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Abstract ) g

Life cycle and behaviour'stqgies were mgdé~ffom 1966

to 1969 on the ponteliid copepod (fofﬁerly Anomalocera
éatersoni) in the dﬁlf af S5t. Lawrgnce. A new species,
A% opalus, 1s prdpo%eq on the basis of morphological .
dszerences between specimens from the eastern and westérn

‘ North Atlantac. Thevaistrlbution of this épecies in the

Gulf of St. Lawrence 1s discussed and ﬁéupllar stages are

of" copepodites. The suggestion is made that A. opalus may

3 03 ’
overwinter as a resting egg. «

~

Avnew mbrphological structure for surface £¥tachment-
is described whigh, with observed behaviour, supports the
clasflflcatlon of A, opaluo as a pleuston copepod. A new
pigment system 1s described with speculatlpn on 1ts&ﬁse.

1 Two other pigment systems are discussed. Notes are given
on other species found at the surface interface in the' Guif

P

of St. Lawrence.

described in detaal. Notes are given for the idéntlflcation




Sommaire

Des études sur le .cycle vital et le comportement d'un i

Al "o 3 .
copépode pontellide,‘gauparavant Anomalocera patersoni) ont .

/ '

 été fairt dans le Golfe du Saimt-Laurent. Une nouvelle
espéce; A, opalus, est proposé surkla base des différences
morphologiques entre des sgécimens prévenant de 1'Atlantique
nofd—est et nord-ouest respectivemen:. Ie distribution de

cette espéée dans le Golfe 'du Saint-Laurent est discutée et

les stages de développement (nauplius 1-6) sont décrits en

K

détail. Des critdres sont fournis pour l'identification des
stages copépodites (I-V). Il est suggéré quelg. opalus

‘survit en hiver sous forme d'une spore. *

«
&

Une nouvelle structure morphologléue est décrité laguelle,
qﬁand on considdre le comportement observé, supporte la
classification de A, opalus en-tant qﬁe copépode du pleuston.
Lpn ﬁouveau systéme de pigmentation est déprit'et son rdle ﬁ
discuté. Deux autrés systémeé de pigmentation sont égglement
¢tudiés. Wuelques autres espéces, qui soﬂp trouvés dans les

eaux de surface du Golfe, sont aussi étudiées.
s

L
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Introduction
The initial purpose of this study was to determine as
much as possible about the life of the pontellid copepod,

Anomalocera patersoni, an the Gulf of St. ILawrence. There

was to be an emphasis on Anomalocera's life cycle and its

relationships with the special class of surface life known
as pleuston. When the study began 1t was uncertain that
there was a significant development of pleuston in the Gulf

of St. Lawrence, and it was not clear whether Anomalocera

\

maintained 1tself in the Gulf as a true breeding population
“or was 1nstea§ swept in from outcide the Gulf as a summer
1 o

immigrant. The former alternative was found to be the case

(Section VI), and 1t was also found that Ancmalocera lives

in a very close relation té the surface interface and is
ltherefare a pleuston animal. The first section of this work
15 a general review of the pleuston environment and life, aqsg
includes a discussion of latitudinal variation of “the marine

pleuston. The 1life cycle 1s discussed in Section VI.

To study the life cycle, extensive plankton collections
were made over three years in different parts of the Gulf of
St. Lawrence. During the spring, summer and ﬁall'of each
year s%mples were taken roughly each week from shore stations;
these were augmented by a number of cruises over the Gulf on

ships chartered by thelMarine Sciences Centré or by the



FTisheries Research Board. Three winter cruises were made on

icebreakers. It was hoped initially that Anomalocera's life

cycle would take the form of several relatively well defined
generations which would make a number of population deter-
minations p0551ble, and allow interesting Comparigons of a
pleuston copepod with other better studied copepod speciés
(see Cairns 1969). Before this could be done the development

stages of Anomalocera had to be determined and described

(Section VII).

Examination of the collected material showed a con-

tinuous breeding of Anomalocera over the summer months and a

considerable patchiness of the population in terms of numbers
and stage composition. This made 1t difficult to make any
but the most general statements about the generations of this
copepod in the Gulf., One surprising result of the three

years work was a consistent appearance in Jure of Anomadlocera

1in the form of nauplii”and early copepodites, the adﬁits not

arriving for another two or three weeks. Since Anomalocera

on both sides of the North Atlantic shows a northward
extension of its range in the summer, it was initially
thought that 1ts introduction into the Gulf of St. Lawrence

might be related to Le Danois' concept of Iransgression

(Le Danois 1934, Sewell 1948), but the first appearance of

the copépod in the form of nauplii in June, repeated for



three years, suggested something different. It was unlikely

that very early developmental stages could arrive so

punctually from the long distances which would be necessary.

Adults would be expected and the timing would be less regular.

Examination of the surface currents of the Scotian Shelf and
Gulf of Maine made the introduction of surface plankton into

the Gulf from outside seem very unlikely.

The hypothesis of a resting egg was seen as a more
suirtable means of explaining the data. The conclusion that

Anomalocera 1s a shelf water genus (see below) .is congruent

with the resting egg theory; in fact both ideas are mutually
supportive. Resting eggs are of most value to plankton
gspeciegs over sha}low water and species with resting eggs

are expected to have breeding centres inshore, for example
the marine cladocerans.

Q
Farly in the study 1t became apparent that A. patersoni

in the Gulf of St. Lawrence differed substantially from
descriptions of the species from European waters. Later in
the study specimens from other parts of the North Atlantic
became available for examination with the result that a new

spec16¥, Anomalocera opalus, is proposed (Sections II and

III) to include the copepods from the Gulf of St. Lawrence
and shelf waters of the western North Atlantic formerly
classified with A. patersoni. The name, opalus, i1s derived
from the opalescent pigment system discovered in this

species (Section IX).
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The morphological differences between the new species
and the European form are very pronounced and could be
easily seen with low power magnification. It was still
necessary to demonstrate that this was not clinal variation
across the North Atlantic,in which case the two forms would

be merely extremes of continuous intraspecific variation.

To do this the distribution of Anomalocera in the North
Atlantic was reviewed from the literature and from samples
made available to this study (Section IV). It became clear

that Anomalocera on bhoth sides of the Atlantic 15 a neritic

copepod with breeding populations restricted to shelf waters
akd found very rarely in the open sea, Breeding populations
secem unlikely in the very north of its range (south of
Iceléﬁd and West Greenland), and it is haghly doubtful that
there is a Slgnlficant connection between the populations of

A. patersoni in the eastern North Atlantic and A. opalus in

the western North Atlantic and Gulf of St. Lawrence.

Havaing proposed a new species and described 1ts distri-
butlon; 1t was desirable to speculate briefly on i1ts origin”
(Section V). 1In the literature of terrestrial biology,
tradl?lonal arguments between.advocates of two modes of
speciation, allopatric and sympatric, have become less
frequent and acrimonious than in former times. In the

marine literature this is less true and there are many more

proponents of sympatric speciation than elsewhere.




viii

Consequently reasons for using the allopatric model of

speciation in the speculations of Anomalocera's origins are

discussed in some detail.

Very little was known about Anomalocera's behaviour

vefore the pregsent work. It had generally been considered a
surface copepod and in the Black Sea micro-distribution
studies of A, éatékgonl had mdicated that 1t lived near the
-surface interface an&\belonged to the pleuston. This 15 an
important aspect of the life history of A. opalus and 1t was
given much attentlon‘ln this study (Sections VIII and X).

A surface attachment structufé\was discovered on the 1st
prosome segment of all copepodiﬁb,stages and 1ts use
observed both in the laboratory and at sea. All stages of
A. opalus:except the eggs and the 1st nauplius stage, were
found at the very surface only. Other observations also
indicated that this species lives in close association with

the interface and may too be considered a pleuston species.

Three apparently complex plgment systems were found in

the adults and copepodites of Anomalocera opalus. These are

described and their use to the animal considered in Section

IX.
’

Durihg the micro-distributaon study of A. opalus, notes
were made on a number of other speéies which had similar

surface preferences. This inclgdedwseveral larvae and eggs




ix

of commercially valuable fish, several small plankton animals,
and one phytoplankton species. It is suggested that there
may be a summer pleuston commuﬁity in the Gulf of St. -
Lawrence but that it is largely made up of seasonal forms

(Section XI).

The results of this study are presented below as
separate sections. Sections IT - X are concerned with the

11fe of Anomalocera opalus. Section I 1s a gener account

of the marine pleuston, and Section XI deals with other
pleuston species found during the study. Figures and tables
are dispersed throughout the work as close to relevant text
as_possible. Materials and methods are given within each
section as necessary, results are?given and discussed in

*
]

each section.
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Introduction L

"Pleuston”" will be usgd here to denote any organism
living by virtue adaptation in a clo?e relationship with-
the air-wat;>\{3te face in elthah fresh or sa%t waters.
From the results o} recent work, 11 appears thaf there are
many such animals and plants in the seas, but details of
their biology are generqlly scanty. Fresh watef\surface,
11fe has been known longer and‘?éceived more stgdy. Most

of the marine studies consist of general surveys, trials of

equipment, or work on a single species; there have not yet

been any detailed community stud¥es ‘tomparable to the Hardy

piankton recorder work for gerer surface plankton
(Bulletin of Marine Ecologijgr“thé Studies of intertidal
1l1fe by Paine (1963, 1966) Zaltéev's‘work in the “Black
Sea (1959~1968, reviewed 1§70) is the most comprehensive to
date but must be regarded as a prelimlnary sketch of prgb—
lems to be studiéd. Much of the available information on
marine pleuston comes from observations made 1n the course

of other work. This knowledge, although valuable, is fre-

quently at the anecdotal level.

A

At present it is impossible to assighi exact criteria

\
for placing an organism uﬂﬁer the term "pleuston." Clari-
fication of the term should be seen as.a major problem in

studies of surface life instead of something done;prior to
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research. This i? not the common approach however,“énd
terminology will be discussed below. Spatial proxfﬁipy to
the surface interface may 1ndicate‘é role i1n a surface,
community, but many animals are diStributed over a wide
vertical range or come/to the interface only for brief
periods andkave closer ties w£th other comm%nities. Con-

sequently discontinuous vertical mrcro-distribution with the

3 ’

- t k4 ° N
greatest numbers closest to the interface 1s seen as a key

B

feature of pleuston. There have been a number of studies on

v

vqrtlcal distribution withl?/the upper meter of surface
o b

water (Della Croce and Sertorio 1959, Specchi 1969, Zaitsev’

. 1970, Champalbert 1971, Hempel .and Weikert 1972), which have
) /

L4

. made clear some groﬁps of animals found most‘bommonly at the

surface. A freqﬁent result 1s a strong increase in total
biomass next to the interface (David 1965, Zaitsev 1970).
Micro-distribution alone, hawever, tells néthlng\of trophic or
behavioural relétlonsglps betwéen'speégés. The sipﬁoﬁophore,
Physalia, for e;ample, floats on the surface by means éf a
gas bladder and is always assumed to be a pleuston animal,
but its food gathering tentacles maj ﬂ%ng several meters
beloy phe surface so that oé}y its Stpmach is, trophically
_ASpeaking, in the pleuston. The déférmination of behaviour
and delineation of food webs will be majar steps in the

clarification of pleuston. The existence of a special

community at the interface should not be assumed in advance

®

A
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or described simbly in terms of vertical distributions centi-

meters from the surface.

%inCG animals and plants.evolve into interdependencies
with gac@ other to form éommanitles,‘adaptation is the key .
element in.commdnlty relatignship;, othefwisé the community
concépt or metaphor has 1little significance., The pleuston
may turh out to.bé tormed, of two ra@her'separate commurnities,
one composed of predatorslfeeélng on tHe perlpﬁery of deeper
living plankton populationu, and another Compo§ed of small
reducers feedlng on,rlch organic matter at the 1nterface.
If sgsh were true, it would make‘no sense to include in the
pleuston any'ahimal'advgntitlausly fo&nd:at the surface even
1f temporarily concentrated there. 1Speci§} adapéation
interfacial 1ife should therefore be considered a key element

ir the determination of pleuston 1ife. . -, .
A K
Two quite different schemes of terminologymﬁgye been |
offered recently, each intending to define all modes of life

near the surface interface and éach failing to recognize

the other. Hutchinson (1967)'reviewsvthe earlier work in

fresh water and presents his own scheme which is a compilation

of previous, ofﬁen contradictory, terminologiés. Zaitéev

(1960) (reV1ewed by David 1967) offers a classification of

marine surface life quite dlfferent from that of Hutchinson.

-

There is no reason why onehscheme of nomenclature cannot be
A - . -

-
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used for both fresh and salt waters, and there is a drastic
need of simplifying.the existing schemes which presume

ecological davicions where none have been demgnstrated.

The term pleuston was first used by Schroter and
Kirchner (1896) to denote floating fresh water plants such
as the duckweed, Lemna. Nauman {1917) introduced the term,
neuston to denote animal life at the surface film.

Pleuston was re-~introduced by Gams (1918) to include all
li1fe at the interface, both Schroter and Kirchner's

pleuston and Naumaﬁ's neuston. Gams further broké his term
down to micro-and macropleuston., Other authors have added
refinements and variations; Carpenter (1928) used super-
neuston to designate animals living on top of the interface,
such as the water striders. Hutchinson points out that
animals and plants living on top of the surface film are the
most important sub-division of the fresh water surface life.
Gietler (1942) used the term "epineuston" for this group of
organismg and "hyponeuston" for those living in'the water

just below the interface.

Hutchinson prefers pleuston as the general term in the
sense that Gams used it. He notes that it has a definite
priority in the literature and is etymologically suitable

(from the Greek, pleustikqs, a broad term meaning to go by

sea, to float, sait or swim. Neuston, from the Greek,

neustos, to swim, has no special surface connotation).

7~
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Hutchinson subdivides pleuston into neuston, all micro-
organisms at the interface (further broken down to hypo-
ne&ston, 1ife beﬁeath the interface, and epinehston, life
partly @bove the interface), Macropleuston 1s used for
large forms and epi-pleuston for animals living on the top
of the interface but not submerged such as the water
striders. Prefixes are advocated when they are necessary.
At best this breakdown of pleuston is arbitrary and un-
wieldy. Hutchlné;n himself contradicts 1t i1n the same

volume that he proposes 1t (1967, p. 146).

Terminology of marine surface life has taken another
turn, and here neuston 1is the key term rather than pleuston
which is relegated to a special roTe. Zaitsev (1961, 1970)
appears to have been the initiator of the marine termi-
nology; hic system is summarized by David (1967). Under the
term, neuston, aré the large subdivisions, epaimneuston and
hyponeuston, the former designating life on top of the
interface but not submerged such as the'marlne water striders,
Halobates, and the latter term designating all life just
below the interface such as pontellid copepods. Hyponeuston
is subdivided into four further categories:

.Buhyponeuston ~ organisms living at “the surface

\ day and night.

Planktohyponeuston - organisms at the surface

only by night.
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Merohyponeuston - larval forms at the interface.
Benthohyponeuston — bottom animals at the surface
by night.
Pleuston is retained to designate animals which resf half in
and half out of the interface by virtue of a gas float (e.g.
siphonophores, Velleia and Physalia). Zaitsev (1970) advo-
cates the use of prefixes to make still more precise the

reiatlonship of species with the surface interface.-

This terminology suffers ffom the same ills as that of
Hutchinson and as well fails to observe the priority of ’
‘pleuston. 1t would be better to have oné systeﬁ of nomen-
clature rather than two for the same thing, and, in con-
sideration of the present state of ignorance concerning life
at the air-water interface, the most desirable system would .
be one which pre-supposes the least. For these reasons,
ohly/%he term pleuston Qill be used 1in the present work.
Common English will be used to éxpress particular relation-

ships rather than multiple prefix sandwiches. (Zaitsev's

bathyplanktohyponeuston translates to evening visitors.)

v
Physical conditions at the air-water interface

It should not be surprising that there is a rich

development of life at the sea surface, both in biomass and

A



diversity. Most of the earth's species do live at interfaces,
pgrhaps because an interface provides place of orientation
and accumulation of useful material. Hutchinson (1965)

notes, "... although organisms can live in the free liquid
phase of lakes and oceans, most species prefer an environment
of interfaces; this may well have been a primitive preference.”
The sea surface, however, has received scant attention until
recently, and much o} the current work 1s done by physicists,
not biologists. Physical conditions a few centimeters either
s1de of the sea-alr interface show steep gradients, and \
there 15 a constant two-way flow of matter important to the

earth's geochemical cycles. Some of the more biologically

importafit physical conditions of this zone are discussed below.

Solar radiation forms éhe most pronounced physical
gradient at tbe surface. The filtering effect of the near
interface waters 1s of gfeat importance to the heat budget
of the ocean depths, but it is the spectral composition within
the fi1lter 1tself that 1s of significance to pleuston life,
Strickland (1958) estimates that about 15% of all wave-
lengths is reflected from the surface skin or scattered by
small particles on the skin. This fraction may decrease to
as little as 5% on a calm day or increase to 30% during very
rough conditions. Once radiation has penetrated’%he intér—
face, very stgéng extinction begins which acts differentially

over the spectrum with different wave lengths. Absorption



1s predominant in infrared radiation but is also significant
in the long ultraviolet. Zaitsev (1970) states tha wave
lengths greater than 1200 mu are essentially eliminated by
the upper 10 centimeters of water. Most of the longest
radiation élsappears in the first mm. Ultraviolet light is
both absorbed and scattered rapidly so that the first ten
centimeters eliminate most of these wave lengths. There 1s
also a great reduction of all visible li1ght in the upper
micro-layers which is subject to much variation from dis-
solved matter, bubbles, and small particles. The upper ten
cm 15 visually the brightest region of the sea and contains

nearly all of the invisible radiation in the water column;

biologically there is a maximum of energy avallable here for

photosynthesis, ultraviolet cell damage and infrared

[y

heating.

Zaitsev (1970), reviewing a number of studies in Russia,
cites temperature gradients of one to two degrees gelﬁius
over, the upper half-meter during calm days. Similé;:results
were obtained in the present study, but it was found diffi-
cult to measure temperature within well defined micro-layers
during even slight winds. The first mm of water ié\%erhaps
the layer of most significant temperature change since a
very great proportion of long-wave radiation is absorbed

here. This creates problems in the field of remote sensing.

. of ocean surface temperatures and may influence the biology

N\




of near surface animals such as Anomalocera,which inhabits

the upper mm. Evaporatiom could significantly counteract
the infrared heating of this water layer during widdy con-

ditions, but anyone who has read The Shadow Line by Conrad (123

knows of glass& calm seas persisting for many hot days.
The action of infrared radiation may have its greatest
effect on pleuston organisms through direct absorption

within the body.

Ultraviolet light may prevent some organisms from
inhabiting the surface zone but 1t appears to have little
effect on true pleuston life. Zobell and McBEwen (1935)
found lethal effects of ultraviolet light on marine bacteria
at normal daylight intensities but determined that as little
as 10 mm cover of water provided significant protection.

The greatest numbers of pleuston bacteria 1i¥e within or on
the surface film 1tself and so would have no such protection
(Tzyban 1971, Zaitsev 1970, Harvey 1966). Short-wave
radiat10£ 1s also thought to be inhibitory to most phyto-
plankton (Steeman-Nielson 1964). Marumo, Taga, Nakal

(1971) found large numbers of phytoplankton in low latitude
pleuston, but reported that much of it was dead or dying,
and they attributed the daqgge to ultraviolet light. In

the present study in the Gulf of St. Lawrence, phytoplankton
was generally present at the surface during times of phyto-

-

plankton increase. One species, Halosphaera sp, was found
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to be concentrated in the upper few cm. Dinoflagellates
seem to be unaffected by ultraviolgt light since they are
often found at the surface interface in the day time

( Pomeroy, Haskin and Ragotski 1956, Bainbridge 1957, Zaitsev

1970) .

Evaporation will influence salinity at the surface as

well as temperature, and, under certain conditions, an ’

increase 1n salts might form near the interface. Evaporation

would tend to reduce temperature ag,%& increased salinity

and this could contribute to instability and prevent micro-

haloclines. One part per thousand salinity has five %imes
the effect of one degree Celcius in determining water
density. Zaitsev (1970) reports generally homogeneous
salinity within the upper meter. A more likely event would
be temporary freshening at the very surface after a down-

pour during calm conditions.

Hydrostatic bressure has been cited as a potential
influence on pleuston life (David 1965, Zaitsev 1970);
the greatest changes of pressure with depth are found very
near the surface. There has been no work done to investigate
pressure effects on near surface life, but since many
animals, with and without gas-filled intermal organs, migrate
diurnally to the very surface from great depths, it would

not seem to be an important factor.

i
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The wind has a strong effect on the surface environment
and in some 1nstances on surface life. Micro-distributions
of small animals would seem impdssible during storms or even
in moderate waves, but considerable work has shown that
active animals such as pontellid copepods are able to main-
tain their positions near the interface in seas as large as
five meters in height (Zaitsev 1970). Non-motile forms such
a3 fish eggs may be dispersed throughout the surface waters
by waves but will float back to the interface during calm
conditions Zai1tsev states that very strong winds can cause
macsive fish egg and larvae destruction. He notes that fish
with pleuston eggs such as Mugil spawn only during calm seas

and during the season when stormgs are least frequent.

Wind may induce rapid horizontal transport of near
surface waters and organisms. The transport of floating
siphonophores 1s discussed below. Olson (1951) observed
that the top inch of surface water moved faster than the water
below,and in the present study 1t was noticed that the surface
skin and various bits of trapped detritus moved rapidly before

the slightest of breezes; Anomalocera attached to the surface

f11m (Section X) moved with the film more rapidly than the
water a few mm below the interface. Probably because of

“this effective wind transport, Anomalocera was never found

under a weather shore. Zaitsev (1970) describes instances

of large numbers of pleuston animals driven ashore by wind
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(see also Wilson 1958), but this would be of significance
only in enclosed waters. In the open sea, wind systems are
roughly congruent with the large current systems; Heinrich
(1969, 1971) found that pontellid copepods in the Pacific

had distributions similar to those of other non-pleuston

copepods.
e

The most important effect of the wind on surface lafe
is the Langmuir circulation found in Loth lakes and oceans.
Under stress of wind, thermally unstable surface water
breaks up into a series of inear and parallel rotating cells
aligned approximately with the direction of the wind. The
rotation of the cells alternates so that a clockwise cell
1s always bounded by two countér clockwise cells or helices;
a water parcel in the outer portion of a cell describes a
spiralling course with a net horizontal movement before the
wind. There results an alternate divergence and convergence
of surface water between pairs of cells. The convergence,
where water is sanking from two cells, collects floating
matter such as foam and seaweed into long parallel streaks
known as wind rows, a persistent feature of the sea surface.
The spacing of the wind rows varies positively with wind
veloéity and is an index of the size (or‘depth) of the cells
which may be several meters in‘diameter (Langmuir 1938,

Woodstock 1941, 1944, Faller and Wood ¢ ock 1964).




13

The mechanism explaining the structure of the helical
cells has not been clearly formulated, although there are
numerous papérs offering complex models. Stommel (1947) and
Faller (1964) suggested shear flow instability as a likely
mechanism, but Scott, Myer, Stewart and Walther' (1969),1n a
critical review, dlSCHSS g&k different mechanisms, some of
which may work in concert to produce the helical structure.
Owen (1966j discovered what may be another type of surface
cell. He found a very much gméllep spaéing of rows on a

windless day which had concentrated large numbers of .

Oi1konleura.

In the oceans, but not evidently in lakes (Hutchinson
1957), there 1s an effect of the earth's ro£atlon on the
Langmuir cells. The wind rows in the northe¥n hemisphere
stream at an angle to the right of the wind dlrecfion;'qnd
the surface drift component to the right (in clockwise cells)
1s greater tha? the drlff to the left (in counter, clockwise
Fells). This %akes the ciockwisg helicesélarger and gives
an asymmetrical spacing to the convergeﬂées énd divergences.
In the southern hemisphere fhis situation is reversed _
(Woodcock 1944, Munk 1947, Faller 1964). A possible bio-
logical effect of this asymmetry was proposed by:Woodcockﬁ,
(1944) to account for the dimorphic sails of the siphono-

phores, Vellela and Physalia. The sails of these animals in

©
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the northern hemisphere are arranged so that the animal sails
somewhat to the left of the wind directon. The reverse
dimorph 1s found 1n the southern hemisphere. Woodcock
theorized that such a path across the asymmetrical spacing

of the convergences and divergences woﬁld keep the animal in
the divergences longer than in the convergences. He suggested
that the convergences were hazardous because of accumulated
floating matter and that the dlverégnces were plankton rich.
Subsequent work 6n the siphonophores (Savilov 1956-1966, and

a review by Edwards 1966) suggests that the dimorphism may -

not be entirely antimeric.

Other biological effects of the Langmuir helaces result
from their ability to circulate dissolved or non-buoyant
particulate matter through a part of the surface waters and
their tendency to concentrate particles and oils. Anything
11ght enough to resist being pulled downward in the con-
vergences will be concentrated there. Seaweeds, assorted
flotsam, small upward swimming or floating animals are
commonly seen in the wind rows which may provide shelter or
food fof other animals. Hutchinson (1967, p.” 290) presents
other models for caxantration at different points in the
helices. It appears that particles showing a sl@ght
tendgncy to sink méy be kept i1n a retention area below the

divergences (Stommel 1949), a possibility that suﬁports

Woodcock's theory of siphonophore dimorphism. Although
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there have been no detailed studies of the animals and
plants concentrated by the convergence, scattered obser-
vations suggest that this 1s a common event at the ?urfage.
Dinoflagellates have frequently been seen in the wind rows
(Bary 1953, Bainbridge 1957), as well as larvaeceans (Owens

1966), fish larvae, and small crustaceans (Hutchinson 1967,

Cassie 1963, Zaitzev 1970). N

t

The Horizontal transport of surface water into the
convergences may also result in a pile up of monomclecular
layers of surface active compounds to form a wave darpening
slick. A number of recent papers have shown that submerged
air bubbles in the presence ofﬂsurface active compounds will
result in thgkformatlon of particulate detritus which may be
used directly as food or as substrates for ba?terla. A
bubble swept downward in a convergence may dissolve leaving '
behind the coalesced organic compounds which were i1nitially
attached to the surface interface. A bubble may also
attract dissolved organics during 1ts passage through the
water. The wind row convergence both concentrates organic

compounds and provides a downward passage for small bubbles

and may be important in the production of detritus in the

r’ i

oceans (Riley 1963, Baylor and Sutcliffe 1963, Sutcliffe,

-Baylor and Menzel 1963, Barber 1966, reviewed by Riley 1970).

Oils of biological origin, e.g. from phytoplankton cells,
plankton ardmals, whales, and dissolved organics may form

¥




T . 16
-

slicks over wide areas of the ocean surface (Dietz an&\\\ i
Lafond 1950, Garret 1965,.Zaitsev 1970, Wilson and Colliér
1972). Any of these compounds mayliave their origﬁn% ?t
depth %ut may be brought to the surface:as droﬁ%gﬁs Tighter
than water or atfach to the surface iﬁterface if they are
polar, or to bthef-mglecules already at the~1£%erf?ce
'(éerosolb such ac pesticides and ﬁydrdcarbons fall onto the
interface from the atmogphere causing furtﬂer accumulation).
Mon~particulate organic compounds (exclusive of visible
slicks)c are found in the curface skin in amounts as much as
an order of magnitude greater than in the water just belaw
the ckin (Nishizawa 1971, Zaitsev 1970). A< noted above

thin layers of molecules on the interface can be concentrated
by the ocmall-scale wind rows to form slicks. The action of "
internal waves ¢an have a scimilar effect over a wider area
(Ewing 1950) and probably through other physical means such

as g ent gyres or convergencés. Local areas of intense

\ Ya
primary production or zooplankton grazing may also produce

The general importance of slicks to pleuston life lies
in their ability to damp waves (Dietz and Lafond -1950, éarret
and Bultman 1963), which would have a mechanical effect on
the surface environment. There would élso be an albedo effect
which would 'result in a great pgnetration of solar radiation

through the interface and a decrease in evaporatibn which - L

3
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. could promote heating at the surface. Bacteria and other

L3

-heterotrophs would be expected to be concentrifég in areas

of rich organic matter (Harvey 1971).

The physicgl characteristics of the sea surface are
more extreme and show a greater potential for rapid change
than the same variables at greater depths. Temperature
and salinity can at times be either higher or lower than
in sub-surface waters, pressure changes most rapidly with
depth at the surface, and turbulence 1s usually many orders
of magniﬁude greater at the interface tﬁan elsewhere. The
greatest amount of solar radiation in the wate; column,
especially of the ultraviolet and infrared wavelength§, 18
found i1n the upper few centimeters. It is often assumed
fhat life at the interface is more difficult than the less
challenging existence in the physically bufferedfkgmhs
(David 1965, Zgltsev 1968, 1970, and elsewheré). The
extremes found at the surface are not great compared to
those of terrestrial deserts which have not been insur-
moyntable to 1life; pelagic organisms have sucéessfully
invaded estuaries where physical change is always great.
The interface is a zone of material accumulation and a
plane of spatial orienfation for organisms; its greatest

significance lies here rather thaﬂ in its ext;eme physical

’

regime.

)
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The accumulation of matter at the interface may&

indirectly affect life at the surface through dn increase inm
habitat diversity. Floating seaweeds, large and small E
al9ochthonous particles ranging in size from microscopié
seston to large pieces of driftwood create potential niches
not found in the water column below. These materials break
up tﬂe environment by creating refuges which may also permit
increased diversity of species 581obodk1n 1966) . There have
as yet been no diversity studies comparing pleuston species

with upper pelagic species. This will be most interesting

work for the future.

Pleuston 1life \

A suitably broad definition of pleuston would include
organisms "... 1n any way associated with the water surf?ce."
(Hentschel 1933) whaich would include whales, turtles, hirds,
and all other creatures swimming or ﬁloating in the waéer,
rugp&ng over thé top of the sprface film or éttached to it
from below. Th?re 1s no reason to exclude seafaring man who
sails on floating ships in much the same way as the gooseneck
barnacle, Egggg, attaches to light bulbs, solidified crude '
0il lumps and driftwood. Hentschel's liberal definition haé
not met with great approval (Zaitsev 1970), but it will be

followed here in spirit.



&
3

Most of the‘blants and animals described below are
assigned to the pleuston bgcause they are found very near
the surface and show some special adaptation go surface
life (that is, some reason other than accident for being
at the surface). Sometimes animals may seem to be part of
the pleuston only because they are frequently caught at the
surface and show some concentration there. Zaitsev (1970)
gives vertical micro-distributions within the upper meter
of surface water for several small Black Sea animals, among
them copepods, cladocerans, and invertebrate larvae. These
distributions show about twice as many animals in the upéer
five cm as in any of the layers sampied below, 5-25 cm,
25-45 cm, 45-65 cm, DNo data dre available for distributions
of these an1ma1§ at greater depths. Oome similar results are
given by Della Croce and Sertorio (19%9), and Della Croce
(1962).

1 4
Zaitsev (1970Q) appears to consider these animals

pleustonic but 1t is possible that the surface interface
itself causes these distributions among randomly swimming
animals whose vertical range terminates at the interface,
Such an animal accidentally encountering the interface will
be stopped there momentarily until it can change direction
and move away . In the absence of the interface, its
swimming path would have taken it to a further point. The

result will be an accumulation of animals at the surface
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without entailing the continued presence of specific
individuals there. In a similar way, animals with a posi- ,
tive phototropism may be stopped at the sea surface for a
time until light conditions change or the phototropism
ceases to operate (Russell 1925). In neither case would 1t
be the intention of the animals to remain near the interface.

The result would be an enrichment of biomass near the

surface.

Anéther 1mp5rtant source of surface enrichment is the
addition to the interface of dead or dying organisms both
from the atmosphere and from the water column. Probably
the most important, especially in the open seas, is the
antirain of Zaitsev (1970). Dead animals become buoyant’as
small gas bubbles released during decomposition form beneath
the exoskeleton. They are brought to the interface and may
collect there in large enough numbers to be an important
food source for pleuston animals and a substraje for
bé%teria. Dead phytoplankton may also appear at the surface,
butMit is not certain ‘whether they are killed before or
after arrival at the surface (Marumo, Taga, Nakai 1971). :
Savage and Wimpenny (1956) found.great concentrations of

dead or dying Coscinodiscus floating at the surface in

clumps at a time of maximum phytoplankton growth. ‘Fulmars

were observed eating the clumps of diatoms.
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Living crustaceans’ with hydrofuge exoskeletons
(Oladocerans, hyperiid amphipods) may become trapped in
the surface tension and, although no quantitative measure-
ments have been made, trapped animals do appear to provide
food for Halobates, and D?vid (1965b) observed a marine
surface fish, Mupus, to feed on such trapped animals. The

white bass, Roccus chrysops, swims beneath wind rows in ]

lakes eating surface-trapped Daphnia in the same way
(Hutchinson 1967).

Airborne seeds, pollen grains, and insects falling on
the sea surface provide the second major dutéide source of
organic barticles to the pleuston, although the importance
of this material 1s restricted to near shore or enclosed
bodiec of water. 1In the Black Sea floating insects and
plant matter may become extremely important at certain times
of year, and both insect fragments and pollen grains have
been found in the guts of pontellid copepods; pollen is
eaten by Noctiluca (Zaitsev 1970). In the Gulf of St.
Lawrence during the present study, pollen frequently clogged
" “the surface nets and lay on the water surface in widespread
yellow mats. Insects often made up the bulk of pleuston
samples, especially flying ants in the spring. It is not
known how important this source of food may be to plegston
animals, but since most of it is unsinkable, it is likely
that pleuston reducers will benefit from it if nothing else

does.
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Cassie (1963), David (1965b), and Zaitsev (1962, 1970)
have emphasized that the usual methods of plankton collection
inadequately sample the very surface. A net with a
circular aperture hauled just at the surface, fishes at the
interface with only a tiny proportion-of its mouth area;
often the surface layer rolls up éhﬁlover the top of the net
so that none of this layer 1s fished., A vertical or oblique
net haul will fish the surface for only a few feet of its
total run and again may push most of the encountered surface
water aside without filteraing 1t, especially if the net is
partially clogged at the eﬂd of the haul. To overcome these
limitations, nets have been made with rectangular apertures
mounted on floats or skiis (see Figure 16), or suspended from
booms. Samples are taken at various speeds, depending on net
design and the organisms sought. A usual concern is to get
the net away from the wake of the ship to fish undisturbed
water. The use of keels, booms, or drift nets will accomplish
this. Zaitsev (1970) has reviewed standard methods as well
as ways of collecting special components of the pleuston such
as bacteria. The following authors have described various
techniques of pleuston collecfion: Parr(193%9), Willis (1963),
Zaitsev (1962, 1970), David (1965), Harvey (1966), Rivers
({966), Bieri and Newbury (1966), Marinaro and Henry (1968),
Sameoto and Jaroszynski (19€9), anthen—Yami, Herzberg and

Pisantry (1970).
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Results from a number of studies indicate fhat bacteria
are found in much greater numbers at the surface interface
than elsewhere in the water columnm. ;arvey (1966) was able
to sample the top mm of water by pushing a slowly rotating
drum ahead of a small boat and removing the thin water layer
adhering to the drum. He found bacteria in much greater
numbers in these sampleg than in samples taken with a
surface bucket. The bacteria were often associated with
clumps of detritus. Sieburth (1965) obtained similar results,
but in another study (1971) found some areas in low latitudes
with reduced bacteria, suggesting solar inhibition., Tsyban
(1971) states that bacteria are common both on or within the
surface film and in the two cm below 1t; these are considered
two types of bacteria'Cémmunities. Bacteria from both micro-
layers are usually two orders of magnitude more numerous than
elsewhere in the water column, and up to four orders of
magnitude in the oceanic Pacific. Zaitsev'(1970), Tsyban
(1971a and b), and Tsyban and Polishchuk (1969) note that
the surféce bacteria is not dispersed by stormy weather and
that seafoam is an important habitat for bacterial and
protozoan communities. Pleuston bacteria possess strong
proteolitic and lipolitic activity and bright pigmentation.
There are many species, mostly of the genera Bacterium and

Pseudomoms.

The composition of pleuston phytoplankton appears to
differ from that of the general surface phytoplankton.




Steeman-Nielsen (1952) found that photosynthesis of diatoms
could be inhibited by an exeess of visible light as well as
ultraviolet light, and Harvey (1966) found fewer diatoms in
his interface samples than in the water taken by a surface
bucket. Zaitsev (1970) notes the pé§01ty of healthy diatoms
in the pleuston and the frequency o%jdlnoflaggllates such as

Noctiluca and Gymnodinium, a red-tide organism. He notes

that reducers are common in the pleuston and this may be why
the dlnbflagellates have adapted to this environment.
Mot1lity may also be a factor. Further examples of dino-
flagellates living at the surface are given above in the
discusgion of ultraviolet light. The unusual ﬁhytoplankton

genus, Halosphaera, is discussed in Section XI.

Macrophytic algae has numerous representatives in the
pleuston, but it is not certain that any of them, other than
species of Sargassum, are specifically adapted to this
habitat. In the Gulf of St. lawrence, many types of seaweeds,
but most commonly Egggg, were found at the surface during
most of the year. WNo studies have been done to determine
whether these plants are reproducing at the surface. Their
importance in the pleuston is not known, although they give

shelter to a number of animals at the surface (Section XI).

Protozoans appear to be well represented at the
surface interface. Harvey (1966) found over 4000 micro-
flagellates (less than 15 microns) per liter in the top mm

3
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of surface water but none in a surface bucket sample.
Ciliates were found in nearly equal numbers in both samples.
,Zaitsev (1970) notes that sea foam contains many micro-
flagellates in association with bacteria, and Cassie (1963%)
cites unpublished observations of Norras that the micro-

flagellate, Chrysochrum ulina, attaches to the surface film

with its haptonema. Balnbfidge (1957) found flagellates
concentrated 1n wind rows, and Bary (1953) observed
Pyrosoma at the surface off New Zealénd. Zaitsev (1970)
reviews many other instances of protozoans found in the
‘pleuston, including tintinnids which are very common in the
top five cm of the surface, at times in numbers four orderé
of magnitude greater than in water below this level.
Hutchinson (1967) describes surface film attachment by the

basal stalk of the tintinnid, Epistylis fluitans in fresh

waters. Pacific Radiolarians and PForaminifera have also

been found at the interface (Willis 1963).

Rotifers appear often in the pleuston. Hutchinson (1967)
describes fresh water §peciés with internal floats and Zaitsev
(1970) notes many instances of rotifers with marked surface
concentrations. During the present study in the Gulf of
St. Lawrence, rotifers were encountered frequently in the
pleuston and during one summer appeared in a vast swarm almost
entirely at the interface (Section XI). On some occasions
small larvae of other inverteprates have been reported at the

-
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interface but not in sufficient numbers or frequently enou§h~
to make generalizations possible. A holothurian larva found
at the interface in the Gulf of St. Lawrence 1s described in
Section XI, and crab megalops are common pleuston samples.
Zaitsev (1970) gives strong surface micro—distributions for
larvae of Balanus, lamellibranchs and gastropods. Young

Mytilus attach to the surface film with the byssus.

\\
Eggs of both fish and "invertebrates appear to be common

in é/varlety of locations. Cod and halibut eggs in the Gulf
of St. Lawrence were observed during the present study at the
surface interface as well as great numbers of unidentified
invertebrate eggs. Zaitsev (sammarized 1970) has done much -
work on the vertical distribution and biology of fish eggs in
the Black Sea, especially the eggs of the anchovy, red and
grey mallet, dragonet, ang sole, all of which have strong
pleuston distributions. The need to survey fish egg densitiés»
in Russian seas was in fact the motivating force behind the
first pleuston studies (Zaitsev 1959). There seems to be

two methods of flotation of fish eggs; the most common is a
low density caused by large amounts of fat droplets. In the
case of Mugil, the action of @ hydrofuge outer membrane traps
the egg in the surface tension. The létter situation would
appear to be an adaptation to keep the egg in the surface

layer, perhaps, as Zaitsev suggests, to hasten development

time by staying in the warmer surface water (and possibly by
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absorbing heat directly from infrared radiation). Low ;
density could also be an adaptation to surface life, but the
surface distribution could also be a non-adaptive by-product
of octored fat. Zaitsev points out that fish egg surveys made
with ordinary plankton nets are subject to drastic revision

in the cases where eggs f{loat at the very surface.

There 15 a large assortment of animals from other
invertebrate phyla which are common in tropical oceanic
pleuston, many of them of great beauty. Examples are the
siphonophores, Porplta, Vellela, Physalia, the nudibranch

|
Glaucus, the purple snail, Janthina, pelagic anemones, and

several small squid including the paper nautilus, Argonauta.
All of the above are coloured various shades Qf blue, purple
and green (seé David 1965b for colour photographs). All of
these animals appear to be carnivore:z. The attachment to

the surface is effected by gas floats (siphonophores), secreted
bubbles encased in mucus (Janthina, anemones, stalked barnacles)
or by gas bubbles withan the body (Glaucus). By virtue of
tﬁese floats they are obligatorily restricted to the surface
interface, There has béen no comprehensive sﬁudy of all of
these animals in one locality, but details of their biology

can be found in a number of papers: Wilson (1956), Bayer
(1963), David (1965b), Savilov (1956-66), Totten (1960),
Zaitsev (1970), and in some books of general marine biology!

the writings of William Beebe (e.ge 1926), Murray and Hjort
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(1912), Marshall (1954).

§

Fish are common at the surface but it is often difficult
to assign them to the pleuston‘because they may cruise over a
greater depth range than smaller animals. Tuna, swordfish,
and sairlfish at times inhabit the near surface waters as does

the ocean sunfish, Molalﬁola; fhe larvae of these fish and -

many others live near the interface. All species of flying

fish and the needle fish, Scomberesox suarus (Nellen 1971), g

may be .considered permanent members of the pleuston. Most
pleuston fish keep to the surface by virtue of their

behaviour rather ?hén by special structures (it is assﬁmed
that regulation of thé,swim bladder comes under the heading of
behaviour). Exceptions to thas would be larval flying fish,
and some sargasso fish. The fry of several sﬁec1es of mullet
have been observed to hold external air bubbles between the
dorsal fins. ©Seen from above, a school of these fry appears

as a patch of Zilvery bubbles and 1t is possible that this is

camouflage as well as a flotation device {Zaitsev 1970).

To return to Hentschel's broad definition of pleuston,

it 15 necessary to consider the birds which get thear {ood

S
from the sea surface., Many sea birds, especially the tube
nose birds (Tubinares) feed mainly on zooplankton near the
interface. Very 11ftle 1s known about the actual stomach con-

tents of petrels (Fisher and Lockley 1954, Huntington per.

comm.) but the nature of their feédlng suggests that they must
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take animals from the surface. Zaitsev (1970) has observed‘
the feeding behaviour of several sea birds including the

kittiwake, Rissa tridactyla, the shearwater, Puffinus puffinus, .

and several species of petrels of the genus Oceanodroma, and

found them all to be feeding just at the interface. Although

it 1s unlikely that they are feeding exclusively on true

pleuston species, especially in boreal waters where deeper

living zooplankton may come occasionally to the very surface,

=

, : fdr\éxample Calanus finmarchicus (Marshall and Orr 1954), 1t
1

is likely that the birds have at least some effect on the true
pleuston and may be a functional part of a pleuston community.

The first efforts to study the pleuston of European seas were

made to determine the amounts and types of food available to

cea birds (David 1956). Zaitsev also notes that there 15 a

Il

bat which feeds exclusively on inshore pleuston (see Griffin ~

1963) .

Gudkov (1962) calls attention to feeding associations of
whales, birds and plankton. On one occasion, he found 15
spégles of birds, and many whales congregated oyer a shoal of
Calanus. Similar observations, were made Quring the p;esent
study in the Gulf of St. Tawrence; basking sharks were often
present but, although they feed at the surface, their mou#hs

/
function in somewhat the same way as surface hauled conical

~plankton nets which, as Zaitsev notés, undersample the pleuston.

It is not known whether these multi-phyletic feeding
associations occur with the true pleuston.

?
(2]



David (1965a) notes that the pleuston largely disappears
in high latitudes, but there 1s no obvious geason why this
should @e so. Zaitsev (1970) reports thatlthere is lattle
pleuston (diversity and biomass) in both the northwestern
Pacific and the Antarctic (positions not given). He presumes
water temperature to be the deciding factor but also notes
that freezing air temperatures and sea 1ce would eliminate
species with surface protrusions. It is doubtful that this
virtual disappearance of pleuston is related to other species

diversity gradients, because the loss of pleuston in high

latitudes 15 so abrupt (Anomalocera is possibly the only

permanent pleuston animal in the boreal North.Atlantic). Low

air or water temperatures should not in themselves make all

I

pleuston life impossible.

: 2

The overt adaptations to surfé&g life seen in the tropics

such as protective colouration, flotation devices, structuiél

association with the interface, might be considered fine

niche specializations, especially when compared to generalized
pecies such as Calanus. Thic may be related to a remark by

. MgGowan (1971), that a species can be e;pected to adapt-more

ully to paff%éular and restricted roles in a community if

there is a constancy or fidelity of other components in the

community (see also Fager 1957, 1963). In the higher lati-

) 5
tudes, pronounced seasonality creates great changes in

‘ " plankton compasition and there is presumably a low degree of




31 .

fidelity within a given plankton community or water layer
(although the changes in plankton composition may be
predictable). Seasonal ontogeny, seasonal vertical migrationé,
and changes of bioﬁééﬁ-in the high latitudes are all in stirong
contrast to the stéadier conditions of the tropics. The
marked seasonal changes in the 1life of high 1atitudes‘and

the more generalized niches found there, may result from the
types of evolutionary étrategies necessary in fluctuating
environments, at least when these environments are of recent

origin (Dunbar 19€8).

It is also possible that there is more of a pleuston
community in the high latitudes than has been suspected.
Species may be present near the interface without the special
features common in the tropics. Detailed work over long
periods of time stressing both micro-distribution and
behaviour will be necessary to determine this. More likely
there is an increase of temperary forms. Many of Zaitsev's
Black Sea examples of pleuston are clearly ontogenetic or

seasonal. Anomalocera disappears from the northern parts of

its range in the winter, and in the Arctic and Antarctic
species have been found at the very surface but only during a
small part of the year (Dumbar 1957, Amphipods; Marr 1962,

Euphausids).
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It is difficult to say where the importance of the
pleuston lies; it may be both economic and environmental.
Many of the‘substances which enter the sea from the land and
from man's activitieg. do so through the surface interface,
for example, pesticide aerosols, particulate matter from
so1ls and factories, and radioactive fall-out. Zaitsev (1970),
who champions the extreme surface as a most important
incubator for many commercial fisheries, also discusses the
importance of radio-ecology of the sea surface. He gives
data to demonstréfe the concentration of strontium 90 and
other radioactive products by several species oflpleuston in
the élack Sea, including fish eggs. No data are éiven for
SPécies living below the pleuston layer so that comparisons

are not possible,

Contamination of the pleuston enviromment by oil slicks
would appear an obvious influence on surface animals.,
Surface active compounds may persist at the interface after
visible oil has disappeared into the bottom sediments. As
11ttle as 1 ppm dissolved crude oil fractions can adversely
affect Calanus (Smith 1968), and it is reasonable to suspect

that a species such as Anomalocera, which is in contact with

the surface film, will be more vulnerable to @il and pesticide
residues. Mileikovsky (1970) found A. patersoni (origin not
given) was sensitive to low concentrations of crude oil

(amounts not given). Any animal or eggs living near the

\
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surface will receive not only the~effects of substances dis-
solved throughout the surface waters, but alsc have the
'closest.contact with substances as they first enter the water
column, and substances which become concentrated at the

-+

surface,
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As noted in the introduction; specimens of the new

>

species, Anomalocera opalus, from the Gulf of St. Lawrence

and western Horth Atlantic shelf waters (Fig. 3) differ
markedly from specimens of A, patersoni (Templeton 193%7)
with which A. opalus was formerly classified (Willey 1919).
The morphological variation was for the most part found in
the genital segments, and was readily apparent under low
magnification; the two forms can be easily distinguished
without the need of dissection or measurements. To study

these dafferences, collections of Anomalocera were obtained

from various parts of the North Atlantic (Fig. 1 and Tables

1 and 2), and measurements were made on several body parts,
mainly on the genital segments. None of the samples con-*
tained intermediate formo;and the differences found were non-
overlapping between the two forms. There w;s also a clear
geographical separation of the two forms, a point which is
expanded and justified in éection IV on the geographical

distribution of Anomalocera in the North Atlantic.

The measurements ‘were made using an ocular micrometer in
a dissecting microscope. Copepods were placed in lactic 301d
during the measuring to prevent drying. The ratio of éenital
segment length to prosome length of both males and females

was found to be a convenient measure of the differences

between the two species (Fig. 2, Appendix 1), but other ratios
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could have been used, and in fact many other measurements

n

were made (ske Appendix I).

-

.

A description of Anomalocera opalus is given below,

followed by a more detailed discussion of the differences

between A. opalus and A. patersoni.

Anomalocera opalus 13 a large, stoutly built, carni-

vorous copepod of blue-green colour, resembliﬁg A. patersoni.
Although the range of size overlaps, A, opalus 1s usually

the larger of the two species and bears a more complex
genital segment. Both sexes possess an opalescent pigment
system underlying thé dorsal and lateral surface of the

prosome (Fig. 6, and Section IX, Pig. 28).

The adult female (Fig. €) (prosome length 2.8 - 4 mm)
has six prosome and threc urosome segments andigéghpaired
swimming legs, the last of which is reduced, but nearly
symmetrical, There are two pairs of small cuticular lenses
on the dorsal-lateral surface of the first prosome or head
segment; on the ventral surface of the head, there is a
large eye and strong paired rostral hooks. The dorsal
surface of the first segment bears a flattened area used for
attachment to the surface interface: There are lateral

hooks on the first prosome segment, and the last prosome

segment is extended in long points.




Figure 1.

¢

Map of the North Atlantic showing the

b
42 samples used in the study of geo-
graphical distribution of the two specieé,

A, opalus (circles) and A. patersoni

(crosses).







Figure 2.

The regression of genital segment length

on prosome length of A. patersoni and

A. opalus, males and females. Fitted by

least squares regression (Stanley 1963).
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Table 1. Positions, dates of sampling, number

measured, and species of those specimens
used for the measurements and ratios. The
positions are shown on the map. (Fi1qg.5).

Data for samples measured.

Number in -
sample
measured

No. Latitude Longitude Date Males  Females Species
1. 48°15'N 64°30'w 34.9.68 30 30 A. opalus
2. 48%15'N 64°30'w  20.8.66 30 30 " v
3. 51°30'N S8000'W 31.7.66 30 30 "

4. 43°30'N 69°30'w 29.7.66 30 30 "

5. 43°30'N 70%00'w 15.8.69 30 30 "

6. 39935'N 711%84 W 3.8.66 30 30 "

7 39%00°'N 72%30'w . ,, 3.8.66 30 30 "

8. 40%16'N 67 30w . 31.7.66 30 30 "

9. 64%00°'N 26%48'w 31.5.61 14 30 A. patersoni
10. 56°30°'N 08°59'w 29.5.69 30 30 "

11. 61°08'N 02°10'w 19.6.65 30 30 "

12. 47°35.5'N 10%78,2'w 18.4.67 30 30 -

13. 61°21'N 03°10'w | 25.11.65 14 14 "

14. 58°05'N 01°50'E 18.11.68 30 30 "

15. 59°31°N 07%5'w 11.11.65 30 30 .

16. 57°30'N 06 00'E 25.10.67 30 30 "

17. 49%00'n 06 00w No Date 30 30 r
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The same information far those samples for

which qualitative examination only was made.
Pogitions are shown on the map (Fig. 5k

Data for "samples examined.

*.q

Number in
‘ sample
examined -
No. Latitude Longitude Date Males  Females Species
18. 63%48'x 15%50'w 1.8.61 130 30 A. patersoni
19. 64°00"'N 2648w 31.5.61 30 30 "
20. 46%30.3'N 12°37.2'w 17.4.67 1 1 "
21. 49°28.5'N 06°28'w 18.4.67 2 - -
22. 48%53.8'N 07°39,4'w 18.4.67 5 - -
23. 48°38.8'n 08°20.3'w 18.4.67 1 2 -
24. 34%5.2'N 41°16.2'w 7.4.67 300 300 " ‘
25. .55°30°'N 04° E 10.63 7 4 -
26. 40”29 68°10.5'w 31.7.66 30 30 ] " C o
217. 20°%15'N 67°30'w 30.7.66 30 30 -
28. 43°38 N 69°08.5'w 29.7:66 30 30 . "
29. 41°30'N 69°32'w 28.7.66 30 30 -
30. 39°57°'N 6905 "W 1.8.66 30 30 " '
3. 40°29°N 68°10.5'w 31.7.66 30 30 .
12. 42"39°N 69°30'w 28.7.66 30 30 -
13, 44%0°'n 68°30'w 29.7.66 30 30 -
3, 40°05'N 71%30°w 2.8.66 30 30 "
35. 40°30'N 72°30'w 3.8.66 30 30 . S
36. 42%s8°N 69°30'wW 28.7.66 30 30 "
37. 40%31'N 69°30'w 28.7.66 30 30 ' " !
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Table 2 cont'd....

Number in
¢ ‘ . sample
. examined
. No. Latitude Longitude * - Date es emales Species
0 .
38, 40%00'N 70 31'w 2.8.66 30 30 A. opalus
, 0 0 -
39, A0 12'N - 69 05'W 1.8.66 30 - ~ 30 "
40. 42%0'n 69°30.5'w 28.7.66 30 30 .
a1, 39%35'x 71%4w 3.8.66 . 30 30 "
O 4
o 42, 45°g0'N 54 00'W 8.64 0 1 "
18
- /
. .
) \
’
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The female genital segment is a greatly enlarged
structure with several ventral bumps and a large spine

directed backward from the right posteriog corner of the

segment (Figs. 4, 6 and 7). The caudal rami are asymmétrical.

The adult male 1o somewhat smaller than the female

(prosome length 2.7 -~ 3.4 mm), and has six prosome and five .

urosome segments. The prosome bears lateral hooks, dorsal
1ensesz ventral eye, rostral hooks, terminal points and the
surface attachment area. These structures are similar to
those of the female, with the exceptions that in the male,
the ventral eye is more strongly developed and the right
terminal point is.curved. The right first antenna is highly
modified as a geniculate grasping arm used forvcépulatlon.
The fifth swimming legs are also modified and asyﬁﬂé%rical,"
forming a grasping hook and a claw’fgr holding the sperma-
tophore. The first urosome or genital éégme:t bears a large
posterior extensﬁon on the right 51de((Fig. 6).

In thg last section, the observed differences between
specimens of the proposed new species, A. opalus, and ‘
specimens of A. patersoni, are described in more detail.
Figures 4 - 7 show the genital segments of both species;
Figure 5 gives the origins of samples studied. Results of
measurements of body proportions aré given in the tables and
discussed below.

\
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Section IIXI

Morphologicél comparison of A. opalus

with A. patersoni



Adult female /

The female first urosgme or genital segment of A.
opalus is relatively Iaﬁﬁe and i?regular, divided by a
transverse cleavage. In ﬁ.‘batersoni, it is relataively
small and smooth and nét divided dorsally. This segment in
both species bears a/right ventral posterior process, but
in specimens oflé. alus this process is relatively }onger
and curvesc more Sﬁfongly to the right. It also bears a

small spine at its base which 1s lacking in A. patersoni,

but lacks a smal}l bed of hairs found on the upper surface

Lo,

of the process:in the latter species.

On the Yéntral surface of the genita1'§egment, A,
opalus beard two large protuberances, which are entirely
abcent in 4A. patersoni. One of the protubeggnces, located
near the pase of the posterior process, bears several
convoluted ridges and is surmounted by a circular crater,.

The othgr 1s located near the mid-left lateral margin of the

segment and is bounded laterally by a crescent-shaped ridge.
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7.
the dorsal surface (shown in Fig. Rc, d). Neither group of

hairs was previously described.

The caudal rami are slightly asymmetrical iwm both
species. The right lateral seta of the right ramus is
shorter and more blunt in A. opalus than in A. patersoni,
and bears longer fine hairs than does that of the latter
species, The left lateral spine of the left ramus of

A. opalus bears a short row of spinules; that of A. patersoni

bears cpinules along nearly 2/3 of its length. There are

no spines or hairs on the lateral margins of the r&fi
A. opalus; on each ramus of A. patersoni i1s a single lateral

Spimale.

The posterior corners of the last prosome segment are
more sharply pointed in A. opalus than in A. patersoni, but

otherwise are similar in both species.

Adult male

The first urosomal segment of both species is highly
asymmetrical and extended latgrally to the right into a
pointed process which is much more pronounced in A. opalus
than in A. patersoni. This right extension of A. opalus
bears two fine hairs on the posterior margin; that of

A. patersoni bears three hairs on the posterior and one on
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the lateral margin. The rest of the—urosome segments of
A. opalus are slightly and irregularly asymmetrical and
bear no hairs or spines., Those of A. patersoni bear a
number of asymmetrically placed spinules (Fig. 4b), and the

third segment is enlarged on the right side.

The caudal rami are similar an both species, with the
exception that there are two spinules on the lateral margin

of the right ramus of A. patersoni not found in A. opalus.’

The last prosomal segmen£ differs in the two species
in the shape and armature of the asymmetrically extended
right posterior corner. In A. opalus, this is strongly
curved upward into a sickle shape and bears two hairs on
the ventral surface (Fig. 3a); in A. patersoni, it is

straighter and bears no haairs.

Discussion -

The morphological comparisons given above reveal
qualitative differences such as spines, hairs and protube-
rances, and proportional differences of corresponding
structures., The latter observations must be freed of
possible bias due to suﬁjective interpfetation, and they
must be studied geographically. To do this, measq:ements

were made on sampleé'of adult males and females, taken from

’
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different areas in tﬁe North Atlantic (Table 1 and Fig. é).
ngure 2 shows grapﬁically an important proportional
difference, the relationship of the prosome lemgth to the
genital segment length. The genital segment 1s relatively
longer in specimens of A._opalus (both sexes). There is no
suggestion of allometry in the graphs or in any of the
specimens examined in the study. The lines are fitted by
least squares regrescion and the number of animals for each
point 12 %0 (Wlfh three exceptions where N-14, see Table 1).

(Stanley 1963).

Of the 42 samples examined in the study of geographacal
variation, 17 were suitable for detailed measurement (los.
1-17 in the tables and map) and were used for the cal-
culations of the regrecsion lines. The remaining 25 samples
(Nos. 18-42 in the tables) were examined for the gqualitative
features described above in the comparative description of
A. opalus and 4. patersoni. On the basis of these features,
the specimens of each sample were assigned to the appropriate
species. This was also done in the first 17 samples prior
to measurement. The results are shownnon the map (Fig. 1)

and are also given in Tables 1 and 2.

All samples were monospecific. " Those of A. opalus wére
from the western North Atlantic and the Gulf of St. Lawrence.

Those of A. patersoni were from the eastern North Atlantic

V)
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and the North Sea (including the three samples from waters

near Iceland).

A

In addition to these samples, mapy thousands of 5??5
specimens were examined from the Gulf of St. Lawrehcepover
the three years of theg”study and?qo specimens of A. patersoni
were found. In the entire study, no specimens were gseen
which appeared intermedi;%e between the two types as
desceribed and shown in the text and drawings above. There
were no suggastionﬁ of overlap between the @ypes in the
measurements of iﬁdividual specimens in the proportional0

t sfad Py
\\\\\\\\\\\‘ —_#_’,_,,,,,_,,,,_,,,,,,,,
—_— .
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Figure 4. a) A. opalus urosome, dorsal, female——
MMEW; dorsal, female

.
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Figure 5. a) A. opalus urosome, dorsal, male
b) A, patersoni urosome, dorsal, male
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| Figure 6. a) A. opalus urosome, right lateral, male '
|

| ) b) A. patersoni urosome, right lateral, male

} c) A. opalus urosome, ventrakl, female

d)« A. patersoni urosome, ventral, female
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Figure 7. a) g.vogalus urosomé, gight lateral, female
b) A. opalus urosome, left lateral, female.

c) A. Eatersoni urosome, right lateral,

° female o : , .
-~ - 7
» d) A. patersoni urosome, left lateral,
) . N\female : .
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Section IV B

Geographicéi distribution of Fhe genus Anomalocera,

with emphasis on the North Atlantic
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General distribution

The genus Anomalocera comprises three species. °

A. patersoni was described by Templeton in 1857 from the
Irish Sea, A. ornata by Sutcliffe in 1949 from inshore
vaters of the southern United States, and A. opalus in the -
present study from the Gulf of 5t. Lawrence, Gulf of Maine
and‘Scotian cshelf waters. Before the present study, the?
populations,here set up as the new species, A. opalus, wére
included under the species, A. patersoni. In the folloWigé

discussion of North Aflantlc distributions, these two

species wi1ll be referred to as A. patersoni sensu latae (s.1.)

or simply as Anomalocera, and A. ornata will not be con-

351dered unless explicitly menticned,

¢

A. patersoni s.l. 15 reportcd from the Mediterrancan
sea (Giesbrecht 1892, Giesbrecht and Schmiel 1898, Rose 1929,
Tregouboff and Rose 1957, Vives 1966, Chaﬁpalbert 1971), the -
Black Sea (Zaitcev 1961), and the Adriatic Sca (Huxze awnd
diCarlo 1968). Wilson (1942) reported it from the
Philippines region, but this record has never been sub-
stantiated, and there have since beén no records of

4

Anomalocera in the Pagific Ocean (Heinrich 1960, Brodski

1950, Mori 1964, Sherman 1963%,, Tanaka 1964). It is
f .
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apparently not found in the Indian Ocean (Sewell 1948,
Anonymous 1965), nor in the South Atlantic ggg?dy 1878,
Sewell 1948, Bjornberg 1963%). It 1s most oFten recorded
from the North Atlantic Ocean, and 1ts distribution there

1s discussed below in detaal.

f
i

Since Templeton's description of A. patersoni from the
Irish Sea, there has been confusion whether this species 1is
neritic, oceanic, or intermediate in its distribution, and
thic has been true on both sides of the Atlantic. Wheeler
in 1901, followed by Fish in 1925 and Wilson 1in 1932, believed

o -
that the presence of Anomalocera off Woods Hole, Massachusetts,

indicated a Gulf Stream incursion. Deevey (1952) stated that
,i}s precence in Block Islénd Sound was a gcign of .offshore
waters, and che concidered 1t a Gu]ertream copepod. It

ddes not, however, appear to be found in the Gulf Stream
(Our¢ and Foyo 19€7, Grice and Hart 1962),¥or in the Sargasso
Sea (Wilson 19%G, Moore 1949, Grice and Harf 1952). Sherman
and Shaner (7968) have shown 1t to be most common on the
coastal side of Gulf Stream mixing areac near the ‘Gulf of

Maine, and Bigelow (1926) presented strong evidence that

Anomalocera is an endemic specieg to the Gulf of Maine, not

. an immigrant from offshore waters. lle considered it to be

intermediate between neritic and oceanic.

Cimilar conflicting opinions ure fouhd in reports from

BEuropean waters. Sars (1905) noted that Anomalocera occurred
i




in Nofwggian fjords in the summer after strong onshore

gales, and he believed 1t to be a copepod of the open seas.
FParran (1910) and Fleury (1951) both cited it as an oceanic
species, and Fraser (1961), on the basic of = sea-ward
increase in an area bounded by the Faroce and Shetland
Islands, also implied that 1t was oceanic. Other authors

have taken the opposite view and considered Anomalocera a

nerlfié cpecies (Cleve 1900, Wiborg 1905, Murray and Hjort
1912). Colebrooke, John and Brown (1961) and Williamson

(19€1) consideréd it to be neither neritic nor oceanic but
intermediate. Cewell (1948), using the world distribution

map for Anomalocera prepared by Steuer (1955), clacsified it

as neritic but noted that such disputes are common in
copepod‘studqg;, and that the terms neritic and oceanic may T
be 'of limited use*as ‘exact natural categories. lHe cited

Dahl (1294), "... many coactal form: occur, in isolated

inctances in the high seas and similarly many oceanic forms

occur on the coact.'" ©Some species stay well w1thlnaﬁater

mass boundariec while others opread out over wide areas and
contribute to overlap in clacsification schemes (Russell

1975). Such categorieec are best used only in a very bro&d‘

sense.

-

It ic noteworthy that moct of the workers who have
classified A. paterconi 5.l. aS on ocegnic¢ species were

shore~bvased or gonfined to studiec within z limited area



55

(e.g. Wheeler 1901, Fish 1925, Wilson 1932, Deevey 1952,
Fraser 1951). Those who considered the species to be
neritic or intermediate between neritic and oceanic were
more often engaged in troad distributional. studies invol-
ving large amounts of data over extensive areas (e.g.
Bigelow 1926, Seweil 1948, Williamson 1961). The difficulty

in determining the distribution of Anomalocera 1s due in part

to 1ts habit of living at the surface interface (Section X);
1t cannot be well sampled with any of the traditional
plankton nets and 1s frequently under-represented in

collections (Zaitsev 1962).

Figure 10 summarizes the North Atlantic distribution of
A. patersoni s.l. using data both from the present study
and from all available literature. Open ocean cruises from
which copepod datahave been published or made available are
shown in Figure 8 and Table 3. In addition to the plankton
Zathering cruises, there are extensive data from the Hardy
continuous plankton recorder collections both from the open
sea and from the shelf waters of the eastern and western
Horth Atlantaic (Fig. 9). This material is discussed in the
publication, Bulletin of Marine Ecology. The open sea’
recorder routes are subject to frequent sampling and rep-
‘ resent a massive store of data on North Atlantic plankton.
Although‘the\}écorder does not adequately sample pleuston7

organisms and is not the b;;% means of studying Anomalocera,

FU
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Table 3

Important oceanic cruises in the North Atlantic

for which copepod stuydies are available.

Map symbol Ship or cfuise Reference to
(Figure 8) designation - copepod study
"A Challenger ‘ Brady 1883
¥Continuous plankton Herdman, Thompson and
sa@g}ﬁs - transAtlantic Scott 1898
C Fridthjof With 1915
D Thor With 1915
E Porcupine With 1915
' F Fram o With 1915
G Danish Ingolf wWith 1915
H- Armourer Hansen - Lyshalm and Nordgaard 1921
I Michael Sars Stromer 1924
. Lysholm and Nordgaard 1945
" J Terra Nova Farran 1929
K Prince of Monaco, cruises ~ Rose 1929
L Carnegie Wilson 1942
M | N.Y. - Bermuda, transect Grice and Hart 1962
N Oceanographer (1966) Present study
0 Weather Station M Kielhorn 1954

* The first continuous plankton samples, taken from ships
‘ coolant water across the Atlantic and back again. o

’



Figure 8.

Important oceanic cruises in the North v
Atlaﬁﬁic for which copepod studies are

available (see Table 3).
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Figure 9.

7

Hardy continuous plankton recorder cruises
in the North Atlantic (repeated regularly).

(From Gieskes 1970). ’
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Figure 10.

.

!

Records of Anomalocera patersoni s.l.

El

in the North Atlantic.
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it does capture it often in European waters (Colebrooke,

John and Brown 1961); in the open ocean samples, Anomalocera

has been found only:three times. Nine additional oceanic

records of Anomalocera were found in the 1iteréture, all

consisting of small numbers of adults. In collections from

. . . %
several trans-Atlantic cruises, Anomalocera was either over

eastern or western shelf waters (or both) but not i1n the
central oceanic waters. One of these cruises,-made by the
"Oceanographer" in 1966, took many surface plankton samplef
across the Atlantic. The pontelild copepods_from this

collection were made available.to the present study and were

found to coniain Anomalocera only in samples from waters

near the British Isles. Since no immature stages were
found 1y any of the twelve oceanic records, the occasion%;¢
presence of adults in small numbers far at sea may be

attributed to surface drift of shelf wafters. The micro-

distribution of Anomalocera at the very surface renders

the animal subject to rapid wind transport (Section VI, .

p. 98, Section X, p.172 ).

It seems reasonable to conelude that Anomalocera

patersoni s.l. occurs mainly over shelf waters of the North
Atlantic and is found only rarely in the open sea. This

point is of considerable impoftance in ‘the proposal of thé

new species, A. opalus, based on data from inshore collections/

(Section II) and in the hypothesis of a restifg egg in the

b

life cycle in the Gulf of St. Lawrence (Section VI).
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Distribution and seasonal occurrence in theyeastern

NMorth Atlantic

’

Anomalocera patersoni has long been known from British

waters (Eaird 1850, Brady 1878, Templeton 1837) and generally
from Buropean coastal waters (Steuer 1933), at times in

great abundance (Thompson 1889). It has been associated

wit% the onzet of the summer fishing season in Norwayi(Sars
1903) , and‘usually, it only because of its striking
anpearance, receives mention %n/ghe briefest of plankton
papers. Its distribution 1s general over the North Sea,

the entrance to the Baltic _out not in the.Baltic), and in

k]

Fr the Continental shelf (Colebroo¥, John b

and Brown 1963) It is found in mid- to late summer along
! :

the Atlantic ov

the coast of Norway (Boeck 1864, Sars 1903, Rose 1929,

Wiborg 1934) anq"ias been taken as far north as Latitude 70

at KvaltSound (T. Scott 1901) and Murmansk (Mrazek 1902),.
U

@
Jesperson (1940) has reviewed a large body of work on

the plankton of Icelandic waters representing thousands of

plankton samples and has reported only nine records of

Anomalocera, all but one along the south coast and all in

the summer months. These samples contained only trace amounts
of adults, and it seems unlikely that there is a summer
breeding population in this region. In the present study,

three samples of 30 or more adult A. patersoni were examined

4

[T N
Pag
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.Y
from the watérs just south ¢f Iceland (Fig. 1, Tables 1 and
2). These\ggmples contained no immature forms and probably

represent st;éxs from outside the area.
N /
No Anomaloceka have been found in East Greenland

(Jesperson 1939), and there 1s only one record from West
Greenland (near Godthaab Fjord; Jesperson 1923, 1934) .

The Greenland material 1é algp large. Kielhorn (1954) found
a few aduits in Davis Stralt\after a prolonged S.LE. galej;
his study from a weather ship\aonsisted of yrar-round

weekly sampling. There do not appear to be summer breeding

populations of Anomalocera in the seas of Iceland and
Greenland; the small numbers pf adulto found in these areas

\\ v
in the warmest months probably represent wtrays from breeding

populations further to the south.

In Scottish waters and in| the North Sea, Anomalocera

makes it firct appearance in May but probably not before

then (Wolfeqden)1904, T, Scott| 1911, Fraser and Saville 1948,

Fraser 1961). Further to the pouth, the seasonal distri-

bution seemsg less well defined], and there is at least the
- {

possibility of winter populatjons in the Irish Sea and off

L3

the south coast of England. nomalocera is a common consti-

tuent of the plankton near the Isle of Man (Bruce, Coleman
and Jones 1967). Johnston, /Scott and Chadwick (1924),

reporting on a 14-year study of extensive sampling at Port
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Erin,found March to be the month of most usual first v
occurrence with May and Apfil the months of peak abuhdance.
There were also few winter records. Scattered winter h
records have been reported for the Irish Sea off Lagcashire
(Scott 1906) and off Plymouth where there are many more
summer records (M.B. Ass. U.K. 1931). These waters may

define the northern limit to winter breeding of Anomalocera.

In the Bay of Biscay and off the coast of Portugal,-

where wimker breeding might be expected, there are

relatively few records (Candeias 1929, Rose 1929),
15 not possible to determine seasonal distributions of

Anomalocera: KRose (1929) found Anomalocera near the Canaries,

;
but Rao (19257 and Vervoort (1965) did got find it there.

In the Mediterranean and Black Seas, Anomalécera is present

the year round, but in the Black Sea it retreats to the
south 1n the winter (Zaitsev, pers. comm.). It has also
been found as far south as Latitude 20 off West Africa

(Steuer 193%). The breeding range of Anomalocera in the

eastern North Atlantic moves northward in the summer at
least as far as the North Sea and the waters around Scotland,
and possibly to the coasts of Norway. In the winter the
ranée is pushed southward, possibly to the Bay of Biscay

and the waters pff Portugal. A winter breeding stock in
these areas. -see probable, but it has not yet been demons-

trated.



Distribution and geasonal ocgurrence in ,the weste

North Atlantic

N

The Gulf of St. Lawrence is the most northern breeding

[y

area of Anomalocera in the western North Atlanticj; it 1o

found there in the summer months from June to October and

15 common during late summer (Willey 1919, Pinhey 1927,
Filteau 1946, Huntsman; Bailey/and Hachey 1954, Lacroix{and
Bergeron 1953, Lacroix 1966, and the present Study, Section .
VI). Pinhey (1927) chowed that it 1s not found in the (.
Arctic curface waters flowing into the Gulf through the
Strait of Belle Isle, but that it is found on the south side
of the Strait and along the N,E. coast of Newfoundland south
to White Bay. These finding; in the Bélle Isle region were
repeated in the present study during cruises to the area in

1966 and 19€7. Anomalocera does not penetrate into the

St. Lawrence estuary (Willey 1931, Tremblay 1942, present

study) . ,

A. patersoni s,l. is common on the Scotian shelf,
(Bigelow 1915, Willey 1919, Kearney 1933, Platt and Irwin
1968,\and present study), and the south coast of Newfoundland
(Lysholm and Nordgaard 1945). It has long been known in the
Gulf of Maine in thé summer months (Wheeler 1901, Fish 1925,
Wilson 1932, Bigelow 1915, 1926, Fish and Johnson‘1937,

Sherman and Shaner 1968), but never in the winter (the above

N
MR

\
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authors and Shermamn, pers. comm.).' It also occurs
lﬁggularly 1n the Péy of Fundy (Fish and Johnson j937,
_Jermolagev 1958, Legaré and Maclellan 1960), although 1t
may occur here é little later in the year than in the Gulf

rd
of Maine. Baigelow (1926) found <that Anomalocera firct

éppeared in th% Gulf of Maine in April qnd‘May, but
,occa51onally aé early as March. Fish and Johnson (1937),
1in anothe? véry 1arée study, found 1t from June to
Septembef only.

/ .
It must be emphasized that there have been no detailed

life history studies of Anomalocera outsjde the Gulf of

St. Lawrence (present study), and that the observations

taken from the literature réfqr mainly to late copepodates
gnd'édults. This makes possible only the crudest specu-
lations of what the popu?atlons are doing. In addition, /ﬁ\
almost all of the sﬁudies used above are based on plankfon
collections made with gear unsuited to efficient sampling

of pleuston animals and such animals will be under-represented
in the samples. The loss of precision 1s great, and these

two probiems limit the inferences which can be made on the

nature of Anomalocera's breeding.

A still more severe problem in the western North
Atlantic lies in the southern range of the species; previous

to 1949, A. ornata Sutcliffe was not known and, as it has
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since been repofted on several occagsionc as far north as
George's Bank (Sherman and Shaner 1968, Owre and Foyo 1967),
1t is possible that 1t was not distinguiched from

\ A. patersoni 5.1. by earlier authors. Some of the
literature digcusced “below may be mlsleudlné for this

xreason,

\ Bigelow (1915), in a large summer study of shelf water
pl%nkton between Nov:y Scotia and Chesapeake Bay, found

Anomalocera at nearly all stations. Wilgon (1932) and

tngle and Tan (1965) found 1t outside Chesapeake Bay in

the summer but never inside the bay; Anomalocera 15 rarely

found inside enclosed bays or estuaries (Sars 1903,

Bigelow 1915, Deevey 1956, present study). Deevey (1952),
in a three-year study of the plankton of Bloék Island Sound,
found 1t i1n small numbers from June to October. Bigelow amd
Sears (19%9) found 1t 1n about two percent of 600 stations
between Cape Cod and Cape Hatteras-in February, and from
four to segven percent of the same stationc in the spring and
summer months. Bigelow (1922) found it widespread-in the

came area in August. Anomalocera was foand in July only

during a year long study of a transect betwgen New York and
Bermuda (Grice and Hart 1962). Bowman Q1971), in an in-
sﬁq;e survey between Cape Hatteras and Florida, did no% find
it,-and Sutcliffe (1948), in an extensive study, did nota

find it in the inshore water off Beaufort, North Carolina.

¢ —




These scanty records of §.~paterson1's southern
distribution do not reveal much, There are a few winter
citings and somewhat more summer citings between Cape Cod
and Cape Hlatteras, but there is nothing to firmly demonstrate
gxistence of an over-wintering population or a breeding
stock. This is du§ partly to the lack of data and partly
to the taxonomic problem raised by the discovery of the
species, A, ornata. There ic séme reason to suspect such
winter populations in the warmer waters, but they have yet
to be demonstrated. The relevance of southern winter stocks
to the life cycle in the Gulf of St. Lawrénce and Gulf of
Maine bears on the hypothesis of a resting egg as the
wintering mechanism in these areas; this is discussed in

Section VI.

i 7 P

Temperature and salinity tolerances

In the above review, sea temperature has been alluded
to only indirectly, and salinity has not been discussed at

all. Although it might be useful to establish Anomalocera's

preferences of these variables with respect to breeding,
growth and distribution, this is not yet possible, and the
rahge of tolerances to salinipy and temperature shown by

»~

this copepod are so great that it would be exceedingly
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difficult to do*so. Bigelow (1915) giVes_é temperature

range of 13.5°¢ (12 - 25.5°C) and 3,1,5°/00 salinity

(32.1 = 35.25%/00) in the Gulf of Maine alone. - He notes °

—

that Anomélocera in the eastérn North Atlantic lives in

"rather saltier water" of high temperature. In the Gulf

-

of St. Lawrence (Tables 8, 9 and 10, and Fi.g 18), the -
temperature range was much wider, nearly 18°C (1.7 - 19.4°C), ////N

with nauplii occurring in small numbers at the lowest

temperature. Salinity raﬁged from 27.6 to0*32.2°/00. It is

protable that both Andmalocera opalus and A. patersoni
require temperatures in excess of 12%C ih order to\inbrease .
in numbers, but this is not proven and a more exact
temperature requirement cannot be formulated for these

L

eurythermal species. There may also be factors more

important to Anomalocera's life c¢ycle than temperature and

salinity.



Section V
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The speciation of Anomalocera patersoni

. and A. opalus
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In Settions IV and II on the distribution of

Anomalocera in the North Atlantic and the proposal of the

new species, A. opalus, efforts werec made PS demonstrate the
improbability of significant contact betweeﬁig. opalus 1in
the west and A. patersoni 1n the east. Adults have been
found as traces in a few oceanic samples and in northern
shelf waters of Iceland and West Greenland; none of these

samples 1s thought to represent a breeding pobulatlon. In

the discussion below of Anomalocera's speciation, the

possibilaty is raised that these northern shelf waters may

have been more hospitable to Anomalocera in the past.

£l

-

Allopatric versus sympatric speciation

In any discussion of species formation, it is necessary
to clarify the conceﬁtual model- heing used. This usually
amounts to a distinction between %he allopatric and
sympatric mpdels of speciation.. Arguments betwe®n adherents
of these two models have gone on for at least a century,
often in a repetitive and non-progressive way (Mayr 1963%)

which may indicate the state of maturity within jhls branch

of science (Kuhn 1970). At present the overwhelming support

" of terrestrial biologists goes to the allopatric theory
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(excluding well-known cases of polyplolay among plants), and
tﬁzre 15 much evidence to support thevconsensus. It is to
be noted, however, that &vidence of speciation is always
indirect and arguments often take place on a logical plane

which can lead to breakdown over definitions.
0\

" When dealing with terrestrial situations, 1t would not
usually be necessary to weigh the relative merits of the two
spe01a§lon theories except in a féw special cases (e.g. White
1968). The allopatric model would be assumed. By contrast;
marine life and ecpecially pelagic life gseems to offer
problems to many workers, and these problems will be briefly
discussed below before taking up the speciation of

Anomalocera.

Thorpe (1960) notes that Mayr (1942) had initially used
the term "sympatric" to mean species formation within a
freely interbreeding population. ZLater (1963), he had changed
this to ;pe01es formation within the cruising range of
individuals in the population or within the géogréphical
range of the initial species. Mayr (1963) points qut that
the allopatric formulation demands the introductioﬂ.of
extrinsic barriers such as distance or relief to separate
sub-populations which may genetically diéerge during the
time of separation.. The real issué, however, is that of

gene flow and not the particular type of barrier to gene

flow; more than one factor may be necessary to adequately
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slow gene flow between two populations to allow genetic

divergeﬁce to take place (Thorpe 1960). Nevertheless, there

remains a real distrnction between the allopatric theory's

requirement of an extrinsic barrler and the aympatrie theory's
. :

lack of such demand. There are also formidable thickets of

semantics to be ot through.

The sympatric model ultimately cuppoces that the
neéessary barriers will arise within the joptulation, but in
many cases the nature of the barriers 1o left to the
imagination, and the gréunds for choosing this model may be
that the allopatric model séems i1mpossible. - At other times,
extrinsic barriers work their way into supposedly sympatric
models; for insctance, many proposals of ecological speclation,
a variant of sympatr%c speclation, contain a hidden geo-
grapnical component which acts as ,a barrier to gene flow
(e.g. Test 1946). ‘Extrinsic barriers form the main obstacle
to the acceptance of the alldpatric model by marine biologists.
in'the sea, at least superficially, there seem to be few
barriers. Colebrook and Robinson (1963%) note, "thf
epipélaglc zone of the sea 1s, by teryestrial staﬂdards, a

very uniform enviroament with few physical barriers to

dispersal."
- \) \_"
Mayr (1963) remarks, "A rapid process of species

formatiop is implied in most échemes of ‘sympattric speciation."

and that if ecological speciation "... }ed to species
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formation without geographical i1solation, we would have a
vastly greater number of syecies than we actually have."
Although the latter statement 1s logically untenable, it
emphasizes ? common feeling about the two mddeds of \
speciation :and -which, with a curious reverce twist, seems to
have motivated many of the workers who are dicsatisfied with
the theory of allopatric speciation in the sea (e.g.
Buzzati-Traverso 1960.,, Fretter and Graham 1959, Beklemishev
19¢0, Kohn 1960, wiecer 1960, Dunbar 1972). The proponents ~
of sympatric speciation in the sea hold Mayr's view 1n
reverse; they think that there are more marine specieg than
coul%/yﬁve been caused by alzopatrlc speciation alone.

There are 1in fact many fewer species in the oceans than
on land (McGowan 1971) which could i1ndicate a Mew rate of
speciation (a point for the allopatric theory), but whick 15
more 1l¥kely related to lack of hubitat élVérSlty. There 15
alco a high degree of cosmopolitanism in marine pglagic life,
as noted by Ekman (195%), "The main faunistic regions of the
high-oceanic pelaglc fauna are more weakly characterized
taxonomically than the main regions of the shelf." This
probably indicates a rapid dispersal of pelagic organisms in
the face of fewer barriers (a point for the sympatric theory),
although other interpretations are possible. Ultimately the
weight given these generalizations is subjective and neither

diversity nor taxonomic development provides suitable clues



to how marine animals speciate.

) The allopatric model, in several cases, is as con-
yvincing in the maraine énvironment az 1t has been‘ln
terrestrial scituations. Brinton (1959) uses an invasion-
reinvagion model to expldin the speciation of closely
related antl—tfoplcal euphausids. Glacial period§'whlch
cool ocean temperatures could allow a hlgh/latitude speciés
to cross the equatorial zone. Warming periods would divide
the population into dimeric isolates through heating the
equatorial waters and making them uninhabitable to the
species. A further cooling period would allow,the 1solates
to come 1nto contact again after accumulating sufficient
genetic divergence to prohibit gene flow., It has been pointed
out that this model will not work for equatorial and

antarctic forms (McGowan 1963).

1\f/\ Brown-(1957) proposes a model of speciation involving
alternate gxpansion and contrgction of a species' range due
_to changes in the environment. After a contractioﬂ during

' unfavourable conditions, only scattered refuge popalations

of somewhat different genetic make-up will be left in the

former peripheral zones. These outlying and cut~off

populations will continue to diverge genetically until, by

the time of another expansion when they again contact the

mother population, they will be reﬂroductive isolates,

- -

)
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McGowan (1963) cgnsiders this,modél free from the need of
intervening extrinsic barriers. Geographical barriers are
very much involvéd, however, and it is difficult to see

. them as anything but extrinsically induced by environmental

changes.

Another model of pelagic cpeciation is proposed by
Buzzati-Traverso (1958, 19€0) and applied to an actual
situation by McGowan (1963). This model 15 also ;ntrgduced
a5 being independent of extrinsic barrier formation or
spatial isolation of sub-populations, ;>p1ankton species
igc carried by currents from its main popwlatien centre to-

[y

another area of retention of different environmental
characterictics. )Both en route and upon arrival, there is
a strong selection againct certain genes which results in
an altere% gene pool in thg new popu}ationx Selection con-
tinues until the new population is reproductively isolated
/from the old and from the continuing influx of imilgrants.-
It seems obvious that this theory 1s° the same as the theory
of island speciation as proposed by Mayr (1963) and \

MacArthur and Wilson (1967) (see also Thorpe 1960). It is

the amount of gene flow that is important.

David (196%) reviews the speciation of planktonic
chaetognaths in allopatric terms and discusses the nature

of barriers in the oceans. He concludes that very fine

r
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differences in physiﬁal parameters such as temperature and
|

salinity may be of great importance in determining distri-

butions, and that aﬂ understanding of distributions may

t
clarify the nature df pelagic speciation. David also

emphasizes that othlr factors such as food may be more
important than the physical characteristics of water masses.
McGowan (1971) makesisimilar suggestions and cites Macfayden
(1957)3 we must know%what factors are relevant from the
animal's point of view and often we do not.know this.- It

1o likely that the seas.are very much less homogeneous than

they at first appear (for example see Cooper 1967, and
Gregg 1973).

In the main, the sympatric model of speciation-has not
been successful in the marine environment. Proposals of this
model are factuall& mistaken (e.g. Test 1946, in Kohn 1960),
turn out to be variants of allopatric speciation in thin
disguise (Brown 1957, Buzzati-Traverso 1958), or they
provide no detailed mechanism (Fretter and Graham 1959, Kohn
1960, see discussion of this point in Darbar 1972). The
allopatric model does work, and objections to it are for
the most part psychological. It will be assumed in the

following discussion of Anomalocera's spe€iation.
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Climatic changé and the speciation of Anomalocera

-

There is an abundance of climatic changes reported
for the Pleistocene era which would have affected North
Atlantic water temperatures (Ekman 1953, Denton and Porter
1970, Dansgaard, Johnsen, (lausen and Langway 1971, Bwing
1971, McIntyre, kuddiman and Jantzen 1972). Dansgaard et al
have found a 68-78 year cycling of warming and cooling

periods of moderate magnitude. OSuperimposed on thece are

longer term changes in climate such as the Little Ice Age\

of 1600-1740 and the cool period of the fifteenth century
which ig considered to have broken the connection between
the Norse settlements of Greeniani and Iceland. Dunbar
(197%) notes that such short-term climatic changes can
quickly change drstributions of marine pelagic 1ife.

-]

Ewing discusses longer term Pleistocene climatic
fluctuations from 70,000 to 100,000 years of greater
temperature changes. McIntyre et al correlate micro-
plankton facies changes in the mid-Atlantic ridge sediments
with latitudinal shifts of North Atlantic water masses over
;approximately this time scale. The problem with reference

to the history of Anomalocera species is that of which time

scale to consider.



-~

The time taken to form new species varies greatly and
camnot usually be estimated. In some caées, it can be
extremely rapid and a few situations have lent themselves
to reliable dating., The formation of the Red Sea endemig
fauna iﬁkknown to have taken about one million years
(Ekman 195%), Species swarms 1n fresh water lakes provide
thq most dramatic instances of rapid species formation
(Lake Nabugabo nea£_Lake Victoria, five species of
cichlids 1n 4000 years; Lake Lanao in the Philippines, 18
species of cichlids in 10,000 years) (Myers 1960). Mayr
(1963) comments on these findings and gives estimates of
about. 100,000 years for the formation of certain marine
fishes, including a Mediterranean herring. In the case of
marine copepods such as Angmalocera 1t 1s not realistic to
.estlmaﬁe speciation time except to suggest that the events
of the Pleistocene provided the climatic fluctuations over
adequate periods of time necessary to most hypotheses of
allopatric speciation. , Periods of climatic change and

geographical separation are combined below in a theory of

Anomalocera's speciation into A. opalus and A. patersoni.

The temperature requirements of Anomalocera spp. for

IS

successful breeding are not known in any detail (Section Iv,

p. 68). Both A. patersoni and A. opalus breed in the
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summer over a large temperature range, in places spanning
as much as 18°C (Section IV), and only in the Gulf of
St. Lawrence has there been a detailed study of the life

history of an Anomalocera species (Section VI). From this

study (see Fig. 17, Tables 8, 9 and 10), only a rough
estimate of temperature-breeding relationships canvbe seen;
12-189C deems o be the range of maximum population size

and population growth of A. opalus. As Andrewartha and
Birch (1954) have repeatedly pointed out, small variations
in temperatire can have large effects on population
increases or declines. Examination of monthly sea-surface
1sotherms near the south coast of Iceland (Gieskes 1970,
from Krauss 1958) shows that the coastal waters reach 11°¢
for only two months of the year, July and August. 1t may be
that a slight rise of as little as three degrees centigrade
would make possible the establishment of summer breeding
populations in these waters,much ac a drop in temperature of
a similar magnitude eliminated breeding populations of Norse-

men in West Greenland.

As noted above (Section III), the strongest dis-

. tinguishing differences between A. opalus and A. patersoni
are to be found in the genital segments of both sexes, which
as Mayr (1963) points out is for many species pairs, an
indication that previously separated populations have been

brought back into contact with each other and that selection
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has furthered mechanisms to prevent wasteful breeding
between two genetic types (wasteful in this context can

refer to fruitless use of gametes and energy during mating

as well as production of sterile or unfit hybraids). The
genital segments of copepods are well known to be highly
specific (Fleminger 1967, Geptnev 1968) and are in many
instances similar to a lock and key mechanism%&n that the
male of one specieé w;ll fit only females of the game
spécies (Lee 197?). This would suggest that the original

Anomalocera population has been separated, reunited and

separated again to create the precent day cituation.

Caimilar arguments could be made for the formation of A. ornata.

1f the hictory of Anomalocera's speciation irvolves much

guesswork, then the origin of the genus is 3t111 more con-
jectural., Pontellid copepods are predominantly tropical
(David 1965, Sherman 1964), although the large genus,

Labidocera, 15 found in temperate regions, and Epilabidocera

ig found in the Arctic. Ocean systems of the past are
difficult to determine, and that plankton species must always
spread with dominant current systems is, although plausible,
not negcessarily true, especially for neritic species. It

h 4
is possible that the eastern North Atlantic population of

‘Anomalocera once gpread to the wegst by way of Iceland, West

¢

Greenland and Newfoundland to thé Scotian shelf and down the

-~
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North Atlantic coast in westerly currents and gyres north
L]
of*the North Atlantic Drift. Multiple invasions in this

manner could explain the formatien of A. ornata in southern

inshore waters and the Gulf of Mexico.



3 . Section VI

The 1ife cycle of Anomalocera opalus

in the Gulf of St. Lawrence

- .
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The collections

Facilities for a threé—year shore-based field study
were provided by the Station de Biologie Marine at G?ande—
Rivigre and at Magdalen Islands field labofatory on
Grindstone Islands. Winter cruises on icebreakerc were' made
possible by coartesy of the Canadian Department of Transport.
Collections were taken on other cruises made by the Marine
Sciences Centre, McGill University, and by the Fitheries
Research Board of Canada, Huntsman Biological Laboratory,
St. Andrews, New Brunswick. Unless otherwise stated, all.
field work and cruises were made by the author.

. ? '
The first series of pleuston samples was begun in

March 1966 at Grande-Riviere on the south Gaspé coast. The
early samples were taken from very small boats, often during
ice conditions. DIater samples were taken from a variety of
chartered fishing boats, usuglly 65 foot draggers. The
early camples were taken fromlone to three miles off shorej;
the later samples were taken at a standard station used by
the laboratory (station 112) about five miles offshore over
the 60 fathom contour. Several pleuston samples and one or
more vertical plankton hauls were taken during each day's
sampling. An attempt was maﬁe to sample at station 112 at
weeklyY intervals, although this was not always possible.

The series wag run until mid—November,'
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A similar program was run in 1967 at the Magdalen
Islands from May to September. Four pleuston samples and
two vertical hauls were made on each day's sampling and
samples were made at approximately weekly intervals. A
three-stage pleuston net was used extensively to study
micro~vertical distribution. Most of the work was done a

Nﬁgﬂ\@}les offshore from the town of Grindstone but diffi-
cultiés with, the station boat made ohaftering of boats from
otheﬁ parts of the island necessary. Figure 11 gives the
positions of gsampling at the Magdalen Islands. In 1968&, a
third series of pleuston samples and vertical hauls was
made by“hr. Martin Weinstein at the station 112 off Grande-

Rivigre. This geries ran from June to October.

Winter plankton work was dome from icebreakers and
from the Bedford Institute ship, the "Dawson", over
dirfferent parts of the Gulf. In March of 1967, a cruise was
made over the Laurentian Channel on the icebreaker
"d'Iberville"., Deep vertical hauls were made at several
stations. In March 19€8, Mr. Weinstein collected plankton
from the 1cebreaker "Labrador", and, in 1969, Mr. G.
Tidmarsh made a larger plankton‘colleotion from the "Dawson"
during a winter of very little ice in the Gulf. The
stations made during these cruises are given in Figures 12

and 13 and Tables 4 and 5,:which also describe the

plankton samplesa® taken. /r”,—j‘
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Additional cruises were made in the Gulf of St.

ILawrence during the spring and summer in both 1966 and 1967.

Mr. L. Doran made available the Anomalocera found in a
larval fish survey made by the RS "A.T, Cameron" in August
1965 over the Magdalen Shallows. In May of 1966, pleuston
samples were taken on a similar "A.T. Cameron" cruise over‘
the same area (Fig. 14), with the same equipment used from
the shore stations. Other samples made for a fish egg and
larva survey on the saﬁé.crulse were also available for
shipboard examination. Another cruise was taken in July of
1966 to the north east area of the Gulf, including the
Strait of Belle Isle. The ship used was the "Theta" under
charter for the Marine Sciences Centre. Many pleuston
samples were taken during this cruise as well as many deep

plankton-hauls.

In August of 1967, a ten-day cruise over the entire

Gulf was hade on the C.S. "Hudson"  (Fig. 15), with ship-<

© time made available by the Bedford Institute. Similar work

wat done on this cruise with the addition of observations on
live é. opalus and an increased number of,micro—éistribution
samples. These summer cruises provided materiai that may

of more use to future pleuston work than to the present ‘C:j
study. Their main value ﬁh\ﬁhis work lay in the opportunity
to take many night samples, sowmething not possibie from the

shore stations, and to examine the micro-distribution of
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Late winter cruises in the Gulf of St.

Date Lat. N

85

Table 4

Long W

Type of sample

Tawrence .

Depth of sample

E.S.T.

March 2 49°22!

March 3 48°44!

March 4 47%50¢
March 5 48°06!

March 6 48°18!

April 47°%521
* X 0
April 48~ 24!
, o)
April 49716"

1967 — d'Iberville

64%81
619261

AN
59953, 51

599531

63°55.51

1968 - Labrador

1

"

1"

60°16

60°211

649081

#6 mesh

Vertical hauls

"

L

"

z meter net
#20 mesh
Vertical hauls

"

1st, 20 meters
2nl, 375 meters

1st, ca 300 m
(from bottom)
2nd, ca 300 m
(from bottom)

15t,350-400 m
2nd , 1" "

1st,350-400 m
2nd , 1" "

1st, 90 m from
bottom
2nd, 90 m from
bottom
rd, 90 m from
bottom

1st, 490 m
2nd, "

1st, 440 m
2nd, "

1st, 400 m
2nd, "

0930 hrs

2000 hrs

2000 hrs

1930 hrs

2300 hrs



(/“

Date Lat. N Long. W
Jan. 19  47°06.3'  60%45.0"
Jan. 10 47%1.0'  €3%25.5¢
Jan. 11 49°19.5'  64°50.5"
Jan. 1% 48%8.7'  67%55.7" -
Jan. 14 49945, £5939.0"

50002.0¢ 64°905.0!
Jan. 15 49941.3'  €1°04.5"
50°06.5'  59°24.0!
Jan. 1€  51%12.0'  57%2.8"
Jan. 17  49954.41  58%52.1!
49°02.5'  60°16.0!
Jan. 18 48926.1'  62929.0!
46°59,0t  62°46.3%"
. L
Jan. 19 48°17.9'  61°01.0"
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Table 5

C.8.S. YDawson" cruise - January 1969x

2%

approx.

Type of Depth of
sample sample B.S.T.

Vertical 160 m 2400 hrs
Horizontal 125 m

Vertical 65 m 0800 hrs
Horizontal 26 m

Vertical 190 m 2000 hrs
Vertical 280 m 0300 hrs
Horizontal 100 m 1300 hrso
Vertical 120 m 1900 hrs
Vertical 250 m 0900 hrs
Vertical 175 m

Vertical 150 m 0700 hrs
Vertical 90 m

Vertical 145 m

Vertical 205 m 0000 hrs
Horizontal 150 m

Horizontal 200 m

Vertical 250 m 1800 hrs
Horizontal 180 m

Vertical 350 m 0500 hrs
Vertical 300 m

Vertical 250 m 160Q hrs
Vertical™ 60 m

Horizontal 50 m

Vertical 400 m 0800 hrs
Horizontal 250 m

* A11 % m nets, #6 mesh. All horizontal tows, 10 mins.




.Date

Jan. 19

Jan. 22

"Ja.rlu 21

87

Lat., N Long. W
47°%57.7'  59958.0"
47%21.8'  59%47.2!
47°51.7"  59°25.0°"
47%08.4"  60°12.0!
47°08.0'  60°12.0"

Table 5 é@int*d)

T~

Type of Depth of approx.
sample sample E.S.T.
Vertical 450 m 1700 hrs

Vertical 275 m ‘
Horizontal . 200 m
Vertical 450 m 0200 hrs
Vertical 300 m
Horizontal 200 m
Vertical 350 m 0500 hrs
Vertical 200 m
Horizontal 125 m
Vertical 190 m 2200 hrs
Horizontal 150 m
Horizontal 200 - 0300 hrs
' 300 m
K




Figure 12.

Map of two icebreaker cruises:
circles - "d'Iberville", March 1967

crosses - "Iabrador"™; March 1968







Figure 13. Map of the "Dawson" cruise, January 1969
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Figure 14. Map of the "A,T, Cameron" .cruise,

May - June, 1966.
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Figure 15. Map of the "Hudson" cruise, August 1967
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A. opa;us throughout the Gulf of St. Lawrence under

" different environmental conditions. The "Hudson" cruise
gf {967 provided much fresh material for the investigation
of the pigment systems of A. opalus. The extreme .patchi-
Hess of the copepod over both short and long distances and
its w1deSpfead distribution in the Gulf were”demonstrated.

The "A.T. Cameron" cruise taken 1n,Mé¥\1966 was extremely

valuable in'that no Anomalocera were found at that time over

a wide area of the Gulf, a fact which bears on the argument
for a resting egg (see below). Analysis of areal distri-

butions of Anomalocera's abundance and stage composition

seemed pointless because the cruises were taken at different

seagons, years and areas.

Materials and methods

A pleuston net of the design given by David (1965a)
was used initially, but its large size and lack of flotation
made it impossible to use from the small boats available at
the shore stations, and it was very easily damaged when used
from large ships. A smaller model (2/3 scale) of David's
net was built and used for most of the study with great
success (Fig. 16). _The apparatus consists of two wide skiis

" about 4 feet in length with attached inner keels, joined by"

two three feot cross members from which the semi-submerged >

/

5
wh
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‘rectangular net frame is suspended. The keel of this
scaled down model is ;elatively deeper (18 inches) than
David's, énd atyrofoam was molded beneath the ddis to
incre;se flotation. (In 1967 an improved modélf@ith fibre-
glass-covered floats was constructed by Mr. Paul,Brodie). .
Bridles are run from the tips of the ckiis to a Jjunction set .
5o that the inner bridle i1s shorter than the.outer braidle

when the net is towed. This results in a shearing away from

the sh%p?s ;ide 50 that #the netrbén fish in water undisturbed

by the;shlp‘s bow wave; the deeper keels increase the shearing
effect. The plankton nets used had a rectangular mouth i

& % 8 1nches and were si1x feet long. The high ratio of pet
length to mouth area gives them a very high filtra%ion
efficiency. The net was immersed to a depth of about four pi
inches which became reduced to abouwt two or three inches when
tﬁe net wac under Qay. Slight adjustméﬁts of trim were made

by ét%aohing weights to the rear of the sgkiis. The increased
buoyancy gf the entire system allowed the net to be hauled at
slow cpeeds with onl; slight variation, in net immersion

deptﬁ. This was not possible with the original design which

had to be used at higher speeds and with a sharpﬂcable angle. .
The larger net also gave trouble when used in heavy seas, but

the. 2/3 scale net towed perfectly in very rough water.

The pleuston samples taken approximately weekly from

the shore stations and during the summer cruises were




- x
\ <
< -
.
- .
.
.
e
o -~ 3
< -
e
e L
>
‘s
.
p s
.
-
[+4 ~
~A‘

[ \

A ' Figure-16.. Photograph of the pleuston

e -
s
i
.
.
N
o
N
“
¢
¢ ]
R ]
a
RY
o
)
a
.
L}
- )
¥
. P
.
.
.
. .
fl \
’ *A
. 3
’
-
. -
’ e
- .
- +
¢
o
¢ 9
’ o~ -
- -~ ,
o -
. -
>
‘ peY

.
net
.
.
.
.
.
o -
.
£
.
.
Ly
,
3










95
N

*

standardized as nearly as possible to 15 minute duration
at a speed of about two knots.

Wind rows, usually composed
of seaweeds and eel grasses, were a persistent feature all

over the Gulf of St. lawrence. Samples taken from small

. et~

maneeuverable boats were always run at an angle to the wind

rows (i.e. to the wind direction) to avoid biases due to

pogélble micro-distributions at the wind rows. Samples
taken from the larger ships could not always be done 1in

this wéy but by chance the magorltyh of them were also taken
at some angle to the wind rows.

In most cases two pleuston
samples were taken in one direction followed by two more in
{

the oppositeldﬁrectlon along the same line,.

Usually the
last two samples were made with the three stage net, the

top net being equal to the standard single pleuston net.

The mean number of Anomalocera present was taken for all
pleuston samples made during a day's work.

For studies of micro-distribution a net’grame was
built similar to that déscribed by David (1965a and b) which
“held three rectangular nets, the top one fishing at the usual
2-% inches, the middle net sampling the water layer 6 to‘12
inches deep, and the bottom net 14 to 20 inches. Attempts
were made to use a flow ﬁeter'attached to the keel bottom to

give a measure of distance travelled during the sample, but

at nearly évery sample seaweed clogged the meter and no
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rea@ing was possible. Eventually the practise was abandoned
and the speed of towing was adjusted as well as possible to

two knots and timed for 15 minutes.

The studies of Anomalocera's micro-distribution

(Section X, Table 14) show that well over 90% of the

population lives within the top 2-% anches of surface water.

)
+

The behavioural observations indicated that most of the
population was living within the upper few millimeters ,
(Section X), and a review of the literature revealed no

instances of any species of Anomalocera caught with a closing

net below the gurface. It was concluded, on these bases,
that the semi-immersed pleuston net sampled the entire
population (with the exception of the\eggs and first

naupliar stages discussed later in this gsection). This is

an unusual circumstance 1in plankton work where samplihg
uncertainty 1s more often the rule. The pleuston net can be
watched during the entire sample so that there 1 no doubt
about 1ts f%nctloning properly, again in contrast to deeper
plankton haﬁis. Thére is a possibility that the later stages

of a proportion of Anomalocera might escape the small net

aperture, especially since the front sections of the keels
would give some warning.. This problem‘is not considered to
be more severe with the pleuston net than it ‘is With‘ordinary
plankton néts; it would result in a slight under-estimation

of the adults and late copepodite stages.
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Salinity samples and surface temperatures were taken
at each station. Salinities were determined with a
conductivity cell in 1966 and 1968. In 1967, a hydrometer
set was used. Two or more pleuston samples and two verti-
cal hauls were taken at each station whenever possible.
The vertical hauls were made with a number 20 mesh circular
plankton net of either one-half-meter or one-third-meter
diameter. Observations were made of wave height, water
colour, weather conditions and presence of sea birds or
other animals i1n the vicinity of the station. Plankton
samples were preserved in buffered formalin and sea water.
Frequently live plankton hauls were made at the end of the
regular work for immedifite examination in the laboratory.
Tables 8, 9 and 10 give temperature, salinity and number of

samples for 1966, 1967 and 1968.

The preserved samples were examned during the winters -
at the Marine Sciences Centre. Samples with large numbers

of Anomalocera were sometimes subsampled with a Folsom

plankton splifter (McEwen, Johnson and Folsom 1954), or in
three cases (in 1968) with an auto-pipette. Otherwise the
entire sample was examined. A dissecting microscope was
used for these examinations. All the copepods were staged
and stages IV, V and VI were sexed. Because of- the high
degree of irregularity in the samples of both abundance and

stage composition (discussed below), much of this detailed
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information was not useful. The mean numbers of adults,
nauplii (stages 2-6), and total of stages for the samples
taken on a given day are presented it Tables 5, 6 and 7 for
the three years of summer sampling. This information is
presented in graphic form in Figure 17. The more detailed
information of stagé composition is given in the tables in

Appendix IT.

\

Precautions were taken to avoid sampling pleuston
under a weather schore. In 1967 at the Magdalen Islands, it

was noticed that Anomalocera was often lacking or reduced

in numbers in such samples, while samples taken further off-
shore or to one side of an upwind island could contain many

Anomalocera. Samples taken early in the 1967 program,

which wind data indicated might have been taken ‘under these

conditions, were eliminated (before analysis of the samples)
and for the rest of the season such conditions were avoided.
The Grande-Riviere samplés were taken far enough offshore so

that this seemed less of a problem.

Results .

Anomalocera made its first appearance in the study on

“Junez 15, 1966 in the form of four stage 6 nauplii and 39

copepodites, mostly early stages but including one stage V
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(Table 6). Anomalocera was present from this time on in

the 1966 collections. In the months of June and July there
was an i1rregular but general increase in numbers and a
dramatic 1ncrease of adults in August followed by a decline
of adults with a nearly simultaneous appearanceof nauplii
which reached a peak in early September. From late
September on, the entire population declined and at the last
sampling date, November 17, there were only 15 nauplii in
four pleustoﬁ samples. These nauplii probably represent the
last of the summer population. Although 1t 1s possible that
the iarge numbers of September nauplii were produced by the
great concentrations of adults in late Augusp, this 1s not
necessarily so. Regults of ?he summer crulses 1in the Gulf
and of the samples taken from shore stations'in 1967 and
1968 showed that the A, opalus popuy?tlon is very patchy,
consisting of many different populatlonﬁ/whlch ﬁ%y be swept
into or out of a sampling area quite rapidly. Stage
composition frequently changes greatly over distanées as
short as a few miles. Consequently 1t was never possible to
follow the growth of a single brood. Breeding,as evidenced
by the presence of young stages and spermatophores on adult
females, was’continuous and this further reduced clarity in

the results.

e
Similar reésults were obtained during the summers of

1967 and 1968. The first appearance of A. opalus in these

¢ . .

)



Figure 17.

1
Graph showing the seasonal abundance

of A. opalus in the Gulf of St. Lawrence:
1966 - Grande-Rivigre

1967 - Magdalen Islands
1968 - Grande-Riviere
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Table 6

¢

The numbers and stage composition of A. opalus
on the date of its first appearance in the
samples in 1966, 1967 and 1968.

« The date of first appearance of adults in

3

the samples in the same yeakrs.

-~

-

; Number of
Date Nauplii Copepodites Adults samples
1966, 4 stage 6 7 stage I none 2
June 15 7 stage II
‘ 11 stage III
13 stage IV

‘ 1 stage V {male) .
1967, + = 7\stage 2 none , none. 4
June 19 1 stage 3.

% stage 4

1 stage 6
1968, 2 stage 6 9 stage 1 none 1

June 5 3 stage 11 ¢

Date of first appearance Gf adults

1966 -~ June 30
1967 -. July 5
1968 ~ June 28 _ -



Date

March
March
April
Apral
Apral
April
April
April

;- April

April
May 3

May 13
May 15

4
16

12
13
15
20
22
29

May 31%

May 30
June 2
~June 7
June 12 .

: I
* 4 stations off the Gaspé from the A.T. Cameron cruise.
text page 83, figure .14, Stations 40, 41, 42, 43..

No.

Anomalocera opalus.
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Table 7

and type

of sa@ple

Salinity Temperature

Pleuston samples taken® before the appearance

1

1966 — Grande—-Rivieére .

Horizontals(2) 31.94°/00  -0.5°C
1 Pleuston 32,00°/00  -0.7°C
" 09.18%/00 0.6°C

" 16.04°/00 0.1%

" 30.44°%/00 0.9°C

" 11.71%/ 00 2,8°%C

n 30.53°/00 0.7°C

" 30.72°/00 2.3°¢C

" 27.01%/00 3.,0°C

" 30.59°/00 1.4°C

" 30.73°/00 1.8°¢C

" 31,47°/00 1.9°¢C

oo 30.55°/00 2.2°C

" - ca7.0°C

1967 —,Magdalen Islands

Pleuston 31.8%/00 4.1°¢

" 31.8°/00 4.4°C

" 31.6°/00 6.7°C

" 31.9%, 00 7.5°C

None - A. opalus present in 1st sample

.

1968 - Grande-Rividre

~

4

>
-

of

Location

Very near shore
% mile offshore -

% miles offshore

] " "

3 mile ‘offshore
% miles offshore

" " "

Station 112
% miles offshore
Nezar Station 112

Pleasant Bay
“d "

See

S
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years was in early to mid-June in the form of mnaupliar and
early copepodite stages (Table 6). The édhlts appeared 1n
the collgotlons two to three weeks later. In the fall of
1968 numbers were still large, and the general decline geen ‘
in 1966 had nof yet occurred by mid-October when sampling
ended. The fate of the last copepods in the fall is not
known. O?ly in 1966 we€re samples made as late as November
.nd even” then fall sampling was not frequent. In 1967

”

campling ended in September and a population decline 18 not
~

readily apparent at this time. Tables 8, 9 and 10 give

sampling data for 196 - 19€g, and Tables 11, 12 and 13

give the data used for Figure 17.

The vresence of the 15 naupliar ctages in mid-November
1966, when the surface cea temperature was 1.600, is
surprising. During the times of peak population size the
surface temperature was between 12 and 14°C and at times of
first annual appearance, about 10° - 12°¢ (1966, 12.8°C;

1967, 9.9°C; 1968, ca 10.5°C¢; see Fig. 18). Table € presents
the stage composition and date of first aﬁpe&rance of A.
opalus for the three summers of study, and Table 7 gives the

number of samﬁles taken before its first appearance.

A rough estimate of the density per m? of Anomalocera

in the Gulf of St. Lawrence can be determined from the life
‘chle data. Since the pleuston hauls were taken at an

average speedoof two nautical miles per hour and were made
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Table

—— ety e
a

8

Study:' 1966 - Gulf of St. Lawrence

Surface No. of

Date Aliquot © /00 T, Samples
13.5.66 ALl © . 31.47 1.9% 2
15.5.66 all 30.55 2.20C 1
31.5.66 all - 6.5°C 4
15.6.66 all 28.12 12.8°¢C 2
22.6.66 all 28.28 11.13c 4
30.6.66 all 28.55 14.7.C 4
8.7.66 all 29.51 12.2.C 2
12.7.66 all - 13.8.C 2
1.8.66 all 30.17 15.0,C 3
2.8.66 1 - 29.36 16.5,C 2

11.8.66 1 29.81 15.5 € 2 .
16.8.66 1 29.99 ' 15.9°¢ 2
- 20.8.66 1 29..81 13.8% 2
30.8.66 1 29.99 13.3% 1
6.9.66 all 30.30 13.95C 3
20£9.66 all 28.35 11.5.C 2
12.10%66 all 31:49 7.20C 1
18.10.66 all 32.21 6% C 2
26.10.66 all 30.32 5.8°¢ 3
17.11.66 all 30.10 1.7%c 4
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Table 9

Table of Sﬁétion Data for Life Cycle

Study: 1967 - Gulf of St. Lawrence

- Syrface No. of

Date - Aliquot /00 T. Samples
2.6.67 all 31.8 4.40c 4
12.6.67 all 31.8 7.5 C 4
19.6.67 all 30.6 9.9%% 4
27.6.67 all 31.7 13.4gc 4
5.7.67 all 31.2 13.8.C 4
10.7.67 all 31.6 +15.0.C 4
26.7.67 all 31.4 17.4.C 4
1.8.67 3 31.2 19.4.C 4
. 9.8.67 3 - - 2
10.8.67 i - - 2
16.8.67 1 - - % 2
30.8.67 all - 17.5C 4
8.9.67 all 30.6 13.03c 4
13.9.67 all - 14.7 C 4




Date

5.
13.
19,
28,

5.
17.
25.
31,
14.
22.

3.
11.
19.
20.
24.

6.68
6.68 "

6.68
6.68

7.68 '
7.68

7.68
7.68
8.68
8.68
9.68
9.68
9.68

9.68

9.68

15.‘10-68
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Table 10

Table of Station Data for Life Cycle

Study: 1968 - Gulf of St. Lawrence

Aliquot

all
all
all

i
=
£3

all

Wi

all

NIV NI

all
1/8
1/10
1{10

Surface

o/o0

28.60
28.44
28.08
27.62

28.46
28. 58’
29.25
29.68
29.37
50.80

30.12
29.38

10.4

No. of
T. samples

Gl

10.8
1.7
13.5
16.9

15.4
14.3
11.5
10,1
15.1
12.0

O S S O U N T G G OO

1.7

[ S A\ TR S ¥
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Table 11

Mean numbers of Anomalocera opalus for each

sampling date. Nauplii (Stages 2-6),
Adults (Stage VI o and ©), all stages.

1966, Grande-Riviere

A1l
Date Nauplii Adults Stages
June 15 2 0 21.5
June 22 0 0 9
June 30: 0:3 38 112
July 12 0 180.5 480
August 1 5 35.5 11§.5
August 2 237 25 . 514
August 11 2.5 337 400
August 16 0.5 2202.5 1162
August 20 508 1092.3 1785
August 30 1132 0 1156
.September 6 662 29.5 103
September 20 332 24 378
October 12~ 12 28 40
October 18 0 0
October 26 1 2 ’ 3
November 17 3.7 0 BT
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Table 12

Mean numbers of Anomalocera opalus for each

sampling date. Nauplii (Stages 2-6),
Adults (Stage VI o and °), all stages.

1967, Magdalen Islands

A1l
Date Nauplii Adults Stages
June 19 3 "0 3
June 27 1.7 0 N 11.8
July 5 29.2 0.25 74.8
July 10 1 10.2 49.1
July 26 ' 83.3 2.6 87.3
August 1 28.8 7.8 193.2
August 9 . 0 20 45
August 10 2 53 . 225
August 16, 0] 66 118
August 30" - 3.5 6.7 110.8
September 8 3.5 1 54.8
0 ’ 60.8 134

Segfember 13
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Table 13 ‘ T
L\ '\‘\D.
Mean numbers of Anomalocera opalus for égﬁh
- ' 4

sampling date. Nauplii (Stages 2-6),

i
Adults (Stage VI o and °), all stages.

1968, Grande-Rivigre

All
Date Nauplii Adults Stages
June 5 0 14
June 13 0 53
June 19 1 0 T4
June 28 526 1 - 685
July 5 175 69 I 640
July 17 C3 97 223
July 23 .- 2 130 230
July 31 9 3 49
August 14 552 88 1088
Avgust 22 22 134 316
September 3 T 56 352 2176
September 11 0 214 234
September 19 1 165 216
September 20 16 712 2648
September 24 0 2075 4100

October .15 0 1990 2030

[

|8
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for 15 minutes, the distance covered during each haul was
about one half nautical mile. The rectangular net was

eight inches wide and over this distance would filter 193
square,meters of surface water. In 1966, the population

2

had a density of about .1 copepods per m” in June which

rose to about HO copepods per m2 in August. This again
declined to about the June level of .1 m2 by Gctober.
Dencitiec of up to 20.individuals per m2 were found in
localized patches encountered in August of 1966 off Grande-=

Riviere and on several occasions in the north eastern Gulf

during the "Theta" cruise in 1966,

Zaitsev (pers. comm.) has found Anomalocera patersoni

in the Black Sea at densities of 500 per m2. Huntsman,

Bailey and Hachey (1954) report Anomalocera in the north

eastern Gulf of St. Lawrence in densities so great ‘that the
water was coloured by them. Thompson (18839) reports a huge
patch of A. patersoni several miles long near the Isle of
Man. He describes the patch, "... the surface of the water
literally cswarmed with the large and beautiful copepod,

Anomalocera patersoni. Each cast of the tow net brought up

thousands of them; they were so numerous as to be distinctly
visible to the eye on the smooth edge of the waves, and had
the appearance of fine dust as seen from the side of the
vessel. They were equally abundant during the day and after
sundown ...". After a few days this patch disappeared from

the area and Anomalocera became rare. The impression of
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fine dust on the surface probably derives from the dimple
made in the garface film by the surface attachment
structure. Iﬁ 1o curious that no patches with the densities
of those described above were ever seen during three years
of work on this study:’ There have been no similar‘
observations elsewhere in recent literature (with the
exception of Zaitsev's figure of 500 per m2 which would not

be a great enough concentration to colour water).

Detailed investigations of Anomalocera's relationships

@

to the wind rows wag not made. As noted in the discussion
of materials and methods in this section, the pleuston net
was nearly always towed at an angle to the wind rows to
avoid patghlness which might result if the copepods were

aggregated at the wind rows. During the observations ol

living Anomalocera at sea (September 1967, see Section V),

the only specimens seen were swimming in the vicinity of
floating detritus which seemed to be the remains of old

wind roys. On another occasion in August, 1967, Anomalocera

was found 1n moderate numbers in a convergence zone between
tidal currents just off Sandy Hook in the Magdalen Islands.
The convergence was marked by great amounts of seaweed and

floating driftwood. No Anomalocera was found on either

side outside this zone. JZaitsev (1970) notes that pontellid
copepods in the Black Sea may be concentrated in similar

convergences but gives no information of their relation to
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the smaller wind rows of the Langmuir circulation.
Considering the importance of the wind rows to other
animals (Section I), this should be an important topic of

future research.

Discussion and conclusions

The ﬁbst interesting and surprising result of the life
cycle study was the nearly regular first appearance of
A. opalus i1n June of each of the %hree years of sampling.
At each first appearance the population as seen in the
samples was composed of nauﬁliar stages and early copepodites.
Adults were not found until two or three weeks later. During

the fall of each of the three years' sampling, the Anomalocera -

population appeared to decline, although only in 1966 was
this decline followed as late as q?vember. The analysis of
54 samples from the three winter cruises (Tables 4 and 5),
which included samples from the deepest parts of the Gulf of

St. lLawrence, yielded no Anomalocera,and no Anomalocera was

found in any of the samples taken during the spraing at
Grande—RiV1Ere (1966) or the Magdalen Islands (1967). In
1966 and 1967 the spring samples were extensive (see Table 7
for a list of the samples taken and examined before the

first appearance of Anomalocera. These samples were

examined completely). During the spring cruise over the
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Magdalen Shallows (May 26 to June 6) on the RS A.T. "Cameron"
(Fig. 14, Appendix III), pleuston samples were taken at 85
stations as well akt a great many other émmples with
conventional nets over the entire waper column (including
samples very near the bottom). Larval fish were sampled
with a high speed pleuston net one meter wide. All of the
fisheries plankton was given a brief examination during the

cruise and Anomalocera was not found; the copepodites would

not have been missed because of their large size and bright
colour. The pleuston samples were alco briefly examined on
board and later given a thorough examination on shore and

yielded no Anomalocera. It 1s not possible to conclude

definitely that a small stock of thisc copepod does not exict
in the Gulf during the winter and early spring, but it is
unlikely con31deﬂhng the large am%unt of material collected

-

and examined which contained no specimens of this specles.

Further evidence on this point comes from the Gulf of

Maine. It is noted in Section IV that Anomalocera is not

found in this area in the winter. A vast amount of plankton
material has been collected and reported on from'the Gulf of
Maine and it is likely that late copepodites and adults, if
present, would have been found. The naupliar stages, however,
have only been described in the present work and they could
have been overlooked. Naupliar stages of calanoid cdbépods

are unlikely candidates for overwintering at depth because
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they do not have large stores of o0il on which to depend
over the months when there is little food. The naupliar

stages of A. opalus carry very little oil.

The adults and late copepbditéS'are‘less likely to
p%erw1nter at depth, because of the energy needed to keep
them afloat. Koralev (1970) has determined that large
pontellids, includingrAnomalocera paterconi, sink rapidly

.

(ca half meter per minute) when not scwimming and have a

higher opecific gravity than other copepods such as Calanus.
The behavioural ctudies (Section VI) on the use o