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" The annual cycles of abundance%"&f%the four ctenophore species

“Blﬁurdbrathia pi:l.ceuss Bolinopsis :Lnfu-ndibulum‘q Mertensra c:vu‘m and Béroé -
. 5 - 53 * !

cucumis were detdrmihed in St. MArgaret & Bay, Noﬁa Scotia. /%opulatiohéy

s

v -

of all foux' were markedly, ariable in both sPace an& "time. The maximum-

} 7 R e EEE . ~»~{,

'voLume of Pleurob4ach4an 12.4'ml » m 2, occurred in March°and‘this

] [ad

" species was presen£ throughout the year. Bolih0251s <(maximum 'S, 7- ml o

A('

! in May) and Beroe (maximnm 5.7 l S m -2 in July) were both aﬁsent from

» P

. October through Decgmber.. Mertengia, an Arctic spec1es, appeared briefiy

in May and Jung (méximum 3.0 ml ° m -2 in May). ¢ s .

1o P -

Ea

-

-5 Sampiing wag dbﬁi with concgntric nets which capﬁured ctgnaﬁhores

-

P oeb oy

A
apd copeﬁods separately. Bolinogsis egesﬁed'gut contenbs‘upon capture

- but Pleurobxachia fetained contents./'ﬁf food particles in Pleurobra_hia

guts 89 6% were adult or stage V copepods, 7. 2/ were copepod:ds oF 1 ‘S b

nauplii 2.57% were other crustacea, and 1.6% we:e non—crustacégusg.

.

Guiy contents divided by digestion tima‘gave in éltu feedigg rates (-

eurobrachia, which rates were related by the equation - 2 ,

4

¢ - K]
i O f\

! ’ copepods eaten ° (ml ctenophore) hr =
4. 40 » 10 ? - 2.45 ¢ 10 ?) > adult eopepods )
A
The annual” inges@ion of coPepods“by“éleurobrachia is 0. 52 gCem 2:

h—

a gt

longicornis anq Centropapés typicus ten times more frequently relative

. P
] to their abundances than the third and fourth most cogﬁ@nly éaught -

o7 A

[y
2

' copépods Pseﬁdocalanus minutus and Oithona similis. Photpgraphic studies

P

of the swiﬁming ac%&vities of copépods shmwed thathspecies with higher

horizontal velocities andoleis recursive paths nete mote likely to be
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INTRODUCTION v i

o7 — i
& E}

' ‘ Cténophores are often very conspicuous members of the éooplanktano i
t

<] ) ¢ )
1 ) »
" At times these gelatinous animals may bz so numerous as to cleg nets |

set for such fish as maekerel and herring. Because the ctenophores aref,i;ﬂ p N
: N @ s
/ relati\i)e.ly large plankters, vften Téaching several centimeters long, h

WL -
1]

-~ *

14

| . they together with the €rue Jellyfish of the Cnidaria are the planktonic

»

-] * 13
| Lo Y animals most familiay to fishermen and sailors. N

Ctenophoran feeding types R =

o

Four species of ctenophores occur in St. Margare‘f:"s Bay. The four

[

o belong to three orders; corresponding to the three ecologiéally )
- significant ctenophoran} feed:fng types. Because a basic knowledge of .
1 these feeding types is necessary to this exposition, I will provide

2 ~brief description?iﬁ’ﬁd schematic diagrams. . & 2

| The order Cydippida, represented locally sby Pleurcbrachia pileus

and Mertensia ovum, is considered closest tc; the ancedtral.stock because '
» A ’

pembers of all other orders of tﬁq class Tentaculata pass through a
. ( C \ N
) laxrvpl stage g milaritﬁhe adulg

a -

l-_—-:"‘}"n

dlﬁ%id zsee Figure 14). The catching

L, A

‘ relaxed may be more than 25 °times as lomgas—the-body. The- tentacles . '

Q Lt L] . v 4
are provided with 2 curtain of filaments whic%} are

&3

‘ Q
armed with "sticky . 5
| ’ cells”, or colloblastss The colloblasts adhere to any prey which
» -~y )
» 4 < [}

s uj’ f "
.contacts- the figt, and the jerking of the prey releases the feeding
evoiuti:oﬁ‘, vhich beging uvith simultancous retraction of the ‘\éentacles

; and 'rotation of the body in the pla?le defined by the oral-aboral and ;
/ - Y

LN )
LS . 1 .
- "V tenggcular axes. This movement wraps the tentacles in a loose codl 3%\ !
- " : Al $ o h
g B 1 5
EAY xipich passes over the mouth. Further comtraction vipes the tentacles '
— * i P &~ < '
- v * [ ’ & ; ) f

v
3 + , * N o d

o 4 Ceae v o g #ﬁ'(,,,;,u 1 M Ay . |

i
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Qiagrams of the three mqst common ctenophoran orders. A, Cydippida,
sy
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(Plevrobrachiy pileus). B, Lobata (Bolinopsis infundibulum). €, Berolda .
* © Rk Y * Q K
(Beroé cucumis) - . A ] . , o
—
o i NG
a4
. P e ‘
3 \&6 :i . o
; A o P
° v 1 * “ 14 ’ ™~
3
. , - 4
: s .
' 1 P s Lt 5" > 7
o
. o
i . ,
“ . 5 . oy
o ' ¥+ 4 . I
13
. LY . - ﬁ .
< - " ]
i ) , ) \ ,
" 3
' ¢ N &t - -
. < AN _ L .=
I »of L
g R 4
4+ ‘!(
L M n"
o \ L] lj . ‘,J .
R hd
: X )
[3
i
[l
¢ 5 ) t P
"
¢ i
e Ao * ME&GJM&.A% o







v ! o / | % — ' + "
\ v
Vo g s 7 M
z b
< ™
B \ .
- yot
M '
-
\
BT S .
L] v »
- 9 e
'
, Figure 2 A-E
. - &
a‘_ - ¢
P
. a = v . M %

; 5 Y

Ly A d
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A.Cydippida
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" ! o -~
* Within the groove, a row of cilia set up 4 si}nling current which drives

£

~

-

s
5
.
e
8§
-
.

' T ‘ MY
personal observation). . J . -8

? ]
& . i N

BolinOpéiguinfundlbulumvls th; local representative, of the second

-y ) \ t o N
a ~

order, the Lobata, which!have a more complex fgeding meébaﬁism. The -

. s

general forg of,Ehg body regembles that of a gaping clam (see Figure 1B8).

1

&

-

When feeding, the animal swims mouih—first, exposing the inﬁérasurfac%

- v

of itg lobes, or auricles. These channel a flow of .water ove@jthe four
* ~ \

&

organs’ of capture, the guricular greoves, which extend outward from the

3

L4

mouth to follgw the juncture of the auricles with the body proper.

o

B - *
P

particles onto a parallel ‘'row of small tentatlés., Particles captured

FY

by the colloblasts of the tentaeles are passed over a smaIl tidge into

-

hH - .
mouth (Main, 1928; ﬁagabusgénam, 1959). Thus t@g Lobata, unlile the
e ™ ‘Io (

“an inner groove, whexgzg\fpey are conveyed, apparently by cilia, to Lheri

Cydlppida, can capture passive partjcles.such as epgs, as well as ,
. smaller zooplankters. Ctenophores are the largest animals, propelled )

? . ® (!‘
entirely by cilia, and this is a weak pechanism for macroseopic animils. .

o
-

The Lobata are not able to overtakelfl ihg adult copepods; they

ad v(/

y apparently ove their success ag predators to 'a combinatlon of Lransp 1r->nri5

@

‘and quiet dpproach, The huntlng'strategy of Bolinopsis can ﬁhnrafurn

be described.as a combination of the pursuit and ambush modes.

! ny

The third common feeding type is seen in’the.unigencrjé-clios )

-
-

Nuda, of which ome specles, Beroé cucumis, ocours in St. Margarct's bay

- .

(see Figure 1C), Greve (1970) hasashown that this specles is an ehligate

- “

g,
predator on other ctenophores. vIndlviﬁuals of Berog s wim mouth-fir+1 in
¢ ‘
searah of prey, whiah they pimply enguif upoﬁQencounLer. )
- \

i
\fr n -y .

o i
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° Miemiopsis leidyi. Mayer (1912), Bigelow (19gﬁ)oand Russell (1935)

fis

A N » 1 2
o = F% ‘ * L 8
8] Lo .. .
s ® . / o . 4
¥ N - o
Precedent studies on the fedding of ctenophores g
Y

Y

’ o
The fragile appearance and simple organization of ctenophores veil

éqifr raptorial natures., Most gre predéfbrs, and most of their prey are

.

¥

. taken from a more complexly organized taxon, the Crustaced. Reports on

o

£ @ - Y

+

the feeding habits of ctenophores have occurred sporadically in tﬁe‘

* ™

» ot

literature sincg Chun an f880 presented his mainly morphological »f

o0

monograph. Most of the early’ reporbs areé anecdotal accounts of catching

behaviour 1n aquaria. Lebour (1922, 1923) describes the abi}ity'bf

1 -

- - . LS
Pleurobrachia pileus to capture large quantitieé of zooplafﬁton~an8 %g;val

- Edsh. Mayer (1912), Bigelow (1915 1926), Neflson (1925), Mhin (1928),

;F

i

anﬂ Nagabushandm (1959) are the major sources of}materi&l of this soa;,

Often the earlier reports suggest ethaf ctenophores

as direct predators upon commercially valuable species.

61925) ingzaii?Vcentered upon the’ consumption of oyster

LY i
¢ .

believei

at

/

commohly coincide with low concentratichs of other zooplankton., This

e &

It has oftén been obsetved that high concentrations -of .ctenophores

[

;,)1
are fhportant

»

*Thus Nelson'g '

spat by

tenophores might seriously deplete stocks .of juvenile

a

f

class of observations Wﬁ& be divi%g& into two groups: observations of

¢ \

- 1
contemporaneous negative correlatfon between cetnophores and gther

i

| ‘ 4
zooplankton, and observations of reciprocal changes in abundances from

)

yedr tp year. Among the first class, the best documented is that of

L]

Bigelow (1924) whomstated that, in the’Gulf of Maine, areas where

Pleurobrachia pileus g&g abundant were poor in copepods.

Fraser (1961)

and Russel (1931) have also stressed the regularity with which an inverse
s ‘ AN

£l n A

*®

-

o

3
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rela%&onship is found betwken the abundances of CQpﬁdeS and ctenophores

-vaq(‘

» o« in tﬁb nortﬁgast Atlantic and North Sea. Lucas and Henderson (1937).asked

»
P 7 a s

. . fishermen tq,reportatheir catches of herring from individual drift ‘mets

3 /,
-

R zilon‘ngitrh theﬁr observations of jellyfish. The reSults showed a strong

,/negative correlation between*catches of herring and the occurrence of

B small: jellyfish,, most’ of which were presumably ctenophores. ‘They "inferred

g

* ¥ that the cause was not a trophic relationship, but rather that herring

. avoid concefitrations of ctenophores. ’ . %, ’
‘ Year-to-yeay réciprocal chanpes in abq%dgnge were best demonstrated
- - : ‘ N t ‘ 1T

by Kamshilov. (1960), who showed that in the vicinity,of Hurmansk, ‘in

years in which Bclinopsis and £1eurobrachia were particularly abundan;

D

numbers of Calanus and young euphausiids were below average, The \ . g’ '

) demonstratibn of rec1procal melations extended two trophic jlevels above

.
P ®

1

the Bolinqg§is~P1eurobrachia: Calanus link. Beroe cucumis, a ctenophore,

‘}I
feeds on Bolinopsis, and is eaten in turn by membe;s éﬁsthewcod!jamiiy.

ik.

. » Kaé;hilnyfs data suggest that in years in which-cod are abundant near , _

I
L
- . 7
-"4/" -t M 1 b

<
%% ¥ - shore, numbers of Beroe are depresged, the, growth of Bolinopsis is
.= ,? ’ 202110psis .

§ -~
1 .

ﬁ,i’ released, and standing stocks of copepods are depleted. i
rd 1

. Fraser (1?62) in his review of the role of ctenophores and 'salps in

. °

iboplaggton production and standing.crop gave gréat emphasis to Kamshilov's'
exemplary study of the anmual cycles and feeding relations of ctenophores.

. e These two contyibutions in the éérly 1960's mark .the end of a perlod of
'

observahianuénd conjecture, and called the attention of students of the

. fos® .
zooplankton to a set of important trophic relationships requiring further

- quantitative evaluation.

L4

< The f{irst of the récent series of quantitative studies on 'f:’he.(5

-~



&

[

. of the Patexent River, an estuaryﬁinvMaryland.

"out that.Bishoﬁ found a spuriougiy high feeding rate, probably because

” , -

ecology of ctenophores was that of Williams and Baptist (1966) who

measured the consumption.of 02 by the lobate ctenophore Mnemiopsis leidyi,

and cqnciﬁaednthax a 20 ml. individual respires daily the carbon

4 - -
- - v

eﬁuivalent of the zooplankton in 4 to 100 1, of water from an estuary

®

near Beaufort, North Carolina.\ Investigators working in the mid- ,ﬁ

AtlantiCﬂstates of the JVU.8.A, have studied this species in some ﬁ/tail

with divergent resﬁlts. Bishop in 1967 extrapolated laboratory feeding

Jrates of Mnemiopsis leldyi on the copepod Acartla tonsa®to the populations

Miller (1970) has-pcinted

L ’

H o
copepod concentrations_in the experiments were on average 253 times those

® T w
> J
44 L
@

.
Miller (1970) -gave 3 less dominant trophic role Eg}ﬁgemiggsis. He
- !

in the field,. I

®

determined feeding,rateé, ex&rapolated these to field conditions in

the Pamlico River, North Carolina,‘and’found“that the feeding of

%

Mnemiopsis could account for 11% of the summer mortality of the dominant

copepod species, Acartia tomsa. This could not, however, support

laboratory respiration levels. Miller speculated that Mnemiopsis might

exploit some additienal energy source, such as phytoplankton or

I3

detritus, ‘ .

¢

In a second paper, Bishop (1968) compared the feeding of two

ctenophores of different feeding types, Pleurobrachia bachel and
f

¥
Bolinopsls microptera, The concentrations were within the natural range,

and Bishop éuccessfuliy distinguished the feeding success of the two

ey

species on two copepod specles, Pseudocalanus mindtus and the much larger
- \

“Both ctenophore species £intﬂﬁw n

\ .

and more robust Epilabidocera amphitrites.

10



e captured more Pséudocalanus than Epilabidocerd’” Boliﬂbpaﬁgj a lobate

ot - ] - ]

- ctenophore, was particularly unsuccessful at capturing the larger copepod, _ '

, but took nauplii of Pseudocalaﬂus more frequently than did ‘the ¢ydippid !
ctenophore, Pleurobrachia. v ) g

\

Fraseg '(1970) presented a thorough review of the 11teras‘.e.on thﬁ

i "" %‘__\,"%‘I
oceurrence ahd habits of Pleurobrachia pileus and with it an’ ennmeration -

by species of Yhe gut contents of Pleurobrachia”taken in plankton tows ;

-

. ,
from tﬁe'noityain North Sea in 1965 ~ 1968. His work laid to rest the

idea that Pleurobrachia preys extensively upon! the eggs or larvae of fish

e ? 'é - R

. or shellfish, for 80% to 97% of the included prey were Crustdcea, mosti§ ‘
copepaods. He did not, unfortunately, relate the gut contents to ambient
v / L]

prey, concentrations.
\-—-"’“—""”"—"‘- b 4w 0:1;
, The work of Kamshilov and ¥raser was extended by GreveN(1970, 1971),

@

[l

-~ <
who had notable success in characterizipg the maximum growth rates of both

Pleurcbrachia pileus and gg%lnopsis infundibulum as well as the minimum

o

L]

size and age at which Pleurcbrachia may reach reproductive mafturity, .

|
‘5.5 mm diameter at about 35 days old. This rapid maturation héﬁps to

éxplain the sudden and unpredictable_ appearance of swarms of this species. -,

-2

I

Greve (1970) also investigated the selective feeding of the specialized

L ctenophgres Beroe cucumis, wh%ch takes mostly Bolinopsis, ahd Beroe

(=

gracilis, which preys exclus@vély-upon Pleurobrachia. The buccess of

Greve's laboratory experiments ls a comsequence of his development of
i
the "planktonkreisel" (Greve, 1968), an aquarium whose bottom is covéred

by a sand filter, through which water 1s drawn and gently recirculated

5 )5

by an air-1lift pump., This device was so successful thatmhe was able to '

o

rear plankters as delicate as Pleurobrachia from egg to egg. He supported 7

-3 . !

=

: ' 11

] <
=



og.
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his laboratory reseaﬁCEQWith fipld observafions on these four specieé in

the German Bight of the North Sea, where he found a. year-to-year

“,a_

reciprocal relatlonshlp %etWeen the abundance of Beroé gracilis and
o §
l( %4

Pleurobrachia. ! i <t T,

i o This was the foundatlon upon Whlch I began my work, While it9was in ~

progress, a parallel enquiry appeared when Hirota (L973) presented a”

s@udy on the quantigative natural history of Pleurubraghia bachei in La
B

Jolla Bight, Ca; nia. This specieg is very similar to Pleurobrachia

- N
pileus, Mayer (1912) considered the two to be synonymous, and they are °

S%E?rated mainly oh the basis of their habitat ranges. Pleurobrachia

.

bé%hei extends into much warmer waters in the Pacific than does

Pleurobrachia pileus, in the Atlantig.° t

o ‘ !
Hirota found Pleurobrachia bachei to be a very abundant species. )
- : N
Its numbers reached },OOQWLJn-jiiﬂﬁiﬁgnthgxnnﬂalifornia in August, %jﬁ

annual production of organic matter which Hirota calculated from laboratory .

- a

rates of growth and reproduction along with field measurements of

[

- — L ’
populations, was 5.4 g * n 2, which is a surprisingly high Estimate for[

1

a_single species.at the thifd trophic level. It'is, however, supported

by anPapproximate energy budget which states that 607 of igggsted p )
energy "is-converted 4nto soma and 77 into egps. 3

s

This has heen a brief-historical review of work on the ecology of

e

gtenophores, with increasiﬂg emphasis toward the present. Thq:ough

revisvs of earlier work are available in Fraser (1970) and KamShilov

\ 1n~)

T1960) In the remaining few pages of the Introduetion I will attempt

to display the unifying goal which motivated my several courses of

approach to undé%standing the natural history of ctenophores, especlally

l ' S

L
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14
Pleurobrachia pileus, in St. Margaret's Bay. - o 7 -,

8 g L
d . F -

ObjectiVes of this?itudy ) : , p

\

The method I choge\to measure the feeding of ctenophores in the

L.
field"is conceptually simple.’ Gut contents divided by residence ¢}

]

gives the instantegﬁous feeding rate. When I had measured natural /

feeding rates, I sought to comprehend the relatioms between predators

and prey %ﬁ‘éhrms offspatial distribution and motiom.

Y

The lunting strategies 6f planktonic predators ma§ be analysed for

the purposes of' this exposition into two modes. ﬁﬁrsuit and ambush.

The cydippids, like most true jellyfisﬂg"are pure ambush predators.

¥ >

Thetr placement relative to concentrations of potential prey is their

&

most important adaptable'behavioral attribute. Therefore the sampling

program was desxgned not only to produce estimates of tg@ populations,

: p
but also to test the hypoth951s that zobp}anktonic specie% are .

o—\ MY e
distributed at, random with respect to one another‘ Additional-laboratory:
exper}ments were reguired to distinguish interspecific tropisms from \

jolnt responses to envirépmental condltions. Cassie-{1959, 1960, 1963)

i - w
has presented a statistical treatment of zooplankton samples from a

mixing zone between oceanic and harbor water, and shown that most of
the vardability in specjes abundances can be related to physical

parameters, This frequentiy—cited work demonstrates that in such a

i

heterogeneous zone, populations remain identified with their parent o

a

water-masses, but it’says little of the joint distributions of species

N

under ordinary .circumstances.

The swimming activity of prey 1tads‘direqt1y to their ambush by the

[ -

eydippids, and must also influpﬁ?o the foading of the rplatively sluggish

L]

¢ ' Ly
A

“2
oo 13 ﬁ
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lobates. It follows that the natufal movement of potential prey is
. v . ! L2 .
important: ¢ ctenophoran feeding, While the review articles of Banse

° <
s

(1964) and Bainbridge (1961) demonstrate that there is a copious

1

literature on the vertical migrations of zooplankton, and Baipbridge
§ .

f1952) and Gauld (1966) have, given qualitative descriptions of the

s 4 - » 1]
/smaller scale excursions of copepods, there are no quantitative measures .

~-
g *

. (/§f“tz::jwi::al activities. I have provided a few such measurements and
will Show at they lend robustness to my field observations. .
The study area ) / ' €$

a

The major sampling program was conducted in St. Margaree"s Bay,

Nova Scotia. Thisg is a body of water 9 miles (14.4 km) longfby 5.5 ‘

miles (10.2 km) wide, with a mean depth of 19 fathoms (35 m? Tt mixes

PR

with the.waters of the Scotian Shelf through a mouth 2.5 m%les (4.0 km)

wide with a controlling depth of 23 fathoms (42 m)s When Qhe larger

mmm‘

study of which this work forms a%part was initiated it was hoped that

the planktonic populations of the Bay were to some exten \conservative.
i

This hope wasvsoon broken. Sharaf ELl Din, Hassan, and Trites (1970)
f - .

¥ ¥
showed that the water in the Bay Is replaced several times per year.’
4 ' “

In an extreme case, reported by Platt, Dickle, and Trites (1970), the
. s /

v

water at 10, m in the Bay was apparently replaced in oﬁe day, between

24 June and 25 June, 1969. Heath (1973 a,b) has shoym that at least
\]

three flushing mechanisms operate in the Bay. Tidal excursions and a
net cyclonic circulation together give flushing tiges of 5-10 days in
the upper layer and 10-30 days in the lower layerf Wind-driven

reclprocal two-layered fluctuations give separately - calculated flushing

times of 11 days in the upper layer and 13 days [in the lower layer.

¢
f ‘

.} 14
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MATERTIALS AND METHODS . ",

is

o

‘vertical, tows of-a metered 0.75 m diameter ring net designed to <ollect

l s:d a
Samplf;g technique .IJ/V ) - ub M

All quantitative zgoplénkton samples in this study were maqg wi;hK ‘

o
o
)

<
-

ctenophores énd\the;:/iﬁgyseparately. Separation was necessary because

in preliminary:obsen ations of 1umpe5 tqws, Pléurobrachia gorged on

. - eesd ,
lmmobile prey and detritus. Figure 2 is a drawing of the ngi:l An o ] '
inner net of hexagonal kniq/mesh, aperture size 3 mm, captured all but ‘ L
the smallest ctenophores ?éz%e passing«vxrtually all potential prey. T ﬁ%
The outer net zaﬁéa stand;;d nylon monofilament net of #6 mes?m’w ) £ o,
(233p apertures) This capturéd adult copepods effic1ently but was too b

coatrse to»ngtain quantitatively either nauplii or small copepodids.

Very young copepods form an insignificanttpart of the diet of the -

- &

ctenophores.

0 o
The net was attached to. the towing wire appréiimately 2.5 m above

the approximately 35 kg weight. A rope pennant and three~part bridle, .
total length about 2.0 m formed the only attachment between net and ,
wire, The net was thus free to fish both going down and coming back s

up. Descent_xate wag about 0.5 m"+ sec 1. When theywéighgfhit bottom,

3\,

the wire waé checked and a delay of 10 seconds was counted to allow the
net to sink to the limit of its pennant and the ring to capsize befpre .

hauling. Ascemt rate was about 0.5 m * sec 1 put wag not well

controlled from tow Lo tow because tows were made at the idle speed of *

SR

the gasoline—pbwered hoisting eﬁgina, and this spee& varied with the

b

condition of the engine and weather. The action of the net during this

evolution was observed over the rail in shallow water on a calm day. )

-
f

15
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Concentric plankton nets for the separate collection of ctenophores )

W

* and’ their prey.
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 The pét did not collapse . or evert through the ring when the weight hit

t\

*
°

5
“ bOttomo . » I
— - ! !
The meter readings were highly variable because in the vicinity
e N "

m * see -1 the calibration of the meter was sttongly speed-

1

E:gndent. Therefore a Eﬁﬁglebfiltering efficiency, the ratio of meter ne

to meter‘readings for five similar hauls of the ring and meter alome,

was used to.correct all-samples. Each count of a vertical sample was

-

. multiplied by the factor 1,51 to give™numbers pé% square meter of sea -

- B 1 N , 2 El
v surface. This factor was calculated as follows:

“faetorxi‘SEfficiency c 2 mouth area of‘net) - ‘ (i

‘ E = (0.745 + 0.884)" ==151.‘°q . - ‘
Thé\néf‘never appeared to be clogged with planktom. o “ J*
It dis ;écessary in any‘qué;titative study of gut contents hto
Qﬁ demonstrate that a11 items which are in the gut at capture, and oﬁl;;ﬁgose

iteQ§, are present at enumeration. The behaV1our of Pleurobrachia and
of Bolinopsis were tested for Lhis criterion in March 1971, 1In each
trial one.animal was dipped from the surface layer with a 250 ml beaker.

. The trauma of capture was simulated by gently pouring the animal plus its
o

surrounding watey into a seconﬂ'vesoal. The individual was held for
o ! _ ‘%- '

dbout one minute, during which time further Jgitation was supplied by ttf
motion of thé collecting eraft, a rowboat. The animal and its /
sutrounding water were preserved separately in 77 formalin sea water. iy
Ten of each species were takenm, plus 5 control series of ten dummy /

!

dips. The eopepodan contents of each fraction were enumerated and are |

!

“m gresented here in Table 1, Student's "' test was applied to the "

'
! " 1 7
N » »



L

for;Pleufbbracwia (t,g = 0.4113 0:7 >p > 0.6), 4gt, some Bofinopsis

+

- eﬁtfﬁdéa_fheié/gut contents in a sticky stream which made quantitative.
collection difficult, From that time on, Bolinopsis gut contents were mnot

regularly enumerated, nor were any digesiffon times determined for that
3 \J ‘
species. - B ’

2

' R ad
TField program - annual cycles -

¢ o

A square grid of nide statiens gt 0.5 mile intervals was laid out
. o |

in the center of .the Bay. Each station was sampled between the hours of
/

By . i
0830 and 1330 with thé coneentric nets on each of 25 sampling occasions,
e/ n //

between 29 October, l9§6ﬂhﬁa 25 October, 1971. There were thus 225 /
' § a

Y t

/

A i .
plankton samplés.giﬁ bathythermograph cast was made at the central//
&

'wgtatién on each sampling day. ; .
!

The #6 net sample was preserved in 7% formalin sea water. ‘The coarse

net sample was washed into a finger bowl, and the non—ctenophoﬁes added

@

to the #6 et sample. At stations 1, 2, 3, 7, 8, and 9, the ctenéiiz§ps
were separated by species, counted, blotted, and the total volume For

each species measured by displacement of water In an appropriate g%ze of

&

graduate cylinder. At statioms 4, 5, and 6; each individual ctenophore
£

@

was dipped from the net en a wire mesh ladle four cm in diameter, blotted

o

thifough the ladle on a pad of paper towels, its volume measurcd, and
) \ ° '
preserved separat{ly in 7% formalin sea water. When there werc more

than ten ctenophores In a tow, a subsample of ten was(taken to represent

the tow. The measuring and preservation was performed in less than ten

2



3 ‘:Vi t D’.F. P
* s ’
A. Pleurobrachia guts 2.800  0.7289 . ”
B, Pleurcbrachia water 0.200  0.0178 )
c. (Ay - (B) v ¢ 2,600 0.7600 .
D. Bolinopgis guts 0.800 0.1956 .
» 1 . I " - ' )
E. Bolinopsis water - 3,400 0,804
F. .D) - (E) . -2.600  0.8933 . A ’
¢ ' wet ‘Y i , ..L
G. Dupmy dips ’ 0.300 9.0233
H. (B) - (6) };;0.100 , o:mﬂ g\?>p>0 6
- . / .
1. (E) - (G) . 3.1 . 37471 7 18. 0. 01>p>0.'001
§ ‘ 4 . ¥ ‘ o -

* . - o o . 3 4
B 5

- |

Table 1. Test for egestion of gut vcntents of ctPncphares upon capturag

1

Each mean represents the number of copepods in ten determinations.

-y
.
. ¢ ,
v »

Fre ®



. 2 shows the r‘eé,ctions of Bolinopsis and Pleurcbrachia tq several standard

B data represeﬁ%mngufive repllcate tows taken between- 0930 znd 1050 on

e

winutes per tow. The ctenophores had to be measuredqimmediately after .
S ) e "b@é
» capture because they shrink or even disiptegrate when preserved. Table (3

. A

fixat:we. solutions chosen from. Baker‘ (1’958) bu;t made up with filtered,
' i

" sea water rather than distilled water. The.most effective oi;these Eﬁ
. - . . B Je E ugii“gl

solutions was the mest_ commen1 formaliﬁ/seé watex. In thiisy entirg, ) ?ﬁf

¢ W “dj

Pleurobrachia remalnecl 1’ntact, as did the’ fguts of Bolinopsis. T \;

f\~ . - ot bﬁ\ y.:

Theéplénkton sampies were cuunted in tha 1abq5atory under a

v R -
-y - o 150 frEs,

dissecting mldroscope., A subsample of at least 250 individuals, and

usually mpre than 400 individuals was isolated by sequential halving ofw

i

the %ample with a Folsom splitfer. Larger items such as, members of the
\‘ & e i

genus Calanus, medusae1 and 1argé»Sag1tta were counted at about the third < £

O

AN
«

ae X

split (1/8 of the wholebsample) whmle,smaller itéms werd counted at
ﬂ ’w’a“
greater attequation in order’te reduce the labor of ceunting. The gutg&

. of the LndiViduﬂlly presarVed ctenoghoras were dissecteﬂ out, opened

. R . < @ *h
‘ ]

and Lheir' contents enumerated, < : . i

7 N " —
1 )
“ r ! ‘

Most copepods were identified with the descriptions prnv;ded by
Rose (1933). The exceptions were Eugytemara herdmanﬁ, for which GrLce
% Vi.{‘,

* (1971) was used, agnd the three Calanus sptcxes, which were di&tinguishedk

~
e

b

T
Nt
LIS .

“on the basis of size dccording to Grainger (1963), . gi
¢ V B < Iy
), The errors of the sampling and counting method were avaluated from f?f

I
.

¢ v

Al
LF T s

L 4 s 4 ¢ #

2% June, 1972, which was a fair'day with winds less‘thanhfive knots. FEach §
4 . Ty * .
tow was split and counted twice. The raw counts for several abundant ’

i b

€

categorles, and fur revolutions of the flow meter, are shown in Table-
- e

« ¢

) ‘u s
ishor's coefffclcht of variation, £, for the flow meter reddings
* ' - SE g

. - . 20 '

o
n
¢
%
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o

is 0.022, showing ‘that the volume: filtered per tow was essentially

o
1

Dofistant.

[S
#

ki

w A

'
L

>

Do
Fisher's coefficient of dispersion,

y

13.8 for Bolinopsis.-

e

X

;2] J‘-L%

s 1s 6.2 for Mertensia and

= -

3__.,————-

-

When particles are distributgd at random, the -

expectation for E::I;s one,

The departure from uqlty may be assigned a

\

v X

head k3

0.226.

probability undgg the hypothesis of randomimgstr1bution by entering a

table of variance ratios at n, = 4, n, = o, Both species show a departure

v 2
from the hypothetlcal «expectation whose prababillty is mﬁﬁﬁ less than ” .
P Fy
-
0.01. , Even when.tows,are made as glosely together as possible, ctenophores
_"show a clumped distribution. o ' N N

The five catégoriés at the top of Table 3A were counted in duplicate%
.
and the raw counts within each category were subjected to an analysis of

Il

variance, with the result shéwn in Tabtle 3B. The data have not been

transform%d because the items, of greatest interest are the differences

. 4

within gpécmes among replicate counts, and these are likely to be

In three of the five cases, those of Sagitta, .

L3

Oithona and Pseudocalanus, the among tows variation within species was

normally distributed.

siénificangly greater than that which could be attrabuted to counting

error. Catches of Sagitta were particularly variable., This may be due

to aggregation, or to the fact that during the day the large individuals
of this speciles lie very close to the bottom (Pearre, 1970) and catches

are strongly influenced by topography and the closéness of approach of

r *

the net to the bottom. .
The coefficlent of variation between duplicate counts ranges from
0.17 to 0.27, bracketing Winsor and Clarke's (1940) lowest value, ’

I have chosen 0,25 as a vepresentative value for the coefficient

22
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Tow

Replicate a

Sagitta, large 14
= g

CAAP———— |

= 7 'Pseu'ca& adult 23
I3 L A ,

- }

1

Pseu'tal juv, 425

o O

Oithona 12
zﬂu

Calanus glac.*wé 38

Mertensia .

Bolinopsis .

Revolutions

12

500

99 91 164 147 180 238 186
18 d%?gﬁg& 12 ‘& 10 30 24

34 22 25 32 38 49 36

PE A .0 | 13
21 36 12
510- 510 530
o
N

Table 3k. Two raw counts of seven categories

of zooplankton in five tows taken

in close sequence on 24 June, 1972,

520

FELs



- ss DF MS v . 7p T *
Sag‘l‘tta » ’ . &
< . Tows 832 4 208 12.68 70,01 0.90
-~ * “ Duplicates,g%»___;, ot 82 %ie:,ﬁ - 16.4 ’ 0.25 (%
: Total L e T 3 ﬂ B
Pseu'gal. adult ' - I
DR | 254 4 63.5 ° 492 0.05  0.37
Dupliicates 64,5 5 12,9 - 0.17
:l‘ot f 318.5
Pgeu'cal. juv, - & !
N 4 . ‘° L ! o
Tows ;11592656 —h——-2,981+15-—-2,89——0.15 0.36
Duplicates 5,163.5 5 1,032,7 0.21
‘ Tétal ° . 17,088,1 , ‘
Qithona : ‘ ,
Tows 448,6 . & 112,15 5.36 0.05 0.58
y Duplicates 105 . 5 21.00 .= 0.25 |
{ Total 553.6
Calanus glac. I-WO s
Tows - "382.4 L 95.6 L1 0.20  0.28
fe Duplicates 4305 B 86.1 | 0.27
Total ~ ~ 812.9 - SV
oy Total within .
dihar species 19,687,1 ) ¢
Total between - ﬁ?mﬂﬂg
species 136,627.08 #
¢ Total 156,314.18 -
* ) Table 3B, Analysis of varlance of the data from the

replicate samples taken on 24 June, 1972,

o T s
&
LY
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s after the tows were made., The subsamples were transferred to distilled

of variation associated with the co;gting method. Whenever two
un \ .
deter%}nétions differ by two standard déviations they may be considered !

J

i “ N 1 }' -
different at the 0.05 level of probability. Therefore whenever two counts

' { Tnaw,’i.,w

by this method differ by at 1ea§r 0.5 times the mean they may be

™

considered different. ‘ .

o v :-‘\’3:.6 & ,/ -
e ’/ ,}.*‘&ﬂ’(%l'l

g : ’ by
6 Soon' after the initiation of the program it became apparent that ////
»
1d

.

' the average*weight of the adu%t copepods.on each sampling occasion wou
T //
be required., From 25 Fabruar& on, small subsamples of the preéerved/

13
\\

#6 net hauls from stations 4, 3, andﬁé, were removed within a few hours

“ Sl
water and inspected unggr a dissecting microscope. The first/ 100 adult ’
4 o B .
éﬁﬁEfwﬁs encountered were removed, blotted on filter paper,/dried at .  _ -
f‘«’

.

. g
60° C for one.hour, and weighed as a group. Average weights for the
u ¢

-

the transparent bodies of the ctenophorés: The most decisive event in

r

4 .

the process was the collapse of the exoskeleFon of the prey. The inmterval
between capture ofa c¢tenophore and the Sollapse of the last prey was

i N 3;14
taken as a measure of digestion time., The same criterion was used in ‘
v -

r‘ 1
counting gut contents: collapsed prey were ignored. ] -

oem,

1

NDigesLien times were measured at sglected numbers of:cobepnds per
ctenophore gut in the field apd in the laboratory at temperatures °
between 2? ¢ and 4° G. The laboratory animals were acclimated to the I

experimental températutg for 24 hours, before the experiments were begun

.
: 25 o

e
.)
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. made to evaluate the diurnal feeding pattern of the ctenophores Metered %

5

in 1,300°1 capacity tanks of gently flowing sea water inpoculated with
s . 4

[A’ v\(
enough copepods, mostly Temora, Pseudocalanus and Acartié; to keep the , "

, : G o y S
prey concentrationQatwabout 100 « 1 1. -In other respects the laboratory '

(24

procedure was similar to that used in the field. The ctenophores were

dipped gently from the surface with a finger bowl and examined * ot
immediately under an 8X ﬁ;nd 1eés‘ Those Yith guﬁ contents were held at

the temperature of the parent population and.re-inspected at 15-minute ¢

intervals. Digestion time was recorded as the interval between capture

and the mw%*polnt in {time between the last observatlon of an intact ~—

t

exogteleton and /first of no intacf exoskeleton. i ——

4

- - !

Vertical distributions

2

, Two series of day/might horizontally stratgkiea plankton tows were |
b A o »

IS

concentric nets were used in this serdies as in the vertical hauls, except

1 24
B B

- that a messenger-operated opening and closing device permitted the tows

[4

A

to be taken within selected depth intervals. The intervals were chosen
4

to represenf lower water layers, thermocline with associated layers, and

o

surface,- Each tow lasted.l0 min at 2.0 to 2.5 knots. 'The sets of thtee -
tows were repeated at dawn, noon, dugk and midnight on two days in the

spring of 1972, The - maters orked wellj; the readings for five vertical

calibration-Hauls at this .speed had a coefficient of variation'of 0.018.

ek |

The vertical distribution studies in the field were supplemented

¥

7

with a series of experiments run Inithe spring of 1972 in the tower tank
of the Dalhousie Aquatron, This tank is 10.7 m deep by 3.7 m in diameter,
is lined wifh polyvinyl vhloride, and has viewing ports at approximately

0.7 m depth intervals. > . " .

- » 9 o
¢
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g

A bathythermograph cast was taken in the tank at the beginning and .
end.of each experiment. A series of four casts was taken in Mﬁy; 1972 to

14 I

assess the changes in temperature stﬁpcture to be expected. After the

'

first day's rapid heat exchange betwfen tank and water, a shallow *
thermocline was established (see Fiéire 3. The temperature structure
was a vertically compressed versiﬁg of that which had been found in

St Margaret's Bay on'11 May, 972r(see Figure 4). The rapid change was
followed by a slower drift towatd ambient temperature.

/
. The design of the tank experiment was such as toallow a multiple

A

reéression equation ta»be caféulated for the dependence of mean

2

population depti.of the ctentho;es on, light, mechanical disturbance, and
/Jq,x
availahility of food in the givéh regime of temper&ture and salinity.

i 1"‘3.“

“Thais statistical treatmeﬁt was used with some s&ccess by Moore (1949)

¥

on the vertical distribution of siphonophores, but was abandoned in this
- / o P ° .

stu&y begéﬁse no reversible reactiorn to any of thea&@%ee manipulatable
. / (ba ‘ 7.3 " |
1w 1
parameters could be demonstrated in preliminary experiments. l, ‘
b

Plankton for these exper:imento vas captured at the mouth of Halifax

¥

Harbor W1Lh a 6 mesh (233u apertures) net for copepods and a #00 mesh

o

/

(1.02 mm apertures) net for ctenophores, The cod ends of theunets were
1 liter élass«jars, and tows lasted no longer than 5 minutes to minimize

[ “ ¢ !
damage to the animals, Copépods and Pleuxobrachia were transported to

P

" the 1aboratory with negligible mortality in covered polyethylene buckets

comp&etely filled with sea water to eliminate free ‘surface. Mertensxa

Q%

o

ovum and Beroé cueumis also survived satisfactarily 1f carefully handled, but + "

Bolinopsis caught in nets suffered unacceptable damage‘. On no sampling

.

occaslon were Balinbgsi% abundant enough at “the surface to make it seenm

27 o
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profiééble to hand-dip the 100 or so individuals which would ave been )

u
3 )

required for an experiment in the tower tank. The animals were\held in

9
-

’ - -
the labgratory in tanks of gently-running sea water which ran out"’ through

-
by

a sand filter on the bottom. Animals were transferred to the sirface of
. Ql)

the water in the tower tank in buckets of sea water. Ctenophores cou%d :

P

-

be counted individually, but the copepodan inoculum was measured by - .

filtering three bucketsful through a #6 seive and multiplying the average

M2 e

count by the number,of bucketsful transferred. '

Illumination was varied in a 12 hours light/12 hours dark cycle by

—
@p, .

switching on and off the overhead mercury vapor lamps.
. A semi-qdantitative estimate of cteﬁophore populations at various )

depths in the tank was made by v1sual inspect&on tﬁ;ough the viewing ports.

At each po;t, a one-minute scan*was made in a prescrﬂbed manner, Dufing“

dark periods, a battery-operated hand lantern with a red—pass%ng '
filterlhas used in the scan. Ten mirutes® illumination with this lantepn

& /
produced 1o observable change»;n the behaviour of any of three 1eurobrachia,

but upon sudden exposure to the unfiltered light, two of the thfée & ¢
individuals promptly dived about 1 m before redeploying their tentad&es.

In order to evaluate the sampling error of this technlque, one

-

"day" and one "night" count wexe replicated three times, with a &

five-minute rest between counts, Using the lantern, a count of 8 was

replicated exactly. By "duy" the result was 11.7 % 2.2. The means are

not comparable because they were estimated by different methods. In

-

fact it was much harder to recognize ctenophores under uniform

. iiluminaticn than under the beam of the 1anté§n.

' e

e

I‘“’L



Horizontal distributions in aquaria Ve

t

—_ B

P

. The existence of active responses of Pleurpbrachia and Bolinopsis

Lo H
to the presence of their copepod prey,-and of Beroe to Pleurcbrachia and

°

4 5

in*aquaria with

oy
20 -y
» -

» _Were restricted to plate glass 5 mm thick, silicone rubber sealant

grbus partitions. The\materials used in these aquaria

-

% - ]

“c(hgiz ~ 108", General Electric Company), clear acrylic plastic, mylon

¢ \ - — !
In early experiments two separate aquarla were used,: one for
¢ AN

' -~ predators and one fur prey. 'The aquaria communicated through 3 cm

-

diéﬁeﬁer holes bored their sides. A sandwich of two "O" riings with
N - - - 7 .

« #6 mesh cemented between them was placed between the aguarig/over the
. oH '

" holes{ and the two aquaria were bound together with elastic cord., When

-
< @

]\\\ o distributionalnrespanses appeared, the area of communication was

\ -
N igcr?%ged by cementing a partition of mesh in the center of a 24 cm

N -
x 25 emlx 48 cm aquarium, pefpendicular to the long axis.

3 ‘
Aquaria were washe tween, runs with detergent, rimsed with tap

water, 0.1 N. HGl, and distilled water, and air dried. All seawater

o

' used In these experiments was filtered through glass fiber filters

1

(Whatman Gﬁyclkgng aged one weck before use. -
° “\ o
. In 6rder to control temperature 3 isolate the aquarium from
Y7

s

light and mechanleal disturbances, it was placed In a covered plywood
= b?ﬁ lined with 2.5 ecm of atyrofoam. Coolant from a constant temperature
bat% was punped through a heat exchanger on the ingide of ohe wall of

the box. Although there was no feedback control on temperature, it was
h]

. n
30

- !
. Bolinopsis was\ﬁgste¢_for in a series \of experiments run in the laboratory
(&

<



1
t

pqssibfe to achieve a steady—sé&te £emperature withim\0.5/ C of the
intended value by adjusting the temperature of the bath. In initial
trials of the apparatus a crystal of the vital stain méthylen; blue was
‘dropped t; the bottom of the water in the aquarium aftér an equilibration
period of one hohr.x The dye diffused into the water much more rapadly
iﬁ<€E§-horizoﬁial than in the verticai direction. After two hours its
distribution was apparently homogeneous in horizontal planeg but ﬂad a
strong vertical gradient,..Thus there was evidence of stratification,

but not of large convection curr;ﬁts.

Photographs recorded the positions of the ctenophores at 24 minute
intervals. A motor-driven "Nikon F" 35 mm camera equipped with a 55 —
YMicro. Nikkor' lens was mounted inside the box. Photographs were made on
Kodak High Speed Infrared ¥ilm 2481, and the subject was lit from the
gide with electronig'flash 11lumination. The camera ané flash yete .
triggered by -an automatic timer. The flash was filtered through a Kodak
"th;tgn 87" filter, which passes almost no light of wavelengths less *
ghanﬁ740 nm (Anonymous, 1968). The information contained in the
negative was extracted by projecting the image 4t an appropriate scale
with a photographic enlarger and counting the numbers of ctenophores in
the half of tlie test chamber-mearest the partitlon and in the farther  _ )

kd .

half, In order to ensure independence of the countg in any run, the

positions of the ctenophores in the frame taken previously to the one

2

belng eounted were marked on a gheet of paper p%aced on the easel of the

enlarger. The fpowe of, Immediate interest was then projected in

woor e

register with iﬁg previous image. Only thqse animals were counted which

. *
could be seen to have moved between {rames.

-

¢ v

-

: a1




The null hypothesis that amimals were distributed equally between

the left and right halves of the test chamber was tested by cdlculating ,” «
the probability of the random ¢ecurrence of as bad or worse a fit to the ..

1 - N~\°\~ h ud
hypothesis, first within individual frames, and.then for the sums of

frames in a run. The probabilities were calculated as the sums of the

. - 'S ] r
appropriate terms of a binomial expansion whose terms are 73*%5;31 p ‘
(1-p) 4 -1 wherecp is the hypothetical probability of an individual.

faiilng into the eategory-in which r actually occurred, and 3 i5 the total

@

\ﬁ,\% ,

3

number of individuals. The ¥* dlstribution"is inappropriate to these

"data because it is a.cnntinuousdistributiqn while the data are discrete, y

o

and although the discrepancy is small for 1arge numbers, it becomes

unacceptably large when the gxpectation in any class 1s less than five

aY

(Fisher, 1925). _ ’ oy

- t

Swimming of copepods ' .
The local excursions of copepods were alsa»measured by photography.

For this purpose the apparatus used in- &he ﬂiétribution gstudies was

H«*ﬁn

Pl
"u

modified slightly to allow the timer to ffre.the flash several tihes .
during one éﬁ;:gure of the film.- During different runs of the experiment
there were from four to seven flashes per exposure, apd the interval ‘

between {lashes was from one to seven seconds. S%ﬁ;ihe shortef‘}ntervals
the recycli;g time of the electronic flash unit was reduced by replacing

4}

the standard 500 pfd condenser with a 150 or 30 u¥d condenser, Two large
plastic "Fresnel lenses placed between rﬂg flash unlE”::a the aquarium g
condensed the flash ifto an approximately parallel-rayed beam slightly

gmaller In cross sgction than the aduarium. This mininized light ] . *}

scattering from the walls of the aguarium.

32
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The photographs were taken horizontally thxoﬁgh@thg squareafaCeE of £

2 the 22 om by 30 cm by 30 cm aquarium, ‘A’shallér aquardum, awcube’ 15 cm ‘ B

% ezl

a LSS & "\ s * ™ st
on each'edge, was used for some trials dnvolving smaller copepods:
Some experiments were run at sea in relatively“claﬁfeeatﬁer,nandifo these

~ gia , - a2

the aquaria were fitted with tops provided with 1 e inside diameter'

standplpes at diagonally opposite corners. Thé?aguarie/yefg/;illed and,
-~
: the animals introduced through these standpipes,.which were then sealed

with cérks. The only free surfaces of water in the aquaria were those

a

in the standplpeS-immediauq@y,below the corks.q . ;
( »

v

The aquaria were filled with sea water taken from Halifax Hafbor om
. RN R .. .
St. Margaret s Bay no loager than a week~before the experiment. ‘The

ﬁ a

water was warmed to»ﬁ C above the experimental temperature,cshaken

w57

-3

4

v1goronsly, and cooléd bacM, to the ex?erimental temperature. This ™

£ o v

_procedure gave water slight y undersaturated with gases which would not*
e 4

form bubbles' on-the walls of the aquaria. :The water was filtered’ hrough

& o7

a "Nitex" seive% apergurensize,SB #, but the smaller particles ﬁéreonot
removed because normal swimming and feedlng in'most- herblvoretsrgalanoid
copepods are closely relatéd (Ganld 1966) and feeding ceased in both,

of the specf@% mnveetigated by Parsons, LeBrasseur, and Fulton (1967)¢
ci ” s
when phytoplankton concentraticns fell belaw a lower ﬁhreshold.o -

&

!Froﬁ 5 to 25 animals of 3 single specles were selectdd fxom.a fresh

1 . . ,
plankton tow for each run. Individuals of the genera,’ the giults.of

4 g *

- L0 ’
which are about 1 mm long, (Oithona, Pseudocalanus, Acartia, Temoka,
¥

Centropages) were chosen under a dissecting microseope. Larger copepods

!

(Tortanus, Metridia, Calanus) could be sclected without visual aids by

# 4 +

thelr ¢olors, and swimmlng patderns. ’

’ ) “
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* The ﬁhotographic negatives were prbﬁected as for the distribution

‘ stugieé, and the vertical and horizontal somponents of each excursion

A

were' mpgswfed for each animal for which an unambiguous sequence of

positi¥ns cguld bé identlfiﬁd. It' was assumed thatsfhe horizontal

compozge‘nts d:)f motion‘were distributed equally overwd-iiteex;ions,.:and».jﬂ; - -
f th;réfore that motiors in the horizontal directipn perpendicular to the :
; camera's optical dxis were equal to those parallel to thgéaxis. It was
f also assumed that the average density of animals was homogeneous within
/ ;nriZQntal layers. Therefore the errors resultimg from the fact that
=% animgls might be neareé to the camera or farther away are equally

distributed about 0 and do not bias the results.

"« The avera%es were calculated of the absolute values of excurs}an
»

lengths in both the vertical and horizontal directions for each Eategof&

*  of copepads whose ‘movements were studied. This statistit was chosen
T» o o+

because the E‘Bt mean ,square displacements, which at first seemed more

@

, attractive, might lead one to form an imvalid analogy with the ., -

T

1]

statistical mechanical model of molecular diffusion.o This analogy is

a
-

* . . N
wrong because the time intervals chdken in this study are of vecessity

small relative to the  tame at which’ successive excursions would become .
LS * »
?quncorgelated in direction (Okupo,q1972)a Thus it 1s possible to ' .

a

characterize the species by average displacement bver a given time, but

s

-not to use these data to calculate fluxes from the familiar equation of

a .
*

diffusion. } » 2 A

e
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General cycle of the zooplankton 2

i

. ¥

. _In order to proélde a background for the discussion of feeding by

' ¢

ctenophores, 1°have p}esentedain‘Figure 5 a summary of the gemeral cygle

] ol
1

of the ZQOplénktBn in St. Margaret's Bay. The corresponding plankton

counts are tabulated in the Appendix. There are several prominent

\ -

features. In the spring andlsummer, concentrations of four oi%phe five

~ %

most abundant genera of copepods were quite low relative to their winter

.

concentrations. Of the five, only Qithona similis was gore abundant in'

spring than in winter. Temora longicornis and Pseudocalanus minutus

both showed 4 minor increase in late March and April, aroupd-the time ,

w -

[

of the spring phytoplankton bleom in St. Margaret's Bay (Platt and
! v '
Itwin, 1968), but the most striking event in the yﬁar was a spgﬁggcular . e

increase in éopepod popnlatiods in the fall, with the rise to dominance

of the non-endemic copepod Centropages typicus. The plot.of ' >

bathyﬁhermograph results in Figure 6 shows that a profound hydrographic

event becurred during the increase, From 26 August to 17 Septembeg,“ o

1971, the depth of the thermgcline plunged from 5 to 40 m while the ¢ , ~, =
» ‘ #a "
surface temperature rose from 13.6° € to 15.3° €. "This trend Eontinu

[

~no

until at least 25 October when warm waters reached almost to the b ttomo. P

A
14

A second, less dramatic, influx of hon-residents pceurred in May,

] 5 5

when late copepodids of Calanus g}aciélis and Calanus hyperboreus .

appeared in the Bay, These species are indicators of Arctid water
(éraunger, 1963) as 1s the ctenophore which appeared with them,

Mertensia ovum (Mayer, 1912; Huntsman, Bailey and Hachey, 1954). These

L]

results conflrm the survey of the zooplanktdn of St. Marparet's Bay

» f !
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reported by Paranjape and Conover (1973)' for the period January, 1968 to

ap

Apr11¢ 1971

The maJor competitor with the Etenophbres Pleurnbrachial Bolihnpsis
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and, Mertensla for zooplanktonic crustacea is the chaetognath Sagltta

/

elegans (Sameoto, 1971, 1972). Large Sagitta were abundant throughout

the winter of 1970-1971. " A strong pulse of repr?duction began in May and

reached its peak in June, at which time there were many small juveniles,

but the adult population;héd declined to naar zero.

be projecéed against this background of natural hastory.

o

The distribution of the populat{ons of ctenophores over the year can

. a

3

¥

Figure 7 shows

rod -
the 'volumes per square meter of each of three species through the year.

”

\ Pleurobrachia was mast abqpiant in March and April. The small

3Xgpage sizes of individuals in (fune and July reflect the high numbers of

young individuals present‘then. This cohort did not’ develop into a

conspicuous sufmer populationy the summer peak in volume was, small,

The volumes per tow of Bolinopeis were more v@%iable but showed a

H ;

gsimilar overall pattern, Again a spfing pulse of reproduction occurred,
. 4
this time in May, but by June most of these animals had disappeared from
' ' G&z&”
the Bay. d %g

1

Beroe was absent during the fall and early winter. "Its volume

Pl

-

.
increased through the late spripg to a peak at the end of June.

» -~ o

Feeding of ctenophores — prey takem .- -

The results from the enumeration of gut contents show that the

\ ]

predation pressures of Pleurobrachia and Bblinopsis are very differently

distributed among copepodan species. Although the counts of the éut .

contents of Bolinopsis are not useful for calculating feeding rates, they

w R (- 18

o
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Fad
—~ Abundances of Ple

Beroé cucumis in St. Margaret's Bay, October 1970 to October 1971. The

- numbers over the data points are avea;ége volumes per individual in ml.
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may be used to show the relative numbers of each species ingested, if the

agssumption is made that egestion is random among spedies.r Tabley 4 shaws

. _ the contents of Pleurobrachia and Bolinopsig at stations 4, 5, and 6 for

o

the six dates in the late winter and spring of 1971 when ‘both ectenophoran

. . P

species wtre abundant. A scan of the columns indicates that-TFemora and
A 9y t
Q
Oithona were the most freduently consumed food items.
g ]

If the ctenophores consumed items at random from the water columg,
for inereasingly lamge samples the ratios among prey speeies in the gut
would approach those among potent1gl4@r§z species at large. The
probébiiiny of a departure{fro&fthls hy@bthenicq} expecté%ion as great .

s

+— Or greater than that observed can be calculated by summing the

&

appropriate terms of binominal expansion. On 25 February, the
probability that Bollnnpslé feeding at random would have taken go
P Yemora among 4 (Temora plus Qithona) items Is 0.4&& but the probability

that Pleurobrachia would have taken no Oithona aming 8 items is

o , .
2.9 « 10 6. On the other occasions when both Iemora and Oithona were

#

“present in significant numbers a similar result can be shown. On 12

“

1! !

February;- the probability‘of 0 Temora among the food of Bolinopsis is
A ——————— 1 K}

0.144, but the probability of 1 or O Oithona among the ‘13 items counted
9 a9
3

«

. in Pleurobrachia guts is 1,0 < 10 ™, A similar treatment for Oithona and

Pséudocalanus in Bolinopsis on 12 February shows a departure whose

probabilk&y is 0,23 in favor of Oithéna, while on the same date the

6

probability is 1.3 + 10 ~° that the depaxture in Bolinopsis g&ts in favor
. [

4

of Temora over Pseudocalanue could have risen at*randon. Bolinopsis is

v

+ thus a rather generalized feeder, showing a weak preférence for Oithona.

But Pleurobrachia an the same condltlons takes E&m&iﬂ much more frequently

40
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) ' e \ 7 . ¢
Bolinopsis ) ' ~ |
> N Number Total Contents 22
Date Canght Volume Contents nl" ctenophore Prey * m "
12 Mar, 71 6 20.4 40 ‘0.19% ., 15,900 -
25 Mar. 71 16 54,5 110 0.202 24,700 )
s . . 1 Am © 0.018 T i
) i L ’
, 12 Feb. 71 ' 10 25.4 30 . 0.118 ¢ 6,500 .
. . T e o o 3 Ps 0.118 16,200
. ] @ -4 . B
25 Feb. 71 10 . 22,0 L4870 0.182 . 11,200 )
‘ . 1A 0.045 . - .
“’@ 1 0.045 —
8 Apr. 71 10 ©25.4" 30 : 0118 . -+ 6,500 .,
X 3 Ps 0,118 16,200 gty
a N [s) ° :
23 Apr. 71 18 11.5 . 24 0.174 22,500
. 3n 0,261 —_—
. 1 Am 0.087 7 e
N7 0.087 g ,
¢ 1 EO 00087 4 -
- — o Il S
. = N B RSV -
7 S 0
Y .
=3
# f =
a D o s, K‘
\ i <
l',;"(l é R
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Ple%robrachia

e

, Number Total Contents' P
. Date Caught Volume Contents ml cténophore. Prey * m
12 Mar. 71 10 39.1 90 0.230° 15,900
o ‘ - 1T. 0.026 —
¢ 1 Ps 0.026 2,800
25 Mar. 71 9 54,0 12 0 0.222° 24,700
. - : 1N 0,018 -
—- M - . 1 Cy . 0'018 ——
12 Feb. 71 5 6.6 - 12 T.., 1.818 5,900
} ‘1 Ps 0.152 16,200,
. ., 10 0.152 , 6,500 °
/ -/

\ / °
‘2,2 Feb. 71 3 17.9 87 0.443/‘ o 2,900
e : / e .
Bapr. 1 = 10 34,1 - 10 0.029 ° 20,400 °
=~ ! o 1 N 0; 29 . -1 « Plaiad
- 1 cy’ 70,029 -

e ./
=/
23 Apr. 71 8 19.9 2 Cy 0.102 . —
- 10 © 0,052 22,500
. | A 0.052 - s
/ - - ( -
Table Z. Gut contentd of Pleurobrachia and Bolinopsis taken at stations

4, 5, and
0 = Oitho

on the six occasions when both were abupndant.
similis, T ~ Temora lengicornis, Ps - Pgeudocalanus

Key:

minutusy, A - Acartia longiremis, Am - Amphipod, N ~ nauplius,

f

Cy - cypris, Po - Polychaete, Pt - Pteropod.

-
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situation in the North Sea, where Greve (1970) demonstrated the ver&\

5 ’ o
strong preference of Beroe cuciimis for Bolinopsis, while a second species,

-

Beroé gracilis, fed éiélu31ve1y on Pfgurobrachia. I have also seen the

ectoparasitism which.Greve degeribes for ﬁeroﬁ gracilis on Pléﬁrobrachia

)

performeg by Beroé cucumis- on Pleurobrachia, most notably on 21-22 January, °

]

1969, when a 2.3 mm long Beroé cucumis remained attached by its mouth to

\

a 1.1 cm long Pleurobrachia for a full day. Bclinogsié'was present in

the aquarium when the attack began., When the pair were separated

-

there was a wound on the Pleurobrachia at the pofnt of attachmqﬁﬁvmf““ﬁT
o —— i

- % > ™
2 N o
s

Feeding of Pleurcbrachia - digestidn time

v \

In order to convert gut contents to feeding rate, a determimation

of the digestion time of copepods by Pleurobrachia was made on 27 April, _

1972, The prey were mostly Temora, with soéé??$gndocalanus and Acartia.
" ‘A | x“

Sea gurface temperature was 3.0° ¢ and the temperature of incubation,

i

3.5° C. The nine observaiions on freshly-caught ctenephg;gb were .
supplemented by six observations on-c¢tenophores which had been held for

a week in the laboratory at 59 ¢, The laboratory determlnations were

made on 5 April, 1974 at 4.5° G

Paras . wem

The results togg%her with % fitted second dégpeézpolﬁngﬁial are
T AREEY

shown in Tigure 8, The fact that the Line rises to the right ‘does not
# ! -(A . -

necessarily“indicaté that the time from ingestion to collapse of an
Individual food item incféases with increacing gut loading. What is
measured here s éhe time from capture of the ctqnophore to the collapse

43 o
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of the last itém to be digested; Thus if the rom ingeégion to

qol}aﬁse wete constant at T, for a ctenophore containing one item the
- i ”, R ¢ Q‘_/\// .
"age" of that item in the gut previgus to capture is equally probably

* any time from 0 to T, §nd/rhé°probability that is “oldex" than -t, that
%w For a ctenophore ’

containing two items the prcbability that both are "oldef™ than t, in
\ t -

‘ 2
other woréf that neither will remain after T-t is %7, for three items

3 B . N
iip and s0 on. Figure 9 is a plot bf these functions for 0 < n < 15 food

items in‘the gut. The times are ¢omnected, below which half the

is, that it il coliapse within T-t, is sp(t)dt =

Al

chservations should lie. LN

The plot of the data at hand is indistinguishable from this

v

14 theoretical distribution. Therefogi.ipe simplest assumption was made,

tﬁat digestion time is independent of éut loading. Digestion time was

-

calculated from the hypothetical distribution, which gives median

¥
digestion times as a fraction of T for any number of items in the gut,

’

c ;oggther with the observed averagé digestion times for animals with 3,
&, 5, and 6 items in‘the éut. For example, half the ctenophores which
when sampled contained four copepods in various stages, of digestion might
be eﬁbected to-complete the digestion of the last item at 0.841 times

‘ , !

the complete intexval between capture by the cEenophore and ceollapse *

of the prey's exoskeleton (seé Figure 9). One ctenophore was observed
. ¥
to complete its digestion of four Jdtems in 2.0 hr, giving a single

: 0 .
estimate of digestion time as g.gal = 2.38 hr., The average of eight .

%

»

-

est&ma%es ig 2.26% (0,10 hr, - -,

L3

) h
*  Feeding rate of Pleurobrachia

The plot of the volume~5pec1§ic teeding rate of Pleurobrachia on
* |

v . LIt &
N s

13
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—

copepod density (Figure 10A) is based on plankton tows taken at stations~’

¥

4, 5, and 6 on all those occasions when more than five items were found

in Pleurobrachia guts. The 'points are rather widely scattered, but
Figure 10B shows that the variance can be 'substantially reduced by plotting

I
feeding rate versus adult copepods only.! This 1s so becapse of all food

particles enumerated, 7.27 were nauplii or juvenile copepods, 2.5% were

& »
othet crustacea, 1.6% were non-crustaceous, and 89.6% were adult copepods.

> 2

The regression equation, copepods eaten

ml ctenophore * hr

= 4,40 » 10 P - 2.45 » 10 "

adult copepods * m -2 is an adeqgate predictor of the feeding rate of

Y

Pleurobrachia on copepods in St. Margaret's Bay. *

For each sampling occasion during the anmual cycle the appropriate

]

. 5 :
value from this regression equation is multiplied by the volume of

b

Pleurobrachia present (Figurk 11A) to give the numbers of capepodsﬂconsume

by Pleurobrachia (Figure I1B). This in turn is multipled by the average
) @ ®

dry weight of adult copepods (FigurellC) to give the annual cycle of

consumption of copepods by Pleurobrachia inm dry weight (Figure 11D). The
integral of this cufve over the year, plus a small Epcrement-for‘the

four days by which the sampling cycle is short of one complete year, is

0.522 g * m 2, yr hl.
When the data which ga@e rise to Figure 10 axe plotted separately
Ed 1 \ -

for each of the four most abundant copepod specigs, several components

o

of the overall relatlionship between feeding rate and prey concentration
are séparated. Figure 124 to D shows these coiponent relationships. The
regression slopes indicate that' on any given day an individual of either .

Temora leongicornis or Centropages typicus ls approximately ten times more

-

likely to be captured by Pleurtbrachia than is one of Pseudocalanus minutus

F A

: }
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‘“patterns to give a unified account of,the predation of Pleurcbrachia on

' Three deptH intervals were sampled: 60 m to 25"m; 25m to 5m, and 5 m
d

at
¢

or Qithona similis, In the discussion this result will be fused with

those presented below on vertical- distributions and copepod swimmiﬁg
Kl .

-
s -
-

- « a -

Ll
- R o 4 - —
® -

copépods’, . -

@ o h

Vertical distributions - field studies .

On 27-28 ,April and 11-12 May two series‘?f vertically stratified

tows were takep .in order to éxaminerthe vertical distributions”ﬁf
Y ° . i

-y s » L“j\\ o e
ctenophores dnd to survey éor the presence of a diurpal feeding rhythm.

o

to surface. 'Each'oblingftow lasted 10 minutes at constant engine

*

revolutiong; giving a horizontal path length of 0,4 wiles by radar. -

While the #6 net tow was preserved and the <oarse net fraction
processed, the sampling vessel returned to the initial posa.tion5 80

- . , om0 0

" that towsuyere stacked vertically. Tour such sets-were taken on each
b ©
day, one nLar dawn, one near noon, one near dusk, and one near midnight‘

Examination of the data from 11-12 May showed that the Sp&CleS ;f

b4 - bl a
composition of the sets-changed so much over the day, that a comparison

’

between times of day woﬁlg be hopelessly confused with the comparison
o 4 - \

hetween the populations sampled. That blécK of data will not be
L

R

discussed further. :

*

' The data representing ctenophores taken onm 27-28 April are shown in

>
»

td a conden§ed Form In Table 5. Pleurobrachia occurred in similar numbers

-

a 4 - @
in the upper~two samples at all times, but only one individual was found

w

below 25 m.(cﬁolinogsis also preferred the upper layers, although a few

were gbdhd below 25 m. TFigure 13 shows the wertical distributions of the
& L
four copepod species commonly taken as prey, and of a competitor with,
w.,”;‘ &

¢ s 7w

- x,r: g
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o

p+d B i
% . ’ Pleurobrachia + Bolinopsis -
Tow Time Depth, m. Number Volume Number Volume
11 0515 6525 0 — 0 - -
1.2 ¢ 0542 25-5 : 6 18.8 - 1 0.2
1.3 0608 5-0 . 3 19.1 o _— e
> \ S 1 “ b l{ - -
2.1 T 1126 65~25 1 2.1 VAN -
°2.2 1200 * 25-5 4 15.1 . -
2,3 1237 5-0 3 8.9 4 3.7 .
k]
3.t 1854 65-25 0 —— 1 3.8
3,2 1923. 25-5 .0 3 7.4 10 31.3 ‘
3.3 1955 5-0y 5 15.9 5 14.7
. [ [ ‘E‘qt’,@ ré -
4.1 " 1128 65-25 Fasfer | —- 30 4.2
4.2 ¢ 0019 255 6 | 18.3 6 2.1
4.3 0052 5-0 6 19.1 1 . 2.0
R " * ‘
Table 5. Ctenophores taken in vertically stratified- tows, 27-28 April, ’
. 1972, R ¢
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Acartia . .
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5-0Om
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Pleurobrachia and Bolinopsis, Sagit

n

ans. The repxesen’catioﬁ displays

\ Acartia longiremis anud Oithona gimilis are both surﬁ&ce dWe111ng spacies,

/ * . I

, but there ‘wa:s some i‘ndication that populations of both were dq.splaced ;“ Jo

“

2

slightly downward at’'noon, Temora longicornis is also a surface speg}as} »

W
5
&

and migrated downward during the day. xhe'populaticn center of

Pseudocalanus was always' deeper than those of the other copepods. -Adult:

e,lf - P SR .
. Pseudocalanus were excluded from the surface at noon but juveniles could

%é found there all day. At dusk-many large Sagitta app;réntly invaded .
. o ! - »
the lower sampling zone. These animals had probably lain near the bottom

o ~ qw’

. during daylight, as has been shovn by Pearre.(1970) for large,Sagitta in

]

nearby Bedford Baain. ’ % s

b
v . 4 [ -

, These results show that Qithona, *“Temora and Acartia are continuoqu&

. avallable to Pleurobrachia and Bolinopsms, but Pseudocalanus, parttcularly

&

as adults,‘is not, These facts are refiected 1n "the infrequant pecurrence

of Pseudocalanus in the.gut contents of Pleurobrachia,- and also in the lack;

¢

demonstrable diurnal, differences in the feeding Sécaess of Pleurobrachla.

5

-The latter assertion ig supported by “xeducing Table 3 to Table 6, in ®

which the observed “erop" Yrom the guts of PIeurohrachia is campared

SN ' . with that which might Ee expected if the prey were uniformly distributed

over both time and ctenophoxe volume. This comparison gives a non=

N
significant ¥ of 0.92 ( p ~ 0X). The hypothesis of uniform feé&iﬁg rate

L' . ° o
through the day can not be rejec gd_on the basis of these data, -
- ™

Vertical distributions - laborata } studies

“ 4 [ r -

' .In the spring of 1972 and again in the spring of 1973 a serles of

* w
studies was run in the Dalhousie Aquatron's 10.7 m deep tank to determine .
v - s b
. . iy o ) . ~ R &
w ! Gty & 54” ¢ -
- D v
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whether ctenophores miggﬁte vertically, and if so which stimull control

-y L

their position in the water column. The stimuli which could be

manipulated were prey concentration, light, and mechanlcal agitation of

v *

the water. Temperature was uncontrolled; it incteased through each

D

experiment. The results for the four experiments in which there were

- -

more than 20 ctenophores are shown in Table 7. All the ctéﬁophores

o
3p % a

used were larger than 1.0 ce and- these could'be seen across the 3.7 m

a

diameter of the tank with little difficulty. At each census at least

-
e
s A

bhalf the ctenophores in the water were counted, although counts'were

»

o RS

somewhat higher during the dark period, when the red hand—lantern/ma&

'
1

In April, Pleurobrachia remained at the surfice despite the

application of all the aVailable stimuli.
’ %

oriented upward, and-many repeatedly bumped the surface or kept their X

1
a

A ] \ 2
mouths-appressed to the surface film. They stayed up for _the full ,

duration of the experxment which was termindted after flve days,

e T 'S t
when the}surface temperature was 15° ¢, ‘

'
&

In the May experiment, a few Pleurobrachia remained at the surface
]
for one day, but thereafter the entireopopulation was found near the

<bottom. Individuals of Bolinopsis distributed themselves, rather evenly

[apm——

Avn‘?’ Sy

All individuals sighted were
\ [ i

4

!

L F

7

used. 4 ' ) '

v

*

In June, both Pleurcbrachia and;Mertensla dove to the battom within

’ S

a few hours after their transfer -to the tamk, After two daysy a few

[

of each spéc%ﬁE’rose to aboul 2 m off the bottom, but noué'qaﬁ,sjghtpd

- b o n
]

_ higher. : ' e
;

\ L : 4
InJ uly,é\ Pleurobrachia behaved as % had in May and Jupe:” it Swam

. /

directly to the bottom. Bolinopsis was again available, and as fn June

° e
ot
ié' s
o
ty
P

~a
-

ny ‘
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oA

‘.53\ s + s ¢ 4
/ 3 B
4t i [«
4 April, 1973. g .5 3 Comments )
o1 = [ .
£ 5 April 0900 Fill tank at 4.0° C. Lights on
v - ce 04900, off, 2100. Introduce 20
( R ead | large¥®leurobrachia.
Hore - ‘
‘ © 1200 12 ,0_ 0 f g |l
1400 L Add 300 m ~ plankton tow.
e : 2300 7 0 0 e
" 6 April 1200 "0 o Twelve at surface.
. . 2400 5 0 0, c .
A 7 April 1200 12 0 0° Agitate surface % hr.
o 1230 13 0 _0 - -
N 2400 6 0 0 ’
8 April®1200 14 0 © Eleven at surfacé,
2400 9 0 0o - * :
9 Apral, 1200 13 0 0 ' o -
10 April 1200 10 0° 0.  Ten at surfaces Thrée had bubbles,
) seven in good condotion}’, Terminate <
\ ) experimeit, temperature’ 15° C, p '
4 « a0 B ‘:lnw )
22 May, 1973 ] Fill tank. | .
|
' © 1200 Add 25 Bolinopsis, 20 Pleurobrachia. )
Pleurcbrachia Bolinopsis .
. S M D 8 M D o
' 1400 10, 5 0 20 0 2
2400 5 2 3 6 4 3 o
. 23 May 1500 2 4 7 5 7 0
. 2400 0 0 9 3 2 4
25 May, 1500 0 0 15 45 0 8
. J 2400 0 0 1T 4..3 6
26 May 1500 0 0 10 6 2 4 Terminate. | )

t.v
T



~y

17, June, 1972 °

18 June
19 June

24 June

1700
2100
Pleurobrachia
s M D
2200 @ 3 12
2600 O 0 8
0900 O 0 12
1500 0 0 10
2400 5
1200

Term%nate experiment6
17.1" C, bottem 12.3" C.

»

Merténsia
S "M~ D
6 10 13
0 0 6
o .12
0 0 9

0 ¢ 7

2

a3

&

Bl

v

4
1
aveg,

Tank filled, 5.4° C.
Add 20 Pleurobrachia,
50 Mertensia,

§

| o
Some of each species -
on bottom.

1

i

Three‘ﬁé}tenS1aaabout
2 m. off bottom.

Surface Temperature

10 July, 1972

11 July

12 July

13 July

14 July

Pleuéobrachla
S M D
1200
1400 27 5
0100 3 15
1500 0 6 11
0100 O 0 10
1560 0 -0 6
0i00 © 0 15

Mertensia
s M D
33 b
12 7 0
15 6 . 8
18 .5 12
12 6 i8
18 5 20

i

£
14
€
Fill tank at 10.5° €.

Lights on 0900, off
2100.

1

4

Add 50 Pleurobrachia,
95 Bolinopsis.

Add contents of 420
m3 plankton tow. .

i

Terminate,

<@ -

[

o

Table 7. Veftical distribution of ctenophores in a 10.7 m deep tank,

\

o

it

bt -



,-

! [ ‘{ < A o

4~

it occupied -all threg}depth zZones in the tank. N <

- ~ v

- Two statements summarize the work on the vertical distributions of
c;ptive populations of ctenophores ig the tower tank. éirst, none of

the tested species exhibited any in-phase diurnal migrations under the ,
condition; of these experimentst Second, Pleurobrachia seemed to}swiggh‘

&

its-preferred position from thejupper surface to the bottom of?thp tank

5

some time between April and May. l o s

\ - J’ t
i ¥ e om

5
Horizontal distributions in aquaria of ctenophores relative to their prey .

a v

This switch in behavior was also meted ip laboratory experiments on

\

horizontal distr&hutlons in aquaria, the results of which are showr in

Table 8. Four runs using Bolinopsis and Beroé have been omitted because

these species usually stuck in the corners of the‘aquaria soon after the
1

beginning of a run. Pleurobrachia exhibited no significant deviatigns

' .

,_gfoﬁ random distribution between the left (nearer the prey) and right

halves of the aquaria. Although the temperature was controlled at

!
6? C in all 6 runs and other conditions were kept constant, the “ .

= -

proportion of animals at the bottom increased with the approach of

! !
summer. - . . o

Swimming of copepods .

«

R, ”
‘ The photographic recoxrds of the sequential p091t}on5 of copepods

v

ylelded estimate% of the net swimminé speeds between flashes. The

' [y

data allow clear &istinctions to be made between the fields of motion ’

- K

characteristic of the four gspecles for which adequate records were 2L
3 N ¥
obtained. A comparison can thus be made between the swimming of

e

potential prey and the feeding of ctenophores. 3

i oF P’

- | . 59 -
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% =2
// ¢ © 2

Figure 14 shqws’the two - dimensional distributicn$ of distances

and directions travelled between flashes. Only one‘ﬁé;;rang is shown -\

[}

because the direction of travel could not always be deduced, and so all

3

measurements of exctrsions had to be reduced to absolute vaiug§3 The

+

positions of Temora were recorded at 4.8 second intervals, with 7 flashes

per exposure. The p031tions of the other three species were recorded at

1 e d ey
7 second iptervals, also with 7 flashes' per exposﬁre. The mean net

displacements between flashes in fthe horizontal and vertical directiens

o kd

are represented as dark bars. These displacements are un&er-estimateé

of theqdlstances travelled, for the true paths are undoubtedly curved,

although they are represented here as straight lines. To the right of
el
the scatter diagrams, but on a:reduded scale, are the sequences of

_ positions from which the data were drawn.

-

All the experiments which coqtributed'to this sectien wexe run in

-

March and April, 1974, at 6° ¢, using adult female copepods,

Temora longicornis was by fap-the most active species with a mean
net velocity of 0.137+ 0.010 cm - sec’:l in the hoaizontal and O‘Iali
0,011 em * sec 1/ inkthe verticai. It swims smo?thly and continously,
propelled mainly by r%Pld strokes of the second antennae (Gauld, 1966),

and its path is less recursive than those of the other three species.

3

Pseudocalanus minutus is also a smoothly-swimming species; but its
? i L4

path is quite different from that of Temora. Although it occasionally

7

swims in loops, its undisturbed movement ig uéual;y simifar to the

"hop andiﬁgggﬁ\?o;ign described hy Bainbridge (1952) for Calanus. Periods

of-vertical ascent alternate with passive sinking. Several of these

recursive movements can be seen in "J" -~ shaped paths in Figure 13, and

[
[

.
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Fléﬁre 14

”sSwimming excursions of female Temora longicornis, Acartia longiremis,

Pseudocalanus minutus, and Oithona similis, Each excursion is plotted

as an absolute wvalue, and the average horizontal and vertical components

o

of movement are répéesented by dark bars. The sequences of positibns

\

from which the scatter diagrams were prepared are represented in

reduced scale to the right.
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3

they are also reflected 1n the largey vertiggl component of veloeity,

0.0614% 0.005 ‘cm -'sec"“l versus 0.0314* 0.003 cm * sec -1 in the

horizontal direction. , A
« . o g F A P2y, - B
. Acartig longiremls swihs @F’a jerky, zigzag course. The horizbntal

-

;

‘[' .
h -
component of its motion is 0.0356% 0.003 cm * sec 1, somewhat larger than
=g » o

o v

AN

the vertical component, 0.0281% 0.002 umui see -l. Its path is not so

s ¥

open as that of Temofa, but it contains a larger t%anslatiﬂnél cotiponient

- \ o Q )
than does that of Pseudocalanus. r .2 :

v [T

’

* J;‘-.‘ A &
Qithona gimilis' swims in abruﬁf:‘&isboﬁliﬁﬁﬁ%s jerks, The records , .

.

of its movements: are not entirely satisfactory because most individuals

lay passively-pn the bottom of the aquariuﬁ, occasionally leaping a

- @
few millimeters into the bulk water only to sink again. The few animals

. -

I
which did swim freely leapt upward yigorously from time to time, bit -

o d ¥

spent most of their Lime drifting s;pwlymd@gnward.~ The net velociﬁie§

measured here as 0.013t(0.002 cm ¢ gec -1 in the horizontal and

» » ’

0.022% 0.002 cm * sec -1 in the vertical probably represent moskly the - .
éh’ .

g
poles

“
sinking. phase. * g N -
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DISCUSSION s \

- e
-~ - - # )

Ifportance of ctenophores in the trophic structure of St. Marparet's Bay

~

. The central purpose of this study ‘was achieved: a value has been
f ® - .
calculated for the annual qpnsumptlon of copepods by Pleurobrachia, in St.o

<

Margaret s Bay, This value 1s 0. 52 g copepod dry weight pey, year, which

my be converted to its enthalpy equivalent by multlplylnggby 2. 29 ‘Keal e o

<

g -1, the average of the monthly‘means of caloric content ﬁf 5t. ﬁargaret'

S , . .k

Bay zonplanktén reported by Platt and Irwin (1968) " This product
=]

3

o B2 keal *m 2 yr. © is aboyt one fifth of the 6 kéﬁW e w2 yr -1

“whieh Sameoto (1972) has dete;mingd as the r;tion necessary o Support

*

tHe respiration plus production of the most important consumer of

©

' copepods in the Bay, the chaetognath Sagitta elegans., If the feeding rate

4 * o ‘ o
of Bolinopsis were similar to that of Pleurobrachia, the two together would

o
. M

féke‘about two Tifths as many copepods as does Sagitta.
The fee&xﬁg rate calcuﬁ&teéﬁhere for Pleurobrachia pileus is lower

Pl M;’
than most prévious estfmates, and does not support the more dramaticqx;

stafementv about the voracious nature of the species. Bishop (1968)

o

determined a feeding rate of 1 A Pseudocalanus per hour for 0.4 ml |

) o

-] -

Pleurcbrachia bachei, which is equivalent to 4.3 cobepods . hr » ml

3,

of ctenophore -l at a coneentration of 2‘59' 105 Eopepods ‘m *3. If

this concentration extended 5 m from the surface, -it would have been
. 3 s .
-2

-

equivalent to 1,25 » 106°cnpepods;; m =, at which concentration my

regression line glVG° 66 copepods * ml of ctenophpre = hr _1. Bishop's
ctenophiores were probably fed past satlation. An earlier, study by Bishop

(1967) an the feeding of the lobate ctenophore Mnemiopsis leldyi contains

Internal evidence of satlation for there is a "Fnee" in the plot of

-

Y



* ° and grazing.

Q

ragidly with prey concentration.
concentration of 7.5 ° 105 copepods *.m

the growth of Pleurobrachia.

, o~

-

t

o

o
-
Ed

in hiﬁalaboratery study on'

Greve (1970) used an init;al pr

%

&

This concentration is abibut two pevers .

of ten hagher .than the general average in temperate neritic witers., He

- 3

~

states that the results should not be applied to the, chleylation of .

feeding rates in nature.

- <
- -
[ ada™ -3

+ The ‘gut—contents method

studies of the feeding rates of\zooplankton,\waich depend upon:égpptingu
food in‘an experimental chamber before and after exposure to predation. —= .

The effect of confrinement on animals which do not often meet solid

o

surfaces, to

g - s
The gut-contents method has important advantages over the more usual

-

»

A

Y

¢

.

n&l- ?
« make -them doubtfii}* simulations of mnature.
[ -y - « Q‘

stated that most zooplankton void their gu% contents upon captu&e;
2 Y 13

"6
_ee — §

\
Although Mullin (1966) has -

with the high concentrations used in such experiments '

[

™ I

F-a

A

%

.

= b ) -
Pétipé}‘@éwinva and Mironov, 1966, used the method extensively in their - .

<, ’
“ study of the food web in planktonic communities of the Black Sea.
' ) 0 “

v

applicable.

- completely in situ method of those which provide measures of predation\
!
at

the eﬁvixonment allows the interplay between their distributions in spe

o
.to have its natural expression in the results.

3

»

-

b

o
Y

Annual cyele of zooplankion abundanccy

.

The génqpaﬂ,cycle.af the zooplankton showed several unezpected R
2 3

-

a

.

o

must be many more situatlons to which the gut contents method is

-

>

Where its assumptions can beamet, it is the nearest to a

2 e T,

There

11
<

|-
\

The fact that the subject gpecies are compJeLely fnee in

e
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e

features. April, vhen the_spring phytoplankton bioom can be expected,

was a month of decrégéing abundance of zooplankton., With the exception
g ¢ v
_ ‘ . 7
of Oithona among the dominant copepodan species, numbers remained low
« [+33

throughout the summer, despite the fact'thah the rate of primary -

. ’ v

production during the summer remains at about one third of the annual
o i %
maximum. TIemora showed the ‘nost marked spring decline, and it is

- N '

~reasondble to ascribe the decrease to predation by Pleurobrachia, whose
B . © L

average size and Golume per tow increased‘as the abundance of Temora .

\.‘-r'"'

declined. Sagltta rlpened and reproduced SOmewﬁat latér. D .

i

&  The fall increase in zo?plankton is remarkabl@, yet difficult to

explain. There.are’at least three’possible causes, of which the simplest

is lbcal production, , Platt and Irwin (1968, 1970) have shobp that .

e » f L}

primary production in St. Margaret's Bay often remains relativély high

throughigbg sumﬂer and fall., Nutrients afé ptobably replenished by‘~ B

vertical ixingacaused by the"%wo~layered fluctuating flow which,ﬂeath
..“.*_

(1973) ha$ shown to be a prominent local hydrographic feature. Thas

.
r,—b

X £ ! ©
;;ﬁfszz3l flow has a period of about four days and is Wlnd~driven; when .

#»

¢ @
atmospheric distuqﬁhnces pass at about four day intervals the mixing
- ; . B A

~ ¢ ’ ®« A
efﬁsct'should be particular%y:strongs The™ primary-production muyst ~,
support at leaSt part of the general increase in‘copepodsqbetvgén July -

and Septemper. During this period the ratio of ju#én}le to a&%iﬁ.

éopgpods reaches ity annual maximum, indicating’ active reprodubéion.

-

The second-prohable cause igradvection. From 10 September to -
« ) I3 Q‘\ ¢ :
17 September, 1971, the thermocline plunged from 8 m to 40 m whilé -

13

. - Lo 2
the surface temperature rose from 13.6° ¢ to 15.3° ¢. During that

period the average change in the heat content'of the watér column t

\

< 6% |

-



Ay

4

!

L5

°. } + ~

fo 60 'm was #4700 cal * cm 2 < day . The average incident radiation

between ;OOO ahd 1400 on eight days in late August and September of 1968

and 1969 was 18.9'cal * cm 2

v

* hr -1 (Platt and Irwin, 1970). If the

4

{; © N -~ ) -
daily radiative flux into the %ay were 10 times this value, and neglecting

all-losses of heat, thg observe gain+is still 25 times greater than

insolation. Thére myust have heenl a large incurgion of surface water, .

g ~
together with 1ts plankton. .At this ??Eé\Centropages typilcus and

Paracalahus parvus both appear in significant numbers, and Temora and

Pseudocalanus approdch their peak abuﬁdancgs.

\

-y -

The fall hydrographic event occurs annually in St.,Margaret s'Bay '

&

and other bays along the coasg%of Nova*Sebdtia (Sharaf El Din, Hassan

and Trites, 1970, Heath, 1973}. In 1967 the incursion gave way within

y -

a week to pre-ekisting conditions, but in 1968 and especially 1971, the

change persisted for a month or more, While Heath {1873) has demonstrated -

the presence of two-layered surges, this {lingering change mugtsbe

1
maintained by a different mechanism for it persists after the wind stress

is removed. - - ' ; s

x

1

The third possible cause of the fall increase is release from

P

!

predation. Numbers of Sagitta, the most important‘pregator on cqpeg?ds,'

» 5 ‘ 9 )

were at an annual low in July and August. The m@ckerél Scomber scombrus,

/ 4 \

an abundant. plankiivnrous fish,.appears in St. Mgrgaret's Bay in June on

itsaﬁorthwaxd migration. Some rémain in the Bay for the summer, but the

e

majority of the population centinue no;thwaﬁd to spawn in the Gulf-of

L
St. Tawreace. ATL af the fish withdraw southward in September-October

" (Sette, 19503 Mackay, 1967). .

&\ ’ v ’ 2/

[

£

¥
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Time of maximum abundance of Pleutrobrachia § .

t i

‘The seasénal maximum in the abundance of Pleurobrachia in BSt.

- [ ? . -

Margaret's Bay occurs in March-April, earliet than’in the other areas for

[
i

. which adequate records exist. Pleurobrachia ds most abundant in the ° Lo

,ulf of Maine in Augus't-Sepgember (Bigelow, 19243, in Sc@ttish waters in

October-December (F‘raser, 1970) and in the North Sea in May-—June v

I
- \ ’

: (Grev} 1971). Pleurobrac 18 bachei is most abundant offv California, in

August (Hiroffa, 1973). In St. Margaret's Bay, ]?leurobraéhia does show a

- A4

, ' summer pulse of reprod{xction, but this population does mot grow to large

size here prebébl};,because stocks of its ,prefefred species ate low
during the suimer. . ’ - (,

- - The fields of motion of copepods and the feeding of ctemophares - -

’ 4

ey 9 |
N 4

T It is common practice to debcribe departures 'in ratios among food

v
'

6 items in gut contents from the same ratios ,amo'ng p{otem:ial prey at large
\ P \ . ,
- -~ i te‘rma“ of Ivlev's index of electivity (Ivlav; 1961). I have not used f
‘ this statlstlc because it implies that the predatar or grazer makes a, ;

!

choice between equally available food items. 'This‘study investigat:es

4

dlfferential availability; it attempts to demonstrate that feeding rates

in ctenophores are a consequences fof the spatlal strategiésu cf% potential

Y s Vo f 5 (\Dﬁ o
Al "lj} prey‘ i} ) f . nﬂ s ' ) Yo
t ¢ / *
{.'l © [ . - + ° ©
. ( ¢ The feeding success of ctenopho/res on' different specles of copepods .
- J \
. W in the natural mixturg can be related to the vertical distributions and .
/ 9 - '
kY \ M "y ‘ .
‘ g»’swimmiﬁg pattems of the cbpepods. it is especially clear that this

’\\
I . fs‘hquld be so for Pleumbrachia, ﬁ?ﬁich deﬁnds on the activity«oﬁ :Lts prey.

oy 1o 'effect. captures .: Thé feedinpg rate of Pleurobrachia should be given -

[ . L

¢ T

by the pi‘odimt of Lhe area of captur;i,ng net and the flux of copepsds. If

ot " { ’
hl ~ [ 69 - DR A B




. S,

-

-

: thag of Fraser (1970) who found“Calanus spp. to be the second most

. o 7

T measurements were available of this net drea and‘ ef the excursions of ~°

Al Ly

copepods over tlme intervals Sufficienﬁly 1ong that their initxal and -

final directions were uncof%elabed it would be pOSSlble to predlct the ~
G 4 /

collision rate of predator ‘and prey. -In thé absence of such measurements

&
" *
- . B

some insight can be pained from a comparison of the shorter fernm .
FRE N ! ¥

exeursions of copepods with their relabive capture rdtes. '

a A

Pleurcbrachia is a regident of the upper water layers and has little

3

opportunity to prey upon Pseudocalanug, whose populatlcn center of mass' '

o nﬁ‘c N v

. The bmall-scale motions of Pseudocalanus are mostly vertical

- [N

Iies deeper.

and its path doubles badk on 1tself, furtziiafjigﬁing the probability of %

@

4
o ‘\;c

capture by Pleurobrachiax - These. behayioral attrlbutes account for-the
_small roke ﬁi“Eséudocélanus in the diet of Pleurcbradhia‘ "

{ &
» Al

2

o
. "Members of the genus Calanus also swin in the fhop and slnk" pattern,
" B ¢ 1 - {[3%':“’ e

and they vere not found 1n Pleurobrachia guts in St. Margaret' s Bay, where -

[

3 '

ythey-were at times moderately abundant. This obdervation contrasts with

-
;- 4 P

» \ N !

frequent item in Pleuxobrachia gutsh and the dom;nant one by volume. L
5

Calanus is more abundant in the more oceanic waters around Scotland than

.
ot P o 4

S

in St. Margaret s\Bay, and this-may accaunt'for‘a part@of the discrepancy\

] L

Id addition, ‘some of thehCalanuS in Eraser 8 samples may have been ﬁaten \\ )

P

while“the plankton were concenttated in the net or in a Jakﬁgyaitlhg

“preservation. * " . e
GJ L o Q'
The swlmming patter§ of Temora contrasts stroqgly with that of "
A N 5 ’
Pseudocalanus.- It’i fiore openAand*much faster, especially in the - . '

@

“‘hnrizanta} direction., Temora stays in the upper waters wifﬁ Pleurobrachia,

' which captures dt much.more frequenglg ralative to 1t§ abundance e

o [§ ¢
® . >

4

¢
a



s { * ‘ -

% any of the other potential prey except Centropages. GreGE\(reporEéd in -
- ' A N -2
" } N i
Copover, 1970) found Pleurobrachia and Temora to be strongly sinteractiVe
¢ : v # ! . : ™

in the North Sea. Temora is also a Eavorite food of Sagitta, whose -

3 - < N

huntlng stratégy seemséto be, to wait motionlessly fﬁr prey to péss, when
a ! \ vy £t
the vibrations of the prey triggeﬂ Ehe feedlng response, as Ho:ridge an&
|3 ‘
. Boulton (1967)”hage shown for Spadella, Temora'Qstimming pattefn exposes
t . \ \ L4 hd <

hl

o
it to large volumes of water, amd thus more prey bt also more predation.
! N e - 5 yo , o

Centropages is also‘a very %ptive omnivorous species which anhabits / «

[ . -
'
1 < ES

a

L swimmlné, 1t appears to have a large horlhontal cornorent~of motion and

[ N ’

an open path.w Qleurobracﬁia catches Centrogageq with o 1ru1uonc} relatlve

v B 1

to its abﬂndance sim11ar to that for Tegora. ‘ | .

2
, ¢ - 14 - i
~

- Acartia has’a horizontal mean velocity absut one half that of Temoras
y S————— A lenanee ~ maasnnd

Jrp— - r
’ v ¢ ! !

it is a surface animaljanﬁ’ig%caught by Pleurcbrachia at a rate, .
- ~ ' v o~ v
- Al

“intermediate between those for.lemora and Pseudocalanus. , .

y
L]

~- Oithona was artlcularl 1nact1ve in the labor tory experiments, and.
Saeaena ‘/F y atory ‘ P s

& wis less frequently caught by Pleurobrachia than\are any of the other .
o Q’

¥

gommdn copepodanﬁﬁ%eclesiﬁ}}t farms, however, the 1argest frattlon of the
diet-of Bolinopsis, Bolihopsis seeks out its prey rather than waiting fora
:‘ 4 l\ Fl 1

i it, but is a slow swimper’. . It is probably the passivity of Oithopa which ,

makes it available to’ Bollnogsisa“ LI - ’ .

~ [

I3 i B ;
‘ The. swimming patterns of copepods can be divided tentauively into ’

the Ehrfacg layers. Although T have no quantitative meastrements of its ———

two groups. The true, filter feede¥¥, Pseudocalanus and Calanmus, have

Lladccera by Strickler (1969)

*

Acartia, Temofa, Cﬂntﬁggages and Tcrtanné, exhibit increasingly upen and

1

5

" "

)

" vecursivé paths. "This @atternnhas been described as "1ingering" in

t

>
b

The encounter ﬁeoders and caruivores,

v



rapid swimming in the approxlmagalorder of the propogtion of larger

particles in their diets.

«

The most general conclueion which can be drawn from this study on

S

2

B
Ll

S

%

the feeding of ctenophores 1s & fortuitous ome. It is that the behavior

of individual planktonic species, in this example the field of motion

3

of copepods, exerts a decisive force in directing the flow of enmergy

ationg the pa
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. This section is-a ligt of the n&mberé'per sample of t
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commpn species of copepods, plus»Sagitta elegans and. Clado era, .

.Only those samples are included Wthh were useg in the calculations.

For some dates, the average value for stations 4, Sand 6 was g

obtained manually by pooling equivalent splats from each of the

three samples. These cqumns of data are headed "pool"

!

Key Egﬂabprevgationb
B a <
Ac, &laus. °
¢ Aé.long.,
Cal. fin.
Cé}. glac.
Cal. hyp. ’
-7 Cent. tyﬁ.
' Cent, ham.a
Euryt,
J Y e
Metridia, |
"Oithongd p.n

“ Oaithona s.

Paracalanus

»

v Mie. pus.
Pseu’cal .
Sag:,ttaJ

P

Tort. dise.

Sl

-

so

¢

) aQ

o
a

adult Ty r

® ,

g
Acartia clauél K& §§3

Acartia longiremis

Calanus finmarchicus

Calanu glacialis .

Calanus hyperboreus

Cen;ropages typicus ,

Centxopages hamatus

"Eurvtemora herdmani .
Juvenile

Metridia longd plus Metridia lucens

Oithona plumifers

*, Ditheda similis. i )
.“Paradalanus parvus . 4

Microcalanus pusilus

Pseudocalanus minutus

Sagltta elegans

Tor tanus discaudatus .
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