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Q‘[\'\\NJr-\\l.‘/iay to Novqmber in Canadapan waters. ‘
: » northern popplation occurs in the Gulf of St. Lhwrcncé‘

»

,sepqratlng the populations. |,

‘" .searching for aggregated prey.
/._/‘

v AB”STRACT .
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The Atlantic mackenel, Scomber scombrus L. occur from .

¢

Spawning of the

during June. Both noftherﬁ and southern population over-

winter along the contlnental slope. A w1nter fashery WhLChc
expanded rapldly to 386, QOO MT in. 1972 has been e\p101t1ng
these fish.

fishery cannot be determined because ‘of ther difficulty o%

:
-

A

The proportion of each population in ,thé

Mirtimum swimming speeds of the continuous sw1mm1nq -

mackerel are 1/L/sec, consistent thh hydrodynamlc theory.’
Mackerel. swam slower than most othex scombrom&s. Fat as
the most- 1mportant varlable lnfluen01ng minimum seasonal

varlation in SW1mm1ng speed. Cost of swimming varies with

P
M ‘3

veloc1ty squared. . .

Mackerel are obllquate schéolnrs aﬂﬂ school gize
varies with area and season. A theoretlcal model of feed-
ing suggests a large advantage to a school predator when
Fllter feeding behav;our{and '
contlnuous sw1mm1ng alsq'gncneases ‘the eff1c1engy of explomt—
ing a patchy env1ronment . oo

-The estimated spawning ‘stock in_ 1968 and 1969 of 5x10°

$
fish formed the basls for a modlfled v1rtual population

estimate for 1960~1974. 'The estlmates are sensitive to
the mortallty level, however, for M=0.30,the population
pattern 1is similar to that indicated by other published
data although my estimates are double tho£7 used by ICNAF. .
Rlcker type stock recrult curve is evident! *‘The seasqnal
mlgxatlon of mackerel transfer energy and materlals

between the Gulf of-St. Lawrence ard the Shelf reglons.' e
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< ' ’ y
The nogrthern population of Atfantic mackerel, Scomber

+
-

s gcombrus k. épawnﬁ’ln the Magdalen Shallows during June.
. )

- N -
The @dults remain in the Gulf of St. Lawrcnce vhere th%?*
/% .
build up fat while feeding on %Zooplankton. ° Juvenile' fish
s P , -

\

.
are found in inshore, arcas of the Canadian Atlantic from

* ,ngy to October.L‘They feed on larger food particles than

w !

the adults. Mackerel{leavé panadian waters in October.

N

-

The southern population spawns south.of Long Island during
April—%fy and movesynorthward to the.quf.of Maine guring
sgmﬁer. Stragglers may occasionally rea?h canadian waters.

‘Both populations over&inte; in deep water .abdpng the
;ICQntinéntal Slope where they have been heaélly expioited
'bj a winter flshe;y’whlch pea%ed at 386,000 MT in 1972.

a Two year c¢lasses have dominated the northern *
popuiatlon, both have grown slower and maturgd later than ;
the other yéar¥ classes. ‘ . "D _

Somatic weights and gongd werghts vary from yéar to _ R

5, .
year but scasonal variations are greater than 4early

. variations. While ovaries and tigées do not differ in :

t

weight the dry weight content of ovaries is higher. .

- )
‘ ( Mackerel are obligate schoolers during the day..

, \ “ -

School size varies from 1000 flsh‘%n St. Margaret's Bay,

b

xto'l0,000'fish &n the North* Shore of Prince Edward Island
| .

, » -
and to 80,000 fish during wainter 1n\the Georges Bank area.
- P4 ~

! .
t [
N

-
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INTRODUCTION

3 v

The Atlantic mackerel, Scomber scombrus L., 1s

abundant in surface coastal waters of the Canadian Atlantic

from June to October./ Durang the fall mackerel disappear

] [

from these waters "and move to overwintering areas along the
edge 3; the continental shelf from Sable Island to south of

Long Island. Mackerel reappear in surface waters along the
i ¢
coast during Mﬁ?’apd early June, moving into the warmer

waters.of the Gulf of St. Lawrence to spawn during late

“ \

June. Ancther group, the scuthern population, spawns in

!

the vicinity of Long Island during April - May and moves as
.Y

- - ¥
far north as the Gulf of Maine during summer. However, it

- has not been possible to separate the northern and southern

groups into distinct ?opulakéons %Slng meristic, bio-
chemical, or growth characters*kMacKay, MS 1967; MacKay and
parside, 1969). \

' In recent years an offshore w1n£e; fishery fJ& mackerel
has developed off the New England coqft Thls fishery,
which has grown glmost exponentlally, explomts both‘southern
and northern stocks. CT

Mackerel are important in the productlvfgb system of
the Gulf of St. Lawrence from June to October. They are the

main fish consumers of éooplankton and may be the driving

force in the pelagic system controlling herryng and other

gFish populations (Winters, 1975; Lett et al. MS 1975). 1In

*
addition, because o#f  their migratory nature and the heavy

C

1

-
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Nova Scotia and New England.

. : . !
4 ’ \
fishing during overﬁgfterlng, they represent important

.

agents of tggnbﬁer of material and energy between the Gulf

-
of St. Lawrence system and the continental shelf\reglons of,“¢~uj

\

3 Ed v | -

<

The importance of mackerel in the productivity system

poses a paradox. Their constant swimming and tropaical

[T

| R 14
origin require _a higher metabolic rate than their co1d>

¢ .

water competitors, sﬁch as herraing. Yet mackegel show

rapiqd growth and high abundance. An understanding of both
biology and fisheries management hinges on knowledge of how

mackexel obtain these high efficiencies at such apparenﬂlx

]

high basic costs, compared to the successful but more

congervative herring. ;

This study examines the biology 6f the Atlantic
mackerel found in the coastal waters of Atlantic Canada and
explores some of the paradoxes oﬁ their energetics.

The first chapter represents a synopsls of biologlcél

data collected from 1962-1974 on the Atlantic mackerel and
, v

serves as an 'introduction for the subsequent chapters. The

1

next two chapters explore some of the theoretical aspects

"of the biology of mésyﬁrel. Chapters two  examineg tpe hydro-
A Al e

. , i . /
dynamics of swimming mackdrél ard the implications for -

energy budgets and food search; while chapter three pres;ygs

a feeding model which explores the implication of contingous '

o

swimming and schooling for food search in a heterogenous

environment. The findl chapter discusses poulation dynam-
>
les, productivaity ., and |recruitment.

3 Y
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trawls. The fish were measured for fork length (FL).

Measureménts of total length (TL) were\’available for ’

&

11962-1964 (MacKay,
\
MS 1967). These were converted to FL uélpg a conversaion

\ v

1960-61 (Bergeron, 1961, 1962) and for

factor of: -

FL = 0.916 TL \ (1)

| 8

after MacKay (op. cit.). 1 -
Otoliths were obtained about once akweek from 50 to

100 of the fish used for length determination. These fish

werq~sele?ted at random execept in 1973, when otoliths were

obtained from size—selected fish; so thaft, where possible,

5 - 10 otolaths were ogt?;ned for each 10 mm size,group.
Otoliths were obtained by makaing a\%rans;ersé incision

through the head at the level of the first coléur.bar. Both

k]
3

sagittae were extracted from the sacculus using forceps and

.

cleaned on the back of the hand. Each pair of otoliths was
. . .

stored dry in a numbered slot in a tray holding 100 otoliths

Subsequéntly the otoliths were permanently mounted, using

ethylene chloride, in deprjssions in black plexiglass

, blocks. Age determinatiqns were made by stereoscopic

N #*

"

Yo
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observation of the otoliths immersed in 95% ethanol.

Otolb@hs are reliable 1ndicators of .age for Atlantic

b

Q\errel "(Steven, 1950 MacKay, MS I967) However,

otollths fLrom fish older than 6 years produGesa greater

percentage of unreaﬂable and questlonable ages. Ages 'of

fish older than 10 years were difficult to determine. :

These ages were reported as £0+ In 1962 there was an
* I3 . = ‘ L

unusually narroy summexr otollth zone Which resulted in

%

¥

errors in age determlnation of the 1959 year class (y/c).

As a result I have combined the 1960 y/c w1t§ the 1959 y/c.

vn-l()

Phis should not produce any serious .errors 1n’age esti-
! -~

mation_as the 19%0 y/c was very weak (MacKay, MS 1967),. =

”

While the actual blrth date is about July 1, a birth date .

LY

" of January 1 was assumed for convenlence of description,

A

and fish were classed as i year old on their first

January 1. . - ¢ ,

@ >

Sex and maturity were determlnedﬁgy egamlnations of
the gona&s during aﬁfo%§y. Four maturity étages/were
adopted: 1immature, magﬁrlng, ripe and running, and spent-

(see MacKay, MS 1967). The gonads were carefully removed

. A

from either fresh or thawed fish and‘weighed on a pan
3 o’
balance; Dry weights of gonads were obtained by drying 50g

or less in a drying oven at 50°C until a constant weight was

-
@

obtainéd.

&

ovaries from 3 fish captured June 12, 1969 were used to

2

estimate fecundaty. The phéweﬁ ovaries were aggitated by a

" maghetic stirrer. The gondal tissue was removed and the
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o

o

resulting suspension of eggs was fixed with formaldchyde,

. s 1

vacuum filtered and welghed. Subﬁaméles of 0.5°g of

R eggs .were courted duilng microscopic observation. Small

-
e »

"

"+ presumptive ova were not counted. .
) Total body weights were obtained from fresh or fresh -

» v'frozen ﬁ}sh weighed on a pén palance to the nearest 0.01 g.
Dl °

vSomatic‘Qeighés were obtained by subtracting gonad weights
et P

) 3 R
from total.body weight. Corrections were made for stomach .

® -
i

contents when necessary. *
% X ‘xRegressi?n equations were calculated for somatic body
. weyght -(5W) on fork Iength‘kFL):assuming a power curve
r;lgﬁzbngﬁip of th%r}brm
. oo ‘ " s

L

' i e

‘ sw = arL? | . (2)

c3 a - !
v )

1
where a and b afe ‘fitted parameters éerpqed from a least

3 » v

squares regression on double log transformed data. The
g

g " - -

regression ,equations of gonad weight (GW) one fork length

s

also assume a. power curve relationship, but gonads of fish

below 25'cm have a negligible weight. “Therefore, an

» '

equation of the form

+

GW-= a(FL - 25)P ] . “(3)

5 1

was used, ﬁests of significance for the regressions were

o Set »

 performed using an F test in which the test ratio is the
. mean square due to the linear regression over the un-’
explained mean square which melasures the error mean square.

This method and other, statistics fo the regressions ‘are

y

s

]
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after Sokal and ‘Rohlf- (1969). v

+

The length-weight data for 1969 ES 1972 were analyzed
separately for each year. A more detalled.ana1y51s was
ma@é of the 1973 data‘when separate regression equ;kions
were caléulated for ea&h saﬁpling date, montﬁ, and sex.

During the course of thas study, numerous measdrements
of body dimensiéns were .made. Methods for measurement ?f'
pectoral and caudal fin areas ahd body.area at the level of
the pectoral fins are presented 1in MacKay (1976 a). When
mackerel filter feed, the mouth 1s open wade; and the.
opening forms an ellipse with the semi-major \axis (a)

- -

oriented vertically and the semi-minor axps (B) oriented

horizontally (Figure 1 in Muir and Néwcombe, Ms 1973). ?he

A £,

. open mouth area (Am) can be determined by - >
@ M ¢ I's

*

‘

A_ = ABT ' e (4) ,
. 7 .

- ’

Dimensions of the two axes were determined while the mouth
of ﬁresh}y caught fish was %orced open m?x%pal}y, and the
area was calculated from equation 4. Regreéélon equations
for pectoral and caudal fin areas, body area at the level of
the pectoral 'fin, and mouth area, a{l rel@ted to fork
length, were calculated assuming a power curve relationspip.
Determinations of total lipid content of mackerel
tissue were made using the rapid extraction technique
developed by Bligh and Dyer (1959). Stomachs were removed
from freshly caught or frozen mackerel and preserved with

10% form&Lin in plastic "whirl pak" bags. Stomach contents
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for any one sampi;\wére grouped according to fish size and

. N & »
the contents analyzed for particle size. The contents

- 2
<

»
B

were suspended in water then rinsed through a series of

different sized sieves. Blogiiiigd weights of each

fraction were obtained o the nearegt 0.0lg on a éﬁh

A9
4 -« %

balance. . ’ | .

Observations of mackerel swimming, feeding, and )

@

é@ﬁooling behaviour have been made if a’ circular raceway
76cm wide and 56. 4cm‘deep The behaviour was observed,
directly, photographe& and v1deo taped for later analy51s. D
MacKay (1976 a) and Mulr and Newcombe ,(MS 1973) givVe further
details on the pxperlmental tank and the analytical pro-
cedure. Schooling behaviour has also been observed under
field condiklons byaunderwater observations using SCUBA

and underwater photography of mackerel in"captd;e gear,

such as purse seines ‘or mackerel traﬁiéts.y Further infor-

mation on schooling behaviour has been obtained from

observations of fish schooling at the surface gnd from

4
\]

.
comments of fishermen.
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: BIOLOGICAL SYNQFSIS 1

s

v e i

"A. Systematic Position and Qescriptloh ;

o

) t
»The Atlantic mackerel, Scomber scopmbrus (Llnnae%s,
N - | o

. 1758), is placeé in the Ordg; Per01formLs (Berg, 1947) or

Rercomorphi (Reagans 1929), Sub-order Scombroidei,an@ the

@ ‘ i Ju
Family Scombridae. The family 1s closely allied to the

Family Thunnidae whichiinqludes the large fast ‘swimming

3

tunas. In e Genus Scomber, Matsui (1967} includes three

species, Scomber australasicus (Cuwvier), Scomber scombrus,

-

and Scomber japonicus (?outtuyn). The Atlantic chub

mackerel, Scomber colias (Gmglln), is considered to be
A #

synonymous with Scomber japonicus (Fraser - Biunner, 1950;

o
o

Matsui, 1967). Both S. scombrus and §. Jagbnicus occur’ in’
T St —p— rs v

the northwest Atdlamtic. Howmever, §.’jann1cus’pa§fé more

,southern‘ﬁlstributionfand a well-developed air bladder that

"is absent in S. scombrus. Al) of the Scombroidae are of

L
tropical origin while S. scombrus has‘the most northerly

distribution. - o -

» w

Atlantic magkerel®appear to be designed for 'efficient
hydroé&némic perf;rmance. The : following description is T
compiled from Bigelow and Schroeéer (1953) , Leim ‘and, Scott
(l966f! and ﬁackéy (1976 a). The body is elongate and
f&éifof@, Eaperigé to a narrow caydal peduncle bearing two
short lateral k;els. Thedpe;d is long and the large mouth
extends under the middle of the eye. A single rgw of small
slender teeth are borne on each premaxillarxj ggxillary,

. >
vomer, and palatihe bone. A large transparent adipose eyelid

o

g b

¥

4
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&

artially covers the eye. This structure is more prominaﬁ$ \
t <
i

uring late fall and appears not oﬁiy to QOffer a site for \_ N

fat storage\\:t also contributes to the streamline contour \-
' , .

of \the “head. The first of two dorsal flns originated at the

}ev 1 of \he pectoral flns and is supported by 10 to 34

rather weak spines whlch can be completely adducted into a \

3

mid—d rsal groove. The second dorsal fin is approximately ' - \ .t

%

,' g;éz} .® v N +
the same léiétﬁ?as the first dorsal but only half as high -4

and 1s\suﬁported by 12 (9 - 15) soft rays. The space - \ .

L .
between tH}?two dorsal fins is twice the*base length of the \

[

fins. his large space between the two dorsal fins 1s an

w f “‘
5
4 4 o~ “

anatomlcil feature that may be used to .separate the_ Atlantic “

mackerel| from the other scombroids. The anal-fin has one
. 'S

spiny ray and 12 (9 = 14) soft rays. The caudal peduncle'ﬁ

¥

has five-(4 -~ 6) €mall dersal and anal finlets similar_in

.

o

form. The caudal fin i/ broad and deeply forked. The

pectoral fins are locaked high-on the side, a short distance

1
1

behind the opercular opg

ndng., During slow swimming, they

are exten ®or - iy .‘ o
S :‘;l )
rapid SW1h )

completely pressed to the body. The pelvic fins are small

and thoracic in position. They are normally pressed to the

~

body but arqw?xtende& 9uring turning. The ctenoid scales
are small, andq;he skin has a velvet texture. The fish are
negatively buoyant as the result of the absence of a swim
bladder and are required to swim continuously to maintain

-

hydrostatic equilibrium.
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. . The body is countershaded as in many pelagic fish. The
‘ upper surface is a dark steel blue «colour with 23 to 24 dark

wavy bars stopping about the-midline. The lower sides are
silvery sometimes bearing black spots, and the belly,@s

. . - .
silvery white. The pectoral, dorsal, and caudal fins are

: black or dusky, wpilé the jaws and opegculd’are silvery.’

B. Range - » !

o &
The Atlantic mackerel are found ovir the continental

1
g, « &

shelf on both sides of the Atlantic ocean between 30 and 52
#

north latitude. In the northeastern Atlantic, mackerel are -
s ) .

7 . - 3 s
found in coastal waters from Spain to Norway and alsc occur

N ]
he 4
»

in the Mediterranean and Black Sea. Mackerel from European

waters are considered to be a separate race from the mackerel

»

in North American waters (Garstang, 1898).
Mackerel in the northwest Atlantic range f£rom northern

1 North Carolina to Black Island, Labrador (Bigelow and -

Schroeder, 1953; Par§ons, 1970). During the summer, mackerel

a most abundant an coastai waters and sugpor% a commercial

fishery between: the Chesapeake Bay in the south and the‘ea§t
- coast of Newfoundland and the Gulf of %t. Lawrence in the

northg o

0 i

!
c c. Population .

On the basis of the analysis of size ‘composition of ‘many -

¢ samplegs of commercially caught mackerel collected from 1926

3

to 35, Sette (1950) separated mackerel from the northwest

Atlahtic into northern and southern "contingents". This
) A

. separation into two contingents was substantiatggzyy tagging

» = ' \
i
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" the North American coast' (Sette, 1943). The southern spa

N

carrbed out during 1925-1928 (Sette, 1950; MacKay, MS 1967).
An analysis of these two groups for differencés in gr@&th
rates, isoenzyme pattern of lactate dehydrogenase ZLDH) and .
malic dehydrogenase (MDH), and meristic characters yielded

no obvioys differences (MacKay, MS 1967; MacKay and Garside, .

1969).;#&hg5e are, however, twn.discrete spawning areas on.

¢

and progressing northward untilrJune (Cape Cod regio
northern spawning area is much more restricted in time and
place. It is concentrated ove§ the Mag&Zlen Shallows (Gulf‘
of St. Lawrence) during early{&une to early,July and-peaké’
in the latter half of June"(Arnold, MS 1970).

Mooge et al. (1975) have|suggested that due to the
earlieéwgpéwning of\the southern contingent the growth rates

of the two groups should differ and serve as a tool to allow

’ s
separation However, there 1s no a priori reason to suspect
Lo a priortl

-
R
om

a difference in grpwth.rate. In fact, evidence will be -

e

presented later (Section K) that the warm temperatures and

“

| better ‘feeding conditions existing in the north compensate
! ' O A

' for the shorter growing season; so that the size at any age
a

'is similar for both groups.
In spite of the difficulty of establishing differences

between the two groups of mackerel, the absence of post

) ¢

spawning fish which might appear:from migration of the earlier

spawning southern contingent and the regularity by which

-
(X4
i -

[y
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i o
lparticular year clasfes occur in{&anadian waters during June

S
*
A

strongly sugdests that the northern spawningvgroup is indeed -

a separate population.. Sette's (1950) term "contingent" has

not fo%nd widdyfsage in the ecoloaical literature. I suggest
- L]

the more widely ysed'term "population" be used to distinguash --

z

‘' these groups. The current definition of population as.a
groyp of animals of the same kind occupying a parti?ulér‘space
and capable of interchanging genetic material (Smith, 1974L4
certainly fits the sButhern and northeré macké?el 'roups. )

Vérious éuthors {Anderson, Ms 1975a; Beckett et al.,

MS 1974;- Moores et dl., 1975; Sto and Hunt, MS §1974) have

LA 3

récéntly reviewed Sette's (1950) hypothesis of two populations
—_— :

@

and have accepted his conclusions’

D. Comﬁ;rcial,Fishefyf . 5

L4

The annual commgrcial catch og;méckerel off the North

American coast has undergone wide)flﬁctuatiohs’(Sette and

\

Needler, 1934; MacKay, MS 1967). The ‘fluctuation in

Canadian waters is‘illustrated in Figure 1. In 1884, the

North Ameraican total catch was 105,700 hetric tShs (MT) wplch
fell to a low of 5,700 MT in .1910. The large catch of 1}3821

was noE'surpassed until: 1969, but subsequentiyeannual catch

hgs coptinued. to increase until 1973 when it reagped 419,300MT:

. . i
The difference between highest and lowest catch is.almost 2

A

orders of magnitude. | 4

|
Until 1962, the North American mackerel fishery was

1

carried out exclusively™ by Canada (including Newfoundland)

1A minor French fishery was carridd out in the vicinity of
St. Pierre and Miquelon. ) ¢
i

o~

L]
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and the United States. Beginn}ng in 1962, Bulgaria,

-

Democratic Repubki® o Germany (GDR) , Federal Republic of
S

“\--} Germany (FRG), Poland,~Romania, and the Union of Soviet ’7

L

o

\ r
Socialist Repfiblics (USSR) Thave developed a winter fishery

along the ledge,of the continental slsmgrirom Georges Bank to
Hudson Channei. This fishery grew very rapidly from 1400 MT
in 1961 to 386,000 MT in 1972 (Table.I) but has decreased in
1973, %p74 and: 1975. Bécaﬁse“of fear, of overflshin?*of the
mackerel éfocks, the International Commission for the North-
west lantic Fisheries (ICNAF) has establlshed a system of
&’total allowable catch (TACY allocated by country faé/?ze

various ICNAF subareas (SA) an staylstical areas (8A)
(Figure 2). - / :' Cy

The total maékéiel catch in waters adjacent to,Canada,
SA 2, 3, 4, did not - increase as rapidly as the flshery 1n
SA 5 and 6. Tﬂe catch of 4,300 MT 1nrl959 increased to /
21,000 %T‘ln 1968 and was maintained afounduZ0,000 MT uqtiﬁ -

,

1973 when a substantial incre¢ase occured., *The higher catches

) \

of 38, 000 MT in 19?%’ 44,000 Mﬁ»ln 1974, and 36,000 MT in

&

1975 were largely the result of increased USﬁRnflshlng in
SA 4. , THe fishery had been primarily a Canadian fishery, but
t?zfﬁSSR proportion pf the catch increased from-30% in 1967

¢

to 67% “irr 1975. » The GDR, [FﬁG} Poland, and Romania also . R
captured small quantities of mackerel in SA 4,

i - 13
* + In spite of large changes in mackerel catches from year

-
to year (Figure 1}, the seasonal.pattern of the Canadian

[} é N hﬂ
fishery has been quite constant. The seasonal catck "

9
1
B ' 4
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related ;to sea sqgche meratures (S8ection F)

L]
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distribution for different areas Jn sA 4 during 1924 - 1929
is similar to that fox 1957 - 1966 (Mackuy, MS 1967) and the
same pattern is evident during 196§ - 1973 (Table 2).

This seasonal catch éistrlbution is related to migration

patterns. E&g earliest chtches are made on the Atlantic ‘

>

coast im 4X and 4W durinag late May; the peak catches in thesé
areas occur in June as the northern population migrates to

the(;ulF of 8+. TLawrence. A; the entrance to the Gulf (4Vn)

the peak catches .occur in June ‘and October as fish ewﬁer and
t

1eave the Gylf of St. Lawrehce. Peak catchei in the Gulf of

5 »

St. Lawrence occur 19 July after spawning has occurred.

. \ . n
. Normalfy about 45% of the commercial catch in.Canadian

pd

waters occurs in the Gulf of St. Lawrence (4R, 45, 47) and

50% occurs off the Atlantic Ebast of Nova Scotaa (4Vn, 4W, 4X)

. P

(Table 3). Occa51ogally major departures from this pattern

\

‘occur as in 1962, 1967, 1969 and 1975. These changes may be

The mackerel catch off the south and east coasts of
Newfoundlanq (sa 3) is'r¢lated to water temperétures
(Templeman, 1?66L; Catches have varied from noﬂé in’1959 to
a high of 3,960 MT in l97§wwhlch was 28% of the total
Canadian catch (fab%e 3). Occasionally catches are taken
off Labrador (SA 2); for example, duri;g319%0 and l9z%ﬂc5tches
were 20 and 207 MT respectively. |
E. Fishing Gear ’ (\\ ‘

The mackerel fishery is carried out by a variety Sf types
éf gear, Gills nets, ’trap nets, and handlines have been used

. ] . N

R

3
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sinces at least the 19th century. The oldest method of

¢

catching mackerel is by Qandline u;ing,mincedofish as bait

to attract schpols: In the mid 19th.century this was tE; -

main method of fishing for mackerel particularly by New &

England fishermen as they followed the migrating mackerel up
the coast to the Gulf of St. Lawrence.,-

- Purse seines weFe introduced in 1970 and by 1880 had

E}

:become the main method of capture used by New England fisher-

men (Sgtte and Needler, 1934). This transition to purse

%

seines was accompanied-by a declihe of fishln% in the Gulf /6f

St. Lawrence by New FEnglanders.. (aradian fishermen did /ét

3

i
adopt purse seines until the tuE& of the céntury.
The pres§yt mackerel fishery 1is centered in 8A 5 and 6
during De:zmber - April. Thas ffshery,‘which accounts for

over 80% ¥he total catch, exploits fisq from both the
t ® . s .
southern and northern populations. Bottom:or mid-water trawls

1

towed by large vesselsbaccdhntﬂfor most of the fishery. 1In

1973, 90% of this catch was taken by vessels greater than 9Q0

«
k3

tons while 75% was taken by vessels over 1800 tons (Anderson,

9

MS 1975b). .

%

! "The summer fishery for mackerel in United States waters

o

* 1s less than 0.5% of the total catch and is concentrated

g

near shore, The'Unitéd States catch méy be much higher than
the \ICNAF statistics sugﬁest@sin e rts fishing catches
are npt recorded. Estimates based”on anqﬂ%r surveys afe
avaijlable at 5-year intervals. In 1970 the estimated angler
" take was 32,078 MT, wh;cp was_13% of the total commercial
landings reported by ICNAF. (Deuel, 1973).°

-
. Al @
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The ‘Canadian fishery is carried out with a variety of

gear (Table 4). In 4S and 4T purse seines account for over

50% of the catch. Purse seining is carried out from June to

» -

October with the most fish being taken in July. Gill nets
- take 28% of tpq“ca7ch, mainly in June and July when they

supply bait for the lobster fishery. In division 4Vn trap

nets account for 30% of the fishery, and purse seines take

) . 7 ) : V ‘ ’
140%, The trap net fishery is m@st important in June as
<
mackerel move into the Gulf of St Lawrence-to spawn, while

purse selnes'operate from July to November' w1th the 1argest
- . |

catches being made in October as mackerel leave the Gulf

o6f St. Lawrence. The fishery in 4W 1s primarily a spring

L3

and fall gill net fishery. In division’ 4X tHe fishery is;
By

primarily a trap net or weir operation lasting from May to

December with the largest catches occuring in Auzust.

, Purse seining is the most important method bf catching

mackerel in SA 4, followed by gill net and then traps and
weirs. The majority of the purse seines in SA 4 are ‘operat-
ing from small modified lobster boats usually less than

45 feet in length. 1In fact, the large purse seine boats
which were cussessful at herring fishing have'rnot been’ *
. y

successful at exploiting mackerel. There are various

#e

reasons for this failure, The s1ze of mackerel schools in

‘the southern &ulf of St, Lawrence appears to yeild an

v

uneconomic return for larxge seine sets. Many of these

\

schools are found in inshore shoal areas which require a
. ' : r~.

shallow seine net and detailed knowledge of bottom conditions’

. v , '
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and when large concentrations of mackerel are found, the e

/\
gilling of the heav1er*than-water flSh sink the net allow1ng
schools to esgcape /or causing diffieulty 1n pur51ng the net.

Thus, the Canadian mackerel flshery is prlmarlly a small .

l -

boat fishery carrled out by "irshore flsh%rmen using K

. relatively simple technoloéles as opposed to the h;ghly K

8

. technidal, capital intensive, offshore winter trawl ﬁishery

6!

carried out in SA 5 and 6. o

+

‘ F. Migration .

'y

i

f ~3 ° \ . o
. The basic pattern of-migration of both the southern and b;)
northern populations has been outlined by Sette (1950). My =

e aﬂély51s of length frequencies, results of tagglﬁg, observ-
© *

. athgs ‘of the seasonal distributidn of catch, and comments ‘

made by fishermen (MacKay, MS 1967; MS 1973) supports the ’

~

pattern of mlgratlon of the northern population suggested

by Sette (1950). f . .

The spring migration o he northern pépulatlon involves

3

movement in a series of wavks along the Scotian Shelf from the :

overwintering area to the spawning ground in the Gulf of
St. Lawrence. During this movement macétrel feed extensively
on euphausiids and fish larvae while they build up gonadal \

tissue. The main body of fish migrate offshore; although

o

fish occasionally strike inshore. The inshore catch in SA,

4X and 4W is largely dependent on surface temperatures and

food availability. | | . o
Changes in lehgth frequency/;1th time are illustrated

o

in Figure 3 which presents sampling from St.-Margarets Bay,

o

L
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typical of division 4X. The largest fish arrive first about

- | N
mid-May, but the main groups are not present until June. As

. )

indicated later (Section I), the first{arrivals are not only

3 v

longer but are heavier and have larger gonads for a given

\

P .length than the main Sédy of fish, The fish which are found

AR v‘ ° ! ]
in 4X during May and JJune move on to the Gulf of St. Lawrence

\

N and spawn over the Magdaien Shallows. This is ver%fled by

‘the data of Figure 4 vwhich shows that in most years the size

£l
s

: of adult, fish that are present in 4X and 4Vn in June are
subsequently found in 4T durlng\Julyfand August. Data
opéained Ey tagging of spriﬁg migrating fi%ﬁ (MacKay, MS 1971;
Sette, 1950) also support this interpretation. "

By the end oé June and early July the adults have
completed ;pawninq in the Gulf of St. Lawrence. Some strag-

. giers remain and spawn in the northern part of the Gulf of

Maigi'éqd aléhg the é?éét of Nova Scotia (4Vn, 4W, 4X).
" Immature fish migrate later and more slowly, reaching-
the Atlantic ;Paskfof MNMova Scotia (4X, about July 1.

They remain in many of the bays and coves jthroughout the

“summer. In most years the immature fish are also found in

1

he southern Gulf of St,/Lawrence (4T) in mid—summer.‘
The large sca%e movement of both immature and mature
as ceased by early July. This is substantiated by
studies in St. Margarets Bay (4X) during July of’
1966, 1967 and 1968 (MacKay,' MS 1?73a). of 1,299 fish
tagged and released, 140 were recaptured withim 78 days.

All 'exeept one was w%%hin 25 km of the release site, and the

one exception had moved only 60 km, ‘

v
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! The\sprigg and %ail migratory'movementé of mackerel,
like those of many fishes, are probably controlled by changes
in photoperiod However,ﬁthese movements may also be:
1nfluenced by temperature. The occurance ‘of mackerel off the
coasts of Newfdundland and Labraéor appears to be Felaﬁéd to

above-average tempeiatures (Templeman, 19667 Parsons, 1970).

Temperatures also influences the autumn migration of
I -

. °

2y

S. scombrus in the Black Sea which is initiated by a drop in}
surface temperature but is independent of the temperature at.

which the drop occurs (Galtsoff, 1924)., A similar situation

o,

RN

may account for the sudden departure of mackerel from the <M
. A '

a

-Gulf of St. Lawrence following October storms (MacKay,
- ' o ‘ (’: -
MS 1967).
The temperature regime at the entrance to the Gulf of
»

St. tawrence may also influence migration. As noted

previausly (Table 3) the commercid@i fishery in the Gulf of

P-Sto Lawrence in 1962, 1967, 1969 and 1975 was less than BP%

of the total Canadian catch compared to tpe normal 45%. In
; .

each of these years temperattzij/appeared to 'hate been below

normal.

In 1962 and 1969 the July surface temperatupés for
Entry Island, Magdalen Island were the lowest on record, '
ové;/; € below the long term average (Lauzier and Hull,

MS 1969). 1In both these years a large portion of the popula-

tion was immature, These fish normaily reach Canadian

waters in early July. The below'average temperatures of the

Gulf may bave preventgg\a portion of these’fish from entering

)
'

n

‘ N \)

*n



-1

& \.
. 20

the Gulf of St. Lawrence, In botb these fears Juiy surface

temperatures for the Atlantic coést were near average

L

-

(pp. cit.). e .
C) In:£967 the effect on the migration pattern was on the
‘ mature fish moviﬂé into #he‘ﬁglf°to spawn: The May temper-
ature for Entry Island was the lowest on record, 2:5 C beldw
\ avefage. While the June temperature %as near average sea
) ice was still present in ?abot,Strait in early June. These
cool températufés may have prevented a sizable portion of
. the spawning stock from entering thé grlf of St. Lawr%pce.
Evidence on egg abundance supports tpls hypothesis. Mackerel
eggs were 23 times more abundant in 1968 then in 1967, a fact
that can not be acpéunted for by newly recruited spaWﬁﬁgs
» (MacKay 1976b). In 1967 while spraing warnming was retarded,
once warming began it occurred very rapidly as July and
August temperatures for the Gulf of St. Lawrence’ were gpove
average and the August temperature was 1 é above‘aﬁ§ previous-
ly reported. ' L ) A
Qurface temperatures are npt available for 1975, however
air temperatur; data for Sydney, N.S. (Environment Canada, A
1975) indlgate a similar pattern to 1967. May and early June
*;emperaturgg\Were Qelow average including a record 10 mm
snowfall on June 9. However, late June and July temperatures
E<i@ere above average a?d the fotal hours of sunshine surpassed‘

the previous record set in Y967,



In most years the majority of adults of the northern %

pepulation remain within the Gulf of St. Lawrence during
summer, where increades in fat and §omatic ti;sue§,occuf“
while the fish are feeding’op zogplankton. Movement of
mackerel within the Gulf of St. Lawrence cannot be determined
from the tagying returns, but the monthly catch statistics
sﬁz;ést the follow;ng_movements. Local concentrations are
present along the southern shore and Gaspéaiﬁ July, along the
northashore in August, and around the Magdalen Islands and

. o *

Prince Edward Island in August and September. In October as

.

the Fish %eave the Gulf of St. Lawrence through the Cabot

Strait, catches.é;e toncentrated along Cape Breton Island.
Different sizes of mackerel appear to be concentrated in

different areas of the Gulf of St. Lawrence. A detailed

> Q

examination ofnlength frequehcy data suggests that fish
:smallér"than 30 cm are plentiful in the Northumberlapd
Strait, St. Georges Baya and off the east coast of Prince
Edw;rd Island. Fi;h from 30 to 37 cm are plentiful around
the Magdalen Islands and the north shdre of Prince Edward
Iéland; while fish larger than 37 cm are undérrepresented in
these areas during summer. Comments from fishermen suggest
they may be found in the northern areas of the Gulf of <\\\__
St., Lawrence and off Gaspé. These ‘'larger fish reappear in
the commercial fishery in October.

During summer, the Atlantic coast of Nova Scotia (4X)
normally has a different size cemposition from that of the

Gulf of St. Lawrence (4T)., From 1965 to 1970, only 1967 and

“
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1969 had similar frequencies for the two, areas (Figure 5). .

°As pﬁé&ipusly indicated, 1967 and 1969 may have had unusual
w — . 5 )
oceanogrpahic conditions which resulted in a portion of the
northe:z/gzgglation remaining in 4X. Even when'the same
y/c's &Te presen% in thé two areas, their sizes are often
different. For example, in 1970, the 1969 y/c fifh sampled

in 4X during July, August and Septemﬁer were a%i significant-

R 0w

ly larger than the same y/c fish sampled in 47T, (Appendix III), -

The difference in size of mackerel during the "summer

o

between 4X and 4T may simply reflect the absence of older
fish in 4X and the use of the bays and.gcoves as a nursery
areajfor the younger immature fish. z;;gyexi\zpere is ‘also
the possibility that’ some fish of the southern population
may reach the Atlantic coast of Nova Scotia during summer.

. One taqging carried out in June, 1927 at St. Margarets Bay,
Halifax County, Nova Scotia added support, to this hypothesais
(Sette, 1950). PFive (33%) of the tagging returns occurred
during the summer of 1928 from New Jersey to Cape Cod after

?
the northern\population should have left this area. While

-

that these may have been stragglers injured

Sette suggest
by the tag énd naplé to return to the northern area I

prefer ‘the alternate explanation that there is limitedwmixing
of the two spawning groups and that members of the southern
population occasionally appear along thé Nova Scotia coast®

(4X) during summer (MacKay, Ms I967). It is noted that

other southern species including Scomber japonicus are occas-

£
lonally found in this Eastern Canadian area during summer
. .
(MacKay and Gilhen, MS 1973).

B4 ©
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In recgpt'years the a?undance\?f\mackerel in Newfound-

.

land waters has increased. The main,coﬁmgrcial catches are .
3
on the east coast, 3K ag;}BL (Moores et al., 1975). However,
, . ) e : )
mackerel occur as far nort

. .
(Parsons, 1970) and are also present on the west coast of -
Newfoundland. Recent tagging rgesults suggest that mackerel
. ¥ 4
in Newfoundland waters undergo extensive movements during

the summer. Tagging during July in the’Strait of Belle Isle
yielded returns in ‘September from 'the west coast of Newfoundi
land, Northumberland Strait, Gﬁlf of St. Lawrence, and Trinaity

N )
Bay on the east coast of Newfoundland. As indicated later,

A

mackerel sampled in Newfoundland waters had the same v/c

*

composition as thos& in SA4; although the fish tended to be

@

larger and hedvier at each age, and they exhibited a sllghtly

dlfferent sex and maturlty pattern. . . .
Mackerel leave Canadian waters from September to November /
and proceed to the overw1nter1ngparea. Seite (1950) found
that méckere% overwintered in water abové 7C. This over-
wintering arga appears to be a nérrow band of &gter on the
edge of the épnt%nental shelf from Cape Hatteras to Georges

Bank and possibly as far northeast as Sable .Island. As

-

mackerel leave Canadian waters, a portion of them pass
- L]

through the southern Gulf of Maine and mix with the southern

’ ,, 4 N o

population. 1In general, the squthern gopula%ion overwinter
’ ‘v" -

farther south than the northern populatibn (Sette).

’ r

The /infense offshore winter mackerel fishery has undoubt- -

. % N s .
edly discovered the maln overwintering ,concentration,

-~
A 4
£ -
-

y ( X
h as Black Island, Labrador/ ’

(3\\

%)

12
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However, the proportion of each population in the fishery is

st11l unknown. Recent returns of tagged f£ish confirm thatg

northern population fish are present in this fishery.

Parsons and Moores (1974) report a single iccapture south of

-

Long Island from the release ofqtagéed fish in northeastern

Newfoundland in 19272.. Tagging conducted in 1973 in Newfound-

\
land waters, in the Gulf of St. Lﬁwrence, and on the outer

coast of Nova Scotia yielded 28 recaptures in SA 5 and 6.
In fact, 4 recaptures, two from the Newfoundland tagging and
two from the tagging on the outer coast 6f’Nova Scotia, were

recovered a few months later, from Janbary 12-25, 1974, by

A »

Polish trawvlers fishing in Hudson Canyon.

[}

. . . . #
Further information on the overwintering area was

v |

+ recently presented by Stobo (MS 1976) and Anderson and

Almeida (MS 197€). Mackerel appear to overwinter along the -

) edge of the continental shelf primarily from Georges Bank to

[l

Ve

Cape Hatteras. From 1968 to 1975, there has been a pronounced

A

northeasterly*shift in the position of the 8verw1ntering con-

centrations, from the~m1ddle Atlantic area to the southern

New England~Georges Bank area, This shift appears to have

been the result of a general warming trend duiing winter.’

G. Age Composition

- Information on age and length was available for ICNAF

statistical districts 4X, 4Vn, and 4T from 1962 to 1973, I
have used detailed length frequencies (Sfpendix l1 in this
study; Appendix IV, MacKay, MS 1967) and age-length keys

'y

I . ' '
Appendicies I, II, and III are stored on file at the Marine
Ecology laboratory, Dartmouth, Nova Scotia, "

1
) t

iy
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(Appendix II) to obtain age composition for the spawning and

2

summex populations’ 1n the Gulf of St; Lawrence, Parameters . °
of the spawning population were based on sampling in 4X, 4vn,
and 4T during May and Qune; @hilg,;he surmer populqtion is
represented by samgling in 47 during Jhly, August, and
occasionally September. For periods in which a specific‘age—
length key is not avaiiable, I have used data from an ,
adjacent time period. ?or exaﬁple, in l968.and 1969, there
was no age-lengtﬁ information for the summer population;
therefore, I have used the May-June agé;length kejs“throuéa—'
out th; vear. The resulting age composition for the spawring
and summ%? population 1s presented in Figyre 6 fof‘1965—l974.
A detailed table of'y/cocomposiglons for 1962-1973 ais
presented in another paper in this series (MécKéy, 1976b) .

4
It is crucial for a subseguent population estimate

(dp. cit.) that the information on year-class composition be

[ ' .

representative and free' from systematic errors. A comparison

t

of the numbers of length measurements and of ége determinat-
ions for %he Spawning and summer pérlods ;or each year is
presented in Table 5. The most complete sampling has been .
of the spawning population for which 1965, 1966, 1968, 1972,
and 1973 offer the best‘coverage. Furgherﬁoref during/%he
spawning period there.is a high degree of homogeneitf between
samples (MagKay, MS 1967). ' Sample-bias due to gear se{ect-
lyity should be minimal as the majoi}ty gf samples (90%) ’
were obtained from %urée seines, trépnéés, and hook and line

which appear to be non-size selective. In years such as 1971

]
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when wany of the samples'for spawning population data were ‘

from gill net ca%ches, a wide range of mesh sizes (%" to 3V)
N x

- ¢ s ¢ -
¥ v
y

was used.

The best in%fcatof:of the reliability of the y/é compos=-
] & * a - “o A
ition data particularly for the spawnihg:peribod is the
7 © R &
consistency of the estimates from year to year (Figure 6;-

!

Table 2, FacKay, 1976b) .. Additional estimates of y/c compos-—

E)

ition in 1973 are availahle for SA3 an?w; from two other

e

sources (Stobo and Hunt, MS 1974; Mooré% et al., 1975). The

» ¢

k]

results are compared in Table 6 There is substantlal r

a

agreement between these 1ndependent estimates of age compos-

ition, but my estimates fori'the combined 1963-1959 y/c's for ¢

4

all periods are consistently higher. The explanation for the- - —~

difference is in time of sampling. Ae 1ndicated§preV1ously

¢ -

(Section F), the largar and older fish appear in the inshore »

areas of SA&4 in late de to early June, followed by the main
N3 3

body '0f fish in June, and then the younger 1mmature fish d
b

appear in early July. ‘My ‘sampling in June, 1973 was concent~
' ;’ry v
rated in 4Vn and 4T. Howevér, no samples were obtained in o
b °
the second half of June due’ tq a.violent stoe? on June 17 ™

a°n (]

which destroyed mast f né gear in 4vn and in a part of' 4T.

Fishiﬁg in these areas was not resumed until earlX’ngy: My

sampling would, éherefgre, tend to ovérrepré&sent the older

fish. éy contrasé, Stobo and Hunt's sampling was done later

in the periea and aperently underrepresehts the oldei fish, »
) ;

On the other hand, their samples yiélded nearly 25% S5-year -
olds (1968 y/c) and only 6% 2-year olds (1971 y/c), " The high
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representation of 5~year olds does not appearaiy their
Jsamples in{later periods of the year and the proportion of
2~year olds increaseScsignificantly. My early sampling
conéaihed few small fish, and I aid noé&encounter significant =@
numﬁers of 2- ané 5-year ;lds until the July-August saﬁples
when all sets intluding the Newfoundland samples (SA 3 and, -
4R) §howed agreement, Apparently the 'variation in Fepresent-
ation of the small fash included some components of~seasonal
migration patterns along with influences of logal sampling
errors. In all 1973 samples, the 1967 y/c was domlnant whlle
duﬁing summer the lqml y/c was next in abundance.

Two mackerel year claséés, that of 1959 and 1967, have
dom{gated ‘the nortbern populatlon during the last 15 years. ~
The 1959 y/c flrst appeared in strength in 1960 (MacKay op.
cit.) and was still evadent in the spawning population in 1973.

The 1967 y/¢ has been dominaﬂt in the summer 'population
S}nce 1968 (Figure 5); although it made up less than 5% of
the spawnlng populatlon in 3969 and 1970. 1In 1971, it
cqmprlseq 46% of the spawners and may not havelbeeﬁ‘fully
recruited to the spawning Sopulatlon'until 1972 (Section I).
In l972,nthis y/c was 2.5 #imes more abfindant than the 1959

¢

v/ No other year classes hayk.shown the persistence of

Y

1959 and 1967, and indicatio rom the ICNAF' fishery in 1975

‘
®

are that 1970-1974 y/c's have all been weak
H. Sex and Maturlty
_ Sex ratio of the northern population is l:l. ¥There is

ome variation‘from year to year (Table 7); however, it was ,

v .
- - L4
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only in 1968 and 1969 that there was a 51gnlflcant departure

4

from a l:1 sex"ratio. The proPOrtlon.ofifemales has

4

increas¥d (Table 7) from 48% females prior to 1970 to 53%

females from 1970 - 1973. Moores et al. (1975) found an

L)

even higher preponderance of females (60%) in Newfoundland <
waters during 1970 - 1973. The sex 'ratio of mackerel 1in
Epropean waters also approaches a l:1 ratio (Ga£:£ang, 1898;

o

Nilsson, 1914; Steven, 1950). ,

First matﬁrity in mackerel normally occurss when the fl;?ii

attain a length greater than 30 cm, about age 2. The

i

maturity of dominant y/c's is-delayed due to density depend-

<

ent gfgwth. First ﬁaturity for the 1959 y/t's did not occur

#

uqﬁll age 3; while 100% maturity for the 1959 and 1967 y/c's

did not occur until at least age 5 (MacKay, 1976b; Moores

et al., 1975) -

S

Maturltyuls apparently a functaion of fish 51ze and is
1ndependent of age. Certalnly the§earller maturing or p;e—
cocious fish are larger than immature fish of the same age
(Table 8). ﬁowever, data on maturity as ; function of size
(Isakov, ‘MS 1976; Moores et al., 1979) does not apply to the
1959 aﬁd 1967 y/c's which appear to have a lower percentage
maturity' for a given size than the nondominant y/c s. The
maturity size relationship may ‘be alsowrelated to cohort
abundanqex |

My earlier studies (MacKay, MS 1967) indicated that
féméies were slightly/QQut sigﬁificantly, larger than the

males. I attributed thig\a&fference in length to the
L

6
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tendency of some males to be'precocigus; thus the slower

growth associated with haturity occurred, on the average,

earlier in males thn in females. An examinataion of a

rs [ 4 ’

limited number of 1967 y/c fish in 1969 and lS?g}allowed a |

test to this hypOthESlS (Table 8), While the sample size b N

LY

was small, there was a saignificant (p < 0.005) departure '
N . ~ o

from a 1:1 sex ratio among the mature fraction, inditating

that thé males may mature earller than females. However, in

these samples there wWAaS no dlfference lnflength of males and ’

[

females in’ 1969 or 1970, Moores ét al. found that Im, . ‘

= a

///’ New%pund and waters females matured earlier than males. It
appears that there are differences in sex ratio, maturigg

rate, and-differential male-female growth rafe related to ' a)/k

’

Year class, stock density and_perhaps locality. ° These

=

differences are relatively small and can probahly be neglected

v

in most population and production descriptighs and.’ " 2
‘chlctlations. ’ @
J. Weight Relationships ’ \ e

(i) Somatic Weights :

B L

The parameters of the'power curve for calculations of
somatic body weight from body length forii?@h year from 1969

to 1973 are presentgd in Table 9a. All the equations supplied

o

a highly significant fit to the data. ;he exponeﬁfs of the
»

power curve vary from year: to year ranging from 2,9 to 3.3
Only the lowest exponent, that for 1972, is not significantlj= ' <j

A diff&€rent from 3. All the other exponents are signi#ficantly

greater than 3. ? . . g
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Length-weight equations for mackerel sampled in )B
@

. .- ,
Newfoundland waters in 1970 - 1973 (Moores et al., 1975)

and SA 4-in"1974 (Hunt, MS 1975) are presented in Table ?c:

The exponents for all these are also slightly greater than 3%

An indication of the variation in somatic body weight

from year to year caﬁnﬁe obtained bj comparing the calculated

weights fdr/30, 35,~~and 40 c

@

.

mhfish (Table 9a).. While there

is very close agreement fraq year to year, theuweights of 35

J

and 4@ cm mackerel, in' 1972 are lower than in ahy other years.

"

®

. There are seasonal changes in condition factor. The

e

4

fish becqme fatter "in the autumn prior to their migration.

Data on length-weight for variqus dates in 1073 are presented

in Table 9b. The exponents vaiy“thyou&ﬁbut the season, .tend-

-

@

»

ihg to be; higher in the fall; however these ekﬁonents do not

[
)

weights in fall are higher than in spri

N

variations.’

4

s 4

. same age (MacKay,

weights for the 'sa

r

¥,

M

r r

differ significantly from 3,

illustratedvin Figure 7, and i

The seasonal trend is further

0

#

4

31

ng. These seasonal

trends in éskatic weights are greater than the éear—to—year

» .
While females are slight%y’larger than males of the

t is apparent that the somatic

/

MS 1967), there is no difference in somatic

.being heavier in October, W
]

/f

k4

4y

¢

7

length (Table 9a) .

P e Y

“

riyed by Moores et al; fié?S) fpr mackerel

ights calculated from their

A}
d waters ‘also show the seasonal trend with fish

~D

o
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cquations are significantly heavier than weights of fish in

/ . »
4X, 4vn, and 4T for jﬁne—July. "However, during the fall
there,.is no significant difference in welghts between

mackerel off Newfoundland and those off Cape Breton.
) i ¢
(1i) Gonad weights . . ™\ -
-t
The parameters of the powiz cnrve for gonad weights on

length for 1969 ~ 1973 age presented in Table 10a. The gonad

’weights are more variable than the somatﬂc weights., For any
one vear, the variance of. the gonad weights is higher than

for somatic weaghts; while between years, there are large

v

and signiifcant differences in the exponeﬁts. The exponents

range from 1.2 in 1971 to 1.9 in 1970. .

Part of the variability in the gonad weights may result
L
from differences iﬂttlme of spawning relative to the.dominant

seasonal cyéle, but unfortunately, the data do not permit me
to analyze for this: separately. However, the seakonal a

change 1s i1llustrated in Figure 7 which shows data for chanéé

-

in weight during a single spawning season from June 4 to
¥ ?

w

July 9.. The difference between total and somatic body weight

T

reflects gonad weight, The wet weights of gonads decreases
£rom 103.5 and 120.8 g to 10.2 and 21.5 g for 35 and 40 cm

fish respectively, While the regression equations are’

[}

different for males and females (Table 10b), there is no

significaﬁt difference between the calculated gonad weightd

L]

Ji i
for males and females. ’

€ -

The seasonal changes in dry weights of ovaries and

testis are indicated in Figure 8, In early June the ovaries

'
1

H

8 s Uil
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contain 36% dry material, 14% more; than the testis. As the
»

‘sgg&nlnq seasonlprogresses, relatlve dry welght decreases to
23% for ovaries and 19% for testis. Then the relatlve dry ' “
weight increases abruptly in earlg July when spawning is .
completed and the gonads are reabsorbed, Figure 9 illbst-
rates the changes in the percentage dry welght during the

[ 4

spawning season for 35 and 40 cm females ang males, The
. »

. decrease in relative dry weight of thegfvarles Just Q;ior ,
to spawning (June 14) due to an increpde in water cohtent is

a_pHenomonon well known for other fish, such as’the American

{pﬁaice (MacKinnon, 1972). Males show relativelx smaller . ‘ -\
' - . ¢
ch%nges during this ppriod; and while testes are not signaif- ' ¢
icantly lighter an terms of wet we{ghﬁ‘than ovaries, they \\}\

. A R

gontain significantly less:deyYmatter. This indicates a

and fmales. Evidently females divert more energy than the

malgs into production of gonadal tissue.

5

‘ (ii) Total Body Weights '

1)

-

A

© The change in total body weight (somatic and go?adal) '
B is presented in Figure 7 for 35 and 40 cm fish, There is a
decrease in body weight gsséciated with spawning; however 3
not ail the~&eight change!is a result pf spawning. The fish \
which -arrive first appear to be not only longér (Section F)
but also are heavier and have larger gonads than the later
arrivals., Total body weight increases during the summer as

the condition of the fish improves and fat is accumulated;

hoﬁever,‘for a given length, the weight of fish in the fall
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of the presence of the gonads at that time,

is still less than the total weight in the s%iieg because

J.

Body Proportions

The regression equations for the varilous/body parts

related to body length are given in Table 11. )All of the

expected on the basis of allometric growth. The pectoral

‘exponents related to area are close to 2.0, which is/ .

1

R

fin, fuselage, and caudal fin areas are discussed further in

connection with the hydromechanics of a swimming mackerel

(MacKay, 1976a); while the mouth area is used in a thebret-

ical feeding model (MacKay, 1976c). 1

X.
(1)

Growth ,

Early Growth

+

Growth of mackerel in the first year is very rapid.

CT\Age 0 fish appear to reach a size of 20 cm by the attumn

4

(MacRay, MS 1967). Difficulties in capturing post larvae )

and juveniles have bade it hard to follow.the growth of the

young of the year, However, in 1971, a few samples were

obtained (Table 12) which allowed the plotting of a growth

curve (Figure 10). The fish hatched in late Jﬁne—early July

E

at a size of about ,3 cm, reached a size of 16.5 cm two and

a half months later, and grew to about 20.0 cm by late

{
Novemberwhen they had completed their year's growth. Fish,
o - ﬁ

& from the southern population show a similar growth, Sette's

(1943) data are also plotted on Figure 10, While the size

of the young of the year at the end of the growing season

from both populations is similar, fish of the northern

'

“;5’ ]
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population are spawned later, have a shorter growing scason,

and show a mogye rapid early growth. This more rapid growth

‘of, the northern population occurs even though it is at the

€ N ¢

northern limit of its range. The warm tempéNatures during
AN

&FHspmmer and thegﬁigh productivity of the Gulf of St. Laygence

appear to compgnsate for the shorter growing season and

results in growth rates durihg the first year that are

B ,
similar to those of the southern population.

(1i) Growth in Second Year

Growth of mackerel in the second year appea§;7to

e

com%Fnce in May and June prfE% to their arrival in Canadjan

o0

waters. Fish sampled in late June and July already have a
discernible summer growth on. the otoliths. Growth in the

second year i§ much-slower than the first year's growth, but
) /

is still more rapid than in-subsequent years.

Qa k1

Sii! in the second vear varies from location to location

and om year-class to year-class. The growth of second

[

yeat fish of the 1965 y/c at three different locations is
H 8

compared to growth of the 1959 y/c in its second year in

-

Figure II. hile' the four groups have different <intercepts,
there is no $Signifaicant différence in slépes of the growth
rates. The differences, in sizes, thef®fore, appear to have
been egtablished in the first year. It is also apparent
that fpr the 1965 year class the Mégggzhusetts sample is
midway between the other two, so that it is not possible to
separate these northern and southern groups on the basis of

a

either size at age or growth rate,
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(iii) Growth of Dominant andgNon-Dominant Year Classes

Lengths at age have been éalculated for each year class
from age-length keyse, (Appendix II). The lenéth frequencies
for fully recruited fish havé;been based on the June

sampling. For immature fish I have used data for July

/
yhich better represents the younger fish,
The length at age for the dominant 1959 and& 1967 year

classes are compared, to the combined lengths for 1 the non-

dominant year classes in Table 13. The dominant y/c's anﬁ\ ]
\

smaller than the non-dominant y/c's at each age to at
least 6 years of age. This difference is the resultdgé a
smaller size of the 1959 and 1967 y/c's at age 1. This
appears to reflect lﬁyra—cohort competition éﬁrlng the first
year and to offer an example of density dependent grd’Zi
such that the smaller the year class, the faster the growth
rate in the first year and vice versa (MacKay, 1976b).

A density depeﬁdent growth pattern is also evident for
the non-dominant fish. The size at age for the non-dominant
wy/c's prlorlfo and after 1?67 arggpompared in Table 13. The

L]

lengths of fish at age ;Kfnd 2 prior to 1967,when cohort size
tly larger (Students t: test p<0.05)

was lower, are signific
than the lengths of these ages after 1967.

L, Spawning - o

»

0

(1) Area ’

B » - ¢
The northwest Atlantic mackerels spawn in two separate
areas (Sette, 1943). The southern population spawns between

Chesapeake Cape and Cape Cod along the inner portions of the
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Continental Shelf, Spawning begins in mid-April in the south

°

and continues through May and early June as spawning N

progresses northestard ?long the coast as far as the Gulf

3

of Maiqg; o .

3

@

The most imﬁortant spawning area for the northern popu-
L W

lation is the Gulf of St. Lawrence (Arnold, MS 19870;

Dannevig, 1919; Sette, op. cit.). Some eggs and larvae are
\ o
.also found in the Bay of Fundy and in the_inshore and off-

Rt

shore coadtal waters of Nova Scotia (see Arhold, MS 1970);

while spawning fish and juvenile mackerel are occasionally

captured in eastern Newfoundland waters (Parsons- and Hodder,

1970). However, mackerel eggs and larvae are most abundank <;\\““

in the Gulf of St. Lawrence, concentrated in the southwestern
portion of the Magdalen Shallows between the Méédalen Islands
and Gaspé. ArnoId MS 1970) in ?is extensive plankton,
sampling during the 1967, 1968 and 1969 spawning seasons
found 90% éf all mackerel eggs over the Magdalen Shallows.
Smaller concentrations of egygs were found ain Northumberland

Straig. A few eggs were found on the west coast of Newfound-~

as mackerel eggs are restrictéd to waters above 10 C (Arnold;

Sette, 1943).

(ii) Season \
Intensive spawning of the northern population is

restricted to a relatively short pexiod between mid—Juq% and

mid-July, although mackerel eggs have been collected in qﬁgx

N @

k)
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Gulf of st. La nce from late May to early August (Arnold).
N i » i

Arnold assumed peak spawning occurred in late June tO“car%y ~

July; however, he did not have sampleskﬁrom early July. . ’

During the 1972 mackerel spawnihg\séésons in the Gulf of

- 4
SR °

St. Lawrence, extensive sampling indicated a four-week
- ..' A ‘;J
spawning period peaking during the last week of June ¢ 7%5

.

(T. Lambert, MFL, Pers. Comm,). - - -

)

(iii)Behaviour

®

N @

While the spawnafg act has not been observed, it is

clear that -the sex products are released into surface waters.

" v

b Thé\gslaglc eggs are normally concentrated in the upper 10 m
with half occurring in the first ﬁgz?é*(Tabl%/l4, a, h).

L3

Lambert (Pers. Cormm.) observed a large concentration of hew%y

spawned eggs in the upper 10 cm. The surface skimming
Neuston net accounted for 30% of the mackerel ejgs in some ‘of

his samples: As the season progressed, the depth distribution

L]

. o, P .
- deepened associated with a deepening of thegihermocllne.

Sette (Table 15a) indicates that later stages of eggs were

found deeper in the water column. Afhold's results (Table ’

‘

14b) do- not show this; however, his samples were dominated
by newly spawned egés.

Bigelow.and Welsh (1972) stategthat mackerel spawning
occurs chiefly at night; However, Sette (l§435 concludes

that there was no preference for any particular time of day -

. - ) i :
or night - T s . . -

~

Déve‘ pment of mackerel eggs is temperature dependent -« o

and takes seven days (175 hours) at 11 ¢ (Worley, 1933). .

a

“'”l ] o « ¢ g .

P 2 *
-
- * g
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A description of each of the four stages used by Arnpold 4
(Ms 1970) and the duration of each stage is given in
Table '16. C .
Sette (1943 after Moore, 1899) states that spawning of

the southern population occurs in batches with only 50,000

eggs per female releaée% aé onc time. However, an examinat-
ion of mackerel ovaries fror the Gulf of St. Lawrence for
stage of maturity (this study; Lambert, 2955: Comm.) suggest
that females of the\northern population must rélease many
more eggs than 50,000 at a time. 7In fact, the'ripe fish
which enter the Gulf of St. Lawrence and,ehcounter, the /
warmer waters (above 10°C) there during the spawning period‘
prqbably release the majority of their eggs in one batch.
" (iv) Fecundity . - \
Sette (1943) reviewed the early literature on fecundity
and concluded that 400,000 eggs per average size female was a
realistic estimate for the fecunditv of the southern ponulat—
ion. A detailed estimate of the fecundity of the northern
population has been haﬁpered by difficulties in ipterprgtlng
which of the different sizes qf presumptive ova becomé'eggs
and are spewned and which are retained‘in“the ovaries
(Lambert, Pers. Comm.). Preliminary estimates of fecundity

3

are available from three large female mackerel captured

during June {2,1196&. ThHe fish ?veraged 38.5 cm (SD. = tlo.i)
‘FL, and the gonads weighed 97g and ‘contained an estimated
431,700 eggs, Whi}e the confidence'limits are' 50% of the
mean, these estimates are in agreement with Sette's, -

)
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Fecundity {F) can be calculated from the appropriate gonad"Y o

! -
weights (GW) by the following relataonship. . -
. . F = 4450,5GW .,  (5)

)

Using this relationship with the average gonaa weights for

1969-1973 (Table 10), the fecundity Jf a 35cr female m@cké&el

would be 211,400 eggs and for a 40cm female 397,200 eggs.
at " o

)
M. Fat- Content

) LI

s

A seasonal.fat cycle for mackerel sampled.in New England

waters can be determined from the values given by Stansby

and Lemon (1941) Thg'fat content is low in, the spring and

)
1

increases to a-peak of 18% in August (Table'l7%. Fall fat

. s

content 1s YoWwer, but there is more variability thaﬁ at'
other seasons w?th individual values ranging from 6.5 to
£9.5%. A detailed fat cycle for the northern popdlakién 18
not available, but Ackman and Eaton (lQTlf quote some

unpublished observations of the Fish Inspection Laboratéry,

' Halifax. The 8% fat of spring fish increases rapidly and

reaches 22% for fall fish, A miximum fat value of 25.5%

occurred in a 39cm fish captured in November, 1965.

4
. \ i

(Faércontent of fall mackerel were determined in this
present study (Table 19). The fat’content vaiied‘with fish
size, being lowest in the smallest fish. Fish above 30cm
had fat values between 13 and 18%. The inverse relationship
between fat level and feeding is mentioned in section N and

is consistent with the crucial role of fat in overwintering

success (MacKay, 1975a),

%
-

-

'

® N

W ket g
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* Fat conteﬁtnalso varies from tissue to tissue. Table 18

-

compares percentage of fat between males and females for
spring and fall mackcrel ‘for five £§SSUGS. Dark muscle
contained a hlghen percentage of fat than the 1lgpt muscles;
while the belly flap contained the highest peréentqge of fat.

\ ° 2 . ~
However, because of the greater weiqht of the light:'muscle,

it is the most important fat depot in ‘mackerel (Ffo~g§ al.,

1972). Th% gonads contain only} 3% fat in the spraing anq\.

) . '\
are not present in fall fish. All other tissued contain

more fat in the fall. All tisstd$ in males have more fat

than in females except for the tegtis which-cohtaln‘half the.

' ~ «
fat of owaries.

P
’ o

The 1odine values (IV)nof mackerey‘fat varied from
- §
tigsue to tissue. The gonads had the highest IV values,

being over 200 for testis and around 190 for ovaries. "The
IV of ot er tlssues varied from 114 to 470.

The denSLty of mackerel fat can bg.galculated u51ng data
from Ackman andvkaton (1971) and a table relating IV to fat

- B

P

density (Ackman and Eaton, 1970). The average density of
mackerel fat was between .90 and .91. This is lower than
thg previous reported values for Atlantic mackerel -and other
Scombroids (Bailey, 1952; Magnuson, 1970). °
N. Feeding ¢

Atlantic mackerel feed on a variety of foods: copepods

(particularly Calanus finmarchicus), larval crustaceans,

L4

larval molluscs, fish eggs, larvae, juvenile and adult small

fish, and large Crustacea such as euphausiids and shrimp

@



(Bigelow and Schroeder, 1953; Sette, 1950)., Moores et af,
. X

(1975) reports that mackerel in Newfoundland.waters feedion!
, *
capelin and other fisHh, euphausiids, hyperiid amphipods,
' o »

decapod larvae, copepods, and gastropod larvae. An analysis

of mackerel feeding assocmated with’ thlS present study
Yoy o

conflrms the wide variety of organisms in stomach contents.

@
- £

Larger fooa items such as capelln, juvenile herring, varlous
¥

fish larvae, euphau511ds, shrlmp, hyperlld amphlpoﬁs, and

chaetognaths domlnated the stomach contents of fish from the
3

outer coast of Nova0$cotia duraing the spring. During -summer

r

in the Gulf of St. Lawrence, a large variety of zooplankton

- @
v ¢ )

organisms were consumed .While copepods predominated,

Clgdocera, larval euphauSLAds and decapods, polychaetes, the

pelaglc tunlcate Oikopleura, bivalve larvae, mackerel eggs,

- @

fish larvae, and even 1arge diatoms (0.2mm diameter) were

all present in stomach contefits.
J /,/ f
In the,autumn off#of the outer coast 6 of Nova Scotla,
f& “

juvenile mackerel, euphausiids, and copeppds were all

present in adult stomach content.c At this time pteropods

»

often predominate, and this contributes an odour to the flesh

of ﬁackerelr(Ackman et al., 1973). Little feeding occurs

-

during winter, and the majority of the w1ntié>caught
mackerel have ‘empty stomachs (Sette, 1950).

Occasionally rather odd itéms are found in .the séomachs.
During spring mackerel off of St, Margarets Bay often contain

a few Compositae seeds, Mackerel captured along with herring

»
i

in weirs in t?ifray of Fundy often have stomachs‘full of

n I

i v
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herring scales; while trawl caught mackerel also have fis

scales in their stomachs. Other items are engulfod but are

¢

subsequently expelled. I observed a small»school of

¢

mackerel ln\Bedford Basin attempting to consume a floatlng
A Ky

cigarette filter. Fish would come to the surface to capture
the floatihg filter only to have the fllte - bob to the
gprface 30 seconds to a minute later aft they had expelled

it., This occurred at least 15 times.

¢ =

. ¢ }
Fish length, fat content, and food constf@ption in tHe

autumn may be' related (Table 19). While the sample size is
A 4 s

too small to perform a myltiple regression analysis, the

relationship appears clear. The smallest faish have the

lowgsp fat content and the most food (compared to body

~—

weight) in théir stomachs; while the larger faish; have a

higher fat content and less food in their stomachs. As the

w ,

acquisition of a high fall fat content‘is importaqt for

overwinterinag survival' (MacKay, 1976a}, a feedback from fat
) ¢

content to feeding level would have an important adaptive

f * " v

function,

o
e

ﬂ The size of particles eaten by macierel varies with

.

area ang season buti in general reflects the size compos—

ition of the zooplankton. A preliminary analysis of food
sizegs in stémapp fontents indicates that in\thegﬁulf of
, . -

St. Lawrence where feeding on ‘z oplankton’pccgr throughout

elective filtering of plankton occurred, Muir and Newcombe

r
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(MS 1973) indicated that mackerel while filterinq can

select larger particles such as euphausxlds by deviatling

¥

the swimming path. In addltlon, the data indlcate that

the smaller fish were more hlghly selectlve than the larger '

"fish since they contaiﬁed a higher proportlon;of‘larger

'

partlcles than dld the larger flSh ) .

C’JU

0. Feedlng Behaerr ‘ Lo \

Mackerel feed by two methods (Sette,, 1950; Bigelow and

»

Schroeder, /1953), Large plankton'and small fish areaacyiéely
pursued angd engqlfed 1ndi€1dually (particulate feedang). By
contrast, smaller organisms are filtered en masse using the

primary and secondary gill rakers (ﬁilter feeéing). » Partic-

ulate feeding predominates in the s@rx@g“ané the fall; while

filter feeding predominates during the summer in the Gulf of,

St. Lawrence. ©Smgll fish.may spend a higher propartion of
» / 1)

>)

‘their time particuiate feeding than do 1arQer‘flshL TF

1
diet of mackerel’ From Newfoundland waters suggests thgt

3
" ¥

. particulate feedlng Qccurs ther

[N

(Moores et al., 1965).~

o

throughout the seasen,"' " *

? o~ R ¢
¢

A detalled laboratory study of fmlter feedlng has been
carried .out by Muir and Newcombe (MS 1973). During fllter\\
feedlng the mouth and opercuia are opened maximally. The

gill rakers and tHeir 'secondary teeth form a fllter. The

s

" pore size of the fllter of a 32 cn mackerel was ,0. 4 x 0.2 mm,
T

Clogging of thé pore did not appear to be a problem even\at
high plankton concentrations as feeding bouts of up to one
minute were observed. Occasional closures of the mouth and

t - »

-~

&
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!
adduction of the cpercu%a resulted in back flushing of the

°

gill rakers; such that the plankton was' dislodged and

entrapped by the pharyngeal pads which passed iqu to the
# L *

¢

, @sophagus.

A}

-

. Plankt?n odour and plankton increases swimging speed
\ \ <

" and turning rate. Filter feeding was not elicited at

plankton cpncentrations below 3 mg/l. The in?idenéé of'
filﬁer feeling incfeased with increasing plankton concent-
‘ration. AfE3 /1 the in01de?ce of filterinq was 15% gnd
»at 24 mg/l it w;s 57%; while 100% filtering diggnog océur

Vi N
until there was a concentration of 140 mg/1. Pl%nkton can-
‘ .

)

&

*centragapns in nature are much loWer ghan these. Values
ranged from 0.2 to 1.3 mg/l for the Gu%% éf St. Lawrencel
with means around OXAﬂto 0.5 mg/1 (Bulleid and Steven, 1972;
Lacroix and Filte u,ol§69; MacKay, unpublished data).

increasing eVidence 1s accumulating tha;)planktdn

\generally occurs as patches (Cassle, 1963; Platt, ég al.,
1970; wWiebe, 1970). These patchq; would supply suitable
densities to allow filter feijing to ocoyE. In fact, other ‘\

behavioral responses such aswpbn-random search pattern in

\

the v%cinity of potential food (Muir and Newcombe, op. cit.),
schooling, and: continuous swimming (MacKay, 1976a, 1976c)

s . A .
appear to be adaptations for food search in a patchy environ-

-

5‘ 40" 1
Muir and Newcombe also investigated the transition from

filter feeding to particle feeding.. At 9 mg/inthe addition- &

.

of only one large particle (fish flesh 1 gm) stbpped filter

3 v
2
3
-
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feeding. At higher plankton ccncentrations (140 gm/1), .

partlculate food reduced fllter feeding by about 25%, When
particles such as eupha?sxlds were present 1n the plghk on,
thé macierel veered® 10 to 20" to engulf the, euphausiid whlle

still maintaining their filter feeding behavior. / :

* f /
Sette (1950) describes schooling behavior of mackcrel
3 ' 'y ‘

while filter feeding in a\confinlnd outdoor pool. The school

L

1 v ' s
Sswam 1n an elliptical path about 3 m in diameter ly%ng in an,

[

yinclined plan. ‘The upper limb was, at the surface;

‘ lower litb was about,a meter deep. 'Filter feeding/occurred

on the ascenting segment of the ell%pse.

\

The schools observed by Sette were more compédct when

feeding than when not feeding. In our experiglents (Muir and

Newcombe, MS 1973) carried out in a circular r ewayt)not

¢/3ﬁ plankton

odour but also by the distribution of the plankton. When

’

only was behavior influenced by plankton densi

plankton was distributied thraughout the tank, mackerel
+circled in the raceway'while filter feedipg. If plankton

was introduced as a discrete patch, the turning rate increased
r! .

{(Table 20) and smaller fish (19 cm) were able to maintain

themselves within the patch by swimming in a tight circle.

P. * Schooling
/
- (1) Schooling Behavior .

. !

The Atlantic mackerel is an obligate’ schooling fish.,
The term school is used here to describe a temporary group

of individuals of the same species which actively maintain
v )
contact with each other and show organized action (Radakov,

L]

.
(‘w -
°

B T
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1972). An obligate ‘school is ‘a group of fish which could not

v

exist without schooling (Breder, 1967). Mackerel certainly -

<

3

fit this cTtegory. When maintained singly in a respirometer

apparatus, for example, they show abnormal behavior by .,

LY i

being in a consta?t state of agitation. This effect is known
in many other schooling fish. Metabolic rate is often higher

and feeding rate lower for such fish when they are held

’

[}
alone rather than maintained as a group and allowed to school

(éee Radakov, 1972).

v

Mackerel schools do not\show dominance or hierarchy.

3

In our experifiental tanks, the position within the school
was constantly changing. Observations of mackerel captured
' \

in a trapnet again indicated a constant flux within tﬂe

~ -

>

' school, In addition, any change in direction resulted 1n a
\ .

-
¢ [

-

!

’ A . .
change in Lgaders when the outside fish become leaders in a

90° turn.

In accofd with wérk on most other schgoling fish (see
| .
Shaw, 1970; Radakov, 1972), vision 1in mackerel is the most

Q

important factor in attration and communication within the
school. Parr (1927) working with the closely related,

Scomber japonicus (Colias) showed thét temporary blindang

prevented schooling behavior; while normal behavior returned

with the return of vision. In our experimental tanks, a -

© blind individual was unable to join the other schooling fish

yet was sti1l able to circle "in the raceway,
|
Schools of many fishes appear to disperse in darkness,

but jackl mackerel, Trachurus symmetricus, may maintain

n

4«/'
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school formation near the surface on moonless but starlit

A

‘nights (Hlunter, 1968). Radakov (1972) reports that schools

of many plankton-feeding f£ish disperse at night at light
levels above which feeding can ocgur and reform in the morn-
ing after they havé started feeding. While I have not
directly observed mackerel under conditions of low }ighf}‘"”//
information from gillnet catches ;uggest that schooling may
occur at night during spring and fall. Thesé'schools may be
maintaiﬁe@ by bioluminedtense prevalent at that time (Sette,
1950) . Schodls may disperse on some dark nights in the Gulf
of St. Lawrence; as’individual mackerel can be attracted to
a laght after dark and subsequently captured, but schools
are not observed.

Radakov suggests that schools of many plankton feeders
undergo repeated réorganlzgtion during daylight hours, either
merging with other gchools or breaklng into smaller schools.
In the Gulf of St. Lawrence, mackerel frequently school at

Y

the surface and can be obsirved from some distance by the
. AL

rippling on the surface. Under these situations mackerel

'
g L4

schools appear as discrete and fairly stable structures. In
August, 1972,(in Pleasant Bay, Magdalep Islands, a large
mackerel school (50 x 10 m) was observed fo; about four hours
while it maintained itself within a 100 m of an anchored
ship. ’ ‘ .

While there is fluidity among individuals within a
school, at any one time a mackerei school shows par l

orientation, and this iIs polarlzed (Breder, 1959), While no

. | N
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formal analysis of the three dimensipnal structure of these

schools has been attemptéa, the arrangements of fish within
a mackerel schoeol approaches the diagonal arrangement
suggested by Cullen et al. (1965) and’ Van Olst and Hunter
(1?70). ‘ ot

Interfish fistances have heen reported for Scomber

B

japonicus by Van Olst and Hunter. Interfish distances are

much greater for small fish, but for fish of 7 to 35 cm [(SL)
the distance was .6 to .4 lengths. Observations in our tanks

suggest that S. scombrus has similar interfish distances.

Y

Breder (1959) and Radakov (1972) descraibe transmissaion

of wavés of excitation passing through a school. While

!
i

/éxamininé the large mackerel school mentioned previously,

“both Gannets, Morus baséanus, and Bldck—Backed°Gull§, Larus
. marinus, were obsegved flying over and occasionally diving
into the school. Immkgiately a wave of small splashes moved
over the water; as the‘fish raised tHeir first dorsal fins.
This wave of splashes if initiated at onﬂ end of the school
moved the whole length of the school and often flowed back X
again. If the impulse originated in the centé} of the

3

school, it spread in both directions. This behavior appeared

~

“ to have an adaptive function; as it presumably lowered the

predation rate of the birds by obsthing vision. .

Another example of coordinateé activity by schools was
evident off the north ggore of Prince Edward Island.
Occasionally schools were observed swimming in a circular
motion which created a>small whirlpool in the centre of the

-

]

- ' -
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school. Purse ‘seine fishermen repori seeing wvhirlpools in
which the water in the ceKtre was depressed over 1 m,

Mackerel school according to size. Sette (1950)

4

suggested that the young of the yeq; school together, as do

yearllﬁgs; but they may sometimes join schools of &adults.

s

While the adults do not appear to separate:themselves into

sizes, larger fish may:school deeper dufing summer than

s

schools of smaller mackerel. Differences in swimming speed

o

between different sizes appear to be the mechanism By which
the schools are kept distinct. My observations show that
schooling according to size is most prevalent during spiing
and fall, but may hreak down during summer. Underwater
observations of a school encircled by a‘furse seine indicated
that various sizes of mackerel weré integrated into a single

\

school. In addition, three other pelagic species were § .

present i1in the same schools: herring, Clupea harengus;

K
alewife, Alosa pseudoharengus; and shad, Alosa sapidissima.

(ii) School Size ,

Mackerel schools may vary in size with season. Radakov

(1973), summarizing much of the Russian work on schooling,
suggests that mackerel sc%gols in the Black Sea in June are

small, only 10 - 50 fish, While at the end of summer, schools
A

comprise several thousand fish. Schools of S. japonicus aré

variable in size and include schools up to 50,000 to -

LS

100,000 fish. . .

!

Elminowicz (MS 1975) has examined size of S, scombrus

schools on Georges Bank during winter, Using hydroacoustic

L\



%

. “_ -
techniques corroborated with data from trawl catches, he\

»
-

determined the shape.of the schools was elliﬁsoidqﬁ, being*
] - {

L3

about ™10 times’longer than deep. Averag® length was 148 m
v o ¢ »

(range .5 to 962 m); while height was 13.5'm (range .l to

S

71.6 m). .

Voluqs of schools varied From/10m3~t6°2% x 10%m?3, >
Density of fish within a school-varied from .1 to 6.5 fish/m?;

although, the densities may have beed underestimated due to

.

the assumption of no net avoidance (op. cit.). , The denépty

°

of fish wvaried with school size, with the 7maller schools
being more dense. A school of 2,500 m? had a density of
6.5 fish/m?; while a school of 6,000 m® had a density of

0.1 fish/m®. I have calculated the average size of mackerel

-

schools from Elminowicz's data as being 77,400 fish.

N

During spring and summer in Canadian waters, mackerel

schools are smaller. Estimates.of school size can be

S 3
-~

obtained from trap-net, log booksl from St. Margarets Bay,
Nova Scoti57(4x). if catches in these traps are of only
single schools, then school size varies from less than 100 -
to 80,000 fish (Table 21). However, many traps are not
pursed every day due to rough seas, and undoubtedly capture
numerous schools over a couple of days. One trép in the
interior of the Bay was*checked every day and presents a
complete record for 1969 (Table 22), In June and July

catches of 1,000 - 2,000 lbs were most frequent; while in

1Fishermen reported all catches including cases where fish
were known to have escaped or were released due to the lack
of a market,



A

~

v
»
}a
.
o
3 -
' L]
¥ ~
-

51

T

August and Sepfember the‘canhes were most fyiquent‘in the
100 - 500 lb range. I have converted these weights to
nuymbers using the length frequencies for St. M;rgarets Bay
(Figure 3) agd the appropriate length-weight regressions
(Table 9 and 10). The avérageﬁnumber of fish per catch
varies frdm‘4,POO in July to 300 in 6ctober. Assuming these
catch figures represent only one school, the school size in

the 1nter10r of St. Margarets Bay ranges frov 300 to 4,000

Lw1th %he majority of schools belng of 1,000 - 2,000 fash.

-

Mackerel schools off the north shdre of Prince Edward
Island may bevsomewhat larger. Based on a questionnaire
complet§g*by pirse seine fishermen, the average school size

is about, 10,000 fish (MacKay, MS 1973b).
[ 1

-

LTS



4

REFERLNCES - ,

Ackman, R. G., and C. A. Daton. 197%. Mackerel, lapids

i

°

and faéﬁy acids. Can. Inst. Food Techneol., J. 4:
469-474.

Ackman, R. G., J. Hingley, and K. T. MacKay. ,1972.
Dimethyl sulfide as an odour componenet 11 Nova Scotza

N\ s
fa{?Amackerel. J. Faish. Res. Bd. Canapda 29%: 1085~
lo88. . . ’

"~

Anderson, E. D. MS 1975a. The effect of a combined

-

assessment for mackerel are ICNAY subareas 3, 4 and 5

-
|
1
i

and statistical area 6. Int. Comm. Northw. Atlant.
Fish., Res. Doc. 75/14, Ser. No. 3458: 1-14.

.Anderson, E. D. MS 1975b. Relative abundance cfﬂAélantlc

¥ 4 |

mackerel off the northeastern coast of the United

»

States. Int. Comm. Northw. Atlant. Fash., Res. Doc.’

L)

< &¥ \
. 75/15, Ser. No. 3465: 1-20, -
- o * \
Anderson, E.’D.,. and F. Almeida. MS 1976. Daistribution of
Atlantic mackerel in ICNAF Subarea’5 and Statistics

4 \

Area 6 based on research vessel spring trawl surveys,

o~

1968-1975. Int. Comm. Northw. Atlant. Fish. 'Res.
. Doc.' 76/V1/13, Serial No. 3782: 1-13.

2 4
-

Arnold, P. W. MS 1970, Spawniné and aspects of the early
life history ofithe’Atlantic mackerea_(Scomber

" scombrus L.) in the Gulf of St. Lawrence. B.Sc.
w:I'hesis. Acédia University, Wolfville, Nova Scotia. ,

73 pp. ) '

]



‘ : 53
Qailey, B.. . 1952. Marane oils with particular reference
;o tho§e‘of Canada. Fisn. Res. Board Can. Bull. §9;
413 pp. o 'k S
‘Becketi, J. S., W. T. Stobp, ‘and C. A. Dickson. MS 1974.
Southwesterly migration of Atlantlé mackerel Scomber
scombrus, tagged off Nova Scetia. Int. Comm. Northw.
Atlant. Fish., Res. Doc. 74/94, Ser. No. 3%30: 2pp.
Berg, L. S. 1840. Classification of fishes both recent
and fossil. Trav. Inst. Zool. Acad. Sci. U.R.S.8.,
5% 87-517. Reprint, 1947, Edwards brothers; Ann
Arbor, Mich. ¢
Bergeron, J. 1961l. sRepport prelirinaire des travaux sur .

la bioclogire du Maguereau (Scomber scombrus L.) du

Golfe Saint-Laurent. Rappw. Ann. 1960. Sta. Biol. Mar.

Grande-Riviere: 77-85.

Bergeron, J. 1962. Deuxieme echantillonnage de Maqigi:ifll:i=:%i‘*
(Scomber scombrus L.) aux Iles—de-la-Madeleine. PP

\ :

Ann. 1961. Sta. Biol. Mar. Grande-g}viére: 81~84.

Bigelow, H. B., and W. C. Schroeder. 1953. Fishes of the
Gulf of Maine. U. S. Fish and Wildlife Serxv., Flsﬂ.

- Bull. 74, Vol. 53: 577 pp.

ﬁégelow, ﬁ. B., and W. W. Welsh. 1925. Fishes of the Gulf
of Maine, Bull. U. S. Bur. Fish. Vol. 40. Part 1, Doc.
965: 567 pp. 4 '

g Bligh, E. G., and W. J. Dyer. 1959. A rapid method of

total lipid extraction and purification. Can. J.

> ~

Biochem. Physiol. 37: 911-917.



A /
kA 4 i

3,

\\\ © 54

Breder, C. M., &r. 1959, Studies con social groupings in

fishes. Bull. Amer. Mus. Nat. Hist., 117: 3;3;482.
Breder, C. M., Jxr, 1965. Vortices and fiéh schools.
Zoologica. 50: 97-114.
Breder, C. M., Jr. 1967. On the survival value of fish
schools. ¢ Zoologica. 52: 25-40. ‘

w

Bulleid, E. R.} A . M. Steven. 1972. Measurements of

.

primary and secondary productivity in the Gulf of

St. Lawrence. Maraine 8011 Center (McGill Univ.)

MS. Report No. 21: 111 pp. ) r \ "
Cassie, R. M. i963.[ Micro-distribution of plankton.
| Oceanog. Marine\Biol. (H. Barnes (ed.)) 1l: 223-252,
Cullen, J. M., E. Shaw, and H. A. Baldwin. 1965. Methods

for measuring the three-~dimensional structure of fish

schools. Anini. Beh;v. 13: 534-543. ) \
Dannevig, A. 1919, Canadian fish eggs and larvae: pp

1-80. In J. Hjort. Can. Fish. Expedition 1914-1915.

Dept. Naval Service Canada, Ottawa, King's Printer.
Deuel, D. G. 1973. Sal%-water angling surve&. U. S. Dept, -

Com., Cur., Fish. Stat. No. 6200: 54 pp. ’

Environment Canada. 1975. Monthly Meteroclogical Summary,
4

Sydney, N. S., June, July. . : SN
Elminowicz, A. MS‘1975. Size and density of mackerel .
schools measured bX echo sounéers and catches. Int.
Comm. Northw. Atlant. Fish., Res. Doc. 75/41. Ser. No.

3520: 9 pp.

v

\ %

B



~

55

Flo, A., N, Hagen, and V. Mohr., 1972. Fat tissues in
) ? -

fish: Report on preliminary studies during the
period 1.9-31.12. 1972. (Transl. from Norwegiran).

Fish. and Mar. Serv. Envin. Can. Transl. Sef. 2981:

N

3

23 pp.
Fraser-Brunner, A. 1950. The fishes of the family
Scombridae. Ann. Mag. Nat. Hist. Ser. 12: 131-163.

Galtsoff, R. S. 1924, Seasonal migration o} mackerel ain

“ the Black Sea. Ecology 5: 1—5.« (/,r’“

Garstang, W. 1898. On the variation, races and migrations

3

of the mackerel, Scomber scombrus. J. Mar. Blol.

Assoc. 5i 235-295,

Hunt, J. J. MS 1975. Canadian mackerel catches (m.t.) and

I

numbers at age in Subarea 4 for 19/4. Int. Comu.

Northw. Atlant. Fish., Res. Doc. 75/92. Ser. No.
3571: 6 pp. ) .
Hunter, J.R. 1968. Effect of 'light on schooling and

., feeding of rjack mackerel, Trachurus symetricus.

J. Fish. Res. Bd. Canada 25: 393-407.

,
ICNAF. MS 1975. Provisional nominal catches in the North-
o . '

~ a

. west Atlantic, 1974. Int. Comm. Northw. Atlant.
Fish., Summ. Doc. 75/32. Ser. No. 3590: 29 pp.

ICNAF. MS 1976. Provisional nominal catches in the North-

west Atlantic, 1975. Int. Comm. Northw, Atlant. Fish.

Summ. Doc. 76/VI/35, Serial No. 3923. i

& v
@ [N

» A



s

la

2

.
hd *

56
Isakov, V. T. MS 1976. On some results of biological:
studies on mackerel fr?w”;h; Northwest Atlantic.
Int. Comm. Northw.lAtlangﬂ Fish., Reé. Doc. .
76/V1/52, Ser. No.»3538: 114, )
Lacroix, G.,and G. Filteau. 1969. \Les X luctuations
quantitative du zooplankton de la Baie-des-Chaleurs

% i
(Golfe Saint Laurent) I. Conditional hydroclimatigues

-et analyse volumetrique. Naturaliste €an. 96: 359-
A * B ‘

0

397.

@

X
Lauzier, L. M., and J. H. Hull. MS 1969. Coastal station

LY

data: Tempetapures along the Canadian Atlantic Coast,

1921-1969. Fish. Res. Bd. Canada Tech. Rept. 150:

- ’ N

25 pp.

’
Leim, A. H., and W. B. Scott. 1266. Fishes of the Atlantic

coast of Canada. Bulli Fish. Res, Bd. Canada, No.
1-5: AJSpp. -

Lett, P. F., A. C. Kohler, and b. N. Fltzgeralq. MS 1975.
Tﬁe 1nfluence\of temperature oqgtge inteiactiop of the
recruitment mechanisms of Atlagtic hérrlng agd\mackerel

,in the Gulf of St. Lawrence. Int. Comm. Northw.
Atlant. Fish., Res. Doc. 75/33. Ser. No. 3512: 1l6pp.
MacKay, K. T. MS 1967. An ecological study of mackerel

Scomber scombrus (Linnaeus) in the coastal waters of .

Canada. Fish. Res. Bd. Canada Tech. Rept. 31: 127pp.
MacKay, K. T. MS 1973a. Aspect of the biology of Atlanéic

mackerel in ICNAF Subarea 4. Int. Comm. Northw. °
. >

Atlant. Fish., Res. Doc. 73/70, Ser. No. 3019: llpﬁ.

i
1



St

MacKhy, K. T. MS 1973b. Mackerel population dynamics - ¢

1973. Report prepared for Mariné Ecology Laboratory.

Bedford Inst. Ocean. Rartmouth, N.' S. —

MacKay, K. T. 1976a. Hydrodynamics®#f the neg tlveiy

.

buoyant Atlantic mackerel Scomber scombrus.

.Chapter 2, thas stud¥. ’ . Q! .

‘MacKay, K. T. 1976b. Population dynamics and prodﬁébiv1ty
. 1 b '

' :S of the northern population Atlantic mackerel Scomber
[N A N

scombrus. ¢ha§ter"4,\th1 study. ]

4

&

) r

MacKay, K. T. 1976c. Feeding strategy in a patchy \ : .
1? the

environment. A theoretical apalysis of feeding

© AN

Atlantic mackerel Scomber scombrus. Chapter 3, ¢H&s
' - * i ° .
study. . ¢ ) o . T

MacKay, K. T., and E. T. ‘Gar%id 1969. Merastic analysis

of Atlantic mackereleqpmber sékmbrus,\from Fhe North

Yo

. *

Amerlcan.coastaleopulafkon? J. Flsh.,Res. Bd. Canada
o ,\ LY 4 L
26: 2537-2540. * . »\\\j A

MacKay, K. T., and%@f Gailhen. -MS 1973. The occurrence of -

.unusual” fishes in the vicinity of Prospect and St.

Margaret's Bay, Nova Scotia. Unpublished manuscript.

MacKinnon, .J. C. 1972. Summer storage of energy and its

&

use for winter metabolism and gonad maturation in .

American ‘plaice (Hippoglosspides platessoides). U\

Fish. Res. Bd. Canada 29: 1749-1759.

T
n . * »

Magnuson, J. J. 1970. Hydrostatlc equlllbrlum of

Euthynnus affinis, a pelagic teleost without a gas

bladder, Copeia, 1970: 56<85. | )

| ! '
v 't— “
.

= -

[}

°

e



3

.o ‘ 58
Martell, A. M. MS 1967. Report of mackerel surQEy 1967.

MS Rept., Fish. Res. Bd. Canada. Biological Stataion,

®

St. Andrews, New Brunswick: 14 pp.

+ 2

et N .
Matsui, T. 1967. Review of the mackerel genera Scomber

. and Ragﬁrellinger. Copela, lQGK: 71-83.,

Moores, J. A., G.hH. Winters, and L. S. Pérséhs§ 1975, \'

4

Migration and biological characteristicsyof Atlantic

ewfoundland

mackerel (Scomber\scombrus) occurring I
» 7

watérs. J. Fish. Res. Bd. Can. 32: 134%41357.°

\ v

observations in filter feeding in Atlanti ackerel,

®

Scomber scombrus. N

’ Niisson, D. 1914. A contribution to the biology of the
~3

: mackerel. Cons. Inter. Explor. Mer., Pub. Circon.,

°

¥No. 59§ 1-61.
Parr A. E. 1927. A contribution to the\theoretlcal

° '¥ ' analyﬁls ofﬁ%he schoollng behaviour of flshes. ¢

~ ‘Y

i
Occa51onal papers, Blngham Oceanogr. ,Coll. No. l: °
i
To1-32. ¢, # -, ¥ %
Parsons, L. S. 1970.. Northern range extension of the

¥ [}

Ati;htic mackérel,;Scomber scombrus, to Black Isiand,

N

Labjfador.f J, Fish. Res. Bd!‘'Canada 27: 610-613., !

Parsons, L. 8., énd V.. M. Hodder. 1970 Occurrence’ of

FI [}

Juvenlle and sPawnlng Atlantlc ‘mackerel in® %outh—

4 - °

P

- eastern Newfoundiand coastal waters. J. Flsh, Res.

! L]

Bd.- - Canada 27: 2097-2100.

! -
! ° Coa B .



—~——

|

Sette, 0. E. 1950. Biology of the Atlanti
\ r

{
|

Parsons, L. S.; and J. A. Moores. 1974. Long distance

migration of Atlantic mackerel (Scomber scombrus) .

J. Fish. Res. Bd. Canada 31: 1521-1522.

Platt, T., L. M. Didkie,“apd R. W. Trites. 1970. Spatial

{ °

heterogeneity of phytoplankton in a near-shore

»

environment. &. Fish. Res. Bd. Canada 27: 1453-1473

Radakov, D. V.\ 972. Schooliﬂgviﬁ the ecology of fish.

Izdatel'stuo "Nauka", Moscow[(ﬁngllsh translation)

Halsted Press, John Wiley & Soné, New York, 1973:
€ V\ . R .

1

\
Reagan, C. T. 1929. Fishes, pp. 30Ly328. In Encyclopedia

Brittanica, 14th Ed., 9. ’ '

o

Sette, 0. E. 1943. Biology of the Atlantic mackerel .

(Scomber scombrus) of North America. Part 1. Early

*

history. U. S. Fish. Wildlife Service. Fish. Bull._
38 (50): 149-237. ’

o

lumackerel

i

(Scomber scombrus) of North America.

|
jﬁart 2.

Migration and habits. Ibid. 49 (51):| 251-358. .

: 4
Settej 0. E. and A. W. H., Neédler., 1934. /Statistlcs of
t %

5 ‘ b o
Shaw/ E. 1962. The schooling of fiikes. Sci. Am. 206
1

ﬁhe mackerel fishery off the east coast of North
N :
America.; 1804 to 1930. U. 5., Bur. Fish. Invest.

631 1,

Rept. No; 19:: =48, . :
LY a %

»

Q

o

128-1380 ™, .

-

59

N
N

\



"

S, 60
Shaw, E. 1970. Schooling in Mishes. Critique and \

review pp. 452-480. Chapter in Development and

i}

A\

Evolution of Behaviourj: essays in memory of

T. C.. Schneirla? L. R. Aronson, E.. Toback, °

<

\ .
D. S. Lehrman ang J. S. Rosenblatt (eds) W. H. Freeman,

San Francisco, s
- v Y <

Smith, R. L. 1914. The population pp. 21-25. In Ecology

~

B

and Field Biology. Second Ed., Harpey and Row, New

L

York. o

Sokal, RT;and F. J. Rohlf. 1969. Biometry: W. H. Freeman j}/
and Co., San Francisco: 776 pp.

Stansby, M. E., and J. M. Lemon. 1941. Studies »n the .

handling of fresh mackerel (Scomber scombrus). U. S.

Dept. of Int. Fish and Wildlife Service. Res. Doc.
‘ l > s

‘l i
!
S

Stev%n, G. A. 1950. Contribution to the biology of the

l: 46 pp.

ackerel Scomber scombrus L. 111. Age and grow£h1

: J, Mar. Biol. Assoc. 30: 549-568. ?
Stobo, W. T. M5 1976. Movements of mackerel tagged i
' subarea 4. Int. Comm. Northw. Atlant. Fish. Regl Doc.
76/Vi/49, Serial-No. 3835: 1-5.
* Stobo, W. T., and J. J. Hunt. MS 1974. Mackerel biology

// and history of the fishery in Subarea 4. Int. Comm.

e

e
g
/

Northw. Atlant. Res. Doc. 74/9, Ser. No. 3155.
(/ Templeman, W. 1966. Marine resources of Newfoundland.

Bull. Fish. Res. Bd. Canada. 154: 170 %p. N



6l
Van Olst, J. é., and J. R. Hunter. 1970. Some aspects of

the organization of fish schools. J. Faish. Res, Bd,

Canada 27: 1225-1238. ’

Wiebe, P. H. 1970. Small-scale spatial distribution in
oceanic zooplankton. Limnol. and Oceanog. 15: 205-

P

. 217.
* Winter, G. H. MS 1975. Population dynamics of'the Southern
- Gulf of St. Lawrence herring stock complex and
implications con;ernlng its future management. Ph.D.
Thesis. uDaihou51e Universaty, Halifax, Nova Scotia.
142 pp. N
Worley, L. G. 1933. Development of the egg of the mackerel

a at different constant temperatures. , Journ. Gen

Physiology 16: 841-857. ]

o



TABLE |1l

X

Catch: of Atlantic Mackerel from the ICNAF Area 1961-1964
(after Anderson, MS, 1975a, ICNAF'MS, 1975, and ICNAF, MS,
1976) .

Catch in Metric Tons
— AN

TOTAL .

ICNAF ICNAF
YEAR AREA ¢ SA 3+4 CANADA UNITED STATES
1961 6}, 831 5,470 5,459 1,361
1962 7,914 6,865 6,801 938
1963 8,982 6,473 6,363 1,320
1964 12,231 10,960 . 10,786 1,644
1965 16,128 11,590 11,185 1,988
1966 //—\\223252 12,821  * 11,577 © 2,724
1967 ' ' 34,120 11,559 11,181 3,891
1968 " 80,811 20,787 11,134 3,929
1969 131,830 18,635 13,257 4,364
1970 230,608 20,986 15,690 4,049
1971 373,033 24,289 14,735 . 2,406
1972 409,724 ' 22,360 . 16,254 2,006
1973 419,306 38,142 21,247 1,336
1974 338,642 44,482 16,702 536

1975 287,069 - 36,160 13,447 1,978

e
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o

.

a

Average m&nthly catch in % of total of Atlantic mackerel

\

_ TABLE 2

63

/'

in ICNAF subarea 4 by months and ICNAF divisions-based on
an average fotr 1969-1973,

R

DIVISION

48 +..47
4Vn

4w

4X

4

AVERAGE

5

4.3

1

11.7

30.3

40.8

23.0

26.5

m

43'7
.
14.0
16.5
17.2

22.9

(after Stobo

21.5
4.2
6.1

20.0

13.0

15.2

12.5

15.6

12.5

and Hant, MSJ 1974).

12 TOTAL

0.0 43.8

0.0 17.2

0.1 9.2

0.8+ 29.9

0.2

e



TA}%LE 3

Proportion of Canadian mackerel-tatch obtained from ICNAF
SA 2, 3 and 4, 1961-1975. ’

$ of Total Canadian Catch

Year SA 2 and 3 4R,S,T 4vn 4W,‘ 4X
1961 19 T 36 11 13 22
1962 | 9 26 11 12 42
1963 =4 43 14 12 26
1964 8 50 10 13 20
1965 2 41" 10 12 36
1966 1 46 1 17 25
1967 0 - 29 | 18 19 . 33
. 1968 2 46 16 10 ° 26
1969 | 2 28 16 16 37
1970 5 38 .18 6 34
1971 10 41 7 13 ;9 28
1972 .10 48 13 ‘6 24
1973 8 a7 18 6: 18
1974 11 42 ‘15 8 24
1975 L 28 16 / \ 16 8 32

-



L] ¥

™

“TABLE 4

Average commercidl catch of Atlantic myckerel fo
based, on 1969-1973 data aflter {Stobo’ and Hunt

of gear as %
(Ms, 1974).

o
s

-

14

65

ICNAF b “ Trap’ Purse -
Division Trawl Gill Net Handline Weir Seine Misc.
4S § AT 0,05 28.1 3.0 2.0 55.0 11.9
4vn 0.01 7.8 14.6  30.5 39.4 778
V &
4w 0.01 64. 7.1 14.7 0.3 13.8
Y
4x 0.07 26.3 0.5 " 46.7 0.3 26.2
TOTAL 0:04 27.5 4.6 21.6 30.6° 15.7
: - 7

each-type

®
o Tk g <

ERY
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’ .TABLE 7
Sex rat o the northern population Atlantic }
macterel sampled 1n ICKAT  8A 4. during 1963,
1565-1973. Xx- valves calculated after Sokol
Wnd Rohlf r1969) x<,05(1) = 3.84
|
YEAR
1963 19651 10661 1967 1968 1969 19706 1971 1972 1973
23 46.0 47.6 51.1 50.8 . 40.9 42,0 53,5 48,2 50.6 62.0
\ /A J
Vv
! 48.0 . 53.%
\
TOTAL 211\ 1131 499 1090 264 177¢ 215 224 71 151
L . ' J v 1
\"4 vV
% 3382 661
XZ 1.37 2.61 0.24 0,26 12,06 4,53 1.05 0.29 0.01 2,48 o
1\ !
v
5.70 \ 2.94
) |
, g N \
£
f
Q A
* [1Y
lAn earlier report of 1 male to 1.06 females for 1965 and 1966
(MacKay MS, 1967) is in error, ‘%

PO - o

e bk B s A



TABLE 8

"

Numbers and mean foik length (cm) (95% confidence limits in i
parenthesis) of male, female, and immature fish of the 1967
year-class of Atlantic mackerel sampled in 1969 and 1970,

-
bl ~

ICNAF MALE - FEMALE Immature
Date Division . No. Length No. Length  No, Length
June 16, . . BRI
1969 X <10 28.5 2 28;5 2 26.0
: W (£0.46),  (+2.94) ° .
A} l\ v ¥ %
August 5-8, .
1969 4T : 18 28.4 7 28,4 74 27.8
. T (+0.52) (+0.58) « (+0.27)
June - Aug., . (
1970 4X, AT 45 30.1 33 0.0 | .
- (+0.42) (+0.44) :
1 . l \
e .. s , . o 5
- A ~
\ ' o N : %
b ’
’ . ) ) -
i [ @ “‘ ‘r' -
’ . |' . ) P
s VIR £
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\ TABLE 9 :\\S;\\
) ' / )
. . t

4 at P = ,05 are gaven’ in paronth%ox \§\\J
A A
i DI'GREES CALCULATID SOMATIC WFIGHT
COLF FICTENTY oF po (o)
DATE a® b FREEDGM . 35 40
. . &V -
L] 3 ] F

11969 N .0033 3.329 ¢ 347 «20,853 268 448 698
1970 .0060 3.158 266 12,424 277 51 688 d

—_1971 - L0054 3,181 50 . 17,574 270 - 441 674
1972 « +0120 2.945 143 803 269 423 627
1973~June .0036 3,294 152 2,336 264- . 441 , 684
1973~July L0240 v 2,766 49 . 248 292 448 642
1973-0ct, & ,0045 3,269 . 46 261 303 501 : 715,

' hd . i . 3 ~
‘ o ! " * r 1
- (B) ) ’
¢ . “

. June 4 .0073 fd’hwz.loa 48 107 ; 463 701
June 14 .0138 2.919 49: v 462 . 443 654 °
June, 27 . 0086 3,049 53 gai Tt 437 1657
July, 9 .0240 2,766 49 48 448 648

® (442~454}) {618~ 67R)
oct. 20,25  .0045 3,269 46 261 501 775
Males (490-512) (736-815)
Jure .0042 3.250 58 714" 439 ~&717
, Females {432~449) {662-698)
' June .0036 3.297 . 93 -+ 1,542 442 687
) (433-452) {676-698)
- e . ¢ -
D <y {C) B
y \ ' (1)
~  NEWFCUNDLAND (6A3 an® 4R)
. % ‘ 2%
Juné-July \ oo ! S B
1970-1973 00396 3,21 - . d - 289 475 729
o~ : )
September ) Y ! ~’ g
1970-1973 0p527 3.15 s 312, - 507 773 °
? " N i ) v T % s
~ (D) =y a d Y N
. A /” + & . *
* ; " CANADIAN WATERS (SA4) ) J
1974 . 5 o t A
May-Oct. 200366 3.301 “ . < \ 275 457 ~7b
! 4 a 7 1 v,
2 The regression eqiation fer Newfoundland waters, was converted to fé(k’length usang ~
TL = FL/.916 (MacKay, MS, 1967). s o '
Ny - . . .
* ’ * ® : E ) v

. " . » Y ' e H& ’ﬂ F .

“ " v © > oot @ N
® o o, - ¢ .- ’ . ’ . ’ » v ) x " e

I . J . n.. e .w ~ 4 ‘ i ":r il * o N
o Y . - a .. . ) N .
” [4 o h . -
. o v 7, ° R wh
- % . % e t ¢
- w P
R ‘ gy v s N - 1 N - . > . - » .
. o » N - 7 [P - - it Ao AT i«

~ ®

Parameters for reqression eguation, of c<cmatic weiaht /{SW) 1in grams on fork
length (1L} an enm for thé northern gapulat:on Atlantic mackirel and caleulated

werghts for phree sazes of fish, (SW
(B) detazled

1975 and (D) 2n Canalian waters for 1974 (Huntr e, 1975)

ar) {A) sanpled,

wanpling in ‘1973 and {C) an Newfoundland waters

durang 1909- 1073
(Moore ,, at al,
.. Confidence, 1imits




\ “

hYEAR : a
- , 1968 ~ <549
<, 1970 . . 497
1971 3.475
N 1972 1.795
u 1973 1,936
. June 4 43,05
"June 14  6.843
; June 27 1,923
l& y s
—) ! July 9
* \
7 M ‘ *»
June '.488
) .
+ June 3.7?0

-

N
-

TABLE

g

@

10

N

~

Parameters for regression egquations of gonad weighi
(GW)L}n grans on fork length (PL) an ecm for the northern
population Atlantic mackerel and calfulated weights for,

three sizes of fish {GW = a(Flr ~ 25)

A) Saﬁple& during June 1968-1973,

.

)

t

B) Detailed ,samplaing,
an 1973

All fegress:lons supply a significant fat to /the data
unless noted (NS).

. 1.856
1.921 *’
1.173
1.432
1,465

A

-381

975 \ ' 49

1.400

.

%

3

“CALCULATED GONAD WEIGHTS

(a) ,
¥
DEGREES
OF ° F
FREEDOM 35,
144 _ ' 229 . 39.4
w71 113« 41.4
39 17 51.8
142 .70 48.5
. 153 110 56.5
[}
{B) "
48 - .6(Ns) 103.5
‘10 . 64.6
T3 2 48.3
39 . 6 10.2
MALES ‘
58 55 48,2
= *
FEMALES .
93 60 61,9
v b h '

13

o
»

s

L3

.o
120.,8 *

95,8 -
85.2"
21.5 ) ’
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\ TABLE' 11

Coefficiénts of regression equations for rious body
components (cm”) of the Atlantic mackerel. hased on Fork

length (cm). P

° &
« i f\ Correlation
Coefficients \\Coefflcleﬁy
Body component b \\
Pectoral Fin . . /
.0023 2.270

£l

Area

Fuselage area at
the level of the .0049
Pectoral fin .

Caudal fin area ..0073 2.196 " . 991
Mouth area .0132 1.895, .980
’ 1
> ) ®
. -~
’ ' } \\‘
3 R \ \
J
’ =
’ . J \ \
®y
4 ) \ :
b4 ) \
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Vertical distribution of mackerel eggs (a) for

TABLL 14

the southern population (after Table 2, Sette

1943) and (b) for the northern ipopulation

collect by a series of Miller samplers (after
Fig. 16, Arnold, MS 1970).

\
(a)

Depth %

Surface 50

1M 30
10 M 18
20 M 2
35 M 0

Depth
Surface
9.1 M
18.3 M
27.4 M
36.6 M

45.5 M

£

(b)

‘

48

29

H o N W

757y

e N



€

9

Stage
Depth
Surface
SM 15

77 I0OM 2

Stage 1
Depth
Surface 75

I5M 72

TABLE 15

(b)
11

%
13
14

%
28

53

19

76




‘ by

Development stages of mackerel eggs
and duration of each stage (after
. Arnold MS, 1970).

I - fertliizatlon to formation of
embryonic shield (30 hrs.) .

Ir - embryonic shield to closure of
blastopore; embryo covers half
the ?gg circumference (75 hrs.)

IIT - lifting of tail from yolk (50 hrs.)

IV - tail curves back and touches
" head (20 hrs.) -~

o

1 4

w?
Je——eg

——

TABLE 16 ?
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AN
TABLE 17
N Fat cycle fpr Atlantic mackerel sampled in
New England waters. Values after Stansby and
Lemon (1941) with additional values from
~ Table 2 Sette (1950). s
, FAT CONTENT
A MONTH %
. \ Apri 4.4 ’ ’
Py May 8.5 \
.Y am > 8.3 \
o “Jul 1046
‘ ) . August . 18.4
September 6.5
October 12.9
2 November N 13.9




ey

MONTH

May, June,

w

August,
October

May, June

May, June

ro

.

TABLE 18

/

7

/‘

-

~

79

Percent lipid in various tissues of the Atlantic
mackerel sampled in 1965 and 1966 during spring
and fall (after Ackman and Eaton, 1971)

SEX

M,F

v

FAT CONTENT (%)

ORGAN
LIGHT DARK
MUSCLE MPSCLE
2.5 ] 10.7
8.9 . 16.3
2.8 12,5
2.2 8.8

. BELLY
FEAP

21.5
29.3
24.1

¢

18.9

LIVER

7.9

11.4

10.2

5.2

GONAD

3.0

2.1

3.9
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TABLE 19

Quantity of food compared to fat levels’
different sizes of Atlantic mackerel, S er
scombrus captured on Emerald Bank, Scotia Shelf,
November 24, 1971. All weights determined from
the length-weight regression for 1971. Number
of fish ain parenthesis. i

— P

STQMACH CONTENT

» - ‘ ,
LENGTH  WEIGHT FAT WEIGHT $ OF

(CM) (cy - (%) (G) ‘ BODY WEIGHT

19.5 69 - 1.83/ —Z.

(4) | & (4)
, 25.1 153 . 6.7 . 3.06 2.0 |

(5) ' (1) (5),, :

26.0 171 E 4.31 ' 2.5

(4) ¢ , (4) )
.28.0 217 1.4 2.5 [ T2

(4) (3) (4)

31.3 309 14.0 1.10° 0.4

(10) (2) (10)

. , : , Yo
34.7 . 429 ' 17.6 .81 0.2
(3) | (1) . (3) , ' )
’ ‘. N
1 R :
(4 9 !
/ : L '
» ! '

‘v .



TABLLE 20
8l .

Rates of turning for §. scombrus in relatioh to
presence and distribution ol plankton and plankton
h“ 1

odor. {
\ =
‘Length (FL) cm 32.0 32.0 " 19.0
No., of Fish | . ' 4 6 4
Distribution homogenous patchy patchy
stimulus L\ Time (min) Number of 180° turns/fish/min.
? ! ' '
None - 0 N 0 0
> odor T~ 1 0" 1.6 -
' 2 0 0.3° . -
b3 A 0 -
, 4 0 0.2, -
" ;5 0 0.2 -2
\ ~ /
- 6 " 0 ’ 0 -
Plankton 1l 1.4 N L 2.3 2.0
* 2 0 1.0 1.5
3 - 0 0-8 M -3.-‘
4 s 0 . 0. 2
- ol
5 0 0 1.8
6 0 0 2
Kt 7 0 0 .1
, 8. o . 0 3 1
X‘F 9 § 0 o' 0
( -
o

- - s
MW f
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»

TABLE @l

Dlstrlbutlon of catch of Atlantic mackerel taken in
trapnets, St. Margaret's Bay, Nova Scotia, based on log

books.

{/‘

CATCH (LBS.) /TRAP NET HAUL

= 100

May 1969
" 1970 .

June 1969
" 1970

July 1969
" 1970
August 1969
b 1970

Sept. 1969
" 1970

1969

Oct.
" 1970

Nov. 1969
" 1970

Dec.” 1969
" 1970

Total

16

101~
1000

1001 10,000 +
16,000
14 7
7 -
14 " -10 77
16 3
12 . 3
15 - - \
i, \\4~
6 ., 8 %

Y ¥

»® g
§
2 o . o
1

3

104 ~ ., 35

82

Q
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*  _TABLE 22

' [}

\“ & d v
- /
- / . * l/' , n‘
Distribution of catch of Atlantic mackerel captured in a trap-
net, French Village, Nova Scotia duri 1969. r » .
e CATCH (LBS.) /TRAP NET HAUL .
N . ot Average
N , . 101 - 501 1001 2001 - 3001 4001 Nuinbers/
o7 < 100 500 , 1000 . 2000‘ 3000 4000 5000 5000+ Catch
4 N \
June 2 2 4 6 2 - 2 1796
July 4 3 10 5 .2 1 3 4181
” .
) August 9/ 5 7 ; 1 2974
' El . /
Sept. 4 11 24 * 5 1108 |
Oct. 2 2 2 . N 337
b ]
' TOTAL 8 28 16 28 5 4 1 6
L] L4 * ~ . Y
« ¥
. ¢ :
-~ v ‘; {
s €
N ’ i » '
> .
" " u - )

A
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CAPTIONS FOR FIGURES . ,

»

-

s .
Figure 1. Variation in the annual commercial catch of

. mackerel 1nKCanad1an waters (ICNAY¥, SA 3 and 4)
-

r

from 1876 to 1975, ' .

Figure 2. tbareas and div1s;ons-of the* ICNAF Staffgilcal
[ \ o~

area. *
* -

s

a o -

Figure 3.) Monthly length frequencies for Atlantic mackerel

-

sampled in the vicinaty of St. Margaret's Bay,

Nova Sgotla (i&) during 1969 and 1970.

s

Length frequencies of Atlantic mackerel sampled

& .

w,///*“—-\i9 4X during May ~ June and in 4T, 4Vn“during
June and July - September from 1965-1973.

0

Figure 4.

‘ t

<
B -~

Faigure 5. Length frequencfés of Atlantic mackerel in ICN

2

Division 4X and 4T sampled during summer (July,

August) 1965-1970. )

o

Figure's. Age ‘dm9051tion of the spawning population and

summer population based on age - length

Iy Q

. . keys. 1974 data from (Hunt, M5 1975) all qpherv

data from this sthy.

-
.

o

Figure 7. Change in somatic and total body weight of' 35

, and 40 cm mackerel from June to.Octoher.

Y 2

S -

LY
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“

Figure 8.

Figure 9.

Figure 10.

Figure 11l.

-

Percentage dry weight of gonadal tissue for

male and female mackerel at different times

during the spawning period. '

Isl

) 2
Dry weaight of (gonadal tissue for 35 and 40 cm
Y
male and female mackerel during the spawning

b ’

period.

Growth rates of Age 0 Atlantic mackerel from

the southern (after Sette, 1943) and northern

-

¢

populations.

Growth rates:*of Age I Atlantic mackerel for the
1965 year class from three locations compared

to the 1959 year class.
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s
Length Composition

g

A Per cent

1967
deptember «
n=377

401

August
n= 09 ‘[~

LI 1
3 %

Fork Langth (cm)

L]

K4

AT



]

Per cent rength Compasifion

- Q ! -
w A -
B »
o v . Tece,
* ¥ . -
40 iy .
1965 ——4X Mav Tuws (2452) 1968 e 4X Mav-Towr (599) IS7TL —— 4X Tuwe (54) :
~ww 4T Tour (1012} ° 4T Tuws (203) 4T Jung (372)
N -== 4T Rucust (200) === 4T Avevsr(3560)
| * [ <
204 264 I 20 4 ’ X
| t d a1 .
1 N 1
| oy -
1 [y -
| ¢ L Rl -
o o LI e -t ol P — 4
& - v
Il
1044 — 404 '
| 1966 —— 4 X Tune CBI4 1969 —- 4X May Tuwe (761} 1572 -m=- 4T, 4Us Tinx -Tury
-—— 4T Tury CA87} -~ 4T Aucuvsr ( 607 - (926)
)
P 1o 20 » B
N
s \\ v’
' T A4 “x
e T~
o ’ . ’!’l
g 3 Z - & P »
T @ - + -
a4 - \ P . 104 -
136 7 —— 4K, 4W Tone {476) 1870 4% May CIB3) 1973 +Un AT T (kon M
—— o —_—— —— n UNE
4T Serr (i39) e A, 4T Tuir, Rucust n.oowvr- L~ 4Un,4T Touy, AoqusT (1134)
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° - h Ay
P ¢
1o~ 20 4 n ,_ 20+
1
Al
N A
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{ - o - ;/ - ~.
ot N S Sttt B — N et
b ar b 31 3b 41 21 ¢ 26
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’ ‘ - o +
v &
\\ b *
‘ . %
- e
- ” - . \/ .
‘
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- ABSTRACT . ’

-~

.

Minimum swimming speceds for the negatlvely‘buoyant
Atlantic mackerel, were determined by analysis of fash
swinmming in a circular raceway. Minimum speeds rﬁnging
from 1.2 to 0.8 lengths per second for 19 and 32 cm faish,
respectively, Light flashes, addition of food odour, or
food increased swimming speed. Speed was qreater in the
mornings than in the afternoons and evenings.

Minimum swimming speeds were consistent with hydro-

dynamic theory. Mackerel have various adaptptions suéh

"

L]

as efficient large pectoral fins, ﬁse of the caudal fin

w

as a lifting hydrofoirl, position of the center of buoeyancy,

and low fat densaty which allow them to swim slower than
pther ~scombroids of the same size. Calculated minimum

speeds are lowest from October to March when needs for

N ”

ener conservation are maximal, faster speeds occur durin
‘ 7

spring when feeding i1s intensive and migration commences.
3

l

Fat content 1s the most irportant of the six variablgs in-

]
L] N

fluencing seasonal changes' in' swimming speed.
° *

The cost of swimming varies with velocity squaxed.

-

Y
Constant swimming is therefore costly. However, it must

2

confer an advantage on mackerel as they are more abundant

i

and havé a more rapid growth rate ‘than their neutral buoy-

ant competitors such as Atlantic herring. This advantage

-

could be an increase in the area searcheq, thus increasing

«
»

-

the encounter rate with aggregated prey.

- -

" *
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INTROBUCTION roon .

~

In consideration of energy intake, energy conservation,
and production in fish populatgons, the Atlantic mackerel,

Scomber scombrus L., provides sevecrail enigmas, 1f not para-
* ) .1

doxes, of energy use (MacKay, 1967a). Mackerel have lost

]

. their swim bladder and are unable to pump water over their 9
. . . .
gills (Hall,-1930). They must, thewefore, *swim continu- £
ously to malntaln;hydfostatlc equilibrium and resplre‘hslﬁg‘

’ @ CIY B |

ram ventilation. Mackérel also maké long migratlops of
3 : N ¥ w

600 to 2,300 km to thé~§qot1an and New England Sheif.regloﬁ,
returning in spring to feed and spawn. However, despite
the high level of activity and resulting high metabolic

® 0 >

wexpenditure, mackerel have more rapid individual growth’
» 1)
rd
rates and are more abundant than the Atlantic herring,
o L
Clupea harengus, with which they share the pelagic environ-

mept. It is of considerable interest to understand the

energetics of the mackerel population and to appreciate

) o
[

how they attain these high gff101e501es. For example,‘ﬁg\d
kerel represent significant transfer agents for materials
and energy Bftween the Gulf of Sit. Lawrence and the Scotian
and New England Shelf. Furthermore, mackerel are currently}
experiencing high fishing pressure.

In this paper I have analyzed the swimming behaviour
of the Atlantic mackerel: I then used hydrodynamic conside~

erations applied by Magnuson (1970, 1973) to several :

- o Py Ytk i kb el & - i o AR, ¢
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3

L)

2

related species alomg with life history, moiphological, and

behavioural informatisn on Scomber scombrus.

4

The results

ledd to an appreciation of the factors underlying contlngous“

» R N “
swinming and indicate a paradox of enerqy usage which ‘is

exﬁlor;d in a seéparat® paper KMacKayz 197¢a).

<
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4
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METHODS = M 3

‘ fus - - »

Two size groups of mackerel were obtained, cither ) Y
A X
from commeré}g& mackercl trapnets or by angling with barb-.

* -

less hooks. These fish were transferred to the Marine

9

-

N | ’
Ecology Laboratory in 1.2 m ¢ircular tanks containing Sea

%
water anto which oxygen was bubbled. The fish were theT
nmoved to thegggperlmental tanks hgth tcmpexature—éontrolled : ar "
&
LY & v - . _‘
circulating®sea water and held for two to eiqht months -

#

pripor to experimentation. .

.
¢ - __/‘W

The - experimental tank consisted of a 2.4 m-diameter \

.o B,
tank with a smaller 0.9 m diameter tank in the centre. The i.*

fish moved continuously in the 0.8 m wide and 0.6 ‘m-deep *

3

c1rqulaL raceway between the twp tanks. A pléx1glass cover ..

floating on the surface, prevented surface rippling ‘and alqga
|

“ < Eru .
photography. . o

The mackerel werg eqused to a constant artificial -

illumination, with some\ diurfial varlapion caused by natural

tbe new light level and resumed their normal swimging speed
within, one to two hours. A 2 hour period was allowed before
measurements of swimming speed were made.

Initial observations sbowed that the fisﬂ were sensi-

n

tive to movement and noise in the vaicinity of the tank. The

) ¥
-

o e e e e
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.

tank was suriocunded by plack pve falnio minimice distur bance.

- -

* - o .
Ir addzton, neasne awd povoment in Lhe vicinity of the tank
were aveided during measurcments of syamming speoed.

) - .

The fish vere monitorced by two TV cameras. One Q?mcra

fitted with aﬁw§ég angle lens mounted alfsve permitted a
view ¢f one quarter of the tank; wvhile a second camera was

placed Leside a plexiglass side-viewing port. Switchidg from
none camera to the other wes agcompllsheé manualiy by the

obzgerver who wgé locatcd 1n a room adﬁécené to the expcrz{
mental set up. During the experiment, ghe sidgnals from the

4

cameras were recorded on "0.13 cm video tape. o

@

Observation of the fish in the raceway indigated Lhaf’they

[4
normally schooled and folleowed a circular path. " Thercfore,
»
swimming specds could be determined i1f the time for completion

of one circuit and the distance travelled in that circuit were

»

known. Oceasionally, fish turned during a carcuit or é;d not
1

school , but these cages were not used for measurcments of

+

swimming speed. .

"

3
3

v
Q

- The time for the school to complete a circuit was -

defermined during replay of the video tape, using a stop
»
atch. The diameter of the path was more daifficult to

obtain. In the inaitial trial, a vertical line was drawn -
throudh the centre of the 'screen of the television monitor.
As each Jindividual fish passed this line, the video tape

recordgr was stopped and the location of the fish from the

Lo .
{éage f the tank was measured.’ The* relative pos%tlon as

‘determlned from the TV monitor was converted to an actual

. . .

&
e
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diamcter measurement by proportion. In latet traals, a%hpter
rule was placed across the plexiglass lad; so that 1{ was
located in, the centre of the field of the monitor durlngl
pl?yback. .This allowed direct reading of the dlstavce from

the edgeﬁéf\zﬁe tank. These measurements were subject to .

errors due to parallax and refraction.
Corrections for parallax were made assum1ng°thé f1sh
were swimming at a depth of 0.1 m. Even 1f the fish were

swimming ¢ 3 m below the surface, the error due to parallax,

taking the extreme deviation from the centre would result in

°

ran error of only 1 cm/sec. In faéﬁ, this @rror would be

3 AN .
much less, as the fish seldom swam in the out%; edges of the’

f

.. field,and the errors due to refraction tend to cancel out

those of parallax.
\
Swimming séeed was obtained as the average for all fish

»
-

in a school durlﬂy fiye circuits. Measurements were repeated

every 2-5 mlnutesx depending on £31sh size. Swimming speeds

were determined for each size of fish on two occasions

s
ol

about a week apart. Differences between swimming speeds "

t

were tested using the student T-test.

o

' . 14
| Swimming speegg were 1nitially determined on non-feed-

;, ing fish. Subsequently, speeds were determined for fash
exposea to plankton essénce or euphausiids (iz gms). Plankton
essence was prepared by passing thawed plankton (50 mg/l)
collected from the Gulf of St. Lawre;ce through a 7u failter.

The filtrate'was then added to the tank through a perforated

<

\
plastic pipe connectfd to an overhead reservoir Muir and

Newcombe, MS 1973).
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) During thc ameasurenent of swimmning sheed, 35 mm photo-
graphs were taken from above dand through the sidis-vicwing

port with the aid of a strobe flash unit. These photoe-

. graphs frerd enlarged and used to determine attribuices of

the pectoral and(gaydal fins during swimming,

Calculations of drag and lift redquire measurements of

! ~

=

. ° wvarious body dimensions, areas, centre of gravity, fish, .
S &

weight, and fish density. These measurements were determined

. I the experimental faish'and.a series of frashly caught fish

hd N

mpled from commercial and exbérlm ntal catches durang 1970,}

\

.

1971,and 1972.

»

1

The length, width,and depth of the body and fins were
determiaed ??1ng a measuring board and calipers., tAddltlonal‘
| « , Measurements were taken of the thickness of the pébtdré] and
caudal fins using calipérs. & ‘ |
;;iThe relative position of the pectoral aé& chudai fins was
also determined. ‘ '

s The surface area of the body was estimated from body

a

A ‘
.widths and depths at seven predetermined flocations ' between

A L]

‘ the snout ami the tip of the caudal peduficle. The surface
T }

# B [y 4
area for each section was calculated assuming the °first and
~»

»
last’ sections weye cones and the rest were cylindersy then

E)

the surfacé area for'each section were summed. | ¥

The areas of the pectoral and caudal fins were 4

determined by planimetry from outline tracings of the fins.

d A1
These tracings were also used to calculate a mean chord-for

=

the fins. . L
l‘ \

! “

b



Fish densaity was determined from the weight of a

fish in air and in water (with care being taken to dis-
- . ¢

lodge any air entrapped in the mouth) plus the density of

the water. \

’ i

Centre-of gﬁavmty was detlermined usaing the method

suggested by Magnuson (1970). Temperature and salinity

were determined during the swimming speed experiments. and
kd

! B

were used fo calculate\ sea water density.
L]

.



THLORUTICAL CONSIDERATLONS ’

1

*

8

1

¢ %
Lift and dray are basic concepts of hydrodynamics and aero-

dynamics. The following section outlines these princaples. .

¢ o

' » Further detail 1s given by Hoerner il965), Perkins and Hage

\
]

glveé an excellent review of thei; applicability to fash

propu;fion. Discussion of thekappllc§tlon of 1aft cpﬁcepts

a
0 -l
Y

to negatively buoyant fishes 1s presented by Magnuson (%970,

&
a

1973) .. o \
« v . "“'
A) Drag J . )

3 n

v . P o

of movement. While the theory4usuéily considers (that the

¢ .

&
"Hydrodynamic drag 1s the result of-movement of a fluid

(1949) , Prandtl and Tictjens (1934 a,b), In addition, Webb (1975)

. ovbr a body and 1s the resultant force vector in the direction

fluid is moviné~relat1ve to a solid body, 1t is also valid vhen

a solid body 1s moving relative to the fluid. - Here I consider

¥

’

the. fish moving relative to the water.

18

Hydrodynamic drag 1s composed praimarily of two com-

ponents: frictional drag and pressure drag. However, a

N »

third source of drag, induced drag, will also be cbn31dered.

¢ 1

ot Frictional drag, often called surfase resistance or
skin-friction drag,is a force tangential to*?t:di?rface.
is caused by sheer stresses due to viscoéit& ; Vé&QEit§
gradients at the boundary surface. This drag is affected

primaraily by the surface of the body and can be predicted

g T

Y

from hydrodynamic considerations. The equation as given

by Prandtl and Tietjens (1934a) 15t

B ]
@
T
-

It

&



D = 1/2 p\a U, . (1)

»

/where D= drag (dynes), p = flufgjdensity (g/ce), U = speed
(cm/sec), A = total area of wetted surface (cm?),and Cf =
coefficient of frictional drag.

f Cf 1s a non-dimensional number which 1s dependent on

the Reynolds number, (R)a dimensional number which relates

friction to viscous forces and can be calculated from
. %
equation 2. . s
1y

R = pLU (2)
U #

'

L is the average length of the surface in the direction
of moverent, and p 1s the kinematic viscosity. wu = 0.01 at the

temperagures and densities encountered during these experiments.

Reynolds numbers range from 103 for small flsh.larvgé

-below 5 xv105,1am1nar flow prevails. R for most small fish
5 .

at normal cruise speéds 1s < 5 X 10%,apd laminar flow should

-

occur, However,'the flow over an undulating body,; such ,as a \

o

swimming fish is more complicated. Rosen (1959) has sug-
gested that the flow over swimming fish and cetaceans 1s a

modified laminar flow consisting of g series of vortices.

s

The hydrodynamic characterfstlgs of this type of flow are

unknown, but the drag cg;fficiept‘should no;/be much higher
than that for laminar flow. In this analysis,I have used *
the equation for laminar, flow, although this may result in

.
% !
A ’

. I :

1
i
"
Gw

to 108 for thecbfhe whale (Webb,ﬂl975). At Reynolds numbers

ue



@

/! "
a low csliimate for draqgq.

CF.. + = 1.33 R V/2

. LAM (3)

-

[} v
Pressure drag or form'drag as a force normal to the

boundary. It 3s caused primarily by~boundary layer éepara—

f
I

tion and uis dependent on the shape of the mov1ng body. This
)

tYpe of dxug is more difficult to’ predlct from hydrodynanlc
4 is
theory, and coefficrients usually are based ?n tgst data.

-

The third source of drag, induced drég or drag duc to
!
' . / ¢
lift, 1s similar to pressure drag,but 1s directly associated
with the productloﬁ of lift and ig due to the creftion of

vortices at the tips and tralllng edges of the llftlng sur— "’

l bl bl
faces, Hoerner (1965) gives an eguation for determining ’

Ea

1
*

the, 1nduced drag coefficient, C;. of flat plates: /

C = C / TAR (4) .

L3
\ .
L |

where CL 18 the coefficient of 1lift, and AR 1é,the'aspect

ratio of the lifting surface. The aépeét ratio 1is the ratio

1of the fin span to the average chord (Alexander, l967).\x

»

2t M " ° . )|
-+B) Lift. . A

4

A 1lift force is required to majntain hydrostatic

equilibrium in a negatlvely buoyant fish. “The required 1lift

1s equal to the, weight of the fish minus the bdbyancy,and
by - '
can be estimated from an equation given by Magnuson (1970).
) |

'

{



1

required 1lift in dynes T .
mass of the fish - :
acceleration due to gravity, 980 cm/sec2

density of seawater, g/cc Vs
density of fish, g/cc

o
||

1
o

&
-

‘
9

: The amount of lift( L) produced by a lifting hydrofoil

is dependent on the 1lift coefficient ( CL) the density of the

2

medium ( p) th%farea of thé foil section ( A) and the square
of the velocity ( U) and 1s given by a standard hydrodynamic
’ N ks

equation (Prandtl and Tietjens, 1934a). -

Ll »

#

™ . > /q;'
/ L = 1/2 p A UZCL (6) -

3

Rearranging to solve, for C e have.

c. = 2L ‘ (7)
pPAy \ *
In the case of a swimming fish, the area of the foil
section 1s not only the exposed area of the pectoral fins

but also includes the area through the body (fuselage) hetween,

the two exposed pectoral fins.

' ¢
.

) Using reasoning S}m11§; to that of Alexander (1967),
a Magnuson (1970) and following principles outlined by,
Prandtl and Tietjens*(l§34a), Perkins and Hage (1949) and
Daily and Harlemen (1966} the 1mport;nce of the various

lifting surfaces were evaluated: Lift for a swimming £fish
L J

i
'

[ e — i ]



cofies from three sources: the pectoral fin, the body, and
the caudal region. Thus the total lift 1schual“to the sum

of the components and 1s given by egquations 8.

- Yo h 2 Lt - Lf J*' Lb +/LC‘ , (8)\
. Lt = total lift /
sa w Lf = li1ft of the pectoral fins X
. Ly = 1l1ft of the body . ‘

L,.= lift of the caudal region .

'

For the fish to be in rotational equilibrlumathe lifting

‘ moments posterior to the centre of gravity must balance e

those anterior to it, Therefore,we have the following:

*
a

» ‘ lfo j lbLb = chc (9)

o :
lf,lb,lcyare the distance from the centre of
gf;vrty where the lift force is applied.

? ¥
d i

o

In order to evaluate equations (8) and -(9), 1t was

- -

ne essary to determine one ofithe 1lift comﬂoneﬁfsdﬂ”The
- o

11fit coefficient for the body could be evaluated using an

. equation suggested by’Hopkins (1951). The equation and

the parameters used in 1ts solution are given in Appendix I.

rther source of 1lift 1s the vertical component of

the thrust vector when the tail has-a positive angle of
! -

attack.' The expectedJdift from this source 1s given by the

» -

equation:

- ) -
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. RESULTS ~ , ,

1 L)
: / o .

A) Swygming Specds ¢ N

The resulds of the swimming speed experaiments are <J\\\\

, presented 1in Table 1. Average swimming spégas of undisturbed

~

'32,cm mackerel were ZY.O and 29.5 cm/scc for .the iwo trials .
and minimum speeds for one circuit were 26 and 27 cm/sec.
The difference between swimming speeds of the same fish

taken 12 days apart was 51g51ficant (P <.001). The action

of the strobe unit used for photography increased the swimming

-

speed to 28.9 and 34.6 cm/sec for the two .rials. Diffe%encea

<

" between disturbed and undlsturbed‘sw1mm1ng speeds are signifi-
cant (P <.001) for both trials. ;

Small,mackerel (19 cm) had average swimming speeds '

ranging from 20.9 to 24.6 cm/sec and minimum swimming speeds g

" between 18.4 and 21.4 cm/sec. There was a significant dif-

; v .
ference (P-<.901) in the swimming speeds of these smail £i%h

at different times on the same day, but no significant daif-

3
ference in speeds measured a week apart when both were

3

measured in the éfte;nogn.

The data are rearranged in Table 2 to allow comparison
of swimming sb?eds during morning and afternoon. It is ap-
pakent that the fish swam slowpr during afternoons than in
\the morning. It was not clear\whether this represents an D .

3

inherent rhythm within the fish or reflected the activity

¢

patiexrn of the laboratory.




0.9 L/sec.

42 15
b‘? 4
Absdlute swimming seeceds of 32 cm fish were faster than

»

those of 19 cm fish but the smaller fish swam faster relative

to body length. The small faish swam faster than 1.1 lengths

-

per second (L/sec); while ‘the larger 32 cm fish swam about

o : /
Swimming speeds.normally aincreased when the fish were

disturbed ox-fed. Speeds for the 32 cm fish Were just over

a

1 L/sec when)stlmulated with plankton essence, and increased

%

to 1.5 L/sec while filter feeding. The 19 cm fish averagéd

1.7 LAsec while feeding on dead euphausizids, The speed gradually
~ L

declined after feeding, reaching,the minimum speed of 1.1'p/ée¢
|
seven hours later. A maxinjm speed of 13 L/sec (247.5 cm/sec)

for one small fish was recorded durlgg feeding on dead

i

euphausiids. The magnitude and duration of these increased

syimming speeds associated with feeding are discussed in more

%
detail by Muir and Newcombe (MS 1973). Table 3 gives an

[ ] f
example of the effect of plankton odour and plankton on

swimming speed taken from their results.

> «

Minimum or basal speed for 32 cm macKerel was 27 cm/sec,
a %

and 21 cm/sec for the 19 cm mackerel. N;wly caught 32 cm
mackerel swam slightly faster during their first month in
captivity (MacKay, unpublished data), This may represent
an adaptation to the experimental tanks. Nevertheless,
normal cruising speeds of wild mackerel should be slightly
above basal as even while non-feeding,normal disturbancés in

the environment should increase the speeds. TFurthermore,

rd

~
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: Lémbcrﬁiigﬁpubllghed data) found that speed increases

we ea— -

after a meal and gradually decreases as the food 1s digested.
Magnuson (1967) feund that anjection of food extradcts into
the water incredsed the swimming speed of skipjack tuna above

: the basal level. Nevertheless, basal speeds are probably
] *

j o
‘ realized in nature during periods of energy conservation, such

B} 5 3
« as over-wintering,and during darkness.® .
n

B) Attitudg of the Fins During Swimming

®

’ Our photographs show that during normal swimming the
,first dorsél fin 1s witHdrawn into a slit and the pelvic fains
are préssed flat against the body. During slow continuous
swimming the pectorals are completely extended, actlné as -
wings or h&drof01ls. In addition, fish were observed ,
occasionally to be gliding with the caudal fin almost hori-
s, zontal, écting as a lifting hydrofoil. The,extension of the
\pectorals and tﬁe horizontal caudal fin are shown in Fagure 1.
The pectoral fins becare less extended as speed increased.
Figure 2a 1llustrates the sweepback of Ehe pectorél flAS at a
swimming speed of about 35 cm/sec,and the angle of the trailing
edge 1s 56°. The performance of the fin changes greatly with
sweepback. The fully extended fain 1s compared to a
sweptback fin (Figure 2) in Table 4. As sweepback increases
aspect ratio, total area, and éxposed area of the -

4

rface decrease while the ratio of total area
{

to exposed adga increases. All of these affect the per-

formance of tﬁe fin as a lifting hydrofoil.

& t
Examination of 16 mm movies (courtesy of C. Newcombe)

1

.
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of mackercl swimming in a;turbulont >§Bw;§hannol showed that ta\

- -

i’ .
the pectoral fins may be used in a complex manner. They
have a positive angle of ack and are camwbered. Fish are

able to vary the angle of attack, camber,and sweepback. All .
o® M ’
are features affecting the efficiency of wings or hydrofoils.
3
C)Y Budy Dimensions i

%

Y 4

Regression equations of bady welghg, péctoral fin area,

v

-fuselage area,and caudal fin area on fork length are pre- J »

-

.sented in Table 5. Weight~length relationships are discussed X,

in more detall in an earlier paper in thas series (MacKay 1276bh).
. Athough there are seasonal and yearly variations in the length-

a A v
weight'relatlonshlps, forwdonvenlénce, I have use®l only one

equation (Table 5) for the werght calculations. All o

tbese regression equations are used in the subsequent calculaT

\ -

tions of drag and laft of wild fish. Y o

- The exponent of all thes;h;quations relatiné area’ \Xi\ﬂ,7ﬂ/
mearurements to fish length i1s close to 2,.a result which is . N
expected on the basis ofwgllometrlc growth. “Magﬁmson (1973)
obtained regrekssion equations for the pectoral fins of eight
scombroids and found in all of these that the exponen%s of

w

these allometric equations were close to 2. My exponent for
1

pectoral area of Scomber scombrus of 2.27 is closest to

ﬁagnuson's value for +the Kawakawa,}Euthynqus affinis.
Various terms are used in ;ubsequeng dlscu551on,and ) o .

these are saimilar to those used by Ma?nuson (1970, 1973): “

These terms arc presented in Table 6.

i

/ .

/
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The average weight, body and fin dimensions land
1 AY

various ration, taken from fish at the end of th& swaimming
’
r
speed exsperanents, are presented in Table 7., Relative .
positions of the centre of gravity,of the pectoral and

caudal fin, and fash density also are required for laft

calculations. These measurements are presented in Table 8.

1 &

D) Drag )

i) Prictional drag. The body,-pectorql fins, caudal

fins, veniral fins (second dorsal and anal), and the' finlets

t v
arec ‘all subject to frictional drag'during constant swimming.

" The faive gorsal and five anal' finlets are not considered in

td

the following drag analysis becausdd their area is only 8%

of that of the pectorals. Furthermore, they appear to

" y ! L3
function primarily for drag reduction by controlling cross

flow and.preveuting boundary layer sBparation (Walters 1962): s

Magnuson (1970) suggests that the finlets of Euthynnus affinis

allow some cross flow,over the keel, Nevertheléss, their drag

{
should be less than their drag reduction and their e#clusion

8

from the subsequent analysis would not significantly change
the drag estimate.

The drag coefficient, C at Reynolds numbers where

FI
laminar flow prevails would be increased by surface roug;ness.
However, mackerel have small ctenoid scales embedded in a
mucous copvering, creating a smooth surface; thus the drag co-

efficient should be close to the theoretical minaimum given
.y

by eqFatlch 3.

ey
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» The fraictional drag was calculated for each of the four

I3

components, the body,\the caudal fin, tha pectoral fins, and

A

the ventral fains for the 32 cm fish used in the swimming

speed ‘experiments swxmmlng at’ the Eﬁnlmhm speced of 27 cm/scc.
The length, Reynolds nunber, Qrag coefficient, surface area,
and drag for each component arc presented in Table 9.

v ¥

1i) Pressure drag. Pressure drag on a streamllned body

, with a thickness ratio comparable to that of a macker%l body
- @ 3 ’q?'

(.;2) would be about 25% of the fractional draé (Hoerner, 1965;

n‘

Paily and Harleman,l966). While the fins are similar to flat
‘plates and data from the above sources suggest the p;essurc

« drag on them should be almost zero, Brown and Muﬁr (1970)

. suggest that the drqgfon the fins of Futhynnus pelamis mlght‘
be as high as 50% of the total félctlonaltform dxag. However,
this value 1s’probably too high in light of Fhe numerous
anatomical adaptations of scgmbr01ds, which appear to prévent
boundary layer sgﬁafation (Walters.1962)} the cause of
pressufe drag. Some of the adaptaﬁiong’which maintain the
boundary layer' are present in Scomber scombrus, notably the
ventral finlets allowing cross flow over the keel, the high
aspect ra ,caudal fin and the fleshykeel at the'caudal root.
The scales at tﬂé base of the second dorsal ‘fin also appear
to be arranged in flowwcﬁannels,which sﬂquld fu;ther 166@%‘ \
the form drag of this fin. In addition, the camber of the
pectoral fins can be varied and could be haintained at an ’

optimum angle of attéck,thus minimiz;ng the most signlficént

component of pressure drag, that due to nor=3 deal angle of

1

4

N



" the pectoral ¥ins. N )

!

1Y

‘. . v ,
attack (II.J. - -Jefirey, Pers! Comm,).. I have used a com—

b

promise .value of 25% of the frlctional drag for all the. fins

in the subscquent analysis of pressule dlaglbut this value

a

may Stlll be too hagh. .= . .

. 111) Induced Drag. Induced dragporv%nag due to laft

’

F -~

is‘present for cach l&ftlng urface which includes the body,

-

pectoral,aﬁd caudal fins. THe ainduced drag cde£f1c1ent(CI)

for the pectoral and”gaudai fins can be Eﬁﬁpulated from

equation 4 using the laft coeffmc&énts calculated 1n the next
section on llft.: Tlie calFulatedoCI 15 substituted irto
equation 1 to determine ghe indﬁcgd drag.s-All these values

are éresented i; Tahle 10. fﬁb C; for the pectoral fins of E

»
Py
@

4
.

0.08 agrees wath test’ data (Hoerner, 1965‘ although one might

expect a cambered surface td have a lower drag coefficient.

Y

"The C. for the caudal £in 1s somewhat.less than the C. for

I A v I

i

& 0
* Y - ,

The induced drag-of a mackerel body can be obtained

using coefficients glyenjby Hoerner, Thib indlGced drag of o
b 1 ~ o
a streamlined body 1s only 25% the pressure d;@g.

1v) Total Drag. . The’ @%eg:types of drag for each
body compongntvénd theair P'rééntaqe composition 6f the total ﬁ
are preéented in Taﬁle 1l1. Tﬁé'totalwdrag on a 32 cm fash
sw1mﬁing at 2? cm/sec:in sea Qéteﬁ glth'é deng&ty of 1.0215

1

g/cc 1s 2430 dynes. ' Indquced drag comprises about 50% while
' &

fraictional drag accounts for a further &O%. Form drag com-

I3

prises only 10% and as discusscd earlier,hut even this may be
, e

an, overestimation. Of the individual components subject to

v £
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: §
drag, tle pectorals have the highest drag as.a é%bult of

thearr importamt function in crcating lift. The body and -

* q

caudal fin contribute 28% and 24%,respectively, to the total
i

drag, while the ventral fins contrlbutop only 3% to the drag.

«

3
2]

- ]

E) Laft ' R

The lift required to maintain hydrostatic equlllbrium \

for a 32 cm faish swamming at 27 cm/sec in scawater of a o

i

densxty of 1.0215 g/cc can be, calculated from egquation 5 N

»

using the relevant parameters\from Table 2. The required
°A

1ift 1s 18,317 dynes. |

)

NThis lift 1s supplied by‘the pectoral fains,; the body,
and the caudal fan. Magnuson (1970) showed that the caudal
peduncle of Euthynnus affints supplied about 20% of the total

lift at slow speeds. However, the caudal peduncle of Seomber

t

scombruc lacks the'keel present in Euthynnus affinis, and the
) ,
cytindrical peduncle of mack®rel would not produce significant

laft. I have omitted the peduncle as a spurce of 1ift in the

Fubsequent analysas. “

v S

» While the pectoral fins of mabkere%;are clearly lifting
surfaces (Figure 1), the body may also produce lift. Strongly

ca red bodies of %prgeon and shark produce lift at zero

Al

angle of attack.” The body of Scombergs?ombrus 1s n#Fncambered'
ut is saimilar -to a body of an alrship hull which prodices '
ractically no lift at zero angle of attack (Hoerner, 1965§.

Hdyever, mackerel swim with a positive angld of -attack (Muir

*
-

and Newcombe, MS .1973)' which can produce lift,. "The average
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angle of attack for 32 cm mackerel dutormlnqﬁ at bagal

sw1mm1nq’§n€ed by Muir and Newcombe Was 9¢. I have used an

anglé of attack of 10° for the subsequent analxgks of 1aft.
A, Magnuson did not consider the caudal fln of Buthynnus

4
affinie as a lifting surface because the fin dad not tilt

r

from the v@rtléal. Alecev (1963), on the basis.of Figure 'l
from Gray (19;3), suggested that the caudal fin of(;combcg
scombrus dld'{iltfyoward the horizontal. The caudal.fin of
fash in the experimental tanks clearly showed this phenomena
(Figure 2). The ‘caudal fin of $comber scombrus doés.éct as a .

. hydrofoi1il and produces ilfq and I have considered it an thas
23 '

analy515.\ , ‘

!
wA fourth source.of 1ift may be present. That 1s, 1f

i

the caudal fin..has a positive angle of attack, the horizontal

- S

directed thrust or propulsion has a vertical component. As

v

this source of 1ift 1s applied in the caudal region, I have |
not analyzed it separately but shave considered 1t a part of

the lift from the caudal fain. ,

In order to evaluiff/zﬁq? of the three sources of lift,
it was neﬁessary to evaluate one of the components in detail.

The lift coefficient for the body (Cig) at a 10° angle of

a%?ack wa§'evaluated farst using the equations  and parameters
given in Appendix I. )
The b6&y lift coefficient of .137 was then substituted
. intoﬂequatlon 6. The llf% supplied by the body was'calculated

K as 2673.5 dynes. Knowinﬁfbody 11ft, simultaneous equations

azd

8 and 9 can be solved for one of the other lift components

24
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and the other obt&¢ned'by substitution. Paramcters used in

a
" v

the solution of these equ%tlons are given in Table 12, The

B a

’ » distance of each center of 1lift from the center of gravity
(L., 1 ,and 1 )was determined {rom Table 8 assuming that the-
b" "p c o ~
§

center of lift for cach component 1s similar to that for air-

foails, tﬁht 1s, 25% from the leadaing- eflge (Perkins and Hagéul

1949). 'S .
\w//h\\‘ Once each lift component was determined, the l1ft co-
. . ,
efficient for the pectorals (CL%e) an for/;he caudal fin

C. ) could be obtained from equatiéﬁ 7.
( Lc -

// _ ' !
& ) ///’ %@he lift (L) the laft coeff1c1ent‘(CLf the surface

loading, and the percentage of total 11ft for each component
I - { . ¢ i ¢ ! ]
are summarized in Table 12/ - ' v

As might beﬁexpected, the .pectoral fins are the most
1 -

effective and imporfant lifting surfaces- Tﬁey suppli§d 62%

of the total lift and hadnthe highest 1lift co&fflc%ené of l.i.-
# ’ Tﬁef;audal éin supplied 24% of the requlrﬁd laft With'a b@{/

surface loading of about half of the pecterals and CLc of 0.7.

\ The body at a 10° angle of attagk‘produced only 14% of the

total'llft,even w1ti/a poten£1ai lifting area twice that of

- the pectorals. . n !

) Similar calculations for lift were made for the small
fish (19 cm). The lift requiﬁed to maintaiplyydrostatlc L
equilibrium for these fish is 1649.0 dynes."If the pectoral
fins of the small fash supﬁly the same ;ercentage of lift
(62%) as they do for the larger fish, the lift generat%dlby

the pectorals 1s 1022 dynes. Using parameters from Table 7,

. ‘ 4

P
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CLfé can be caleulated froa cquation 7 and 1s 0.49. Thas
- AN

11ft cocfficient is-less than half of that for the largex

The paramcters used in the calculations of 1ift and

o

fish.
CLfe for the small fish are presented in Table 13.
L4
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. fishes-rarging from shdrks to scombroids and for marinc

7 ! DI“LU“SION

nd L]
Drag////’ ; ' ]

Hydrodynamic drag has been detegmined for numerous

*
H * ®

mammals (see W@bb:1975), » These earaﬁer studies
of maximum swimming speeds.comblned with an analysms of power
output versus speed suggesttd "Gray's para%ox p that hydro-
dynamic theory hoida for smail fish and large cetacecans but
not for barracudéjor intermediate sized cetaceans (Gray, 1936;
Gero, 1952; 7é1nbrldge, i960 . One had to either hypoéhesmze
that these animals had a much Jugher (7X) energy output per ‘v

muscle mass than other anlmals or they were able to maintain

1aminar flow over their bodies at speeds where rigid bodies

-
n

showed turbulent flow. '

o

- Y

“Subsequent work has suggested varlous\p0551ble modaifai-
cations 1n the earlier calcul?tlons. An 1n££éased éffi01ency
ofkthe propu%51op system would reduce the apparént ener%y
requirement, and 1t has become increasingly c¢lear that there
are various anatomical, behav1cuia}and ph&smological drag
reduction mechanisms which are important among both fishes
For example, elaboréte mechaélsms

a

jesent. The barracuda has friction .
9

redudind slimes (Rosen and Cornford, 1971) ;7 whil® the castor

¥

oil fish (Ruvettus pretiosus) has.elaborate subdermal spaces

which operate with-ctenoid scales as vortex generators, thus

@

maintaining the bounda}y layer and reducing friction (Bone, 1972).

[—
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The control of boundary leyer separation and sub-

-

‘ M «
sequent drag redthlon has been crucial in the evolution of

*fast goving fishes. The large scombroids have humerous
g

anatomical adaptations for boundary layQi control| (Alcev, 1963;
- n‘;‘c—

Walters,1962). These adaptations include body shape, which

. x }
encourages laminar flow over most of the body at Reynolds

b

1 4
nunbers of 2 X 106, roughened dedy surface;and caudal peduncle

finlets. These adaptations do not function at the high*R of

the Ffishesd maximum speeds, but Magnuson 01923) suggests that:

the critical factor in scombroid evolution has been adapta-

tions to the m1ﬂimum swimming speeds where flow woltild be

L]

laminar. Scomber'scombrus, which opé;étes at lower R than .
the large scombroids, also has m of the abové’drag :
reduction mechanisms. In adéltl n, Ovcharov (1970) has \

shown that the gall filaments and gall rackers of Scomer
~

scombrys are af?ggéed as baffle lafes,wﬁich ensure that exit
i

water(from the operculum i1s laminar, thus preserving the
Al

(8 N

A

boundary layer. "In fact, one gets the impression that
4 o

scombroids and other fast swimming fishes possess adaptations’

which make them more efficient than comparable rigid bodies.

The phenomeron @f dynamic ovVershoot,discussed laterlls an
. ! t
example of this in mackerel. °

1

PYevious measurements of drag values for Seomber scombrus

have been determined by freefall measurements (Richardson,1936)
v . :

and by towing measurements (Webb after Bone 1975)a Richardson's

values are much higher (2.5 orders of magnitude) than the
\ ! ¥ . ) ¢
"theoretical predictions. However, Webb suggests his measure-

-
N

/V 14 ~——
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®

nents were in error as the fish may not have rdached the -
terminal velocity. The drag measurcvments by Bone for
"mackercl are close to the theoretical, predictiors and are very

close to my calculations. For a 35 cm mackerel swimming at 30 cnm,

Boﬂe found a drag of 900 dyners and a CD of .0043, compared
to a drag of 970 dynes for the\frictional and pressure araé "
on the body, caudal, and ventral fins and a CD for the body
of ,0046 for my results. HNowever, 1 from my more detailed
analysis of results, the pectoral fins and the induced drag
are included, the estimate of total drag (Table 1l1) 1s more
than double that derived by Bone. |
Bainbridge (1960, 1962), after a;'analy81s of maximum
%$winming speeds of neutrally buoyantnflshes,'devéloped a
géneral rclationship for total drag. The total drag wags 1.2
times that of the frictional drag on .the body, i.e. 1.2 C

£
(Bainbradgel, 1962), This agreed with a coefficient derived

Y

Drag on the HEgatively buoyant

~
~
~
.

by Gero (1952) of 1.22 Ce.
scombroids is much higher. In addition to the)present study,
Brown and Muir (1970) calculated the drag components for a

44 cm skipjack tuna, Euthynnus (Katsuwonus) pelamis. They - .
included drag due t?lift and also gill drag, since skipjack

use ram ventilation to obtain respiration gases. Gill drag
accoﬁhtg§,£or only 7% of the total swimming drag for sklpgacﬁ -
%una, a?d I have not 1ncﬁuded it in the subsequent discussion.

A comparison of the results ais presented in Table 14 along

with the inclusive drag édefflclent, andr establishes that
t

‘the inclusive drag coéffLCLent for these scombroids is much
f
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e hithf than for the fish Bainbridge studaed. The drag

associated With’llf& (that is, the induced drag plus the

1

g /~\£Fidtional and pressure drag for the pectoral fins which
' ’ geherate 11£t)‘may be {gmovéd from the total (Table 14).

w}‘ .
\ The' total drag ﬁTt associated with' laft 1s st1ll greater
than the 1.2 Ce (body) suggested by Bainbridge due to the

frictional and induced drag from the caudal and ventral fins.

¢

»

A high proportion of drag is associated with 11f€;\;if
for Euthynnus pelamis and 60% for Scomber scombrus. There
is thus .a double penalty for negatively buoyant fishes; the

drag due to the generation of 1lift and, secondly, the assoc-

~3r

i
1ated increase in drag while swimming fast enough to generate
/
. the lift necessary to maintain hydrbstatic equilibraum. The
ST ——
amportant evolutionary and energetic implications of this
double cost are cpnsidered briefly in a later section.

*B) Cost of Swimming’

of prime‘interést in this analysis is thé behaviour of

the drag components as speed increases. Provided the apgle

of attack reémains constant and laminar flow prevails, the

frictional drag onvthe body and ventral fins is praportional
“\\\\’A to Ul‘5; while the pressﬁre and induced drag is proportional

to U2 (Alexande;, 1967). " The drag on the caudal fin should

follow roughly the same rule. Howev%il\?s discussed later in

the section on 1lift, the lift due to the thrust‘component will

increase with speed, thus lowering the need for lift from the

tail itself, which consequently lowers the induced drag for the.

caudal fin. Drag on the pectorals is less predictable. As

speed increases, sweepback increases resulting in a decregse in

£
a
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exposed arca, span, and aspect‘ratio, and the.center of lift
moves posteriorly (Table 4 andﬁFigure 3). All these features
affect the 1lift and drag performance of these fins, most
noticeably by lowering the lift coefficaient.

In an attempt to evaluate the changes in drag with in-
crease in speed, I will consider three cases. The first one
waswconsidcred previously, 1.e., where the pectorals were
fully extended and swimming was at a basal speed of 27 cm/sec.
The second 1s that in which the "wings" ere swept back 560, as
shown in Figure 3, at a speed of 35 cm/sec. Information from
Table 4 was used to calculate a lift coefficient for that
speed. A third case 1is th in which all lift is supplied by
the body and the pectorals are completely retrz7ted and pressed

9 and %2{/

assuming a 10° angle of attaék, was 88 cm/sec for this case.

to the body. The speed calculated by equation

The total 1lift for each speed is presented in Table 15.
The power, P, required to over come the drag resistance,

Dt' can be calculated by

D, U
P - t - (ll) ul
nt np

o

nt is the efficiency of conversion of chemaical enerqy*gb*»
mechanical work in muscle which equals 0.20 (Lehniger, 1965):
and np 1s the efficiency of converting mechanical work an the
muscles to propelling b?wer. The constant np is assumed ?o
be 0.85, which is higher than that of a well designed pro-
peller (Bainbridge, 1961), but probably realis@&c for the
qffic}ent propulsion of a scombroid. The resulting costs are

presented in Table 15, converted from ergs/sec to gcal/hr.

- P e
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These three costs were fitted to an exponential equation \

and the cquation for metabolﬂsp due to swinming (MS); as a

1.94

fungsybn of swimming spee& is Mq ZTO.OGU . Alexander .

(1967) suggests the cost of swimming should be proportional
9

2.5 or U3, as the individual draqg components are pro-

yte>

to U

portional to either or Uziand the required power is

proportional to U., Ware (Pers. Comm.) also finds cost of

L] /

! L'd /
swimming in sockeye salmon ta be proportional to U2’5. '

-
3

Unfprtunateiy it 1s not p0551b1é to induce mackerel to
|

swim at different speeds under conditions where|metabolism

s !
’

'

due to swimming can be .determined in order to resolve this <§\\\*

difference. However, in a negatively buoyant fish pectoral

area decreases as velocity increases, thus reducing a sig- ,//

nificant compopent of the drag&at low speeds and lowering the
exponent for The cost of swimming to two. =

The metabolism of an unfed mackerel of about 32 om
swimming at 35 cm/sec is 220 g cal/hr- (44 mg Oz/hr) (T. Lambert,
Pers. Comm.). The hydrodynamic cost of swimming is 67.0
g cal/hr (Table\ls), 30% of the total metabolism. Brbwn and
Muir (1970) estimated that swimming accounted for 17% of the
total metabolism for skipjack tpnaf .
C) Lift |

The pectoral fins of the.mackerel are its most efficient

lifting surface, a conclusion in keeping with Magnuson's (1970)

b/



' L ‘
Meo \ ,
W N
( * w ! 31

4 . ‘ .
conclusions for rufhynnus offinds. The laft ceceffaicient

'

(CLP)'for Scomber scombrus was 1.1, higher than the 0.8-for

Euthynnus affinis. The pectorals of mackerel are very

| ° -

efficient lafting surfaces, having a CLp comparable to that
\\\a/f of the most efficient non-slotted airfoils {(Perkins and 7;

Hage, 1$49). In fact, C shourd be even higher bec%usg the area

Lp
of the pectorals is an overestimate which 1 have taken from

» &
y flattened fins, whereastthe pectorals normally are cambered.
While CLp 1s near the maximum for unslotted rigid airfoils,

theréare various dynamic featéres of the pectorals which
support an estimate of the high "lift coefflclezﬁﬂ N. Jeffry
. (Pers. comm.) suggests that mackerel by varying camber,
sweepback, and angle of attack simﬁltaneously could take
advantage of éhe phenomenon of dynamic overshoot, or ‘
Ratzmayr effect, thus acquiring-a higher lift coefflcient

‘than that of 'a comparable rigid body, This thzmayr effeéé

has been suggested for various other fishes (see Nursall, o

&

1962). Interference- with 1li1ft can inctease or decr the T

4

lift supbiled by the fins of' the body. Studies or/ airfoils

and torpedoes (Lawreﬁce‘and ¥Flax, 1954; Chen, 1963) suggest
that the interference would be gévourable 1f the.laifting
surface has a moderate to haigh' aspect ratlo,tis‘located

near the midpoints of the dorsal and ventral margins,and has
. .

a body diameter to span ratio between 0.2 —\0;4. All off

-

[

these featuyes are present in mackerelithussthe body inter-

ference may contribute to the high 1lift coefficient of the

-

pectoral fins. g !

4 . - . PR
t

/ - \] [ - T ¢ "
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The potential lifting arca cf ihe body 1s Luvice that of

the pectoralsy but the. Jlow aspect ratio and camber contributces

to 1ls ainefficiency an producing lift. The scombroid body is

desiyned more to reduce drag kAleev, 1963; VWaltcrs, 1962)

-

! 1

than produce laft. '
The ceudal fan 1s an éfflClent littang surface supplying
over 20° of the reguired lifi at basal cwimring speeds. As
the caudal fin also supplies the forward thruét,it 15 acting
as a lifting surface during on}y part of the tai} beat cycle.
Lven assuming that fof half of each cycle ,the tail 1is acting
as a lifting hydrofoil, the lift cocefficient (CLc) would be
1.4,which 1s higher than that procduced by a cambered plate
(CL=1.1) at Reynolds numbers similar to those at ﬁhlch the fan
was operating (Magnuson, 1970 after Schmitz, 1960 ). * This:
high laft efficiency 1s unexpected 1h a structure which is.
QQ51gned primarily for propulsion (Alexander, 1967; LigHWhlll,
1569). However, as mentioned earlier, a fourth source of lift
has been included with the caudal fin, that of the vertical
component of the thrust vector when the tail region has a
ﬁosi%xve angle of attack. The gxpected lift from this source,
Lth' at a fwimming speed of 27 gmﬁsec can be calculated from
equation 10, and is only 10% of the ‘total caudal 1ift at an

angle of attack of 10°. As’ speed increases, Lth increases
+ - A )

and may contribute most of the lift posterior to the center

of gravity at higher speeds, thus relieving the caudal fin of

having to tilt to prodﬁce 1ift. However, at low swimming

speeds the céudal fin would appear to be an extqgmely
-
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effrclent lifting surface. . :

. il ! - ) l ) M
This discussion of lift assumes that the center of
buoyancy and cuntor of gravmty coiricide. This, may not be
the case for Scember dcombrus as mcauulements Af the conten

of buovyancy guggests it 1s .005 to .007 JFL, posterior to the

center of grav;ty,anﬁ may change Eeasqnally (Magnan, 1929; Boﬁé,

after Magnuson, 1970): If the center of bhuoyancy 1is pogtﬂflor.’

*

to the center of graviiy, the buoyancy force,vwhlchlls much

)

larger than the other forces, would lower the lift required

¢
from the caudal region considerably. This.would explain the

a

apparently hiqh*llftlng efficiency of the caudal f{in.

.o .
4 The pectoral lift coefficient, C , of .49 for the¢ 19

Life

cm f1sh was less than half of the C for the 32 cm-:fish.

Lfe

.If the pectoral fins of the smaller faish are less efficient

than those of the largeruflsh, they would supply less lift

than the 62% I Hlave assumed and C would be higher. An

Lfe
alternative hypothesis 1s that the smaller fish are required

to ;w1m faster than the basal SW1mm1ng spéﬁd to obtaln suf-
flCant food to support their rapid growth. Thus,the limit
on lower swimming speed wou}d not pe based on the efficiency
of the lifting surfaces but on considerations of food search.
D. Ware (Pers. Comm.) offers some support for this hypothesais

as he suggests that optimal cruising speed is a function of

body length and decreases with increased length.

D) Seasonal Changes in Basal Swimming Speed
The preceding discussion has supported the conclusion

of Magnuson (1970, 1973) that minimum swimming specds of

)



+ predict minimum swinming speed (U“)
% f 3

constantly swimming’ svombrOLds arc cons LonL with hydro— .

dynamic comsaderatiois. Magnuson obtaanod an equataon to
v ‘ N ¢ .

5 1/2 :
) e ot / (12)

o -

A : , ‘
ft

. \ pclfe
%‘ i
When Pjis the percentage of toLal ]lft (L ) %upplled

«

, \
by the pectoral fains,and A

pectoral lifting surface includiné the area of the body at

»

the level of’the pectorals, -

M

Thé minimum swimming speed can be expected to change

seasonally .as growth and- changes in ﬁ}sh @ensity,and sea
Watﬁf density occur. A possible seaéona;\cyclg of temperature,
sallnity, length,and fat content with the appropr*aée flSh
weight, fish and seawater den51ty and p« oral laifting area -
was assembled for each mo;th for three Qges (Table i6).

In setting up the appropriate temperature and sa%lnlty

regime, I have used a yeerly migration pattern for the i

»

morthern population as outlined by Sette (1950) and MacKay

(1976b) . Data on temperature and salinity are from Lauziex

and Hull (MS 1969) and Hachey (1961). Seawater densities

were calculated from Knudsen's hydrographic tables.
Fish lengths were based on growth data from MacKay (1976b)
assuming a six month growth season. Fish weights were calcu-

lated from the body length-somatic weight regression (Table 2)

with the addition of gonad weights also calculated from a

o
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body length-gonad weight regression alter Mackay. The g¢nads .
were assumed to stdrt developing 1niMarchgwiLh first maturaty

occurring at a length of 30 cm. . T

Fish density varaies seasonally w1th fat content. A

v ~

detarled faL cycle, for the northern populat on is not available,
but MacKay summarizes the availablce data which was used
to assemble the fat cycle preséhéed in Table 16. The maximum

fat content appears to be lower for smaller fish than larger

L]

fish (op.ai?J. I have, however, assumed the same fat cycle for

the three sizes of fash used ain the minimum swimming speed

1

calculations., Fat den51tnyor mackerel appears, to be lower
,—»\‘

than for other Scombroids “(op.cit). I use a value of 0.91

g/ck {or mackerel fat in the subsequent calculation.

"
r

. Fish density cap be approximated by modifications of an

'

equation proposed by.Horak (1966). Magnuson (1970) gives an
equation that approximates/f;;h density, Df.

! 4

1.10\0 - fo)] (p) (13)

1

f

£

D. = 17100+ |(
(0 F 100)

° <

fo 1s fat density and P is the percentage of fat

Using fo = ,91, the equation simplifies to:
v L . g
DF = 1.100 - 0.0019p (14)

- / H

I have used this equation in the following calculations

.

of fish-density and swimming speed. However, D. {rwin (Pers.

-

Comm. ) pomnts(zﬁf that the exact equation can be derived from:

{



%

I

Il

£5r

| (e

b M ‘ .
f\/ L M P Mp (1D a
’ .91 100 100 ‘
’ ¥ 1.l0 ~

where Mf is the total mass of the fish. This expression’can be
. t

®
simplified to: ) . . :

b)
#)

N
Df = 1.10

, , L 5 0.19 P
' 0.19 100

{ -z . ) .
and a linear approximation can be obtained using the binomial

Y
theorcm. |

£

E

A
o p

However, the use of equation 14 in the calculation of fish

density produecs an exror of less than 1%. ‘ﬁ ,
N |
The pectoral lifting area was calculated from 'the régres-

h LS

<+ sion equation for pectoral area and fuselage arep (Table 5).-
3 <

o A

Preliminary calculations had suggested that the pectorals

[ .

supplied 70% of the required 1lift (PLT) and Clfe Was 1l.2,and

the L were used in the subsequen£§calcu1at¥ons. The use of.

the more\prec1sg ﬂlnagnvalues, PLT = 62% an CLfe@= 1.1, would

« result in a difference of only 2% in the bre icted minimum

"V
_ swimmihg speeds.t’ -

)
~

b b N\
&

The predictéd minimum swimmiylg speeds in CmQ?Qc/

<

-

and L/sec are shown in Figure 3. It\{s appargnt hat’
. g ~

there 1s seasohalfvariatlon.in‘potﬁ.abs lute d relataive ﬁh,fr‘

’ -

D, = 1.1000 ~ 0.0023 P (17)

-

%
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in the spring when feedm}g\is very 1nLensivo to'sﬁpply the
|

» 37
swimming specds for the three age groups. The lowest speeds

k3

occur from October to March,at a time when feedindg appears
* - .

.

to.be minimal (Sctte, 1956) and when énergy conservation
|

=

would bd most important. The highest minimum speecds éccur

4 -

|
material for the productlon of gonadal tissue. This

maximunm also c01npldes with the sprang mlgratlon durﬂng whlch\
., { N

the fish move' from the continental shelf region into the Gulf.
¢ N . ‘

’ #
of St. Lawrence. Predicted minimum swimming speeds decline

through the summer, remaining fairly constant from September

to December, and gradually increase from Januari to May.

The predicted speeds for Lhe Agé I. flsh are prfbably

underestimated. As mentioned prev1ously, the fat cohtent

for these small fish is lower than that used in the Lalcula—

[

L3

- tions.. Furthermore, the lower C for these small fish would

« Life

» a 4 " J

also result in m higher actual® speed. ‘ A

~ a |
) 1

LY ' . N L
These varlatlons~1n mln;mum swimming speed arel the result
|
¥

"of 51multaneous changes .1n at least six var1ab1es~ uengtha#

l L)

w€1ght, percent fat, fat den51ty, temperature;, and S%ﬁlnlty

The eifect of these varlables was tested by assumlng]an

v |

ingtial state (Table 17) and\allowing each variable to vary\\

IS b
within the'ranges indicated. The effect of changing only

1
one variableat a time on minimum speed 1s glven‘;n Fxgure 4.

Temperature and sallnlty and fat density have little’ éffectm

) kY
on swmmmlng‘speed,whlle a change in the percentage of fat»

has the greatest effect. ®

r
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Fat 1s the most i1mportant variable in delerminaing

e
.\ v |
seasonal variation in) the minimum swimming speed. During

the,overwintering peygiod when food 1s scarce, energy
] ¢ ‘
L 5
conservation is important and a lower minimum swimming
N )

a kY
speed would mean a saving of energy. Assuming the’ energetac
£,

cost of swimming varies as U2 (discussed earlier), then the -
differenco between 1% %nd 20%~j@t would rgshlt in é dlfference .
in energy nsumption of about 20¢%. This results in a positive

‘feedback sWotem, where a fish with lower fat draws on 1its fat
Y ® '

reserves faster than that of a- fatter fish. Théreﬁore}'the

L

~Ecq\;ulsitlon of high fall fat'content would be crucial for

ovgrwintering $uccess,and tHe fat®cycie would be expected to

\ -

be suggect to high selection pressure. An example of adapta-

-

tion which woul \be\usefq} for mackerel 18 the seasonal

variatiop in fat §ensity shown by herring (Ackman and Eaton,

1970) 1n\wh1ch th 1owest fat density occurs during, late

i3

\winter when fat levels are the lowest.
The ﬁgedlcted inimum sw1mq1ng\speed also was calculated

for a range of fork 1 ngths,‘assuming thg initial state of
? \ ¢

the other variables as\given ig,taple 16. I have assumed

%

also that the flft coefficient for the pectorals and the
porceﬂtage of 1ift.§upp¥1ed by the pectorals was constant

over the size range. The range of fork’lengths testga except
for the largest (45\cm) Weré within the range of the.values

. ' & ~ R
used to calculate the ;eire351ons.

The minimum swimming speed (cm/sec) incfeased with

‘.
MY

>
-
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increase in ‘length while the specd rcelative to body lengths .
decreased (Figure 5a and b)c Thi% ncreases 1n absolute speed
4 €

but /[decrecase in relative speed has been observed and pre-

i
> L | S [

dlgﬁed féf minpimum speeds of other scombroidd (Magnuson, 1970,
1973) and for maxlmum\enduranéeiépééds of gdldfisb,Cwass{ué
auratus, and* trout, Salmo qa‘zr\dném,(Balnbmdqeﬂ 19602 1962)-and
also for spstqined swimming speed of ;ockeye salmon,
Ohcoﬁ%jnchus nefka (Brett, 1965). : Q‘ .
! Using equation 18 to relate speed to length,

i -

. U_ = alL! : (18)

constants a and b were calculated from the approé&fbte '

regression. The equation for minimum swimming speed for

mackerel was U, = 5,44 L0'47. The exponent was similar to

[

- the O.Sfor:mlnimum speed for Euthynnus affinis (Magnuson, 1970)

v

and for sustained swimming in ‘sockeye salmon, oncorhynchus /
,
. /
nerka (Brett, 1965). . . /
E) ,Evolution,and Adaptive Implicatloﬁs : /,

The minimum swimming speeds of mackerel were about
luL/sec, agreeing with the predicted optinium cruising speed

for fishes determined by Weihs, (1973a). This speed appears
}

"to be adequate for food search and migration in many fishes-

(Anon. 1973, op.cit).
This minimum speed for Scomber scombrus 1s lower than for

seven of the eight scombroids examined by Magnuson (Table 18).

I'd
"
N 3

( | . ""“"‘"‘““‘""“"““"""“z o —— o e

A
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In fact, Acanthoeybyrium solander?, /thé only scombroid Swimming '
Y ry

s lower th;:ﬁ§aambar seombrue , has a large gas bladder. B

b

Walters (1962) and Zharcv (1967) have pointed out the

striking anatomical and physiological adaptations of scombroids

¥ <
!
!

to locomotion and hyérodynamlc efficiency. MagnUSon‘}l970, 1

1973) further suggests that these adaptations have been

designed for continuous slow swimming, rather than burst spceods.

The results of this study  indacate that Scormber scombrus

5

has adaptations which allow it to swim slower than othér

1
scombroids of\j?}ompdrable size.

[
Table 19“Ycompares the mass, density, pectoral area; and

peCtoral area to mass ratios of Scomber scorbrus to the eight

scombroids studied by Magnuson (1973), all for 30 cm fish.

Scomber\

q x 3

and the third highest pectoral area. The pec¢toral area to mass

ratlo was the highest, the same as for Thunnus obesus. Other
! @

' features such as low fat density, flexing of the caudal, fin

H

to act as a hydrofoil, position of the center of buoyancy,and

a very efficient pectoral lifting surfdce contribute to thas

1dw: swimming speed. Furthermore, the geasonal fat cycle is

an important component of adaptation fgr low swimming speeds.
Seomber scombrus occurs further north/than other scombroids
and 1s the only scombroid to face the problem of overwintering

in a non-feeding state. These adaptations

i
‘

for a low minimum speed are essential for survival during

b

tﬂis period.

scombrus had the, lowest mass, the second lowest density;

4
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N Negative buoyancy imposes an extra cost on a continuously

2

\q/ﬁWlmmlng flSh. This extra cost 1s the cost of swinming fast

enough to remain in hydrostatac equlllbrlum. Thas 1s grcaterx

2

"than the cost to a neytlally buoyant flSh swimming at the

+

\ same specd because of the extra drag associaled with the
generation of lift. This 1s,1n effect,a double penalty for

Hnegatlve buoyancy. This cost must be matched b& an increased

*

abilaty to.obtain energy. This raises a paradox of how

-

negatively buoyant fish can c?mpete with neutrally buoyant

+  Ffishes.
3

Weihs (1973b) has suggested that negatively buoyant
fishgs are able to exploit a\larger sea space for feeding and
.predator avoidance than neutrally buoyant fishes. The negative
buoyancy allows fish to undergo rapad éhanges 1n depth;while
constant swimming allews for an increased range. However, this

explanation does not hold for all cases. Yuen (1970) determined
- \ . )

the swimming behavior of two small (40 - 50 cm) skipjack tuna,.

using ultrasonic transmitter;. ﬂurlng daylaight, the £fash
i

remained in the v1c1n1ty‘of a bank, apparently searching for

N

i
food and feeding. Within a couple of hours of sunset, they

t
left the bank swimming at the surfag® and travelling from 25
4

to 106 km away from the bank, normally returning to the bank by

A

sunrise. One fish was followed for six days,and returned to
1 - [

the bank on five of those mornings.
This navigational and time sensing ability indicate§ a.

non-random scarch pattern. The nightly forays away from the

7
4
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, i

bank 1m9539d by the nced for constant swimming could be

interpreted as an energy wastage., However, the initaal

s

discovery of these fceding banks may have been the result

o

of a wide ranging search pattern imposed by the negative

buoyarcy. i A

4

There must be a large energetic advantage for the
Atlantic mackerel due to constant swimming. In comparlson

to mackerel, the Atlantic herring migrate much less and

|
[

N ‘ ,
spend long pecriods durlﬂg winte¥ virtually motionless.

(Wanters, 1975). A recént comment in Nature (Anon., 1973)

3
v

suggests Phat on the basis of hydromechanics a migratory
flsﬁ should grow less than a non-migratory f£ish. Mackerel
are not only more m{gratory than herriﬁg, they are also
continuous swimmers. Yet, mackerel are more abundant in
the Gulf of St. Lawrence than herring and’they grow tw;g;z

y

as fast (MacKay, 1975b).

A}

Constant swimming in mackerel would appear to be an
aid in food search as 1t forces the fish to cover a wide
X
grazing area. In fact, their minimum sw1mm1ng\speed of
1 L/sec is,  the same as optimal speeds required for food

search and migration in other fishes, (Ware, 1975; Weihs,

/

\\igjéa). I explore optimal swimming speeds in mackerel

further in a theoretical model of feeding, where I show that ™
search speed is an important component in feeding on prey

aggregated into patches (MacKay, 1976c). Furthermore,
P \

1
A3

AY]
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filter feeding bohaviour/(Muir and Newcombe, MS 1973;
MacKay, 1976c¢c) 1s an adaptation for exploiting patches
rather than 1nd%v1dugl particles. Thus, mackerel are
searchiny for and feeding on patches in the same way that
herrlpg or trout are searchang for gnd feeding on
indivadual particles. The @lgh productaivity qﬁ mackerel
depends on their ability to efficiently exploit this higher ’
level of spatial organization (patches) better théh their
géutrally buoyant competitors lake herring. .

The schooling behaviour of mackerel poses a further
energy paradox. The preceding discussion of drag considered
inertial and viscous forces as the only forces acting on,
moving bodies such as swimming mack;rel. A third force,
that of gravity, comeés, 1nto play when an object is moving
close to the air-water interface (Webb, 1975). The increased
drag'can be quite large, for cxample Hertel (after Webb) g
calculated increased drag of 5 times the fractional drag
for a dolphin-shaped body when swimming 6.5 body drameters
from the surface. Observations in the Gulf of St, Lawrence
indicate that schooling at Ebe surface by mackerel is a

3

normal phenomenon during summer. The energetic gain from

this behaviour may be from the increased concentration of o

aooplankton that are often concentrated near the surface.

1)




. . TABLE 1 14

£

*Swimming speeds of captive Atlantic mackerel,Seomber scombrug,during non-
feeding and feeding periods. (Standard errors of the measurements in
parenthesis). -

4

Date Time Numbex SWIMMING SPEEDS
< Fash Circurts Average Minimum Mainimnum
v . ! cm/sec ' L/sec for one
' L . gircuirt
. cn/sec L/sec
« 32cm fiéh, undisturbed
26/10/71  18:45 6 7+ 27.0(+.33) .84 * 26.0 .81
8/11/71 , 10:45 4 ~ 6 29.5(+.75) ¢ * .92 27.0 .84
¥ 32cm fish, disturbed - (flash photos)
26/10/71 19:00 6 3 28.9(+.38) . Y» .90 2?.3 .88
8/11/71° 11:00 4 5 34.6 (+.56) ,1.08 32,9 \1.03
32em fash, disturbed (plankton essence) -~ ’
26/10/71 19:10 6 7 32.6(+1.87) 1.02 28.4 .89
8/11/71 12:45 4- 36.7(+1.44) ! 1.15 32.1 1.00
32cm f£ish, disturbed (plankton)

26/10/71  19:30 ‘s 14 47.2(+1.69) 1.48 41.1 1.28
8/11/71 13:00 " 4 10 4?.8(il.17) 1.53 43.0 1.34
- lSém fish undisturbed

. ‘ . . ‘ |
17/1/72 14:15 4 21.8(+2,33) 1.15 18.4 .97
24/1/72 10:00 3 24.6(+.60) 1.29 21.4 1.13

®
24/1/72 19:45 3 3 20,9(+.92) 1.10 19.1 1.01
| 19cm fash dasturbed (euphausiids) |
24/11/72 ,11:40 3 3 31.6(+.58) 1.66 30.5 1.61

o st i

N

v
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TABLE 2

£} ®

45

-

Swimmaing spceds of captive Atlantic mackerel, Scomber
seombrys, during morning and afternoon. (**difference highly

signi{icant, numbeyx of traals in parenthesis).
table 1.

Data from

{

- &
;

*  SWIMMING SPEEDS (CM/sec)

-

32 cm fish

< d

. Undisturbed Disturbed Flash
~ O
Morning 29,5(1) | ' 34.6%% (1)
Afternoon 2720(1) 28.9%*% (1)
' 14
% * Hg

19 cm

Undisturbed
24.6%*% (1)

21ﬁ8** (2)
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.

Effect of plankton concentration and plankton odour on
swirmilegy speed’of 32 cm Atlantic mackercl, (o hep
seonf . e, (After Mulr and Newcomhr, MS  1973).

L4

v

°

* Plap¥kton conc. (mg/l) ~ Swimmaing séeed

- ) " cm/sec ’ BL/sec
odour only ‘ - 47 | 1.47
V4 35 1.09
.8 . 40’ 1.25
. 1.5 ' 48 1.50
3. s “1.28
6 48 1.50
12 ’ 50 1.56
98 * , 66 2.06
L ' .
P /
' 1 - !
| | .
Ki
s . . N &

Ea
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Comparison of Lthe effect of sweepback on the pectoral fans

of continuously swimming mackerel.

from Figquie 1 and 2,

Heasnromoents determinpd

Speed \
Sweepback
Aspect ratio

Total Utility Surface ‘
(relative to head arca)

Exposed area °
(relative to hecad area)

Total areca: exposed area
| .

Chord at\fuselage .

5

Areca fuselage

L]

27 cm/scc
o°
4.85

l.11 -

.64

1.74
2.6

.~

10.05

35 sc/sec
56°
2.76
1.0

.51

-

1.95
3.1 N ~
v12.2




TABLL 5

Regression ocqualions relating various parameters of {ish
gaze on fork length (em) for the northern population of )
the Atlantic mackerel, Sceombor cceombrus. Sample taken from
conmercial and evperimental catches durang 1970 - 1972,

J

Component Equation Correlation’
) . Coefficirent
Weight (g) log W = log .0059 + 3.154" log FL .993
Pectoral £fin
area (2) loyg Ape = 2(log .0023 + 2.270 log FL) .977

Fuselerge area at )
the level of the log Bey = log .0049 + 2.207 log FL .970
pectoral fins |

i
\

log .0073 + 2.196 log FL, .991

Cavdal fin area log AC




: TABLI 6

Definition of some terms used in calculations of drag
and liit. )

My = fish mass (g)

Dp ' = density of fish

p . = density of water (g/cc)

L = forklength (cm) . . \
SL = standard length (cm) , ”
A = area (cmz) s - .

mAR = aspect ratio . <

) = span {cm)

MC ' = mean cho;d (cm) ,

TR = thickness ratio

A = gweepback angle (deqrées)

*
The following subscripts are used with some of the above terms:

~

- [

b = body -

fe = péctoral fins (2) 6 ) ‘ b S .
fu = fuselage at the level of the pgétorals }
ft " = total 1ifting surface of the h&drof01%s

c = gaudal fin N |

t = total
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TABLL: 7

x

v 3 - N ] \
Various measurcment s, dimensiong and 1atios hsod in calcu~

Jations of drag and 1lift fox
speed experiment.

Ish used an the swamming
Mothods of measuroment or calculations

and description of terms are dcocf bed\ln the text.

(Standard errors in parenthesis).,

Date ’ T 8/11/71 \\\\ \\A&
r 1.0217
Temp. (C) ", 17 .
Number of fish 3
ME (g) 316.8 (+9.4)
Df (g/fcc) 1.0508 (+.0b2)
FL (cm) 31.8(+112) .
SL (cm) 31.0:(+1.7)
Ab(cmz) 296.6
2 4

Afe (cm®) 17.8(+.80) 5,
A (cm?) 10.1(+.59)

fu T el

2

AfF {c™) 27.9(i1.21%
Ac (cmz) . ) 17.0(££70) ,
Sy, (cm) ] 10.8(+.21) -
%: (cp) 7.1(+.10)"
MC (cm) v 2.1(+.05)
MC, (cm) 0 2.4(+.03)
AR 5.1°

P
AR 3.0° «

C
TRy RO & § .
TRg, .03 ) >
TR, .04
A, . 57.3°(£1.2)

24/1/72

1.0215 , :
17
3

»53.0(+5. 8)

1.0552 (4. 002)
18.6 (+2.9)
18.2(+2.9) . )

-

6.5 (+.34)

2.80 (+.23)

9.3 (+.56)
\ ;

\
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TABLL 8

)

Relative positions of origin .of coulal and pector

ak¥ fing,

center of gravity and the densitics of two siza.qgroups of .
Atlantic mackercl, dScombep seombrue ,capfured in August,©1972.
N

(standard error in parenihesis). -

» . N7
Fork length- (cm) . 24.3
o h 3
\ > (+5.55) 4
CN
NUmBQr . : 4
\\3 N )
Snout to pectoral fin ’ N .2425
Qrigin {SFL) v (+.003)
Snout to center of . .399
gravity (% PFL) N (+.01)
Snout to caudal, fan . - b, 922 |
Origin ., (%FL) . ~ ., (£.003)
Y ;‘ 5 J @

Fish density, D W R 1.0615

F

> o x
\
. : {+.00}] ’
e Wn 3 -~ -
Y 3 '
v
g " n 23 )
B

A
v w
o N

\

L . : A

. g N hd
"t &
a
® ?
A
Ll »
. ~ \ y A ° @
Al v
« A}
- * *
N -
A L3
x
-
N
- 1
F
-
. \
\
Y
. -
o
A3
LS . »
s
w »
¥
' a
. ° N
N v
- S
' v
£y k]
S M
.
. _g
~
y -
\ .
1]

T A s, S - . -

(
. 311
.. (+8.28)

L (+.003)
1.0558
. (+.002)
4 S ow
L 3
'
o
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TABLL 9
Lengths, Reynold's number (R), frictional drag coefficient .

(C.), arca of wetted surface (A), and estimated frictional
drags for kody and fins of a 32 cm Atlantic matkerel

swimming at 27cm/sec. \
* \
Component Length (cm) R Cr ) A(émz) Drag’.’
. » (dynes)
\\\ -

Body 29.4 81,540 .0046 96.6 508

. ! -

Pectorels fans . 2.1(2) 5,793 \ .017 ‘35.6(1) 225
“Gaudal fins | 2.4 _ 6,619 .016 0t 203
Ventral fins - 1.5 4,138 .02 g.31) 64

‘ L 14

&

by

,l these areas are based on twice the planform area to allow
for both surfaces of the fins. '
C .

2 thlS lenqth\based on the mean chord, i.e. the length in
the dlréctlen of mevement, a e

1 3 9 l’
» a t )
. oo ] .
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Estimates ol inducced
calculations for two
mackerel swimming at

TABLE 10

drag and the parameters used in cthe
lifting surfaces of a ‘32 cm Atlantiq
27 cm/sed. .

Component

®

Poctoral

Caudal

3

Aspect ratio

'

53
c A, 2 Drag
. (em™) - (dynes)
.08 27.9 831
1,05 17.0 317
| g ‘
t& AY
\ ) ¢
VoL
@ L\ ’
) . 3
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* TABLL 11
Estimates of dl&q,components on the body and fins of a
32 cm Atlantic mackercl, Seomber scombeve, swimmaing at
27cn/sec. . & p
)
Frictional / Pressure InducedA; Totdl %.of
drag drag drag A4 Total
i [ ]
Body ' 508 . 127 , 32 667 27.5
Pectoral fins 225 56 831 1112 45.8
Caudal fiﬁs 203 50 317 571 23.5
Ventral fins ¢ 64 16 - 80 3’3/
Total . 1000 '250 1180 2430
% of total 41.2 10.3 48.6 N
.
1 » ) I’
¢ >



o
{9y}

TAPRLL 12

Lift, laft coceffaicient,’'surface loadina. and percentage of
total l1laft produced by the three lifting surfaces: pectoral
fins, caudal fins, and body for a 32 cm captive Atlantic
mackerel, s

i

U 27
FL (cm) "31.8
P (g/ce) T 1.02172
Lt (dynes) 18,317.4
Body at 10°
zb “(cm) : 5.4 (.17 FL)
Lb (dynes) ' ; 2673.5

2
Abﬂ(cm ) 52.4
CLy, ' ) 137
% of total 1lift - 14.6
Surface loading (dynes/cmz) / 51.0
Pectorals s<
zfe (cm) \ 5.1 (.16 FL)
Lfe (dynes) - . 11,281.9

2 .

Aeo (em®) - . 27.85
Crfe ﬂ 1.09
% of total lift ' . . 61.6
Surface loading (dynes /cmz) i 405.1
Caudal (
Lc (cm) ) 16.5 (.52 FL)
T, (dynes) : 4362.1
A_ (em?), 17.02 *
Cic .688
$ of total Mift - . 23.8
_Surface loading (dynes/cmz) 256.3

i = ' \ “\
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TABLE 13

»

BEstimates of 1lift and the coefficient of 1ift for the pectoral
fins, and the parameters used .in the calculations for/19 cm

Atlantic mackerel swimming at 21 cm/secc.

_Faramcters . ’ Estimatgﬁ\
1 ¢
\ )
p (g/cc) 1.0217 -
D, (g/cc) 1.0552 .
M. (g) 53.0 . L. (dynes) = 1649.0
g (cm) 980 ’ Lg, (dynes) = 1022.4
Ap (cm) 9.3 Cife = .49
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TABLL 14 .
Comparason of tptal drag and drag not associated with lift
for Fuihynnwvs pelamis and Seomber seombrus to allpw for -
comparison with an inclusaive drag coefficient (given in-’
parenthesis) proposed by Bainbridge (1962).. -
. Species Speced Ay Ce P Total Drag Drag
2 not associ- associ-
(cm/scc) (cm™) (dynes) ated wath " ated
! lift with
(dynes) laft
(%)
Buthynrus 66 890  ,0025 13,730 8%506(:) 35
®  pelamis (2'50f)° R
2
~ "
Scomber 27 297  .0046 2,430 969 60
. Scaombrus (4.8Cf) (l.9Cf)
\ ~r
) #
| /
RPN

¥
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TABLE 15

I

4 Cost of swimming at three speeds for the Atlantic¥

nackerel scomber scombrus’.

> a

Speed (cm/sec) 2 35 88
Total drag tdynes) 2405 3747 7756
Cost (g/cal/hr) 33.0 66.7  346.8

P

LM
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TABLE lé e&
Paranctur. for the Atlantic Mackerel, Used To Calculate Lift and Minimum Swimming Speed In
om/Sec and In BL/becond Over a Seascnal Cycle for Al Age I, B) Age IV, and ¢} Age XII.

\59

Month 6 7 8 9 10 11 12 1 2 3 4 5
FL (cm) } 22.40 23.56 24,72« 25.88 27,04  28.20 .00 28,20 28,20 28.20 2820 7.20
AT N, R 5 ] 12 18 18 18 16 14 12 8 5 5
L
'
M!-‘ (9 107 1 125 6 146.2 168 9 193 9 221 221.4 221 4 221,4 221 4 221 4 221 4
i
D (g/ce) 1.0905 1 0848 , 1 0772 1.0658 1.0658 1 0658 |1 0696')' 1.0734 1 0772 1 0848 1 0905 1.0805
- c
s Temp () 10 o 35 1 15 10 9 7 7 7 7 7 ]
el a
sal. {o/00) 31 28 27 28 29 31 34 34 34 34 34 31
. 4
p lg/cc) 10238 1 0205 1.0193 1 02058 1 0223 1 0240 1'0266 1 0266 1 0266 1 0266 1 0206 1 0241
Aey (emd) 12 02 13.45 14,97 16 57 1827  20.05 20 05, 20,05 20705 20 05 2005 2005
“
L (dynes) 6418.0  7292.1 7700.0 7030,5 7762.9 8512.5 B715.6 452.9 10885.1 11664 0 12707.4 13204.9
u {cm/sec) 24,66 24.89 24 27 22 02 22,02 21.99 22,22 %23715 24,02 25.68' 26,84 27 39
* @ 1
U (BL/Sec) 11 11 10 09 0.8 0.8 0.8 & 0.8 0.9 0.9 1.4 1.0
Honth B 6 7 8 9 10 11 12 ‘1 2 3 4 5
FL (cm) 30.80 31.34  31.88  32.42 32,96 33 50 33,500 3350 33,50 33,50 33.50 33,50
> .

FAT % s 8 12 18 18 18 16 14 12 8 5 5
H ]

F (@) 307 8 3089 3260 3438  362.2 3812 3812 382 382 3L, 3950 41009
D

F {g/cc} 1.0905 10848 10772 1 0658 1.0658 1 0658 1 0696 1 0734 10772 1 0848 1 0905 1 0905
Temp 1 (°C) 10 15 17 15 10 9 7 7 7 7 7 8
sal. (o/00) 1 28 27 28 ,29 3 34 34 34 34 34 31

!

p {g/cc) 1 0238 1 0205 ‘41 0193 140205 1 022F 1 0280 1 0266 1 0266 1 0266 1 0266 1 0266 -1 0241
Mo (e v 7 ’

Via (cn) 24 39 25 35 26 33 2733  28.35 2040 2940 2040 2940 2040 2940 29 40
L (dynes) 18445.2 17936.3 17176.4 14309.3 14495 3 14654.8 15004.1 1€273.7 175M.2 20028,5 22727 © 245ul.9
U (cm/sec) 29'36 28.44  27.32  24.46 24 15  23.83 24,08 925 08  26.04  27.83  29.64  30.8)
U (BL/Sec) 10 0-9 09 o 8 o7 07 0.7 0 7 g8 Q8 0.9 0.9..
¥onth c X 7 8 s ~ w7 u 12 1 2 3 4 5
FL (cm) 38.10 38.20 38.30 38,40 38,50 38,60 38,60 38 60 38 60 38.60 38,60 38 60
FAT A 5 ] 12 18 18 18 16 14 12 8 ' 5 5

4

& ) 646 1 576 8 581 5 586 3 591 2 5960 5960 5960 5960 S96 0 627 3 658 4
D,

F (g/cc) 10905 10848 10772 10658 1 D658 1 0658 1 0609 1 0734 i 0772 " 1 0Ba8 1 0905 1 0905

o

Temp 10 15 17 15 10 9 7 7 7 7 7 8
sal, (o/co) L 71 28 2% 28 22 31 34 34 34 34 34 31
p (g/ce) 1 0238 10205 10193 10205 10223 10240 1.0266 1 0266 1 0266 1 0266 1 0266 1 0241
A 2

fe (cw’) 39.12 39 35 39 58 39 81 40.04 40 27 40 27 40 27 40 27 40 27 40 27 40 27
L {dynes) 38714.8  33487.4 20638.0 24406.8 23662.0 22913 8 23460.4 25445.1 27415.9 31316 0 35997.8 69269.6
U (ca/sec) 33.58 31.19  29.77  26.47 25,97 25.46 2573 26,80  27.81 2973 31.B7  33.33
U (BL/Sec) 09 « 0.8 « 50.8 07 07 07 07 07 07 os 08 09
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. TABLL 17 ’ :
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- v

Tuitial siite of variables important in delermining dhe \
basal swinming speed of Seorher gombrue and the range
over vhich each is varied. .

60

s

4 - '
.
‘ o . \
. Initipl state Range
L
o
Temjerature (7C) | 7 ' 7 - 20
Salinity « (0/0Q) 4 26 - 34
: - ' \ \ .
Fat (%) \ « |8 . 5 ~ 20
Density, fat (g/cc) N .89 - .96
,Fork length (cm) " 15 - 45
\ %
' “ ' ‘ *
7 - . ¢ A - a
? r
» \ ) ! & e, . v
¥ * . , . e
* - b
N “ % . 5 *,f\
\
\\
« ¢ ~
. . ‘
- AL e
o 'J’ '
«~ . b,
* [d
<o . » L“
' .
s x « Y
, ® /\ L 4
! 1 S
[
? N 13 [
J
§ ‘ '
+ r 5
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° TABLE 18 ”
1 - \
Swinming speeds of various sizes of nine scombroadns, cather
with a gas bladder present (P) or absent (a) S Specds, for
8. geord rue are {rom this study. All other spdeds after
Maanucon (1973) . ’
- '\ s
Sper Les Size Speced” L/sec Gas
cm mean not -minimum Bladder
fad observed
Aeantheewh iun
solanderi Adult .33 12 P
Auxic
rochel 31 2<19 1.80 A
Euthynvus
affinis " 36 2.11 1.97 R
Euthynnue .38 1.55 1.14
pelamis — 39 2.17 1.66 A
48 1.49 1.35
Sarda v
cehiliernaio 57 : ¥. 5 .89 A
Scomhbie » : 19 1.15 .97 A
seomhbrus ‘32 .84 .81
Scomber .
Jaronicus . 25 1.20 P
Thunnus , ‘ ‘
aZZJGG’QI'C’x" 35 R 1031 1017 P
Thunnus 36 1.31 . l.20 &9
obecuc 3 55 l.OR ’ .%?
3 . ‘“
18] L] 'll
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TABLL 19
Comparison of mass, density, pectoral area, and ratio of
pcctoral area to mass for nine Scombroids based on 30um
fish, Data on deompbers seombrus from this paper, all others
from Magnusson, (1973). ’
Species Mass Density Pectoral = Pectoral
< . (g) (g/cc) Axca area: mass
“‘/‘N‘,f'ﬁ\ (Cmi)
Seomber \ /
haimb?us 269.2 1.056 23.0 .085
Seomber ‘ )
Japonicus  348.89, 1.054 16.2 .046
Acaniho-
- eybiunm - - . 12.5 .036
solovder .
Sarda
ehiliensis 405.3 1.075. 14.6 .038
: 'y
Auzxic
roched 445.5 1.086 16.8 .044
¥,
Euthynnus
affinie 469.4 1.087 20.9 .034
Euthynnue
pelamls © 450.1 1.090 15.2 .064
Thur nue
albucarcs 551.8 «]1.086 35.2 .077
+ /
Thugnuc - \
obesus 478.6 1.066 . 37.0 .085
! . ' '
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Figure 1:

Figure 2:

Figure 3:

Figure 4:.

Fiqure 5:

I @
¥

\ CAPTTONS TOR PICGURrS  °

R
Photograph of swimminag Atlantic mackerel,, d
Scomber scombrus, showing pectoral fins
fully extended and the caudal fain tilted
to the horizontal,

w ¢
. o

»
w

Tracing of photographs ©f a swimming Atlantic
mackerel, Scomber scombrus, (A) with the
pectoral fins swept back 56° and (B) with the
flns fully extended.

I
a
) 1
>

Seasonal yariation'in mringmum swimming speed,
cm/sec apd length (L) /sec for three ages of |
the hor¥hern populdtion of the Atlantic
mackereN, Scomber stombrus. Variables used
in the chlculations are given in Table 16.

v -

+
x . t

Changes an minimum swimming speed of the
Atlantic mackerel, Scomber scombrus, with
changes an (A) % fat, (B)r temperature,

(C) fat density, and (D) salinity.

H o ® 3 \ )
Changes in mininum swimming speed with
increases in length in L/sec (&) and » ‘
cn/sec (B) for Atlantic mackerel, Scomber
scombrus.

o
v
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APPENDIX I ' *

s [
N , |

The cowfiicient of 1aft, CLb' can he calculated From
cequation. 1, propesed by Hopkains (1951). This equation uses )
potential flow theory to caleulate the lift on the forward

¢

portion of the body;while lift over the posterior par% of the

i h i

body is estimated by relating the local transverse force for

. 4
the inclined body to ‘the drag force for a circular cylinder. »
¥ & A v
(k, - k,) 2a 2 as - ax + 20° L dx
CL = 2 1 o L—X nr Cd (L)
b . A dax K . c
? O XO »

The portion of the body to which potential flow theory
* ”‘J. "
applies,Xo 1s gaven b équatlon 2, which 1s a regression cal-
Z 4 y A

culated from test data, (op.cth). ’

\ IR

/

4
XO

e

T = 0.378 + 0.527

w

N

»

. * The apparent*mass factor (k2~kl) and the drag propor- \\‘
s

3

A3

tionalaity factbr - n are both functiohs of fineness ratio

N (equatlon 3) . Whereas, the cross-drag coefficient (Cd } 1s a
-“ c n
* function of the cross Reynold's number Re given ar eqguation
LS ' ' c 1 ’
‘4. The three preceeding factors are determined from graphs

baseqhgh test data.

[

n =1L
Iy °
. z”fo | ‘ ,

(3)

] T sl

1w . (2) o
i

F i

b




. S -
. i = -
- a |
7 O ¥
i
R = 2ry Sin n .
C n
~ , \ 7
“\\ The symbols used in the calculatuon ake 1isted in
‘Table Al while the relevant parameters are presented in
1 &l
A\ ]
‘ Table A2. C_ was'calculated a3°'0.137 and this value is
B -
° ) A - @
> used in the calculations of the various lift components.
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TABLL Al *

Symbe:rs used in calculation of body laft.

- ~
]

r

A - bodf’@urface arcea, cm” {excluding keel)
C - . ) .
o . - angle of aptack, radians ?
Ca - cross drag coefficient \ ’
QLS - 1ift coefficient for the body ) s
g - fre; stream dynamic press;ne, g/cm2 ’
kzikl - ' apparéﬁts@ass {acfor
L - body; length, cm (excludlng keel)
n - drag proportionality factor .
r - body ;hlcﬁhesg, cm ¢
\ro‘ ~‘ maximum body radius, cm ) .
S -, body cross sectional area normal to the

longxtudinal axis at ahy station, cm2 )

-

U = free stream velocity, cm/sec
H - kinematic viscositys= .01 cmz/sec )
X - the longitudinal distance from body nose

over which potential f£low theory applies, cm

¥

X - the longitudinal distance from body nose to

© the point at which dgs has a maximum negative
‘ dx ~
value, cm

»

n N



a2

of

S

TABLL A2

B

-

1aft, CI , using a math&d proposed by Hopkins (1951).
.lb 4

'

v . i
r o=
O i
r - Y =
kz“kl =
A - =’~
L+ & E-3
® ! ‘ =
o]
.8 _d4S dx ' =
(o} 'a-}-{-/.—\‘
° ) .
N =

-
]
@]
jol]
b
i

oy
il

sp

12.47

Paramcters used in the calgulaplon pf ithe coeffaicaent
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*ABSTRACT

ﬂ
: % :

]

A thforctical model 1s developed to tesg,the )

hypothesis %Lﬂt fish schoolrny i1s advantageéﬁﬁhférv ) ’

‘ ¢ . o
planktivorous flshkwhenykggrchzng for aggregated prey. |

o

The model uses paramcterg for the continuously swimming

~x ® ~
randomly distributed patch ceg%res 18 astumed. O&nce N

Atlantic mackerel., A two—dlmen51ifal linear search for . .
I 2

patches have been logated, the school sw1tpﬂ to a

filter feeding mode removing plankton uptil a lower” ¢
thresh?ld of plankton density 1s rqécﬁed. School%g e
predators have a de01ded advantage oYefulnd1v1duai . ’
predgtors. Incgeased reactive distance effects only .

single fish and small schools while increased Inter- %o

fish distance has a greater effect on larger schools. ‘ >

> "

The model 1s insensitive to prey size and prey ¢ensity. '

8 + d 9
but 1s sensitive to the parameter of pEfEH distribution
» Py

. an;éenSLty. ’ .
- ‘ o »

¢

A compayison of output from the model with data

! . oo ..

on Stomach Gontents sudgests the model 1s useful .in

’

pfedlctrng the range of patch sizes preyed apon by '

. L " -
mackerel. In addation to schooling, mackerel have other

adaptations such as continuous swimming, non-random search
N .

e

pattern in the’ vicinity of the patch and filter feeding, _ * »

which dllow for eéfficient ufilization of a patchy environ- . .

H .
*® a 1

4
ment. I
¥ /—\ » L) .
»* . 4 - .




"'iJ"'

. ) LIQT OF FIGURES

Q

~ . %
”;i X ' lFlgure_: 1: Schematic diagram for a simulation of the
Atlantic mackerel, feeding on aggregated
prey.

f

Figure 2: Diamond-shaped school of Atlantic macketel
used in the feeding saimulation.
» N
Figure 3: utput of the simulation indicating time searching
) and ration (RW) for various school sizes for

- diffferent patch artas and numbers: .

0

¢ Figure 4% Efféct of varying interfish distance (Diyp) and
3} . reactive distance (RD) on time Sea¥Cth2,(tSe)'
s Figure 5: ‘Chang in taime searching (tge) and ration (RW)

. with cha

in searching speed (Uge) for various
school sizes) ,

1}

~ o

J Figure 6: Changes: (A) am time searching (tge)
, . “ (B) 1in relative ration and .
- (C) in absoclute ration, with changeq
in fish length. ,

. Figure 7: Change in time searching (tge) with different
shapes of patches, from a sphere to .a cylander
. ' of varyaing ths. *

Figure 8: Change {1n ratiqn with changes in patch area.
Vertical lines tark the minimum schdécl area
2

. for each school.
" {
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Table 1l:

~

Table 2:

Tqble 3:

1]

* LIST OF TABLES

N
J * >
- v

' L]
List of symbols and subscripts used in a

simulation for the Atlantic mackerel feeding
on an aggrcgated prey.
Initial state and range of variables used in
simulation of feedang of the Atlantic mackerel
in a patchy environment. .

'
Comparison of ration (9% BW/fish/day) when the ° ’
predator ,1s assumed to have (A) an unlimited
capacity or (B) when the, predator stops feeding
at 10% _body weight. (1 patchﬁkm Patch area =

13.9 m2, rlsh'length = 32 cm, all other vagiables ?/ ;

as i1n Table 2). .
\/ . e » - ’
Changes in search time (tge) in hours, and ration
as % of body weaght (RW) with variations ain
patth area for a Simulation based ona constantly
swimming failter feeding fish such as the Atlantic
mackerel, (A) area changes as volume. 1s 1ncreased
10X, (B) area changes, as prey density 1ncreases.
Hd1lf the plankton is present as patches.
Changes in searching time (tgeg) and ration -
as % of body Waweht (RW) ﬁ% a constantly °
sSwimming fish such as the Atlantic mackerel
for different proportions of, plankton in a
g@tch.

-
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-~ patcﬁes appear to’occur, on.various size sceles, but they

¢ ' INTRODUCTION N v

“ ¢ b . '
. At tic, mackerel, Scomber scombrus, feed by two "

methogds. °‘They can partlculate feed by engulflng prey .

1nd1v1dually or fllter Feed by stralnlng water and feed-
) 4
ing on zooplankton en masse. Muir and Newcombe‘(MS 1973)

-

have carried out. & laboratory analysis of filter feeding. .

v
a4

Theixr results indicate that swimming speed and relative

-
¥

-

importance of fllterleL\axe related to plankton .
i » v“

concentratlonﬁ Filter feedlng 1s, 1n1tlgted only ak plankton

-.‘K v t‘

. concentrations above 3 mg/l- 50% filtering Qccurred at
¢ Vr
20 mg/l and 100% fllterlng at 140" mg/l However, plankton
Pan N 4
densaities in the Gulf pf St. Lawrence range from .1 to 1.5

. 'S

7
Wi

mg/l apd.averdge .4 to .5 {LaCroix, and Filteau, 1.969; .
MacKay, unpublished results). below the thresholdgfof filter ‘

feedlnq.' An examlnetlon of. s'tomach contents of mackerel‘\\

[ +

from the Gulf of St. Lawrehce 1ndlcates»that fllter feedlng

does occur 1n natgre as zooplankton F:edomlnates.
¢

- The resolutich of th!s apparent‘paradox lles 1ih the .

hypothesis that plankton occups as patches. IncreaSLng
4 S g
evidence suggest that both phytoplankton and zooplankton

« k,.n 4 -

patches are a common occurence an the marvine envirogpent

‘4

% (Cassie, 1963; Platt et'al., 1970; Wiebe, 1970). 'The |

.

are concentratedmfrom 2.5 to 1000 tlmes the average ocean

- - o

#t

P

]

“\
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40 a
Bécquound (Platt and Denman, 1975; Wicbe, 1970).
Mackerelqnot only regquire patches in order to fllter‘
feed, but they have other behavioural adaptations that
. enable’them to iéentify patches rémain within a patch

while fllferlng (Muir and Newcombe, ¥S 1973; MacKay, 1976a).

Thus the feeding behaviour of mackerel:appears to be

v

adapted for exploiting a patchy environment.

I have suggested previously that continuou ing

imposed on mackerel because of their lack 6f a swi adder and

the resulting negative buoyancy is alsolan aid in obtaining

food 1n a patchy environment (MacKay, 1p76b). T?psz

c8ntinuous swimming would increase the geaych area-.and

@ 0 1

increase the probability of encounter wigth patches. .

A dominant feature of mackerel 1lifd history is’their

schooling behaviour. They are obligatd schoolers with

schools breaking up only on dark nightjs (Breder, 1959f
| . I

)

MacKay, 1976a). Various explaﬁatlon have been offered for

the adaptive values ofdséhooylng. The accuracy of navigation

1s 1ncreasea by schooling (Saila and Shappy, 1963; Patten,

»

!
1964) . sSchooling ain fish and other fqims of aggregation

~

such as flock!hg in birds appears to offer a pa;tlal
1

protection from predation particularly when the ‘predator i%

~

b J
Nssolltary (Brock and Riffenburgh, ;469; Willarams, 1964; Vine,
5‘1976$i -In addition, a schooling species mayf%e hydro-
x -
dynamically more efficaent than non—gcQgg@er;;( Breder, 1965;

Weibe, 1973a). ; .

%



Schooling behaviour in mackerel appears to have - ...
4

. .

several functions. Assistance in migration, protection .

. " » @/

from predation, and hydrodynamic efficiency arc all !
7 *

important for the survival of mackerel. However,.I do

b4

not feel that these functions adequately explain the

importancg of schooling behaviour to mackerel.. Schooling
* . -

can assist in feeding under some»coﬁdltions. Sette (1950)

LY ~

3
has suggested that schooling behaviour increases théﬂ, o

7

efficiency of filter féeding by mackerel such Mhat zoo-

Y

plankton avoidance 1s minimized. The advantage of school-

=

ing'in searching for an aggregated prey has been suggested

L

previously (Olson, 1964; Radokov, 1972) although 1t \
@O;S nét appear to have been explored formally. In fact
*Eéderg (1976) suggesfs that schooling is disadvantageous
when prexzare randomly distributed.
It'would appear 1ntu1t1v§ly obvious that as schoél size
- ’ increaseg the sea;g%;ng time for aggregatéd prey should
_—ggefgase. However, what 15 not so obvious 1is .the effect of
competition on the average ration persfish. Eégers (1976)
points out the change 1n ﬁrgy density which wggld occur as
a school removes food from the water colu?ns. The fish in ;
the anterior part of the school would gbtéln more food than .

those in‘the posterior. However, 1f patches are sufficiently

dense to allow more than one pass, the dynamic nature of the

?

Y~
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” THE MODEL

%

]

In order to examine the effect of a heterogonoug

A} - - 8 a -

envirohment on feceding in a pelagic fish such as the

g%lantmc mackercl, I have constructed_.a computer simu- -

%

lation u31ng FORTRAN.*\The simulation consists of a number
of 1nterlock;ng submodeis 1llustrated in Figure 1.
The predaégr or school submodel) dgtermines size and

shape of the school, react:ve distance, speed of movement

fand weight of §the fash all in relation to"fash length. 1In
the prey submodel rmation 1s produced on size' and

. L4
distribution of the prey patches in relationship to average

prez/@emsity and prey particle size.

E}

The act of *feeding 1s divided into two processes,
' A t

searching and feeding. The fearch submod?l assumes a random
searchyfor patches using a search speed parameter:;o;patlble
with a‘coﬂstantly swimming fish such as mackerel. Once a

food patch has bden encouﬁtered the geedlng moée 1s assumed.

The feeding sub@odel uses parameters for a filter feeding
mackerel (Muir and Newédmbep\M§~1373).

The simulatlgn outputs are tijne spent searching and
ration/fish/day. The model can be tested against empirical
data on mackerel stomach contents (MacKay, unpublished data).

°

+ The various symbols and varaiables used in' the simulation

3

are presented in Table 1- and 2. Details of thg equations

used in the simulation are presented in the following °

e W



déscrlptlon of cach submodel, while the computer program
: !
and a sample of the output arc presented in Appendix I.

a

>

3) School
The predator or school submodel 1s réstrlcted to two
glmenSLOhs. For furthér simplicity the school 1is considered
to be a raght angiéd giamond shape with" the aindividuals 1in
"it forming a square matrix (Figure 2) saimiliar to the
diagonal arrangement sugyested by Cullen et al. (1965), van

Olst and Hunter (1970), and Radakov (1972). This school

¢

shape gllows easy calculation of school dimensions. In tﬁe

present calculations the sides of the diamond are equal,
&h

1.e. using the matrax terdﬁnblogyy column length (LC) equals
‘row lengifh (Lr). Row length would the sum of the interfish

distances plus the fish snout w;dth, Wsn”

« L_.=N W *» + (Nr—l) D1 (1)

h oy r sn IF
j " &

However, as W, 1s small, equation 1 can be simpli-
E4 %

fied by assuming that le also accounts for Wsn.lﬂThus:

thr row length is given b}—

£
~a

L. = Di . N_ ' (2)

r

School area (AS) 1s then simply

A =1L ° - (3)

-~k



¢ The wadth of the search path (8P) oi the schoql 18

equal'to the length of a diagonal which can be determined

by Pythagoras theorem:

, 1/2 )
§P = (Ly" + L) (4)

¢ o
o N ’ .

{

S

4

Ian32751mulatlon the nuymbers ofuflsh per school, N '

: v .
was increased approximately an ordér of magnitude for

-

.
successive runs. However, in order to maintain the number

4
of fish per row as .a wholé number the nearest lower per-

a

fect square was detefmlned and this used as the new school

number. For example, the inatial NS was 1. This was in-

creased to 10 and then readjusted to 9, the nearesbigerfect

square. [(Table 3). ’ o~

B) Prey ' \

The inatial runs of the simulation assumed a spherical

partlcie approximating the size of a mackerel egg (dirametre

= 1 mm). Prey volume, Vp_ 1s then: !

.
- 3 ) !

Fl
N t

-

The volume of most prey species n be better

approx1mated\5?\§he vofume of aid oblate spheroid -
vV, = 4/3n‘ab2 .
Pr :

. (6) ,
where a and b are the major and minor axis respectively.

' \ s (




-

- How®ver, the m

Equation 6 was therefore used to calculate the volume for

s sizes of prey from copepods to small fish. .An

empxrical reclationship between a and b was cstablished by
o N v s
suring length and weights of three common types of prey.
| . 4

|
Thg relationshaip found for copepods.,is a = 0.19b, for

eup u51las, a =-0.11lb and for fish (5-10cm), a'= 0.15b. ' \

el proved insensitive to changes in prey
) ~

3

s1ze and shape so I have used a spherical particle of lmm

¥

diameter f r all the runs.
The weaght of an indavidual prey, thr assumes a
particle density of 1.03 g/cc slightly denser than surface

water in the Gulf of St. Lawrence during summer (MacKay,
P9 LR 5
3

1976b) . Where volume 1s expressed 1n m™ .-

= 6
WtPr = VPr 1.03 x 10 (7) :

’ n
1

\ ‘ <1f prey are daistributed at random then therr pattern
approximates’a Poisson distribution and the mean equals
&

the variance.- However, randomness of indifviduals in nature

3

- 1s a rather rarephenomenon (Cassie, 1963) and a more real-

istic assumption 1s that prey have a contagious or patchy

:
* .

i ’
[ distribution. For the purposesgof the model I assume that

the patch centers are randomly distributed. This may indeed
occur in nature (Cassie,'l1963; Wiebe, 1970).

, The basic relationship for the prey generatiﬁg sub-
model is that over a large area, the average prey density

%
(Dpr) below a m2 of sea surface in grams is a function of

PRTRS
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the nimber of patches/m2 (NPa)’ the volume of each patch/h3
u .

: (vPa)’ and the density of the patch in g/m (DPa).» This

relationship 1s summarized in equation 8. .

DPpy = Npa Vpa Ppa ' (8) .

. Normally DPr

runs VPa takes different values within séf limits, DPa is :

and NPa are held constant while for spcce551ve'
\

then calculated by rearrangement of equation 8 as:

»
[y

N\ Dpsy = Dpr /NPa Vpa (9)

Similiarly the number of prey in any patch (Nﬁr ) can be .
’ Pa v
obtained from equation 1.

w

N_._ 7 =D, /Wt (L0) .
PrPa Pa Pr .

¢

The range of values for D r used in the model 1s set

P
| withan realastic limits by assuming that 50% of the plankton .

above 19, the average depth of the thermocline over the
Mggdalen Shallows duraing August (Hachey,:1961l), 1s available
for concentration into patches. In subseguent runs ofi the
simulation thais assumptlonpls felaxed to stgay cases where

' all, or 10% of the plankton above lS@, 1s present in®

" patches.

@

A minimum patch volumey VPa(ﬁin) can be calculated
l L
from the volume of aindividual prey VPr and the number of

' prey/patch, NPr assuming that even the densest swarms of
’ Pa . '

plankton have spaces between organisms eqﬁal to the volume

I

of ‘the prey. ; e

* "

s ot
+
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w 3 o \

“VPa(mln) = 2?r2VPr T, (11)

[y
>

K &
. ined, i as .xncre in-
onge VPa&mln) was deteérmined, it was .rncr ased by i

crements -0f°10 for subsequent runs until patch overlap be-

a . o " N ‘e B
came a problem; that i1s the dlstrlbgtlon approached LI

»

e " ‘e

randomness. . o 2 , °

The diameter of .the patches 1sla crlticd} parémeter in

£l

3 R . A * -
the search submodel. This diameter is depemdent on the.

“

shape of the patches. Pdtches ¥re normally considered to

®

"be two dimensieonal (ﬁlatt aﬁa,Denman, 1975) howevé&; ».

- [ R ¥

! 2
realastically trey must have a,verticle dimension no. matter
5] -

how small. I have allowed patch shape to vaf&)from a

~ I}

sphere to cylinders ranging id depth{h) from 0.1 to l0m.

. Patch radius (rPa) for a spherical patch is:

a £

C_ 1/3
=" 3 VPa/4ﬂ ) and

(12)

‘

-

‘(13)

o

be:z & 8! v \

_ 2
Apa =TTpa” . , (14)

[3

L3
® I

The overlapping of patches is a situation which is
difficult td handle mathematically and probably does not
v Y

occur 1in‘nature. This problem was resolved by Paloheimo

»

(1970) who added a function to hx%’patch generating function

8 4 te %

7

B

+

>

EY]
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which exTuded overlapping patches and produced an anti- -
@ 3
- P v

contagious distribution. °To accomplish a similiar end I
- %

‘have derived an index Of aggregat;én (1Ia) : .
¢ s ’ . -
o IA = Ny Ay, ) ) {15)

o

(Y]

1 e

A

n \ - .
The lower. the index, the thher the aggregation while

“'a yardom distribution gggurs as IA approaches 1. For the
% t . - $ v -
present simulation the index of aggregation was resgylcted

*en .

, to 0.5 sa-¢h;€ the probability of overlap is small. An !
“~ ' t - S -

gﬁper lamit on patch area can npw“be determined by re-

“ -
N -

arrangi uation 15. ° e ’ -
B g,pg aﬁ;ﬁ "o :Lh o7 W7 i
. %o, . ‘
APa(Max) ”»S/NPa ! T (16)
C) Search . o ' .

£ 4

a v a L
s

Assuming a iwo dimensional linear search model for a

c
& -

hd -
3prey'ﬁistr1bution approximating a random or P01ssop series,
L]

A}

. the 'number of prey encounterxed in any unit of timeuis:

Pr
prey. Using-‘reasoning similiar to that employed by .
P

! 3

N _ UL 2r N y -
tPr = "5¢ "Se Pr (17 .
where USe is the distance searched per unit,of time, 2rSe
. ! L3 ”
1s the search diameter and N 1s the numerical densaity of

1

Paloheimo and Dickie (1964) and Kerr (1971), the average

area which contains only one particle 1s 1/, and the time-

. Pr
o A
required to fand one particle by random search, tée 1s:
! o

o

<



D . (18)

%

whose céh{zrs are randomly distributed. Thus the time

to locate ne patch (tSe) 18 given by: -

- [

\ -~

\A
_11/US

1

N

! tS eere Pa (19)

e

/ oo }
v The search diameter, for a vaisual predator searchhif

N

as a school for patches of prey will be:

2r = RDF + SP + 2rP

Se (20)

a

which 1s the sum of the reactive distance (or sight dis-

Yu
tance) of the faish (RDF) and the search path (SP) which 1s |
obtained from equation 4 plus a term to account for the

patch diameter (ZrPa) keéuatlon 12 or 13).
\

\

» \ :

3 » N\

D) Feeding
» The feeding model considers only a filter feeding '
predator with the following additional restractions, that
£Qé predator school shape 1s maintained while feeding so ——
that the school 1s capable of making successive sweeps “
through the patch until the patch density 1s lowered below a |
certain threshold. ’
Th? initial alogorithm for fceding allowed for cal-

culation of ration, R, and time spent failtering, tFl'/



e

= ¥
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 however, the calculations are tifie consuming. Even with a
large, high speed computer a  large number of iterations are
necessary which created problems of storage and resulted

o . 0 |
in excessiVely long runs. In order to allow for faster
X )

comgutlngctlme to’endble the testing of more variables, I

have samplified the calculation of ratléﬁ’and'have not

“

calculated tFl' The initial equations arg piésented in

o 5 .
o

Appendix II.

The simplified calculgtion of fatiop removes the
constraint of satiation and assumes thdt whenever a o
f . . . .
predator school encounters a patch, all the avaialable food

o

4

(L.e. that above the feeding threshold, ThFl) will be

consumed. Th L 18 taken to be 3g/m3 but probably 1s a

F
function of#prey density. Thus R/fish/day is = u
Rp = (Dpg = Thy,) Ny l/Dp (21)
where NMe 1s the number of meals/day for a 15 hour day as
glven'by: » ‘ s
. ‘ \]
NMe = 15/tSe , (22)

‘ 1
where tSe is ain ?ours and DF

bredators (flsh)/kmz.

1s the numerical densaty of

These calculations give the same results as would the
detailed calculations but they do not allow for calculation

X on

o . ° “ o ' ~
£ tp, “

-

N

'Ly
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The total ratloQ_for each fish 1s expressed as a %

of body weight by the following relationship:

‘ § o
RW, =100 R, ' . (23) o

a

. . We . )

o

a - o

¢ o A} o
where, the weight of fish (WtF) in g 1s determined by the o

general weight-length relationkhip (MacKay, 1976a)

L4 0

we_ = 0.0059 r3-1%4 (24). o

where L 1s-'fork length in cm. *

The general model then conszdens that the predator can

be aggreggted into schools and as searchlng for aggregations

o 2

or patches of prey. A random search pattern 1s employed

L3 0 4

_ while seadrching for patch centers. When the patches are

encountered-the predaton-sw1tches¥to the feedlng mode/paﬁs—

«

ing back and forth throughathe patch untal the prey density
1s ldwered to a certain threshold when feedlng stops and

random search resumes. For the anitial runs no allowances
4 14

v
3

are made for satiation of the predator but(feedfng 1s s,

»

assumed to occur only durind the 15 hours of daylight. For

¢

these 1nitial runs the’density of predators equals 77284

L]

flsh/kmz, a density samiliar to that estimated by MécKay

. (1976c) foﬁ the 1968 and 1969 spawning period. The average

L4

prey density is assumed to be 0.4g/m3 the average density

& - r'd

determined by plankton net tows (op. cit.).

¥
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RESULTS e BT -

ﬂ -
\\\% ’ .
An example of the general output of the model 1s
o

.

prqunted:u1¥dgure 3. In this run school size was

- ¥

v s 3

allowzd to vary from 1 to 77284 fish while fish len th,
18” \ 2 bell EY g
. interfish daistance, reactive disténce,uswimmlng speed,

fllterlng*sPeed,fghgi size and prey shape weré all held

- constant as peqr Table 2. Patch number and area were,

*

allowed to va but I have presented reSulés*for on%y*g’

@+ 4 e

% couplé of repregentative patch areas and patchunumbers.

« It 1s obvious from Figure 3 that school size has a

A ”

major effect on searching time JtSe) and raflon jRW). As

LR 3

& " . Fd
school si1ze i1ncreases tSe decreases, this decrease 1s more

.apparent when patch grea g%wsmall. Ration increases as

o

i

school. size ‘increases and

glso increases with increasing

2 Y

increases as more fish are added to the school. This re-

sults 1n a decrease 1in the time to find a patch and results

.

L)
in a greater number of meals. This more than makes up for

*

the greater number of fish feeding on each patch.

/“, " 13
\ ( : ,

‘ . uf

¥

”~

2

(7} apparent that éé;-ollng cifers a large advantage on a pre- ,/

P Pl



2 . Searchaing "diamecter can alsc be changed by increasing
N . N .

=

!
the spacing withan school%;jjgﬁp results of varying the

interfish distance (biléﬁ‘are presented in rigure 4A. The /

effdct of changing D1, is greater in the lagrger schools \}
‘ while as would be expected there 1s no effect on a 51ngleﬁﬁ
fish. . ’

l
»

Reactive dlstanée, RD like D1 1s a pafametef related

IF \
£o vision. Héwever, it 1s more important to single faish . -

- and small schools than to larger schools, Figure 4B. As this

v

o variable only has an effect at the edge of the school 1t 1s

clear that the magnitude of i1ts effect will depend oh the g

v &

} » school size. .

+ o A

., The effect of varying search speed (USe) from 10-40 cm/sec*
x5 examined in Figure 5. ‘'An increase in search speed has a

large effect ?n'tSe' For example, tSe 1s lowered from 534

* 4

hours at 10 cm/sec to 133 hours at 40 cm/sec for a single

+ faish and from 34 hours to 8 hours for the school of 77284

&

~ 1 u
fish. Ration increases as speed increases. Theé ration for
. |

a -

a single fish increased from 0.3 to 2.0 as speed changed -

’ ' froyl 10 to 40 cm/sec. . ’ N~

3 ’ 1 ki
The previous results have assumed that the predator has‘\:?\\\\\

o« c . -
an unllmited capacity and tﬁ%t satiation does not occur.

Fhe maXimumt ration for a mackerel based on my oﬁéervatlons of
stomach contents (MacKay, unpublished data) is:-about 10% of

K bd?g’wei ht. For a 32 cm fish the maximum ration would be

33 grams. The results presented in Table 3 comparearatlon

. . n

e
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L4

-1 ) <§

> 1

when satiation 1s or 1is not assumced for a dense-patch (1 .

-

v L™ °

patch/km2 nd patch arca = 13.9 m2, Figure 3). Therec 18

the ration for all school sizes but the

-

a loweraing O
dlffeyencé 18 s 11 as in most cases the predator 1is not
satiated. ggg3§ most conditions ofppatch densxty‘usedﬂln ’
this simulation satiation does not occur.

In Figuré 6 the effect of varying fish size 1s exahaned. .

»

Search speed was 1 L/sec for all cases. The changes rn tSe

are similiar to those i1llustrated in Figure 5 where search
speed 1s varied while fish length 1s held constant. Hoyever,,
relative ration (% BW) decreases as faish leﬁalh increases
(Figure 6B) but the absoclute ration (Figure 6C) ,increases

o

’as fish length increases. Smaller fiﬁh have a smaller mouth
area and a slower filtering speed therefore they spend a
longerr time filtering than larger fash. Wh%le 1t 15 of
considerable interest to determine the relative efficiencies
of various sizes of fish at fllter;feedlng on patchily dis-
éributed prey 1t i1s beyond the scope of this model. However, *
examination of stomach contents suggest smaller fish contain “
a ngher proporﬁlon of larger food items than do largef faish.

Thi% suggests that they cannot meet their higher metabolac

-

:ﬁemands by filter feeding alone.

/é

I havé so far considered only attributes of the pre-

dator which affect feeding on an aggregated prey The

‘
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1

. for a single fish but t

I -1 §—

f» - a*

“
]

‘model also allous various parameters related to paigh size

and daistrabution vary. Two differcent patch numbers are

compared in Fpgure 3. Theyre is a direct relationshap:

[y 1

between tse and pqﬁ;&\fumbers as an increasc from 1 to 100

a

patches km2 results in a 160 fold decrease.1in tSe./rgow—

g

ever, ration size is indépendent of patch number:. When

9patch number increases and patch area is held constant the

L

calcylated patch density has to\g?crease, so that, while

decreases and mcre patches are engountered per day the

" food obtained from each patch 1s also much less. The net

t
*

result of these changes i1s that ration does not change

with patch number. This 1s undoubtedly an oversimplifacation

Tas feeding effhciency would be higher in the more depse - ’
é '

patches thus a higher ratidnwould be ob%ggned when patches

»

4
were less numerous and therefore more densé.
- Changes 1in patch area hdve a more pronounced effect on

small schools than on large schools (Table 4). For example,

&

an increase 1n patch area of' 100 fold from 13.9 to 1£§0m2

v

results in an 8 fold reduction in tSe from 167 to 20 hours

?

{
Se*chénges only 2 fold from 10.8 to

5.2 hours f&r the largest school. Ration increases a§‘pre§

. ¢ q{
area increases with the smaller schools experiencing the:

y

greatest effect. The highest rations for all schools

-

occurred at the largest patch area.

r

13



Variations in prey densaty affcét the outcome of the
simulation by changang the minimum prey area and thus
il . .

L their effects (Table 4B) on tSe are similiar to that when

0 area is changed. An increase 1in prey density increascs
“the rataion for all school sizes but the smaller schools

. benefit more than the large ones. It is, clear from Table

@ —

4A that patch area 1s much 'more 1hportan§ to the predator
than 1s patch’density.
&
. Patch®shape also affects patch area and therefore, .

- t -
-

Lo and RW. Pigurc 7 examinesssearching time when the

‘ patch 1s assumed to be a sﬁhere, and a ?yllpder with

3

] depths varyaing from.l cm to 10 m. Aé would be expecC %EJJL

the behaviour of the‘iy&ulatlon t variation in patch

8 -

' , depth 1s samiliar to that for tch area. The effect 1s

4 [N

! greatest on a,51ngielflsh and there is GlrtuQIly no effect *

for the largest schools. This influence of patch depth

1 >
will be less whén patch area 1is }arge. In order to minimlze

‘@

-

the 'effact of changes in, patch deptgh I have assumed a
" ' )

cylindrical patch whose depth 1s 0.1 times the diameter, for

-
-
L)

all standard .runs of the szrmulation. ° o

t

T proportion of thg plankton which 1is,actually in

[3
L]

o

- oL

P i - §
‘f/y \patches in ;nature 1s not known., In Table 5 I test three -

~

, » . .
possible cases. Whl}e the mldd?e case produce a different

¢ 1

< area,thus making comﬁarlsoné drfficult 1t is apparené that

for similiar patch areas ratldﬁ’increases with patch ;

2
@ i

density. For the standard runs of the simulation I assumeei |
- h ‘

that the patches contain half of the available plaqkton: '
<

l a Ed
! \ “} v %
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The model clearly indacates that schoolaing i1s of con-
: \

&

siderable advantage to a predator searching for an

aggrcgated prey. In the examples given here under all con-

L} bl

ditions of patch size, shape, and denhsity the 77,286 fish/.
km2 would obtain a greater ration by searching as a single

¢ v
school. Furthermore in almost all conditions the single
™ 14
large s?ﬁool encountered a patch:w1Ep1n a day whercas-®single

fish and smaller schdols often search for more than’5 daﬁs

w
1

before encountering food. IN

" ) b

<
Under somg¢ conditiomns of patch dastribution smaller |
3

*
schools” would have an advantage. The model has not con-

sidéréa these. SchoBls are more cémpact when feeding

§
. s 4 ‘ |
(Radakoy, 1972; §ette, 1950) and' are probgbly able to con-

4+

form to the shapé~of the patch. However, it would be
difficult to proportion the food in a patch equél%y amongst °

'the school when patch ar'ea 1is smaller than the school area.

von 4

As schools are held together by a balanc% of attractive -

H

and repulsive forces (Breder, 1954) the schfols wauld tend

. '

to break'up when some fish were feeding and others were not.

1

Furthermore, as patch number increases ther'e 1s a high

probability that a large school vould "be encountering two

[

v

patches simultaneously. When thi appens the dynamaic

‘nature of the school would result in a\gplitting of the

school. Thus 1t is reasonable to assume\that when the patch

area is less than the school area the school cannot bé

a
.x F
-~

S

&
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maintained and breaks up into spaller unizs‘ﬂ.
As the model Lndlbaﬂés, ration is independent of
patch number, thus I have been able to piotia ration for
each patch arca for~the various school sizes (Figurc 8).
Adding minimum school afo; for each school allows a test
of t?e model against observable kacts.

Minimum school area can be calculated from equation 2
and 3 assuming that the densest school has a Dl%F of 0.2L

%

(Van Olst and Hunter, 1970). <
’ o
During late May and early June, madkerel caught along

the Atlantic Coast of Nova Scotia often/ have stomachs

full of euphausiids with stomach weights occésionally

exceeding 10% of body weaght, with an average value of 1-3%.
If 50% of the plankton 1s an patghes, then a school of

4

784 to 7744 fish, feedaing on patches ranging in area from <"

i

3. to 300 m® would account for the observed ration. If pnly
10% of the plankton 1s in patches, then a school of 77,000

fish would obtain a rataon of 3 to 44% when feeding on patches

e ‘
.ranging in area from 300 to 3,0 Ong . '

% e
o

puring summer in the Gulf of St Lawrence small zoo-
blankton specles predominate in the stomach contents and
rations seldom exceed'l%, averaging pless tham 0.5%.

School size 5}f the north’sho;e of Prince Edward Island
in the Gulf of St. Law%fyce 1s about 10,000 f17ﬁ (MacKay) .
The observable ration can only bé obtained if less than 10% .

of plankton 1is contained inlgatches and the fish are feeding

v
o |
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on patchus of 3 to 300 m

2

Farther information is required on the paramcters of

patch daistrabution 1n nature before any further refincements

-

]

on the predactability of thais model are attempted.

tch saze that are be]ng}explo¢ted by schooling filter

However, -

-

this model appears toé be useful in predicting the scales of

L

s

L a—y

]
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DISCUSSION - s

\ « * w

The model suggests that there is a considerable advan-

L%
tage to a schooling predator searching for patches of s s

prey. The literature on scheocoling (Breder,, 1959, 1965, -

€

* ! 4 N
1967 Radakov, 1972; Shaw, 1970; see MacKay, 1976a for a -

review of schooling in mackerel) indicates;that fish ® -
. R * v
schools offer an exjrémely adaptable unit capable of
t Yor

exploiting patches. Schools are very dynamic, they behave
i

as a unit dnd change size and shape constantly &?adakov,

1
&

19779 . \

i v
*The size of schools 1is an important component in de- ,

' ¥ -

creasing search taime and thereby increasing ration. School

7

size can be increased in two ways: by adding more-fash, or’f

=3

increasing the spating between fish. In fact, these two

?
mechanisms are 1deal ways for increasing search efficiertcy
as they do not increase energetic costs byt, on the contrary,

they 1ncreaseqhydrodynam1c efficiency (Breder, 1960; Wiehs,
ﬂ 3
1973a) , thereby %lowering costs.

I

Interfish distances for many fish species vary from 0.2
to lLF (van Olst and Hunter, 1970) and may bg determined by
hydro@ynamlc considerations (Wiehs). If this distance can be
increased during seé}chlng[ 1t would further increase the effi-

ciency of search. Radakov.(1972) suggests that this may occur
R " & 1

' as schools of many species are more widely spaced when not

1
»

«
]

N
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¢ °

feeding, 1.e. searching. The most efficaent searching shape

would be a wide spaged wing {ormation, a shaée that has:

H

been observed/KEﬁ?‘éit.). Y d 7
& | 1
& JI have aSssumed that' schools apye two dimensional. Iﬁ

’ ¥ ;
patch%s are concentrated advany predictable depth such as

»the surface or thermocline, a flattened school would be

4 2
L3

most efficient as search could he restricted to two .
dlménSLOns. However 1f patches are daistributed throughout
the water column,then an ellipsoidal school shape should

prove thlmal.'

Reactive ‘distance 1s important for a solitary search-

. v

ing predatox shch,as a Erout (Kerx, 1931). In fact, this

¢

appears to be partially responsible for size selectivity
by .such* £fish with RD be;ng‘proportlonal to prey size. How-

ever, thsJ?fesent simulation indicates that increases in RD

b

are only'effectlve for singlle fish or small schools.

o

Many faish rel§)on élght to locate prey. However, the

o \ !
restricted visibility afford by the aquatic medium does not

for effaicient so%hFary predators, wath the exception

se that use other long range stimuli such as haigh

frequency sounds or pressure waves. Wherea$ in terrestrial

1

predatory btrds. Thus limited wvisibility in the aquatic

medium would appear to place greater emphasis on other means
’ v ’

of increase search,aredssuch as schooling or increased
L4

-
swimming speced. . ‘
- 1

L
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While prey size and density are importdnt in determining

& ’* )
growth efficicency for a solitary searching trout (Kerr, |
» ” | °©
1
1971), a schooling predator seagchlng for aggregation of

prey appears to be much less responsive to prey size and

prey average density. Mackerel do select Yarger pnrﬁicieg

during feedinyg, however, the search componeﬁt 1s 1independent »

NG, |

of prey size. What 1s of the most importance to a schoolthg '

-
&

predator 1s the density, area and gpundance of patches. L.
- ’ hd ) ‘ T h
Thus, an increase in prey aggregation has the same effect as .

incre581ng prey 51;e‘or density (Ivlev, 1955; Kerr, 1971).
The negatlv? buoyancy of mackere% imposes on tﬂem a . a;ﬁg ‘
constant searghlng.spced of about 1 L/sec. This spced o ﬁ {Bi
appears to be optaimal for food search and nav1gat15n in 3
- .
7ma2y ﬁish species (Anon., 1973; Ware, 1975; Wiehs, 1973b).
Certaiﬁly? the gaimulation indicates the importance of swim-
maing speed~on increasing r;tlbn. The @Eccessful exploita- .
tion of'a patchy environment requires a wide ranging search

pattern such as would be expected from a continuously swim-
[ Y i .

f » <
ming fash. % ! ’ '

The behaV1ouf of mackerel in the vicinity of patches
appeayrys” to be ldeally.sulted for efficiently exp101§1ng these
patches. Mackergl show a non-random search pattern in the
vicinify of patches and are able to use nonvisyal cues such
as odour to assist in this search. Once a patchjhgs been
found, ‘they are capable of remaining within the patch and

adjusting their filtering rate to the plankton concentration

(MacKay, 197€;; Muir and{ﬁ;vcombe, MS 1973).

“‘W(n (\.,/ not '



"As secarch appe;rs independent of?prey smée, 1t‘%5uld‘
be advantagecous to be able to handle a wide range of
‘particle sizes. Filter feeding can be adjusted to varying
prey size, as the ga1ll rakers can adjust their mesh size
and filter feeding fish can Yérr to 1nclude ia}ger p@rtlcles
suchs as euphéu31ids in theair faltering path without changing’
falter feedang. Larger particles, 1f preéeqt alone, are
pursued and haﬁdied ind1V1éually by particulate féedlng.

The transition from faltering to particulate feeding occurs

-

readily at low plankton densities but not at\hlghet den- ‘

~ i

sities (Mﬁlr and Newcombe, MS 1973).

Mackerel feédlng behaviour appears to be a highly .°
efficient process capable of handling and processing a wide
range of prey‘'sizes. In fact, filter feedlng‘ﬁppears to
be the most efficient mechanism for handling small zooplank-
éons as 1t lowers the cost and time of handling individual
partaicles. Thus, 1t .appears that schooling, continuous
sw1mm1ngnand fi1lter feeding are 1mportantiadaptatlops which

&

allow mackerel to: successfully exploit a patchy environment.

Y H
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Anon. 1973.

preder, G.M.,

.

Bredex, G.M.,

a

Breder, G.M.,

-\
Breder, G.M.,

. Zoologica 50: 97-114

"’27" ) ° [

. REFERLNCES

Hydromechaqlcs of élSh migration. . - I .
Nature 245:7 . . ‘

Jr. 1954. Equations descraiptive of faish

»schools and other animal aggregations.

Ecology 35:3%1—370

-

a

.Jr. 1959. Studies on social grougings in

fishes. Bull. Am. Mus. Nat. Haist. Y17: 397—481

v
A

Jr. 1965. Vertices and fish schools.

N B ~ 2 En;/—\
Jr. 1967. On the i*nylval value of fash

schools. Zoologica 52: 25-40

Brock, V.E. and R.H. Riffenburgh, 1960. Fash schooling: a
4

L
8

a
Cé}hme, R.M.,

o

Cullen, J.M.,

>

Eggers, D.M.,

& “

possible factor in’ reducing predation.

J. Conseirl Int. Explor. Mer. 25: 307-317

1963. Microdistraibution of plankton. Oceanogr.
Mar. Biol. Ann. Rev. 1l: 223-252

E. Shaw and H.A. Baldwin, 1865. Methods for
measuring the three-dimensional stgucture

of flshoschools. Anim. Behav. 13: 534-543
1976. Theoretical effect of schooling by
planktivorous fish predators on rate of pre&
consumption. J. Fish. Res. Board Can.

33; 1964-1971



t
|

%

Hachey, H.B. 196}1.. Occanography and Canadian Atlantic

. 2

:Rwatc;s., Bull. I'ish. Res. Bd. Canada, No.

we

. 134:120pp.

» 1
Ivlev, V.S5. 1955. Experamental ecology of the feeding of

»

fishes. Paischepromizdat, Moscow. (Trans.

D. Scott, Yale University Preés, New Haveh,

I

1961). 302pp. s

)

kerr, S.R. 1971. Predaction of figh growth efficiency in

| o

o mature. J. PFPish. Res. Bd. Canada 28:809-814.

- ~

Lacroix, G. and G. Falteau. 1969. Les flucuations gquantai-

o

tative du zooplankton de la Baie-des~Chaleurs

(Golfe Saint Laurent) I. Conditional hydro-

:

w©

climatigques et analyse volumetrique. Naturaliste

Can. 96:359-397.

v

MacKay, K.T. 1976a. sSynopsis of biological data on the

nor?hern population of the Atlantic mackerel,

Scomber scombrus. Chapt. 1, this study.

MacKay, K.T. 1976b. Hydrodynamics of the negatively buyoyant

Atlantic mackerel, Scomber .scombrus. Chapt.

this study.

MacKay, K.T. 1976c¢. Populatbpn dynamics and‘productlvay

2,

4

of the northern population of Atlantic mackerel,

Scomber scombrus. Chapt. 4, thais study.

Muir, B.S. and C.P.‘Newcombe. M§ 1973. Laboratory observa-

tions an filter feeding in Atlantic mackerel,

3

Scomber scombrus. MEL, unpublished manuscrapt.

- I M Nt



\\T\". v

Olson, F.C.W., 1964. Theﬁsurvival value of fish schooling.
3

‘ J. Cons. Int. Explor. Mer. 25: 307-317
) . i

Paloheimo, J.E., 1971. On a theory ,0f search. Biometrika [.

o

Y

o 58: 61-75 | s ]

i

Palohe}mo, J.E. and L.M. Dickie, 1964. Abundance and

{

~F
fishing success. -Rapp. Process - Verbaux

_ Reunions.Cons. Perm. Int. Explot. Mer.
o i

155: 152-163 ' oo

Patten, B.C., 1964. The rational decision process in

+

A
salmpn migration. J. Cons. Int., Explor.

’ Mer. 28: 410-417

Y

-

Platt, T. and K.L. Denman, 1875. A general equation for

o

the mesoscale distribution of phytoplankton
. ) "in the sea. Mem. Soc. Royale des ,Sciences -

' de Liege, 6 Ser., V1In 31-42 .
v : a1 ¥ -
Platt, T., L.M. Dickie and R.W. Trites, 1970. Spatial \x\*“;7
) heterogeneity of phytoplankton in a near
L]

1 "y
shore environment. J. Fish. Res. Board Can.
3

27: 1453-1473

»

Radakov, D.V., 1972., Schooling in the ecology of, fish.

Izdatel stuo "Nauka"j Moscow. (English

- Trans. Holstead éress, John Wiley & Sons,
New York, i973: 173 pp. o

saila, S.B. and R.A. Shappy. 1963. Raqﬂbm mévement vand

orientation in salmon migration. J. Cons. .

Int. Explor. Mer. 28:153-166.

. Say
» ' . f

N

o A



-

Setice, O.

Shaw, E.

Vine, J.

van Olst,

’

Ware, D.M.

I

1950 Biology of the Atlantic mackerel, Scomber

.

’ écgmbrus of North America. Paxt ‘IL, nggra—

tion and habits. Fish. Bull., Fisp and Wild-

.
¢ .

life Serv. 51(49):251-358.

a

1970. Schooling in Tishes: critique and review

(pp. 452-480). 1In: Development and evolution

e

-

of behaviour: Essays in memory of T.C. Schneirla.
;yﬂ L.R. Aronson, E. Tobach, D.S. Lehrman and J.S.

Rosenblatt (eds.). W.H. Freeman, San Francisco.

i
™

1871. Risk of v1sug} detection and pursuit by a
predator and_thé selective advantage 'of fl?ck
behaviour. J. fheor.ﬂBlol. 30:?05—422,

J.C. and J.R. Hunter. 1970. Some aspects of the

‘organization of fish schools. J. Fish. Res.

[
1

Bd. Canada 27:1225-1238.

1975. Growth, metabolism and optimal swimming

i 3

speed of a pelagic faish. J. Fash. Res. Bd.

Canada 32:33-41. -

4

Wiebe, P.H. 1970. Small scale spatial distribution in oceanic

Wiehs, D.

Wiehs, D.

zooplankton. Lamnol. Oceanog. 15:205-217. )
1973a. Optimal fish cruising speed. Nature 245:48-50.
1973b. Mechanically efficient swimming technigues
&

for fish with negative buoyancy. J. Mar. Res.

31:194-209.



[N

@

2

Williams, G.

4+

»

L4

-31- .

1964. . Measurcements of consociation among
- .
fishes and comments on the evolution of ~(
schooling. Publ., Mus. Michigan State ’
g ~ Al El ﬁ
21:351-383. ' . ES
U N
Vi Ul \
) L]
\ N
)
4 f ’
@ ¥
' 4 ' S f
° ) af
. ] i o
" P . ' 1
. . L |
1
. o i
o CT !
L4 ¢
v & L}
' ’ } “ N ¢ I
- N I . Al
1 ' 3 -
' 1 R
¢ i
§ ' [} -
1] { \,
v Y
* . ‘ - f
’ i
- i
N 1
. ]
* |
I8 ¥ +



-

Appendix 1. Fortran program of simulation of feeding of the Atlantic macker
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Appendix II

v v
«
bl
N

Alternative alogorithm for feeding subprogram.

v

In_the main model, .search was assumed to be a two-

’ h’
dimensional process; hoYever, feeding 1s three-dimensional.
I

In order to allow for this, I have considered the prey a

t ‘

patches to be made up of a series of than cylinders, each

3

5 cm deep. The prédator fecds 1in a given cylinder until

the density of pre¥y in that cylinder has been lowered below

the feeding thyeshold. _ The predator then starts feeding on

. .

the next cylinder and so on.
)

. The ration, Rp s obtained by an’ individual fish is:

‘r ‘X‘. (-~

w

-

V. E (1) »

Rp = Dpr Vp,

\1
e

where V}l 1s the volume of water filtered during feedlnd

©
T

and E 1s the efficaency 6f fllgerlng taken as 0.8 in thas

8
* e

model. VFl can be determined 'from equation 23

i

VFl = Ufl AFm tFi (2)
12 .",

Fy 1S the speed while filtering, AFm

area while filtering, and oo the *tame®spent searching.

where U 1s the mouth

AFm (cmz)gcan be determined from an empirical gequation

Cgivenjb# MacKay (19.76c) :
' 11.895

AFm = 0.0132L7" (3)

?

where L fg fork length in cm.
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« If UFi 1s known, then t
X

., 1Ss:
Fi

e

tFl = %rPa/UFl

u

U, 1s taken to be 1.5L/sec after MacKay (1976b), although

1t may also be a function of prey density (Muir and Newcombe ,
o »

1 i

©

MS 1973). - 1
: N

’ Equation (1) gives only the ration for an #dividual
4

fish.,<The ration or a school, Rs would be: '
'4‘ $

s

= R ) 5) «
R, .= RN, ' . L (5,

w

C . - \ ‘
* However, this assumes that the same e of water 1s

not filtered more than once. This prémise 1s valid only

RIS

for waing for ations or widely spaced schools. In more »
N .o
compact schfools, the plankton density i1s constantly being

~

,lowered by\the preceding fish. In order to gonsider this
type of feeding, it ig necessary to reconsider the matrix
¢ model of school shape (Figure 2).

! The first wave of fish (row 1l.and column 1) encounter

o
3

the original:planktdén density w1¥hln the patch D but the

Pa’

second wave of fish encounters adensity Dp, ~ Rl; the

u t

-

' third group, Dy, - Rl - R, and so on. The number of fish

. in each wave\withinhgpe school, Ng is given by: '
]

» N = 2Lr - (2n -lz (6).'

N

LT
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]

The ration for one pass through the patch 1s given

i

by equation 7.

_ o N WE |
Rs(l) = % (D Rl) F'F

Pa (7)

w 14

2

while the ration for all passes through the patch is:
—

$ .

(8)

Feeding continues until either one of two conditions

is met: (1) the stomachs are full (1.e., 10% of body

*

weight [MacKay, unpublaished datal), or (2) when DP& 1s
) %3

‘reduced to a threshold below which filtering does not occur. -

L

For the initial runs, this threshold is 3g/m3.
The total ration for each school 1s conwerted to a
ration per fish and expréssed as a % of body weight by

the following relationshlp:

|
RW, = 100 Rg (9)
Ng Wg

- ¢ Mﬂ/

where the weight of fish in g 1s determined by the general
weight-length relationship (MacKay, 1976a). .
& -

.

2

W, = 0.0059 p3-154 ‘ .. (10)

where L is fork length in cm.

i

AR gy



TABLL 1

-
»,
-

|

\

b of symbols and subscripts used in a simulation for
the Atlantaic mackéﬁel feeding on aggregated prey.

A - area

D - density

"D, ; - distance to nearest
¢ neighbour

- efficiency of filter

feediny

- heaight

length

- number

- radaus

HzZPED> =
i

L

¢ - column

F - individual fish

F1 - filter feeding

M - mouth '
Pa - patch

Pr - prey

Lo

SYMBOL o

R - ration

RW - ration as % of body weight
RD - reactive distance

SP - search path

t - time

Th - threshold

U - swimming speed

V -~ volume

W - width

Wt - weaght

1

|

! SUBSCRIPTS \é?k

*

r - row
5 - school

Se - search

Sn - snout -

»



TABLE 2 . "

4

Initial state and range of variables used in simulation of
feeding of the Atlantic mackerel an a patchy environment.

VARIABLE ‘ INITIAL STATE RANGE
i
APa - Patch area varies with
DPr’ NPa and
assumptions
of patch shape
DlIF - interfish distance {(m) 0.6 LF .2LF-1LF
Doy Prey density g/m2 6.0 1]5—15
LF Fish fork length (m) 0.32 {15~.50 J//
"N\\NP; Number of patches (kmz) 1-1000
NS Number of fish/school 1-77284 ‘.
A
RD Reactive disbance (m) 0.5 .25-10
USe Swimming speed while )
searching (m/sec) 0.32 0.10-0.40 .,
UFl Swimming speed while
filter feeding (m/sec) l.SLF
Patch shape ¢ylinder with sphere to
depth 0.1 cylinder of
A diameter depth 0.1 to 10
Proportion of prey '’ “
in patch .5 . 0.1 -1.0
ﬁiey drametex lmm/

Prey shape

*

"\ ¢cylainder

ke gt B0 e S by
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TABLE 3 .
! Comparason of ration (% BW/fish/day) i”
N . when the predator is asiumed to have (a) an
_am unlimited capacity.or (B) when the predator stops

a

feedlﬁg at 10% body weight. (1 patch/kmz, Patch

area = 13.9 mz, Fish length = 32 cm, all other ’
B

3
s variables as an Table 2), ) z \
Number fish/ " Ration Ration

school A B
/ 1 1.06 4~ 90
9 1.22 1.04
8L 1.56 1.32
/ 784 ® / 2.61 2.21
7744 5.91 5.02
77284 16.40/’ \ 12.00

%"
N
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Ve

Patch area (mz)
Patch densaly (g/m3)

School No

1

9

81
784
7744
77284

Patch areg (mz)

Table 4

-

Chinges in seaich txmc(L&e)ln hours and ration

15 ¢ of body weight (RW)g with variations in patch area for a simulation based

on a consfhntly swimming filter feeding fish such as the Atlantic mackerel,

A) area changes as vol

ncreases

Prey density (g/mz)

School No

1

9

81
784
1744
77284

139
S 1x10
tSe RW
166 9 «1 1
144 3 12
113 5 16
67 8 21
; 29.8 59
10‘; 16 4

5.5

3
tSe RW
238.0 02
1946 02
142 5 ! 0.3
77.2 06
31 5 1 4
11.0 4.0

“
1s i1ncreased 10X, B) arca changes as prey deasity

(a)
64 4
5 1x104
tg, R
86 4 21
799 22
695 25
492 3%
256 69
101 174
(B)
11.4
9
t,, RW
1802 07
154,109
19.5 1.1
699 19
30,2 44
105 123

Half the plaiXXtop is present as patches

298 7 ,1386 4
5 1x10° 515
tg, AW ke, R
423 42 20,2 871
407 43 198 89
378 47 191 92
309 57 171 102
6 9.0 130 135
30 19.5 7.3 240
.
B 201
12 Y
teo RW \ tg, R
116.9 11 1432 22
443 12 1262 25
1135 16 1020 30
678 26 63.5 49
298 59 290 10.7
10,8 164 106 290

L}

A

129 5
115 5

94.9
60 7
28 4
10.6

\-

RW

17
17
18
19
22

(=] - O < ~ (%,

32

RW
34 "
38
409
7.3
15 6
41 8

- el
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»

%

42

Eroportlon
of plan! ton
in patch (%)

Patch _area
{m?)

Patch gcn51ty
{g/m=)

' Fish/Scnool

' Bl
764
7744
77284

£
()

TABLE 5

o

Changes® in searching time (tse) and ration
as t of body weaght (W) for a constantly swimmang
fish such es the Atlantic macvercl for different

proportaions of plankton in a patch.

RS

100 / 50 10
k.
2.0 . 13.9 2200
5.2 x 102 €9.¢ x 10° 5.2 x 10%
iy
t RW t J
Se Se Rw toe RW
137.9 2.6 166.9 1.1 137.9  *0.3
122.1 2.9 144.3 1.2 122.1 0.3
99.3 3.6 g 113 8 1.6 99.3 0.4
62.5 5.7 67.8 2.6 62.5 0.6
28.7  12.3 29.8 5.9 28.7 1.2
10.6  33.3 108  16.4 10.6 3.3
)
¢ H]

S

-



Figure

Figure

w

Figure
Figure

Flgufe

Figure

Figure

Figure

1

Schematic diagram for a samulation of the .
« Atlantic mackerel,

preyv.

Ll

4

feeding onsaggregated .

o, 3

- «

Diamond-"shaped school of Atlantic mackerel
used in the feeding simulation. :

v

1
'

Output of the simulation indicating taime searchlné
(tge) and ration (RW) {for various school sizes for
different patch arecas and numbexs‘ 1 .

Effect of varyaing interfish distance (Dl
. reactive distance (RD) on time search&ng

(tSe)

»

Changes in time searching (tge)

IP) and .

e [

t

and ration, (RW),

with changes in searching speed (Uge) for varaous .

school sizes.

Changes:

.«

in faish length.

Change in time searching (tge) with different ° ,
shapes of patches, from a sphere to a cylainder

(7)
(B)
(C)

3
[

in tame searching (tsge) .
in relative ration and '
in absolute ration, with changes .

-

of varying depths.

v

Change in rataion waith, changes in patch area.
Vertical lines mark the minimum school area
for each school.
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| CHAPTER 4

Population gdynamlcs and productlvz_‘ty of the
northern population of Atlantic mackerel

Scomber scombrus L. .
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ABSTRACT .

Data on egg abundance are usced to estimate the size of

'L

the northern population of "Atlantic mackcrel duraing 1967~1969.-
The spawning stock was 5.1 x 1094flsh during 1968 and 1969.

? fish due to unusual

The abundance in 1967 was only 0.3 x 10
oceanographic conditions whiaich prevented most of. the spawning ,
stock from entering the Gulf of St. Lawrence. Stock abundance

was calculated from the estimates for 1968 and 1969 for both
spawning population and total population from 1960-1974,

assuming two %evels of ﬁortallty. At M = d.lS,total popula-

tion ranged from 1 to lé X 109, while biomass varied from 1 o \
to 7 x lbﬁ MT. Both numbers and biomass are mQre variable for
M = 0.30, wath numbers }anglng from 5 to 52 x 199 while blomassw
ranged from 0.4 to 8 x le MT. Population estimates for

both mortality levels were higher than are estimates based on
virtual population analysis.

b s

~ Annual mackerel productivity has varied widely depending
on theolnfluencéﬂgf domlﬁané year«classesi Gonad production 1s
important and occasionally exceeds somatic production. Thg
seasonal migration of mackerel transférs materials and energy
between the Gulf of St. Lawrence and the Atlantic Shelf region.
In 1968-1969, mackerel accqunted for a net export of-5 x 109 .
Kcal of energy and 60 x 103 fr of protein from the Gulf:

The stock recruit relationshap is of the Ricker type

indicating a strong negative feedback from popuﬁ%tlon size to

recruitment. Recruitment appears to be controlled by density

dependent intra- and inter-cohort competition and predation.

s R NS
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LIS™ OF FIGURES

Figure 1. Surface distribution, of mackerel eggs June 18
to June 24, 1968 (taken from®Arnold, MS 1970).
Letters and numbers indicate a grid following

the lines of latitude and longitude.

Figure 2. Estaimates of numbers and biomass for !he northern
. population of Atlantic mackerel®using two estimates

§

‘ ‘of mortality.
1 :

Figure 3. Somatic production (PS) and gonadal production
s L)
(PG) for the northgrn population of Atlanticmackerel,

1960-1973, for M = 0.15 and M = 0.30.

|
Figure 4. Stock recruit relationship of the northern popula-
tioA of Atlantic mackerel based on the Pickexr type
recruitment curve for two estimates of natural

mortality.
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Table l: Age compncitlor, lenaoths, wcighte, averace gonad .
) welchtu,-"nﬂ rrlatzve fequndaty for the spauning
population cf the ﬂorthrrn rcpulatlon htlentic
mackercd for threg years.

’

Takle 2: Percoent yvear class cerpos i1tion of the norihern
populaticn duranc spawning (Spi- and sumner (su}
5 °» 'in the Gulf of St.,Lawrence, 1962-1973.

! ’

5
Table 3: Averaae number of mackerel ecgs per rm” at surface
{(0-2m) and 1Zm based con horicortal tows with a
$# 0-1 wetre plankton net towed dirang June over
the Macdalen frallows of the Gulf nf &t. Lawvrence
) (Gata after 2rnold, ME 1970). wmber of samples
L in parentheses. ' .
Table 4: 2Rres and nurkers of mackerel cgos per m2 of -
. sca surfece for various blocks within the Maagdalen
. Shallows duraing micd-June 1967, 1968,--1969. Daescrip-
ticn of calculataions in text.

Tebh 5: Varaakility of mackerel egge sarpled an the Gulf
of St. lawrence: (A) in 1968 by three different
types of cear and (B} 1in 1967, 1968, 1969.

i

Table €: Calculetions of the spawning stock of the northern
porulataicn cf Atlantic mackerel using egg akundance
data from 2rngld (MS 1970),., Assumptions and calcu-
- lations in text. . .

s
¥

Table 7: ELstimates of year class abundance of the northern
, population, ILtlertic rackerel for two estimates of
wortality, (&) M = 0,15, (B) V¥ = 0.30,
Table 8% IDstirates of spawning stock for various year classes
for the northern populetion, Atlantic mackerel for
. two estimates of nortality, (A) M = 0.15, (B) M = 0.30.
Table 9: Comparison of numbers and biomass of spawners, and ,
R total biomass to rumber of recruits at Age 1 for the ”
northern population Atlantic mackerel. K

N -

Table 10: Prodyctivity biomass ratlos for the northern popu-
latlon Atlantic mackerel for two estlmates of mortality.
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Comparison of population estimate from (1) the
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I. INTRODUCTLON
"

The northern population of the northwest Atlantic

mackerél, Scomber scombrus L., 1s extremcly important in the

productivity of the Gulf of St. Lawrence. Mackgrel may
contfol herring recruitment (Wwounters, 1975) and appear to
control zooplankton size domposition (MacKay, unpublished
data). In fact, Lett et al. (MS 1975) have suggested that
)mackgrel are the driving force within 'the welaglc fash

community of the Gulf of St. Lawrence. - -

» Mackerel spawn over the Magdalen Shallows in June,

3

during which time mackerel eggs comprise a sizable portion of

the zooplankton biomass. The growth rate of young 1s rapaid,
and the quvenlles appear to use the large food items present
in inshore and estuarinc areas to maintain this growth rate:
Adults are found throughout the Gulf.of St. Lawrence whe;e‘
they filter feed on éooplankton and particulate feed on

larger organisms such as euphau51%ﬂ§ fish larvae, and small
£ o o
fish such as capelain. Du11ng the¢summer, they accumulate
glng

3

enough fat ,to sustain them during an overwintering non—feq

~ )

}
period outside the Gulf.~ Furthermore, the seasonal migration

in spriné and fall couples the Gulf,bf St. Lawrence with the

-

Atlantic coast shelf system.

Surprlsingly, little is knpwn about mackg}el population

.

- <€
dynamics .and bioenergetics. In this paper, I synthesize twelve

years of mackerel research to shed some light on the rolehthay

* s

mackerel play in the dynamics of the productivity system of

[ ¥
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the Gulf of St. Lawrence. Other papcrs in this series have
— 1
summarized the available biologi€al data on the northern popu-

N .

lation, cxamined the hydrodynamics,of the constantly swimming .

[

and filter-feeding on feeding on patchNy d¥gtributed prey

‘(MacRay, 1976 a,g,c).

»
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IT. METHODS OF CALCULATION o

A) Population abundance. ) \a .
Conventional methods of‘estlmating pogulatlonéd<such‘as
\

catch end effort or tag—recapturel are not ugeful forl under-
5

expluited fish stocks. The northern population of madkerel

S a

has only recently experienced high fishing pressure and that
flsh}nq pressure.occufs duraing th ovérw1ntering period when

‘ h o
they aré mixed with the southern population and the pr0porf10n

1

«

r

of the northern popu}atlon in the fishery is unknown. However,
a population estimate can be obtained from the analysis ofiggg

abundance over the spawning grounds. ﬁévertoq and Holt (lB&f)

considered 'this method suited to pellgic spawning fish, +and .
&

Sette (1943) used edqg surveys sto %étimatg the abtndance of ' '

s o h %

A * . ®
the spawning stock of the soythern popul@g;on of .mackerel.,

'« Data- surtable for estimaﬁingﬂ$he nortghern population are -

L]

available from two sources. Extenié;: plankton sampling, for..
S <

&

mackerel eggs durlng the - spawning, seasqn (Jhne 16—20, 1967;

June 18-24, 1968; and June 11-20, 1969) was carried out by

[

Arnold (MS 1970). The available data included surface distri-

N S

bution of eggs as sampled by'a #0, Im ring net for 1967-1969

and distributloﬁ at 15m fqr 1967-1968. The data are summarized
Ay ‘l

by Arnold in a series of figures (see Figure 1 for example)

in which ‘the egg numbers are plotted for each-statio In
addation, during the 1@69bcruise, highspeed Miller samplers
were towed at five different depths yielding information on-

depth distiibution. Additichal ainformation on egg abundance:

-

.
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is hvailable for 1968 (June 17-22) firom two vessels from

IS

the Bedford Instaitute of Oceaﬁography (BIO), tWe M.V,

BRANDAL and C.S5.S. DAWSON working over the Magdalen ghpflows.
: ' «\ kS 2
From these cruises total number of eggs 1s available for

vertical hauls witf either a 3/4 or 1/2 m Hensen net, (Anon,
4

[} °,

MS 1970), While the figh eggs were not identified as Mo

L

specics, my 1nébectlon\€f the samplcé lndlcatei)éui
| .

mackerel

eggs were overwhelmlngly predomlnant} to the pointy were an

h\ . y

assumptlon that all eggs 1n the sample were mackerel jeggs

would not be serlously in error. \ \ . .
’ Ki Arnold's review of the llteratur; on distributipn of

mackerel eggs and hais own datavsupport Sette's 61943) onclu~

sion that thg Gulf of St. Lawrence i1s the major spawning area
’ N < .
of the horthern mackerel population. Within the Gulf of st.
i ' ? 1 /
’ Lawrence, spawning 1s concentrated in the southwestern por- //

tion of the‘Magdaﬁen Shallows between the Magdalen Islands
| .and Ga&pé. I have comﬁlned my analysis to the Magdalen Shal-
lows excludlng ééorges~8ay, Northumberland Strait, and the \
) 1nter10r*of the Bale dw Chaleur, where the gbun