaccharides are associated with proteins to form
mucoprotein secretory granules), lipoprotein or protein in nature (see
Favard, 1969). It is most likely, therefore, that many of the components

of the spermatophore in E. norvegica are proteinaceous. Raymont et al
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(1974) summarize results of their histochemical tests carried out on
the genital system of Calanus which indicate that the spermatophore
and its contents contain appreciable quantities of basic proteins

and mucoproteins.

Heberer (1932b) has proposed that the proximal part of the vas deferens
secretes the core substance of the spermatophore and has emphasised

the highly secretory nature of the epithelium of the vas deferens in
Calanus. Lowe (1935) has, on the other hand, claimed that the core
substance of the spermatophore is formed in the testis and then passes
down the vas deferens. Park (1966) describes the anterior part of the
vas deferens in Epilabidocera as producing the secretion which forms the
central core of the spermatophore but states that the anterior secretory
cap of the testis, which he acknowledges as being the beginning of the
vas deferens in this species, also produces small quantities of the

same material. This smooth grading of the vas deferens into the testis
may possibly account for Lowe"s statement concerning the origin of the
core secretion of the spermatophore. The present E/M studies of the

genital tract of E. norvegica appear to affirm Heberer®s view.

Heberer (1932b) has further claimed that the distal part of the vas
deferens secretes the spermatophore wall and that the seminal vesicle
merely acts as a storage space. Lowe (1935) accepts that the seminal
vesicle is apparently non-glandular but has postulated that the sperm-
atophore wall secretion is produced by the thick epithelium of the
spermatophore sac and is passed forwards and moulded in the seminal
vesicle. Raymont et al (1974) have produced electron micrographs which
show that the spermatophore sac of Calanus produces abundant vacuoles

whose contents are discharged from the cell to form a mass of unchanged



secretory material outside the laminated wall of the fully formed
spermatophore, and on these grounds have tended to favour Lowe"s suggestion
for the origin of the spermatophore wall. In E. norvegica, however,
electron micrographs provide irrefutable evidence that the spermatophore
wall secretion is produced by the cells of the posterior vas deferens

as well as by the seminal vesicle, but fail to show the secretion of
this material by the spermatophore sac. The spermatophore sac of
norvegica, as in Calanus, is intensely secretory but the globules which
are released there form a distinct layer outside the true wall of the
spermatophore and this layer is likely to constitute a spermatophore
lubricant. A similar external layer has been noted as covering the
spermatophore wall in Diarthrodes cystoecus (Fahrenbach, 1962) and
Epilabidocera amphitrites (Park, 1966). In addition, both Fahrenbach
(1962) and Park (1966) have described the spermatophore wall as already

being present in the posterior region of the vas deferens.

The discovery that the thin walled seminal vesicle of E. norvegica is
strongly secretory and is, together with the posterior vas deferens,
responsible for addition of the presumptive spermatophore wall is contrary
to the account of Lowe (1935) and Marshall & Orr (1955) who state that
this region of the genital duct in Calanus has no secretory function.

It is very likely that the still pliable wall of the presumptive
spermatophore needs to have more material added to it after the assemblage
has filled up to occupy the space left in the seminal vesicle by the
passage of the previous assemblage into the spermatophore sac. The
seminal vesicle thus probably acts to strengthen the presumptive sperm-
atophore wall as well as acting as a storage space for the various

constituents to take up their positions.
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The muscular sphincter described by Heberer (1932b; 1937) as separating
the seminal vesicle from the spermatophore sac in other calanoid copepods
is absent from E. norvegica. Park (1966) has assumed that the wall
between the seminal vesicle and the spermatophore sac must be ruptured

by pressure in Epilabidocera amphitrites but substantial tearing of

this region has not been observed in specimens of E. norvegica which
already have a spermatophore in the sac. Separation of the newly formed
short neck of the spermatophore from the proximal assemblage may simply
be achieved by the slight tension of the wall tissue. However, specimens
have occasionally been found in which the spermatophore assemblage is
continuous between the seminal vesicle and the spermatophore sac; probably
indicating that severence of the narrow interconnecting portion is not

necessarily instantaneous.

The spermatophore of E. norvegica corresponds fairly closely in its manner
of function with that described for Diarthrodes cystoecus by Fahrenbach
(1962), primarily because it lacks the dualism of spermatozoa originally
recorded by Heberer (1932b) which has been found to be present in all

other copepods investigated. This functional dualism is manifested by
Heberer®s Q (Quell = Swell) spermatozoa, which provide by swelling the
propulsive force inside the spermatophore to expel the B (Befruchtungs =
fertilization) spermatozoa. He states that the spermatophore sac

secretes two different kinds of material, the proximal and distal
"differentiation secretions”. The former increases the swelling resistance
of the B-sperm, while the later eliminates the swelling resistance of

the Q-sperm which swell up completely with the admission of water;

this develops a strong pressure and thus the Q-sperm are mainly instrumental
in emptying the spermatophore. However, no evidence as to this suppos-

ition has been found in E. norvegica in the present study.
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Three different spermatophore structural types have been declared by
Heberer (1937) to exist within the calanoid copepods. These were
differentiated as Calanus-, Pleuromamma-, and Acartia-types on the

basis of the pattern of arrangement of their contents. In the Calanus-
type all the sperm lie parietally, in one or several layers, all the
spermatophore secretions being situated in the interior. In the
Pleuromamma-type there is a layer of secretion between the sperm and

the spermatophore wall; this according to Heberer is the differentiation
secretion which gives rise to the functional dualism of sperm. The
centre of the spermatophore is occupied by the core secretion. In

the Acartia-type there is no longer any core secretion as the sperm
occupy the centre of the spermatophore. Although there is no functional
dualism of sperm in E. norvegica the general arrangement of the sperm-
atophore contents in this species appears to closely resemble the Pleur-
omamma-type. The beta granules in E. norvegica occupy the position of

Heberer®s differentiation secretion.

The absence of such dualism of spermatozoa in E. norvegica indicates
that the propulsive force generated to empty the spermatophore must
originate from one or more of the other spermatophore components other
than the sperm. A likely source of this motive force is the vesicular
foam bodies within the distal portion of the spermatophore flask which
may swell by water imbibition. This swollen mass can be seen to have
the effect of pushing the outer layer of the spermatophore, which
contains the sperm, down into the proximal end of it. Fahrenbach (1962)
has referred to the vesicular bodies which are responsible for the
ejection of the spermatophore contents as '"Q-bodies™ by analogy to
Heberer®s Q-spermatozoa. The central core of alpha granules in E. norvegica

may also help generate more force as they too have been shown to expand



and gel on contact with seawater before hardening to form the extended
neck of the spermatophore. The swelling of the spermatophore contents
strongly suggests that their extrusion is dependent on the penetration
of water through the spermatophore wall. Park (1966) has postulated
that the distal surface of the spermatophore, perhaps by receiving a
particular secretion while it is in the sac or by the nature of the

jelly coat on it, may pass water more readily than other areas.

The manner of formation of the spermatophore®s lengthy neck has not

always been fully understood before by various workers. Lowe (1935),

for example, believed, because the substance forming the spermatophore

is extensile, that "the long tube by which the spermatophore is attached

to the genital opening of the female is formed when the body is being
extended”, and Marshall & Orr (1955) have reiterated this claim. The
present study, however, has demonstrated in E. norvegica that the extrusion
of the central core is responsible for the extended neck after the sperm-
atophore has been attached to the female. Marshall & Orr (1955) have

drawn attention to the fact that in Calanus finmarchicus the neck of

the abnormally positioned spermatophore may be much longer than usual

and may appear to be still full of sperm. Such observations are explained
by reference to the fact that in E. norvegica the secretion passing out

to form the extended neck merely flows directly into the female®s genital
cavity in accurately positioned spermatophore placements, whilst abnormally
positioned examples (ie non-direct-placements) have long extended necks
caused by continued hardening of the secretion on contact with seawater.
Abnormally positioned spermatophores with long extended necks are much

more liable to suffer blockage of the lumen of the tube and are thus

likely to remain full. However, the tendency of the spermatophore contents



to act as a hydrophilic gel may also partially account for these sperm-
atophores still being reasonably full even though they have obviously

already extruded appreciable quantities of material.

The presence in and around the spermatophore of different secretions

of various origins from within the genital tract raises the question

of the function of these materials. Besides the obvious functions of
effecting contact with the female, causing adhesion of the spermatophore
and forming a channel through which sperm is pushed into the female®s
seminal receptacles, the additional possibility that part of the core
material is nutritive and is transferred with the sperm has been put
forward by Raymont et al (1974). Indeed, the passage of core material

with the sperm into the female is a standard occurrence in E. norvegica.
The sperm tend to have a long life in the spermathecae of Calanus finmarch-
icus after their transference to the female (see Marshall & Orr, 1952)

and there is a strong suggestion that in Calanus hyperboreus a considerable
delay occurs between spermatophore transference and fertilization (see
Conover, 1962). Evidence is also presented in Chapter 6 which indicates
that the sperm of E. norvegica are also long lived after transference. In
all these cases the nutrition and homeostasis of the sperm must be critically
important. Katona (1970) has suggested that the females of Eurytemora
affinis and E. herdmani in nature can mate, survive long unfavourable
periods, and then produce offspring when conditions become favourable
without a further mating. Avoiding the necessity for an additional mating
would be especially advantageous during times of low population density

when males and females might have problems finding each other for mating.

The ductus eiaculatorius is only slightly smaller in width than the

spermatophore and its walls probably have elastic properties as no signs
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of rupture have been observed in preparations of this section of the
genital tract in males which have an already ejaculated spermatophore
gripped in their left fifth limbs. This apparent lack of self-imposed
damage caused during spermatophore ejaculation, coupled with the
discovery that numerous males have been found with a spermatophore in
their fifth limbs in addition to another fully formed spermatophore
within the spermatophore sac provides strong evidence to support the
belief that males are able to safely ejaculate two spermatophores during
their life. The existence of another, albeit presumptive, spermatophore
within the seminal vesicle raises the potential production to at least

three spermatophores.

In E. norvegica microforce balance weighings (Table 2) show that on

average a male only transfers 0.2% of its wet body weight and 0.9% of

its dry body weight into each ripe spermatophore. This is much less

than the levels of 5.8% of wet body weight and 25.3% of dry body weight
found to be transferred by the female in producing a single egg-clutch

(see Chapter 6). There is evidence which indicates that male E. norvegica
do not feed whilst in the adult stage (see Chapter 7) and thus spermatophore
synthesis and ejaculation must place a substantial drain on the body

reserves, even though the spermatophore is quite small.

Lee (1972) has commented that ejaculation of the large spermatophore
coupling device of the Centropagidae must cause an immense distortion of
the genital segment, even allowing for the fact that the coupling plates
would be flexible, possibly to the extent of killing the male. It is
therefore reasonable to postulate that the production of multiple

spermatophores may be associated with the absence of a large and well

developed coupling device.



TABLE 2:

Output,

in terms of Wet Weight and Dry Weight, when an

Adult Male Euchaeta norvegica of average size produces a

spermatophore (n = 50 in both cases).

Total Length
of male

6 ,21mm

6 ,21mm

Wet Weight

Prosome Length Body Weight

of male of male

4.37mm 4796#tg
Dry Weight

4._.37mm 992~

Spermatophore
weight

11 /*g

9/«g

Spermatophore wt
body weight

0.2

0.9



Fig. 6. Diagram of an adult male Euchaeta norvegica
viewed from the dorsal aspect to show the
position of the component parts of the

reproductive system.






Fig.

Diagram of the reproductive system of an adult

male Euchaeta norvegica viewed from the left

side.






KEY TO LETTERING ON PLATES 5-14
a alpha granule

beta granule

o

ab adhesive body of spermatophore
ad attachment disc of spermatophore
bg birefringent globule

bl basal lamina

c core secretion of spermatophore
cm cell membrane of sperm

cw cell wall of sperm

de ductus ejaculatorius

dm dorsal longitudinal muscle of metasome
F Former

b foam-bodies

ft fertilization tube

fg Fibrillar globule

G Golgi apparatus

g gut

ger granular endoplasmic reticulum
g9 granular globule

as ground substance of sperm

hg electron dense homogeneous globule
u Tumen

m mitochondrion

me circular muscle

ml longitudinal muscle

mv microvilli

mx matrix

n nucleus

ns short neck of spermatophore

ne extended neck of spermatophore



KEY TO LETTERING ON PLATES 5-14

a alpha granule

P beta granule

ab adhesive body of spermatophore
ad attachment disc of spermatophore
bg birefringent globule

bl basal lamina

c core secretion of spermatophore
cm cell membrane of sperm

cw cell wall of sperm

de ductus ejaculatorius

dm dorsal longitudinal muscle of metasome
F Former

b foam-bodies

ft fertilization tube

fy fibrillar globule

G Golgi apparatus

g gut

ger granular endoplasmic reticulum
a9 granular globule

gs ground substance of sperm

hg electron dense homogeneous globule
Iu Tumen

m mitochondrion

me circular muscle

ml longitudinal muscle

mv microvilli

mx matrix

n nucleus

ns short neck of spermatophore

ne extended neck of spermatophore



ol = outer layer of spermatophore wall

oS = electron opague secretion

psw — presumptive spermatophore wall
s = sperm

sf = spermatophore flask

sps = spermatophore sac

sv = seminal vesicle

sw = spermatophore wall

t = testis

Vv = vesicle

vdp = posterior vas deferens

vt = transition vesicle

w = whorl-like vesicle of sperm
wne = wall of extended neck of spermatophore
wsps = wall of spermatophore sac

wsv = wall of seminal vesicle

wvda = wall of anterior vas deferens



Transverse section of the testis (t) showing sperm
in the central cavity (arrowed) which leads into

the lumen of the anterior vas deferens. A number of
dark staining nuclei are visible in the wall of the

anterior vas deferens (wvda)

Transverse section of the anterior region of the
spermatophore flask within the spermatophore sac.
The central core secretion (C) of the spermatophore
is surrounded by a thick layer of beta granules (/})-
Two dark staining sperm can be seen between the core
secretion and the beta granules. Many dark staining
nuclei are evident in the wall of the spermatophore

sac (wsps)

Transverse section of the spermatophore sac half-way
along its length showing the prominant central core
secretion (C) of the spermatophore contained within it.
Eight darkly staining sperm are visible between the
central core and the spermatophore wall (sw). The thin
layer of beta granules characteristic of sections of this
region is visible as a dark layer applied to the inside
of the spermatophore wall. Note the numerous moderately
staining secretion globules present in the wall of the
spermatophore sac near the lumen. The larger, darker

bodies towards the outside of the sac are nuclei

Transverse section of the ductus ejaculatorlus (de)

showing the thin wall (arrowed). Part of the gut (Q)

s
applied to the dorsal surface of the duct.






Maturing sperm (S) within the testis showing the
whorl-like vesicles (W) situated at the periphery

of the internal cytoplasm

The edge of a sperm showing its cell wall (cw),
the whorl-like vesicles (W) and ground substance (gs)

of the internal cytoplasm

The cell wall (cw) of a sperm showing the double

layered cell membrane (cm)






Anterior vas deferens showing sperm (s) and alpha
granules (@) within the lumen of the duct. The
wall of the duct is seen on the right of the

micrograph

Anterior vas deferens showing alpha granules @0
recently liberated into the lumen of the duct.
Other alpha granules are evident within the wall

of the duct

Three alpha granules (CO close to the wall of the
anterior vas deferens (at left of micrograph).

Note the filamentous component in the matrix (Mx)

Anterior vas deferens showing an alpha granule («)
within the lumen of the duct. A developing alpha
granule is visible within a vesicle at the top

right of the micrograph. The granular endoplasmic

reticulum (ger) of the wall of the duct is very

prominent

A group of alpha granules in the lumen of the anterior

vas deferens

Alpha granules surrounded by matrix in the lumen of the

anterior vas deferens






An alpha granule starting to develop within its
vesicle (v) in the wall oi the anterior vas
deferensm Transition vesicles (vt) and Golgi

apparatus are also visible

An association of abundant transition vesicles
(vt), vesicles containing alpha granules (v) and

Golgi apparatus (G) in the anterior vas deferens

A developing alpha granule in its vesicle (V)
showing the well defined limiting membrane

(arrowed) within the wall of the anterior vas

deferens

Aggregation of alpha granules to form a large vesicle
(v) in the wall of the anterior vas deferens*

umerous Golgi apparatus (G) are dispersed throughout

the cytoplasm
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Plate 8

a. An alpha granule starting to develop within its
vesicle (v) in the wall of the anterior vas
deferens. Transition vesicles fvtl and Gotpi
apparatus are also visible

b. An association of abundant transition vesicles
(vt), vesicles containing alpha granules (v) and
Golgi apparatus (G) in the anterior vas deferens

C- A developing alpha granule in its vesicle (V)
showing the well defined limiting membrane
(arrowed) within the wall of the anterior vas
deferens

d.

Aggregation of alpha granules to form a large vesicle
() in the wall of the anterior vas deferens.

umerous Golgi apparatus (G) are dispersed throughout

the cytoplasm
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Plate 9
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b.
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An early stage in the accumulation of the presumptive
spermatophore wall (psw) within the posterior vas
deferens. Four beta granules (P are evident close
to the periphery of the duct, whilst the alpha granules
(d) are congregated towards the centre of the duct

A later stage in the formation of the presumptive
spermatophore wall (psw) within the posterior vas
deferens. Vesicles of spermatophore wall secretion
can be seen fusing with the presumptive spermato-
phore wall at the lower left corner of the micrograph
A fibrillar globule (fg) of spermatophore wall
secretion forming in a vesicle within the wall of

the posterior vas deferens. Note the presence of
flocculent material of moderate electron density

in the left side of the vesicle. The cytoplasm

of the cell is packed with abundant granular
endoplasmic reticulum (ger)

Posterior vas deferens showine a ?roup of three
vesicles containing spermatophore wall material.

The two lower vesicles each contain a single

electron dense beta granule (arrowed)

Posterior vas deferens showing four fihHii.r glnhules
(fg) of spermatophore wall material. The top right
globule has a developing beta granule associated with
it. Mitochondria (m) are often found close to fibrillar

globules

region of the posterior vas deferens showing the

veloped presumptive spermatophore wall (psw). Six

vesicles are present within the wall of the presumptive
spermatophore, the lower one of which contains a mature
a granule. A group of globules of spermatophore wall

etion are present in the wall of the genital duct

at the mid-right of the micrograph



Plate 9

a.

An early stage in the accumulation of the presumptive
spermatophore wall (psw) within the posterior vas
deferens. Four beta granules ()P are evident close
to the periphery of the duct, whilst the alpha granules
() are congregated towards the centre of the duct
A later stage in the formation of the presumptive
spermatophore wall (psw) within the posterior vas
deferens. Vesicles of spermatophore wall secretion
can be seen fusing with the presumptive spermato-
phore wall at the lower left corner of the micrograph
A Fibrillar globule (fg) of spermatophore wall
secretion forming in a vesicle within the wall of
the posterior vas deferens. Note the presence of
flocculent material of moderate electron density
in the left side of the vesicle. The cytoplasm
of the cell is packed with abundant granular
endoplasmic reticulum (ger)
Posterior vas deferens showing a group of three
vesicles containing spermatophore wall material.
The two lower vesicles each contain a single
electron dense beta granule (arrowed)
Posterior vas deferens showing four fibrillar globules
(fB) of spermatophore wall material. The top right

as a developing beta granule associated with

Mitochondria (m) are often found close to fibrillar

globules

egion of the posterior vas deferens showing the

developed presumptive spermatophore wall (psw). Six
vesicle, .re present .1,M , [

spernatophor ., w 0,, n n

beta granule a
group of globules of spermatophore wall

secretion sr. pres.,, AN N

*T o »" the micrograph






Seminal vesicle (wsv) showing the typically thin
wall of this part of the genital duct. Beta
granules @3) and vesicular foam-bodies (fb) are
evident within the presumptive spermatophore
Seminal vesicle showing Ffibrillar globules (fg)
of spermatophore wall secretion within the thick-
walled junction connecting the ascending and
descending limbs of the duct. The presumptive
spermatophore wall is visible within the lumen
of the duct at the lower left corner of the
micrograph
Seminal vesicle showing two fibrillar globules
(arrowed) about to merge with the presumptive
spermatophore wall (psw). The wall of the seminal
vesicle appears thick in this micrograph as the
section was taken across a junction connecting
the ascending and descending limbs of the duct
Seminal vesicle showing the thick presumptive
spermatophore wall (psw) of a well developed
spermatophore assemblage. Another portion of
presumptive spermatophore wall is visible at the
top right of the micrograph where a loop in the
duct is present

fibrillar structure of the presumptive sperm-
atophore wall (psw) found within the seminal vesicle
The final arrangement of the contents of the sperm-
atophore assemblage found at the distal end of the
seminal vesicle. The prominent core secretion (©)
occupies most of the area within the spermatophore.

sperm (S, lie outside the core secretion and are

Partly surrounded by foam-bodies (fb). A number of

beta granules (p) are visible close to the presumptive
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Plate 11

Outer region of the spermatophore sac showing the basal
lamina (bl), circular muscle (me) and longitudinal
muscle (ml).

Spermatophore sac showing a typical nucleus (n) from
this region and the characteristic vacuolar cyto-
plasm surrounding it. The cytoplasm appears vacuolar
as a result of the numerous distended cisternae of
the endoplasmic reticulum

Spermatophore sac showing electron dense homogeneous
globules (hg) within the cytoplasm. A layer of
microvilli (wW) project into the lumen of the duct.
Pale globules (arrowed) are also visible
Spermatophore sac showing the developing outer layer
(ol) of the spermatophore. Electron dense homogeneous
globules (hg) are evident within the cytoplasm close
to the border of microvilli (W) which lines the duct
Spermatophore sac showing granular globules (gg)

near the outer layer (ol) of the spermatophore

~ biréfringent globule (bg) within the cytoplasm

of the spermatophore sac
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The outer layer (ol) added to the spermatophore
wall (sw) in the distal region of the spermato-
phore sac. Note the lack of electron dense
granules

The outer layer (ol) added to the spermatophore
wall (sw) in the mid-region of the spermatophore
sac. Note the abundance of electron dense
granules

The spermatophore wall (sw) and its outer layer
(ol) from the mid-region of the spermatophore sac.
A number of beta granules (fi) and foam-bodies
(fb) are evident within the spermatophore

The spermatophore wall (sw) and its outer layer
(ol) from the anterior region of the spermato-
phore sac. The section is taken from the
proximal part of the spermatophore flask.

Note the well developed outer layer. The

beta granules have merged to form larger

masses (£)

The spermatophore wall (sw) close to the
spermatophore neck showing the thick outer

layer (ol)

The spermatophore wall (sw) in the region of
the short neck of the spermatophore. The
opaque secretion (os) forms an outer layer

which is also found around the adhesive body

at the tip of the short neck









Plate 13
Seminal vesicle (sv) and spermatophore sac (sps)
showing the demarcation point (arrowed) between
these two regions of the genital tract. Note the
spermatophore present within the spermatophore sac
The proximal end of the spermatophore sac showing the
region of the Former (F). The dark-coloured adhesive
body of the ripe spermatophore is visible within the
Tumen
A spermatophore removed from the left fifth limb of an
adult male
The short neck (ns) and adhesive body (ab) of a sperm-
atophore that has been removed from the left fifth limb
of an adult male. Note the opaque secretion (0s)
around the short neck and adhesive body

€- A partially emptied spermatophore removed from a non-
direct placement position on the genital segment of an
adult female showing part of the extended neck. Note
the core secretion (C) is still present and that the
foam-bodies (fb) occupy most of the periphery of the
spermatophore flask. The sperm and other lateral

secretions have been displaced to the proximal end of

the flask (arrowed)

f- An empty spermatophore showing the point of extrusion of
of the extended neck (ne) from the short neck (ns). The
remains of the adhesive body (arrowed) is visible at the
end of the short neck

attachment disc (ad) at the end of the extended neck
( ) of a non-direct placement spermatophore
h.

attachment disc (ad) and part of the fertilization

tube (f©) of an empty, non-direct placement spermatophore
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Plate 13

Seminal vesicle (sv) and spermatophore sac (sps)
showing the demarcation point (arrowed) between
these two regions of the genital tract. Note the
spermatophore present within the spermatophore sac
The proximal end of the spermatophore sac showing the
region of the Former (F). The dark-coloured adhesive
body of the ripe spermatophore is visible within the
Tumen
A spermatophore removed from the left fifth limb of an
adult male
The short neck (ns) and adhesive body (ab) of a sperm-
atophore that has been removed from the left fifth limb
of an adult male. Note the opaque secretion (0s)
around the short neck and adhesive body
A partially emptied spermatophore removed from a non-
direct placement position on the genital segment of an
adult female showing part of the extended neck. Note
the core secretion (C) is still present and that the
foam-bodies (fb) occupy most of the periphery of the
spermatophore flask. The sperm and other lateral
secretions have been displaced to the proximal end of
the flask (arrowed)
An empty spermatophore showing the point of extrusion of
of the extended neck (ne) from the short neck (ns). The
remains of the adhesive body (arrowed) is visible at the
end of the short neck

attachment disc (ad) at the end of the extended neck
( ) of a non-direct placement spermatophore
The attachment disc (ad) and part of the fertilization

(ft) of an empty, non-direct placement sperraatophore
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Transverse section of the extended neck of a sperm-
atophore showing its wall (wne) and central lumen

(lu). Note how the component alpha granules which
form the wall of the extended neck are appreciably

smaller near the lumen than at the outer periphery

Magnified view of alpha granules from the wall of

the extended neck
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in describing copulatory positions; Hill & Coker (1930), in particular,
have drawn attention to instances of initial clasping positions having
been incorrectly interpreted by various observers as examples of
copulatory positions, and point out that these positions are frequently
not final, copulatory holds as transfer of the spermatophore from such

positions is often seemingly impossible.

The terminology employed here to describe the structural components
of the male fifth limbs is based upon that of Vervoort (1957, 1963),

with modifications and additions where considered necessary.

MATERIALS AND METHODS
The specimens used in this study were selected from net haul material
collected during the standard sampling programme in Loch Etive. Details

of the sampling programme have been given in Chapter 1.

At the laboratory a number of specimens of stage IV and V copepodites
as well as stage VI adults were removed for examination under a low
power stereomicroscope. After examination the fifth limbs of male
specimens were removed by hand using tungsten wire needles sharpened

in molten sodium nitrite. The removed limbs were then mounted in a
lignin pink and polyvinyl lactophenol mixture, which allowed the limbs
to be mounted directly from an aqueous medium. Line drawings were made

from permanent mounts using a Gillet and Sibert projection microscope.

Detailed examination of the fifth limbs of adult males was made using
a scanning electron microscope (SEM). Information on the techniques
used in preparing specimens for examination under the SEM has already

been provided in Chapter 2.
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CHAPTER 4

COPULATION AND SPERF.IATOPHORE TRANSFER

INTRODUCTION

Copulation is the general rule in reproduction in crustaceans, the

male usually having certain appendages modified for clasping the female
(Barnes, 1968). In copepods, clasping of the female by the male and the
movement of the partners into a copulatory position has been well
documented on a number of occasions. Among the more detailed records

of copepod copulation are those of Wolf (1905), Johnson (1948), Gauld
(1957) and Fleminger (1967) for calanoids, Hill & Coker (1930) for
cyclopoids, and Fahrenbach (1961) for a harpacticoid. These descriptions
exhibit examples of the main phases of mating which Lee (1972) has
described as consisting of "first the approach of the male to the female
with a certain amount of ritual followed by the first contact and, secondly,
the movement to the copulatory position with the subsequent transfer of
the spermatophore to the female, often with another specially modified

appendage" .

The fifth pair of swimming limbs in males of the genus Euchaeta are

highly modified appendages which play a primary part in transferring and
attaching the spermatophore to the adult female"s genital segment. A
number of workers (Vervoort, 1957, 1963; Tanaka, 1958; Fontaine, 1967)
have described in detail the adult male fifth limbs of various species

of Euchaeta, however, the sparse descriptions of the adult male fifth
limbs of E. norvegica that are available (Sars, 1903; With, 1915; Brodskii,
1950) provide an abbreviated and insubstantial account of the structure

of the fifth limbs for this species. Wilson (1932) uses an illustration
by Rathbun which is incorrect in a number of details, the most important

being in their segmentation. Boeck (1872), in his original description
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of the copepod, fails to mention the fifth limbs. With (1915) briefly
describes and illustrates the stage IV male and stage V male fifth
limbs, and Nicholls (1934) acknowledges that they are only present in

the male and first appear on moulting to the stage IV copepodite.

The male Fifth limbs may be regarded, with reference to functional morph-
ology, as being part of the male"s reproductive apparatus. As such, their
accepted taxonomic application as the fundamental character used in
identifying males of the species in the genus Euchaeta has an important
biological significance in being based upon features which probably

operate to ensure reproductive isolation of the species.

There have been no published accounts of copulation having been observed
in E. norvegica, nor was copulation seen during the present study.
Lacking direct observations, mating ethology, morphology and morphometry
in this species can be related only by inference. However, the descript-
ions involving clasping and copulation in a large variety of other
copepods, when analysed in detail, shed some light on mating behaviour
and orientation of copepod partners in general. These considerations,
when assessed together with functional aspects of the anatomy and
morphology of male and female E. norvegica, have been used here to
reasonably postulate the broader aspects of mating behaviour as well as

to deduce and discuss the likely positions of the mating partners.

Clasping is defined as any gripping or grasping carried out by the
partners, especially by the male, during the mating process. The term
“copulation® has been restricted to the eventual clasping and other
manoeuvres performed, including transfer of the spermatophore, whilst the
mating partners are actually in the inseminatory position. The distinction

has been made in order to attempt to reduce instances of possible ambiguity



in describing copulatory positions; Hill & Coker (1930), in particular,
have drawn attention to instances of initial clasping positions having
been incorrectly interpreted by various observers as examples of
copulatory positions, and point out that these positions are frequently
not final, copulatory holds as transfer of the spermatophore from such

positions is often seemingly impossible.

The terminology employed here to describe the structural components
of the male fifth limbs is based upon that of Vervoort (1957, 1963),

with modifications and additions where considered necessary.

MATERIALS AND METHODS
The specimens used in this study were selected from net haul material
collected during the standard sampling programme in Loch Etive. Details

of the sampling programme have been given in Chapter 1.

At the laboratory a number of specimens of stage IV and V copepodites
as well as stage VI adults were removed for examination under a low
power stereomicroscope. After examination the fifth limbs of male
specimens were removed by hand using tungsten wire needles sharpened

in molten sodium nitrite. The removed limbs were then mounted in a
lignin pink and polyvinyl lactophenol mixture, which allowed the limbs
to be mounted directly from an aqueous medium. Line drawings were made

from permanent mounts using a Gillet and Sibert projection microscope.

Detailed examination of the fifth limbs of adult males was made using
a scanning electron microscope (SEM). Information on the techniques
used in preparing specimens for examination under the SEM has already

been provided in Chapter 2.



THE MALE FIFTH LIMBS

Development and Structure

The male fifth limbs first become apparent in the stage 1V male copepodite
(Fig- 8). The limb is biramous and is approximately 380)Im in length.
Left and right rami consist of a 1st and 2nd basipodite, and a single
endopodite and exopodite attached to the second basipodite. The left and
right sides of the limb are equal in length, although the right endopodite

is slightly larger than the left one (1.3:1.0).

On moulting to the stage V copepodite, the Ffifth limbs increase in size
to approximately 980,Hn in length, but still consist of the same number
of segments as the previous stage copepodite (Fig- 9). The moult to
stage V has, however, increased the exopodites greatly in length with
respect to the total length of the limb. The right endopodite has also
enlarged greatly being now twice as long as the left one, whilst the

right exopodite is now 20% longer than the left one.

The fifth limbs attain the adult condition on moulting to the stage VI
copepodite (Fig. 10). The limbs have increased again in size from the
stage V condition, the left and right rami now being approximately
2.80 and 3.27mm long respectively when fully extended, and have the

final number of developed segments.

The adult left leg has two basipodites; the first being short, with
the second over 3.5 times as long as the first. The second basipodite
has a raised lateral denticle two-thirds of the way along its inner
margin. The left endopodite arises from the distal end of the second
basipodite, and is indistintly two-segmented with its apex curved

internally. The left first exopodite is 0.67 times as long as the



second basipodite segment, and has a flange along part of its outer
surface, with a small semi-rounded peg at its proximal end and a small
delicate bristle at the distal end of the flange. The second exopodal
segment of this leg has its apex terminating in a partly toothed,
internally curved dagger-shaped spine or lamella. A cylindrical,
digitiform process arises from the second exopodal segment. The third
exopodal segment is slender and slightly longer (1.15:1.0) than the
digitiform process just mentioned. At the base of the third exopodal
segment is a small haired tubercle or pad. The structure of the distal
region of the left limb will be described in detail later in this

chapter.

The right leg also consists of two basipodite segments. The first
segment is of a similar size to its counterpart on the left leg, whereas
the second segment is only half the length of its adjacent counterpart.
The right endopodite is styliform and is slightly longer than the first
segment of the exopodite. The proximal 44% of this segment is wider
than the distal part, forming a rounded carina at their junction. The
first exopodite is devoid of any distinct diagnostic characters. The
right leg terminates at the second exopodite which is slightly longer
than the first exopodal segment. The second exopodite is slightly curved

internally and ends in a thickened and rounded apex.

Handling of the Spermatophore

The adult fifth limbs have lost their locomotory capacity, and have become
totally adapted to a reproductive function. During normal relaxed swimming
movements the fifth limbs are generally carried pointing towards the head
of the copepod, whilst forward movement of the copepod is brought about

by a rotatory action of the second antennae. Sometimes during swimming
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the fifth limbs will be seen to take up a position pointing backwards
parallel to the urosome; however, this is mostly taken up after a quick
escape flexure has been made, by the first to fourth pairs of swimming
limbs. Their long and slender shape, together with the absence of setae
and other similar structures for aiding swimming movements, emphasise
the loss of locomotory function. The male fifth limbs have become
ideally modified for copulation, and the transference of the male"s

spermatozoa in the form of the spermatophore.

The spermatophore is extruded through the male pore on the left side

of the first urosome segment, flask end first and neck last. Males

with spermatophores gripped in their fifth limbs can be common,
especially during February and March. Inspection of these spermatophores
found gripped by males reveals that they are always held in the same
position in the terminal processes of the left limb, and at the same
point on the spermatophore neck. The left fifth leg grips the sperm-
atophore, as it is parting company with the opening of the ductus ejacul-
atorius, before it is free in the surrounding water. A proposal, from
examination of the structure and arrangements of the joints of the stage
Vl male left fifth limb, has been put forward as to the course of events

at extrusion of the spermatophore.

The concept was promoted after observing the final position that the left
leg assumed on death due to sudden immersion in 4% buffered formaldehyde
in seawater. It was noted that the left fifth limb, on death, was often
contracted to its fullest extent at the joints, and that in this position
the terminal processes assume a position touching or close to the external
opening of the ductus ejaculatorius. The use of buffered formaldehyde

in seawater helps to nullify the effects upon the cuticle and tissues

caused by changes in body osmotic pressure and pH.
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In some crustacean appendages, such as -phyllopodia, the cuticle is
everywhere flexible. In most cases, including Euchaeta, the appendage
consists of more or less rigid exoskeletal segments, flexibly connected at
the joints by the cuticular arthrodial membrane. Mechanically the
appendage comprises a jointed system of hollow levers moved by internal
muscles. The direction and freedom of movement at each joint is
determined by the extent and physical properties of the arthrodial
membrane, and by the shapes of the opposing skeletal parts (Lochhead,
1961). In E. norvegica simple hinge joints, often with two pairs of
bearing surfaces, occur frequently in the fifth limbs, but in some cases
these joints also permit a slight amount of rotation. More complex
arrangements, analogous to the vertebrate ball and socket joint are
absent but some degree of freedom of movement for the fifth limbs is
provided by a number of the hinge joints having their axes orientated

at different angles.

It is known that crustacean joints without a ball and socket type of
arrangement can only perform limited movements within a set path. The
left fifth limb of the adult male E. norvegica is bound by the same
considerations; it too is limited to a certain number of relatively

fixed movements and positions. Due to these limited patterns of movements
the articulation of the terminal processes is such that when the exopodite
of the left leg is brought close to the male genital segment there is

only one position it can take up in relation to that segment. Every

left fifth limb examined with a spermatophore grasped in its pincer-like
terminal processes has the spermatophore orientated in the same position
in space with regard to the genital segment. In each instance the
spermatophore neck has been orientated towards the anterior of the

animal, and the flask end towards the posterior of the animal. It is

most likely that the left leg is bent up to grasp the neck of the sperm-
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atophore during the actual process of extrusion, thus accounting for
the spermatophore being gripped in the same position in the male fifth

limbs.

The terminal portion of the left leg, as already stated, ends in a
pincer-like arrangement (Plate 15) which consists of three processes

and a pad or tubercle. The first process is the third exopodal segment

(Fig. 11) which is about 260/im long. It has two closely associated
groups of hairs at its tip which grow at right angles to the longitudinal
axis of the process (Plate 16). Dissection of the third exopodal segment
from the rest of the "pincer"” reveals that the inner face is strongly
concave, especially towards the base. The interior of this scooped area

is covered with fine hair (Plate 17).

Close to the base of the first process arises a small chitinous tubercle,
(approximately 120 m/dong) which is coverd with numerous short, strong
bristles. The area of this process facing the inner surface of the
third exopodal segment has a dense coating of bristles, whereas the
outer surface of the tubercle is devoid of bristles and is covered
by smooth cuticle (Plate 17). The third exopodite and its associated

tubercle are freely moveable and are attached to a powerful adductor

muscle which passes backwards through the second exopodite.

The second process is the digitiform process which is approximately
22ijum long, and articulates at its base with the terminal portion of the
second exopodite. The surface of this thumb-like structure is covered
with numerous ridges which run around the process at right angles

to its longitudinal axis. The external pattern of the end of the

process closely resembles a fingerprint (Plate 18).
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The third process is a toothed lamella which ends in a curved and strongly
developed cultriform spine. The teeth of the lamella run from the
internal margin of the second exopodal segment and terminate at some
distance under the apex of the lamella. The orientation of the teeth

is such that they generally point towards the apex of the process.

In the Loch Etive population the number of teeth on the internal margin
of the lamella is variable with 9, 10, 11 and 12 toothed forms being
found. The 10 toothed form is however the most common. The bottom
tooth of the row is set apart from the others, some distance back along
the second basipodite. A single, sharp tooth occurs on the external
surface of the lamella at a point opposite the most distal tooth of

the inner margin, although occasionally one or even two small, additional
teeth can be discerned. The internal multiple-toothed ridge and the

external ridge form the boundary to a concave area between them.

The third exopodal segment and its adjacent pad-like tubercle play an
important role in gripping the spermatophore after it is extruded, and
during its subsequent attachment to the genital segment of the adult
female copepod. Specimens of stage VI males with spermatophores gripped
in their left fifth limbs were used to describe the position of the
segments of the fifth limbs during ejaculation, as well as the manner

in which the left limb holds the spermatophore.

In order to grip the spermatophore as it is extruded from the external
opening of the ductus ejaculatorius the left limb has to assume a
position similar to that shown in Fig. 10. This involves the long axes
of both fifth limbs lying back essentially parallel to the male urosome.
The left second basipodite is bent slightly upwards and backwards at

an angle which may, to some extent, pass across the posterior surface
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of the right limb. In this position the left first exopodite, with

o
its adductor muscles fully contracted, will be bent at about 70 to
the long axis of the left second basipodite and will pass ventrally to the
urosome, in a slightly anterior direction. The left second exopodite,
with its adductor muscles fully contracted, is flexed at right angles to
the first exopodite and thus faces upwards and forwards, coming to rest
just behind the male genital slit on the left ventro-lateral side of
the first urosome segment. The right fifth limb, however, probably plays

no part in gripping the extruding spermatophore.

The spermatophore is grasped by the terminal portion of the left leg.

The swelling at the end of the freshly extruded spermatophore neck is
held between the third exopodal segment and the pad so that the latter
keeps the swelling in close contact with the concave face of the former
process. The swelling thus fits into the interior face of the third
exopodite; the hairs on the inner faces of both factors make intimate
contact with the surface of the swelling. Contact of the third exopodite
and tubercle with the spermatophore is further aided by the surface of
the swelling at the end of the short spermatophore neck being covered
with an adhesive secretion. This arrangement ensures that the spermatophore
is firmly held by the left fifth limb and is not lost before it has been

attached to the adult female"s genital segment.

MATING

Location of the female

The manner of approach of the male copepod to the female copepod, prior
to copulation, has been observed on relatively few occasions, and the
mechanisms involved in effecting contact of the partners has similarly

been the subject of few observations and little experimental work.
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Holmes (1909), in a limited study of the question of sex recognition in
cyclopoids of the genus Cyclops found no evidence that an odour or scent
emitted by the female played any part in initiating a mating reaction
and concluded that the association of the sexes in mating was entirely
due to chance collisions. However, Holmes thought that "olfactory"
stimuli may play an important role in causing males to remain with females
longer than they otherwise would and that they may render males more
prone to seize females than other males. This initially non-selective
impetus in Cyclops has been corroborated by the observations of Hill &
Coker (1930) who found that a male Cyclops swimming in a culture dish
tends to seize any individual of the same species with which it may
collide, regardless of sex. This readiness to collide and mate has not
been seen in E. norvegica and lengthy observations under laboratory
conditions reveal that remarkably few collisions occur, either at random
or otherwise, between individuals of opposite or similar sex. However,
the mating drive in male copepods can be intense as witnessed in
Pseudodiabtomus coronatus when males will occasionally attempt to

copulate with other males and even females carrying egg sacs (Jacobs,

1961) .

Parker (1902) working on Labidocera aestiva performed a number of simple
experiments which support the idea that some form of chemical substance
leads the male to the female. The fact that the 1st antennae of male
copepods, particularly those of E. norvegica, possess characteristically
a greater number of sense organs leads one to believe that these organs
have a sexual Tfunction, although it remains to be proven that these
supernumerary sense organs of males respond to chemical rather than to

tactile stimuli.



Jacobs (1961) observed in Pseudodiaptomus coronatus that the males

were more likely to clasp females "when they chanced to become situated
some 5mm obliquely behind a female™ and formed the impression that the

stimulus to start the clasping attack might be triggered by the female

feeding current. In addition, sudden changes in the swimming direction
of males regularly occurred but similar behaviour was never observed in
females. Jacobs postulated that this type of activity was a searching

movement which may serve to increase the chance of finding females.

Triggering of the copulatory attacks in such circumstances as described
for P. coronatus could either be as a result of changes in mechanical
force brought about by fluid movement of feeding and swimming currents,
or as a result of these currents acting to disperse chemical messenger
substances such as pheromones. The widespread sensitivity among aquatic
crustaceans to external changes in mechanical force as a result of
contact with fluid movement has been well documented by Cohen & Dijkgraaf
(1961), and the perception of high amplitude, strongly damped pressure
waves, such as those caused by tapping against an aquarium wall, is
evident in E, norvegica, although man-made vibrational stimuli of this

kind, in general, only evokes flight reactions or reflex-like jumps.

The observations outlined here imply that males and females come into
close proximity as a result of various behavioural interactions, called
“mating behaviours'”. Such mating behaviours, of necessity, involve
co-ordination of seasonal development so that both sexes are ripe and
active at the same appropriate season. It is also of primary importance
that the sexually mature animal must be capable not only of recognizing
the species and sex, but also the exact status of sexual readiness of

a prospective mate. In the light of such considerations it seems

reasonable to postulate that precopulatory location and interrogation



of a prospective mating partner is to a great extent controlled by a
pheromone system such as that described for Portunus sp by Ryan (1966).
Such behaviour would serve a clear cut, useful function in reproduction
in that it enables males to inseminate those females which are
physiologically ready for fertilization, and therefore can be readily
understood in terms of adaptive behaviour. Successful reproduction
requires as a minimum the co-ordination of male and female activity
with respect of insemination, and natural selection against interactions
that waste gametes can be expected to act upon the ethology of mating

as well as on the actual copulatory mechanism.

Evidence provided, in Chapter 5, from statistical analysis of the
incidence and frequency of spermatophores placed on adult female E

norvegica strongly indicates that mating is non-random in this species.

Clasping

Clasping of the female by the male and the movement of the partners into
the copulatory position has been relatively well documented in copepods.
The marine calanoid copepod Labidocera jollae has been briefly observed
during copulation on two occasions (Fleminger, 1967). The two mating
individuals were at first side by side but then quickly changed their
positions "pivoting about the genital segment like the hands of a

clock™ so that the prosomes pointed in opposite directions and the urosomes
crossed at about the level of the genital segments. The male was seen

to hold the female around the urosome with the chela of its left fifth

swimming limb.

Gauld (1957) made a number of incidental observations on the manner of
pairing in the estuarine-coastal planktonic copepods Centropages hamatus,

Temora longicornis, Eurytemora velox and Acartla clausl.
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The Ffirst event in the pairing which was observed was the seizure

of the female by the male with the latter sex holding the female

copepod around the terminal segment of the urosome or the caudal rami

by means of the right geniculate first antenna. After this had been
accomplished the male attempted to exchange this grip for a second in
which the female was gripped either immediately in front of, or immediately
behind, the genital segment by using the fifth limb or limbs. In most
pairs the animals were lying "head to tail" with their ventral sides

opposed.

Wolf (1905) provides one of the most detailed accounts of copulation in
a calanoid copepod in his description of Diaptomus gracilis. In this
species the male®s right first antenna is geniculate and is used to

grip the furca of the female. In this first clasping stage the sperm-
atophore emerges from the male®s body and ejaculation of the spermatophore
continues even if copulation is interruped. The spermatophore comes out
of the male"s genital opening with the rounded flask end first, and is
grasped by the male®s left fifth swimming limb. In the next stage the
male twists his urosome around that of the female and clasps her urosome
with his right fifth limb which is developed in the form of a prehensile
chela. The grip by the males right 1st antenna on the female’s

furca weakens as soon as the embrace of the right fifth limb has been
established and the male assumes a position dorsal to the female, facing
posteriorly with respect to her long axis. The left fifth limb has been
seen to make movements of an exploratory nature on the female genital
segment before attaching the spermatophore to the genital pore. This
exploratory activity and movement of the Ffifth limb on the genital

segment is likely to be of importance in locating the female genital pore,



but in addition it may also possibly be a sign of action designed to
sexually excite and arouse the female. Similar, possibly stimulatory
activity has been observed in Cyclops americanus and C. bicuspidatus
where the swimming feet of the clasping male occasionally brush the
genital segment of the female, sometimes rather violently (Hill & Coker,

1930).

Lee (1972) in a study of the structure and function of the spermatophore
and its coupling device in four species of Centropagidae described a
number of structures which he interpreted as locating devices of the

“lock and key" type. He suggested that these structures, together with

a strong correlation between chela capacity and the reach of the left
exopodite of the fifth limbs should make it possible to describe a method
by which copulation was achieved in the species examined, and deduced

the relative positions of the male and female during mating. In Centropages
the chela is used to grip the female urosome so that transfer of the
spermatophore and its coupling device is carried out by the left fifth
limb. In the case of Centropages typicus, C. chierciae and C. brachiatus,
the form and location of the couplers on the female urosome indicates

that, in order to release the female following transfer and attachment,

the male must grip the female urosome at the genital segment. In the

case of C. typicus and C. brachiatus, if the male was dorsal to the female
facing posteriorly with respect to the long axis of the female, the

male genital opening and the point of attachment of the spermatophore

stalk would be adjacent.

The male copepod often has to overcome the initial resistance of the
female and evidence has been provided of violent movements and attempts
to escape in females of Diantomus gracilis (Wolf, 1905), various species

of Cyclops (Hill b Coker, 1930), Centropages hamatus, Temora longlcornis,
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Eurytemora velox and Acartia clausl (Gauld, 1957), as well as for the
algal dwelling harpacticoid Diarthrodes cystoecus (Fahrenbach, 1961).
During this stage of the procedure the male copepod allows itself to

be passively carried around by the female, sometimes for hours in the
case of Cyclops (Hill & Coker, 1930) or even several days in the case of
Eurytemora (Gauld, 1957). The urge to clasp probably reaches its zenith
in Pseudodiaptomus euryhalinus, a species in which the male has a
tendency to continue grasping the female even though spermatophores have

been transferred and full egg sacs developed (Johnson, 1948).

Most of the time consumed in the copepod mating process is taken by the
male in overcoming the resistance of the female, in effecting his final
hold, and perhaps, in getting himself in readiness. Once the final
inseminatory position has been adopted the actual process of attachment
of the spermatophore usually takes only a matter of seconds (Hill &

Coker, 1930; Fahrenbach, 1961).

An analysis of these published studies reveals a number of imnortant
features which appear to be common, if not characteristic, in mating

in the class Copepoda. These can be summarised as follows:

1. The active role of the male during location and copulation, and
2. The adoption of an initial seizing position followed, after a
period of time, by

3. The final inseminatory and full copulatory position.

In those calanoids in which the males have modified fifth swimming
limbs, the right fifth limb is used as a clasping appendage for gripping

the female urosome in order to maintain the position of the male static
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relative to the female, whilst the left fifth limb is used to transfer

and attach the spermatophore. In members of the calanoid sub-order
Heterarthandria (eg Centropages, Temora, Eurytemora, Acartia, Labidocera
and Diaptomus the male 1st antenna is geniculate and is used in a prehen-
sile manner during the initial seizure of the female. However, in the sub-
order Amphascandria (eg Euchaeta) the male 1st antenna is unmodified and
subsequently is unlikely to be used in a prehensile manner during initial
clasping activity. In the final, copulatory position the male calanoid
faces posteriorly with respect to the long axis of the female and the
ventral surface of the former may be opposed either to the dorsal or to

the ventral surface of the female.

Deduced Inseminatory Position in E. norvegica

Mating requires the male Euchaeta to firstly eject, position and attach
a spermatophore while limited in movement because it must hold the

female with clasping appendages and maintain a position from which
accurate spermatophore placement is feasible. Males and females of E.
norvegica are able to perceive variations in light intensity but are
essentially non-visual animals in that they do not possess advanced light
sensitive organs which discern shape or form. It therefore appears
reasonable to believe that the act of orientation into a copulatory
position depends to a great extent on tactile and mechanical responses.
Insemination of the female is dependent on the tip of the spermatophore
neck being brought to bear on the female®"s genital aperture situated in
the middle of the genital field on the ventral side of the genital promin-
ence. This requirement for precise attachment of the spermatophore
indicates a need for accurate transfer and location, and this, in turn,
implies that structure and dimension play a vital role in their

accomplishment.
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Males of E. norvegica, as mentioned previously, do not possess a pre-
hensile 1st antenna as is found in the Heterarthandria. It therefore
seems unlikely that the 1st antennae carry out a major clasping function
in this species, and whatever clasping that needs to be performed is
likely to be made by the modified fifth limbs of the male. The distal
region of the left fifth limb, as already shown, is used to grip the
spermatophore and it is probably also the limb which plays the important
role in locating the position of the female genital aperture and in
attaching the spermatophore. Wolf (1905) mentions that the left fifth
limbs of Diaptomus gracilis, which enclosed the spermatophore neck, moves
to and fro on the female genital segment, palpating with its long searching
bristle prior to attaching the spermatophore to the genital orifice.

The pronounced tuft of hairs at the end of the 3rd exopodal segment of

E. norvegica, in a position just above the tip of the enclosed adhesive
spermatophore neck, could similarly play an important part in any tactile
response involved in positioning the spermatophore. The remarkable
structure of the thumb-like process arising from the 2nd exopodite also
suggests a possible tactile function. The right fifth limb of the male
E. norvegica, although it does not closely resemble in structure the
highly specialised chelate right limbs of some copepods (eg Labidocera
and Centropages), is likely to play an important part in helping to hold

the female whilst the left fifth limb is attaching the spermatophore.

In order to attach a spermatophore correctly the male Euchaeta must take
up a position in close proximity to the female"s urosome, otherwise the
“pincers" of the left fifth limb will not be within reach of the genital
prominence. The most satisfactory way to do this is for the male to
grasp the female with his fifth limbs at or around the area of her

genital segment, with the long axis of his body orientated parallel to
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the long axis of the female urosome. This would allow the male to
maintain his body in a static position relative to the female genital
aperture; a condition which is likely to be advantageous should the
female make any swimming or retaliatory movements. Furthermore, the
arrangement of the male fifth limbs is such that they are able to grip
the female®s urosome best when the latter passes between the left a