











\

!

H1INO

\ /4

\

SwiMMING Sreed

_CM./SEC

)

rd
3

SwiMMiING SPEED
i

. %L /sEC
tn

-o’

I 3ov

Al 39y

Ix 3asv




-

-

¥

\ . 4
3ot » N
’ - Q) - -
| g
— —
t -
[ ] .~
W Is
s -
/ - .
~ ; ]
2 ) .
— NQ rs L s
. 50 . W92 94 96 N
e 11 - L] : -
w Fat, % Far DensiTy, &/cc. v
s MR - . ,
o . — . p -
N : . .
. ' 0 - ’ v W 7
o . . -
z . { .
- Nh* 30} -
3| (B (D) y
2 . : -
< C ) \w\
3 . .
S - @
25} ’ - 13 ’ - "
- 1 ° - -~ a
Pl
NO ° e - - i — Nc .h 2 —— a2 __
5 10 15 20 2¢ 28 £ 30 32, 34
i}
- . ~ o *
‘ _Temeerature, “C. . SaLiniTy, Yoo, -
L4
- - iz
. N \{ifﬂ\\\\!liﬂ!\l\li\\\\\
4 P ’ ,

Y



&

h A
- 4 L] s. . @
\ Y ”. ‘\) L
) . » “ &
« 9
\ s '
13
. SWIMMING SPEED oM /sec. SWIMMING SPEED BL /SEC
§ . . i ; ;
¥ L] A L)
1} ' )
|3 N
o]
.y b
—
m o~
z ™
ﬁ o/
-’ . .
: S,
. . . -
g - ‘
~ o °
i
- ) ' 1
' /
rd
v R &‘ 1
- 3 . L]
= - -




S REEFLRUNCLS
/ "
i

7
/

/ ' . 1
Atkman, R.G. and C.A. Baton, 1970. Biochemical implications

of secasonal trendsyain the rodine values and free fatty

\
acid levels of commercaally produced Atlantic Coast

&

herring oils. J. Fish. Res. Board Can. 27: 1669-1683.

Alcev, Yu.G., 1963, Funcllon and gross morpholoygy in fish. »
G Izd., Abad. Naul. SS§R. Moscow. 245 (English translataion.
Israel Program for Scientific Translations. 1773, 1969).
Alexander, R.McN., 1967. Functional design in Fishes,
’ Hutchinson and Co., London. 160 pp. °

Anon., 1973, Hydromechanics of fish migratjon. Nature, 245: 7.

1

. Balnbrldgg, R., 1960. Speeg and stamina in three faish.

»

J. Exp. Biol. 37-  129-153.

.Bainbridge, R., 1962. Training, speed ﬁnd stamina in trout,
J. Exp. Biol. 39: 537-555. N

Bone, Q., i972. Buoyancy andtkydrodynamlc fwnctions of integu-
ment in the castor 01l‘flsh,_Ruvettus pretiosus, (Pisces:
Gempyludae) Copeia, 1972: 78-87.

Brett, J.R., 1965. The relation of size to rate of oxygen
consumption and sustained swimming speed of sockeye
salmon (Oneorhynchus nerka). J. Fish. Res. Board Can.
22: 1491-1501. o ‘

Brown, G.E. aﬁd B.S.‘Muir, 1970. Analysis of ram ventilation

‘ ,0f fish gills with applacation to skipja;k tuna
(Katsuwonus pelamis). J. Fish. Res. Boafd Can. gi:

1637-1652. . '



e st

-y

65
Chen, C.F., 1963, An analytical study of the hydrodynamic
i
perfornance of wanged, haich densit? torpedocs.
' Hydronautics Inc.; Tech. Rept. 349-1, pp. ! ‘ ‘
JE

Daxrly, J.W. and D.R.F. Harleman, 1966. Fluid Dynamics,
Addison Wesley Publ. Co., Reading Mass., 454 pp.

Gero,nD.R., 1952. The hydrodyramic aspects of fish

&r

propulsion. Am. Museum Novitiates, 1601l: 1-32,

Gray, J., 1933, The movement of fish with special reference

L

to the eel. J. Ixp. Biol. 10: §8—102.

Gray, Js, 1936, Studies 1n‘animal locomotion VI. The R
propuisive powers of the dolpﬂ@n, J. Exp. Biol. 13:
192-199. .

Hachey, H.B., 1961. Oceanogréphy and Canadian Atlantac
waters. BQl;. Fish. Res. Board Can., No. 134. 120 pp.

Hall, F.G., 1930. The ability of the commdn ﬁackerel and

3

certain other marine fishes to remove dissolved oxygen

from sea water. Am. J. Physio. 93: 417-421.
. H
Harris, J.F., 1936. The role of the fins in the egquilibrium
of the swimming fish. I. wand tunnel tests on a model

of Musetelus canis. J. Exp..Biol. 13: 476-493,

v

Hoerner, S.,F., 1965, Fluid dynamic drag. S.F. Hoerner

(Publisher), Medlund Park, N.J. 82 pp.

/ N




.
TT— \\/ "

. A , “ " 66
Hopk%ms, D.J., 1956, N semi-cmperical method for caleulating
the pitching movement of bodies of revolution at lew

a
Mach numbers. WP@& -~ Res. Memo, R.M. - AB1Cl4. °

m

Horak, D.L., 1966. A denditometric method for deterﬁlng

" body fat concentration in fish, Trans. Am. Fish. .Soc.

a

95: 318-320. ° 1

.. ‘
Kerr, S.R., 1871. Prediction of fish growth efficiency in
t

»

nature. J. Fish. Res. Board Can. 28: 809-814.
Lauzier, L.M. and J.H., Hull, M8 1969. Coastal station data

temperaturés along the Canadi:an Atlantic coast, 1921 -

¢

1969. Faish. Res. Board Can. MS Rept. No. 150, 25 pp.

- 9
Lehninger, A.L., 1965. Bioenergentics. W.A. Benjarin In%ﬁ’

X, + . New York,, N.Y. 258 PP.

]

Lighthill, M.J., 1969, Hydromechanics of aquatic animal

propulsion. Ann. Rev. Fluid Mech. I: 413-446€,

MabKay; K.T., 1976a. Feeding strategy in a patcy environment-

*

¥ a thedbretical analysis of feediné in the Atlantic

mackerel ; Scomber m&mwrus. Chapter 3, this study.

[4

MacKay, K.T., 1976b. Synopsis of biological data on the

, hortheyn population of the Atlantic mackerel,
»

scomber scombrus. Chapter 1, this study.

ﬁacKay, K.T., 1976c. ‘Population dynémics and bioenergetics
AN N

of the northern populatiqp of the Atlantic mackerel.

t

Chapter 4, this study. |

A3

Magnan, A., 1929, TILes charact8ristiques gBométriques et

i

physiques des poissons. Ann. Sci. Nat, Zool. 10F%,

sér. 13: 197171981,




R R

et

67

Magnuson, J.J., 1969._ Swimming aclivity of the scombroid
fash ruthynnus affinis as related to scarch for food. !
-~ FAO (Food Agric. Organ. U.N.) Fish. Rep. (2: 439-451.

Magnujpn, J.J., 1970." Hydrostatic equilibrium of Futhyarus

affanze, a pelagic teleos% with a gas bladder. Copecia
1970: >56-85. O )
3.

Magnuson, J.J., 197

‘Comparative study of“adap%ationsﬁfgr

< . continuous swimming and hydrostaéic qulllbrium;of
scombroid and Xiphoid fishes. ,Flsﬁery Bulletin 71:
337-356.,, . /

H

Muir, B.S. and C.P. Newcombe, MS 1973, Laboratory obsexrva-
w

tions in falter feeding in Atlantic mackerel, Scomber ‘

scombrus, Unpubdished Manuscrapt MECL. \ ﬂiéﬂ
uNuftsalvl,aJ.R., 1962 ue Sw1mming and the oragin of paired ) f
appendages. BAm. Zoologist 2: 127-141. !

Ovcharov, 0.P., 1970. Hydrodynapic role of the braﬁnﬁﬁal

system 1n fishes under the passive way of* respiration.
Zool. Zh.hgg; 1583~1585 (Transl. by Fish. Res. Board

Can. Transl. Sgr. No. 1823). . -

»

Perkins, C.D. and R.E. Hage, 1949. Airplane pé;formance,
. ¢

-

stability and control. John Wiley and Sons, New York.

Prandtl, L. and 0.G. Tietjens, 1934a. Fundamentals of hydro
and aeromechanics. New ed. 1957. Dover Books, Néw
York, N.Y. 270 pp. . '

Prandtl, L. and 0.G. Tietjens, 1934b., Applied hydro and
l*‘

acromechanics. New ed. 1957. Dover Books, New*ﬁifil
’ ’

N.¥Y. 311 pp.
b




v
-

»

- - ‘68

3

\Rléhardgln, L.G., 193¢. The‘phyalcal aspects of fish l&co—

. motion. J. Exp. Biol. 13: 63-74.

-

/ ' N R
RosCn, M.W., 1959. Water flow about a swaimming fish. U.S.

. Nav. Ord. Test Stat. China Lake, Callf.,hTech. Publ.

‘\\”\\\ (NOTS TP) 2298: 1-96.

Résen, M.W. and N.F. Cornford, 1971.' Fluld%frlctlon of fash

a

slimes.. Nature 234: 49-51, -*
Sette, 0.E., 1950. Biology of the Atlantic mackerel (Scomber

14

scombrus) of North America. Part 2. Migration and
]

¥ Habits. U.S. Fish. Wildlife Service.  Fish. Bull,

\
. i
y

& - 38(50) : 149-237. . \
Walters, V., 1962. Body form apé swinmming éerformance in the |

-

¢ . scombroid f%shes. Am. Zqol. g:' 143—1492 ;,

Ware, D.M., 1975, Growth, metabolism and optimal svimm;ng ,
speed of a pelagic fish. J. Fish. Res. Board Can.
32: 33-41. . »

Webbs P.W., 1975. Hyédrodynamics and ehergetics of fls? pro-
pulsion. °*Bull. Fish. Res. Board Can., No. ;gg.“ qu.pp.

Weihs, D., 1973a. ' Optimal fish cruising speed. Nature 245:

48-50.

¥
i

Weihs, D., 1973b. Mechanically efficient swimming techniques
for fish with negative buoyancy. J. Mar. Res. 3l: 19?—209.
Winters, G.H., 1975. Population dynamics of the southern
? i Gulf of St. Lawrence herring stock complex &nd implica-
tions concerhing its futuré management. Ph.D., thesis,

i -~

y Dalhousie University: 142;;p. '

.:? ,
]
f
i




S

»

Yuen, Heniny S.H., 1970. DPchavior of <kipjack tuna
(hatc «onee pocarle) as determined 'by tracking
with ultrasonac devices. J. Fish, Res. faoard
Can. 27: 2071-2079. ‘

Zharov, V.L., 1967. Classification of the SCOITierld“

. \)flshes (suborder Sconbroidei, order Perciformes)

~NJVop. Ikhtiol. 7: 209-224 (Tran . U.S. Bur: Comm.

. -

Faish. Biol. Lab. Honolulu, Hawaii).

. “ ‘
N c
]
1
1
4
Y
~
s
. v
© ’ -
’
° s 3 P
~
i
R
-
s ’ ' ,
’
»
\
- ’ ¢
1
‘ ' [“\,—/‘
¢ s ?
»
\
’
.
» ! .
v -
- - Yoiay
! ’
) ¢ Al "
t 1
3
¥
1 a
f .
\ .
-
» * *
s
-
4 ’
‘ N v
?
3 .
o
0
- ? ® L4 ¥
¢ -
L]
' - o
) *
i +
= %
» v .
™ »
b LY - ' ¥y ”

(]

69

'L




o
w ‘ 7 % \

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
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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 - .
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. ) 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.

-

> - Y x
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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



o .
1
/ o
IS

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
+



q

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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?

r: :‘-’ ° - l l - o i}
’ [ , Ky . ®
] @ f
L3 % Pl
¥ he §
! . A ) % Yo " .
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

= ¥
&

 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 |



¥

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.,
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Bredex, G.M.,

a

Breder, G.M.,

-\
Breder, G.M.,

. Zoologica 50: 97-114
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Appendix 1. Fortran program of simulation of feeding of the Atlantic macker

7 764114014 18.08409,°

«4PR401

'

FTN 4

QPTel .-

73173

SAM MCKFREL

L

22365612190l2362H23@5

}

g pd ot pt

t

I NN N
Wtiidasiat

TOULWLOOOTYZIIIIFurOOOONCLOWRLOALLVULELCOOODOQOOO

E&=UTPUT, TAPE2S )
A

acn ax

&

et P -
et 30 e A R ]

e

[ Te RN L ey
¥ L) g

ZreTp e g b LN
et T OWIW UL
- mCG T g Y
LlTw.dxmﬂ‘ LS s d
e T AT A
X LT et Lt
wet o T & ag Y
AT SRR NPT o8
L AT =y T F
X et WYL mpabdZ

T et n 2T =LIO=O0

+

¢
i

lad

-
.

'

B
P

'

LY LYLVENT R
LBDDLDLS
X OOOOOD DXYXNNXNMXDDDIDINNN NNNNNXwDIDDD
OFIFTITTY OLOULOLUYLNIMED NN YR OO0 & AIMEOm
ATCTT OO0 U € €A o Ot OO SO L DI @tk LSO ML U b L U500 W D o K o

>

PTEON

?

£ READS SO THAT THE VARIABLES CAN BE CHANGED

Qgwiidd] ~qO0

A TU Qe st L X WO B 8 N

S ALLOW FOR THE U&é OF THE BETWEEN PATOHES

v

AN

|
i
'

i

DA O G O N 0D
~ted

NN

atw o i YOS X U KR U,
I OO N Py W
¥ |75 O ot
X [Shhth
R .= =
'
%) o
=t
i
b +
B q i f
P
'
Ll " o <
-4 ~ |
- |

]

KU Qi XL AL QA& Y 0.6 Xk
o

[al
o0

25

|

!

I

RATED ' VALUE/M2,ASSUMING THE

v

LT

ltrd

-

N

|

N P IS A0 T A O NN P 1 O

Lo ﬂbzzzzza

|

QININN imted O

OO DO UOm
DODDA4DDD DMRNW AN MK
EDIOMIR DN DX LI

L]

EYN

-

M3 14, 4PREY WEIGHT*%,G1D.353G%,

w3 *

KO~

WNTUr SR UeD=A 0 XX RV e
ML DRt~ 00D OW

~an O TP D~
W mm m AT LA BT wik

-u.
-

RS S NP ey STTEN N e a3 )

o
o

»*
-

[

A U O 2 DY a0y T N
L o

DDDDDCW”HHHHH

ALLLOANG O W

PO - Y R Y . T W - N T ]

b S R EITF NR et e R LKA MWW A T
| el X e (ST I Qe DI Ot
=D T IO~ RO00NE DI > X0t > =T X I OF T 8 TFUI mpe
CLurx <G N SOQOZeiiOag i (x Jdl L K 8 8l X Ll B DI X Ca NV R L Z
LW O Y o s U0 s Ot T e O N O 00 (2 Tl a0 e OV T o o2 0

I
|

|
.
m

o
el

(]

3
|
|
i
t

n
n
I

Ll
ot O
N MW

45

Lo MW 00000V

4t
el

i
|

uy
31

|
|

~
1]

o

'

~ !
o - \
L H
» ! !
« A NI O ad Nt F DI AT e DO O MHOP O NI P
S NN Remmm PN - P A S A bl
© | - !
- L i
- i © t
-4 % -t Lalalnlel .
(=] B0 | @ wpoduasn wa 0w ©
~ MANNKH RN WD AT DD N Nt S st e 2 W N X et NI N
- QLK XOOVVO LSO KD O O 2K X O Or (I T LR S O LD
L KO ol K L L il o K QU OO C OO A AT O Ao K
u LUK TUXOY VOOOOUOUVURUTI T L QUELOUTLEY
~ - s
| b
i ©
) > t - =
{
w . . !
- M -
o ! +
< L
o
- . - .
* | . &
- i ' -
= 2 ' - .
-
w W t M) H
H
1 - o
Co ) n /l)
PR . ~
% - -t i
- ¢
o '
' : ! e ¢
e SEETICU : a :
s * ' P2 -
- 1
—
¢ 2. d ° -
o | > ]
Ll _ o [T i
5t [ .4.. H
o - 1
. ey | e
s - . o > - s
- [« TH ot o - o -t
} H o' o e .
- - L - = - . o
>~ “ o™ - —_ -
Lol ] w v Ol o -t b
” I~ O - -’ - ©w o 3
- [ o o L - @
a Q [~ W — [*%
- =] [ I3 - -~
g =1 - w - o b=l -
= - . n O = z -
[87CS w_owo -0 < - [=]
~ N e~ DL e O b = -t * w
™~ = DO ~N Sy BUD o. - CTO» L= hd
-~ O & e P T OO, - e . t 4
@ Ol WAL OO WD T X b el
~ IO A NDO DT WU SN0 D seeD s a0, - D
VT s sp TATOVTUL T OTE TTC ew - O T
=T (v P e [T NPT TTR ol S P R =] CIC e I 2 wmermt
b i bt e bom b () B e d P P G gt D O € Wt o 4 b b e
bt ) DA T ettt FTAZ e ZCmiluiE Bw T= 200
=} Pl PRI o T P SR TR TR Sl o [ ) on [Tl et o g VI Ao-1 {7 W agdnd =N anlonlonlog- o
w QIO DO QOO0 SIS LI, P i D OOV
.m‘ 3? o~ W L) ' ~ O
bt [ad - <
(%} - ! -
xr ¥
~ -
: ﬁ
= i
o
o -
(.}
o
o
i
. =4
L) [ Lal
3 3 R ~ 2 3 g
< ' .
i £
- t
M e
a s
~




rawx

T8/11701, 18,0829

FIN k.koltﬂl\

prle}

T3

SUBRIUTINE SCHACL

PP EN P N iyt B - DIDP= D O O o A P i N
» - WOQ OOOONPPPPucdrid

,w .
e

o NO -G O O r A AN O vl
ol et e P P 00 0O .899

i =
'

ot v dvd pd #

e © o VBOIAG !

b e e
Kﬂ.mnnm.mm m R NWX AR X DODIDDODRNNUEN NN
P R S P am R T N o S - (. % 0
ROOCOET T UL W of O o o o o o o o o 00 i A S o o o o o o ) o o

IR I T IS g Tl gt 4 @ gt galalnlalalal g b b 4 STREE & & o

- ° ! 1
e - i ~
oo [ -
2 2T
w -
- o Bo |
-~ Lol o
Y= o [ = | ®
o0 Tu. “ o [
@0 we o | ~— 1
o™ - e [N 4
[ kg wust i
-« bl nd -4
ape L iate] s
. o L H
. e e ' z -
> cz : - H
an Snlm } - %
= R
aTo Z - =
aY-3 LY R ©
- wes —t—ta -
- [er 47
Tt ® T ' [ '
valda I wil o § - |
—a (23 oo x
i aTred b= DT i - {
iy € 00D i <
e a O X ra H v u
DTl o~ 0o owm + z
Tl W W =
[ Ll Bt 2 04 Fasbind >
—G Y e W - -
w el T Pabt L) ° w
Cwnpm sty OV 0 - " Lad
e T e Wt t -t -
™ m w e (X WY d k-4
s Sl e 2 T S - f © Lol
Tl ¥ MG s - o (=3
h 2rx ™ w3 ™ w Aﬂﬁ o
el awox - e -0 Ll
[y T el (1.2 3 (=] ween X0
ALY wum e 4 e ~ T O ® o
W 3 M T o -~ o X .4 (&4
S L X =0 ND i) - O -
TA G e o 0D B o OT gty »
hatling T Btk il U oa - - T o
At Sk A R P 3 £ To J aUie; o
-II.....!QW».HKIM» M«.tvhl- mur.lru D4 OIT O -
g BT A e e e - -
ColcnT 2T 52, > gers. 328 |
NI!AI.HHF AL T e T Cvwme O © 213w -
Sae X ide Do w D Mo > w
SIS T, T e 0 TRt Nt
A ahd LW Taad —
SIITITIRIEEAS CEALy MENITEED 289
Fot AT Dy D WX s O
Tanatr Tma T eu L XCE B aeeOroa X O
g SAd R el - O R ETAN SOTW R RO AN e
TOO 4 8 s COCT XY Tyt NTL R o7 e S
ST LXTRAESC T AT a IR R0 R @ > T e
2z Dnt?..r\#rnnsfl.NwJ.\Hwal\Su!ﬂ,..lniN-.UPAJ.\.TTU

e i R LR o F s TN
e T TR e
[orrien -

C CTA—tALIC TN e 2=
Tt L F T e B O e T e T s, = Tk Y

- CAT P i bt (Obm ) T £
_AMEe o BT B RRQE.\“IGCRE
o ” D enrey s o
T e Y
. - ZW..” 1 . iad
[e1378) T
R A
-
| -
% v
'
P
~ 4 4
- bl e w - =~ o
“
- - ~ N " -
T
L Ty

Y

PAGE

_18.08.09.

76/11/01.

FTN 4o4tR40L

QPT=1

73473

I3

SUBRTUTINE PREY

DI IO P AP O 0t A 00 O P e N D
NNMNNO NN

o

MMM N
ALHAI LIRS AL

¢4

POOOO M-
w - et ot |

H
| i
S
(&3

OO
HOQADDOGO DXMMXX DD

OIZYTYIY OOLLLUODNARETDO0

oo

~

12351&5567835377182367733911212&1815
it pdeded et e OISO e

R LTy

1IN

W - R - -, -ttt ot ——e—t e | -
. -
-
. - |.tl_‘
LNV R N TN ~, -
OV WS, O Ll & ™~ 0 - +
IDDIX DI Xx UA XM N NNXNY XXNN] XX -
QOO OUNN 0 O EXoKOVEy QUOLK KUY

€ OO0 N L € o o I S e L LU G T L AN S ot et il D DD O DR A N K A A OO« *

FTUUOQULUCLOITILILOOOOOOOT OO0OOTTOOU.OL

o
-
-
-
>
- - -
- o~ -
an wn
[wled z
WO LY
oM (=1
Pl
- =
ary (2 *
= - i [
—C -
> ol o
v e
-39l o
aTO 4 L
athS TN w
ATF aed agy x
TN Y w ¢ (3]
T st m Wk -
V(T - L «xQ -
~a o - ot &
W aTre §= w
sONIY =& r = z
N> an O [X) TV J w
S>Td A oy w
Twaat W X x
Uere O (A n TN -
O A W g e W
U T & ¥ v T 4]
Curre’ el W
a> Ak - I o
Wit (™ - mow X z
ST ox T2 M e
Taw X ul ZFuwk [~
U ary™ e T 0
oW | D w
LI e ) T w
Al Al bl bl i
Thm ) St A Thee (.4
qaq u evYa v Yy
T N enw TZ s
- T Eeu il I <
N e e G et L] gt
@ TN AT 2 T &
~OOZ ek DL LS -
e T T o L o pvT=
W adE WS a¥Y 32 e A O3
EUIQ bt X sl emd I T [} o
A eT a alinll D e

W RAG Awdul v
LU & Ty e i L T U
ZdOAT mbara e T

O iz RGO T i 2T X AR OOT T T N A O = N R W 8
DO A A OdO WA FFXCDo IXOX <TOOk gy LoD TS S OISt
A LT = O LI B b= O 2 O e gyt O $LF

vivsus

-

RN D OO O w
s P 1 7T
I T T
——a -
|
1 LR *1 5] ©
| |
)
I
|
t
1
- A “w

13
-

o
i
i
'
w
o
oo
- w
x i
& z
[l
o
w 4
= b
”n -
i
i W,
, P © w
P g
X I
o -
- A
- o
o - -t
- LR
o - N b
w - !
P ~ oz |
- b e
%] - a.
< -~ ow
173 ~a [LY=0
[ (L * i
z - X
| P4 -~ —~F
- L] 0 [alel
| o L 2 x
(=] ~ et
z o - e Ly
T U > . - OOO
© o > LA ol
[ = DE LS * o
" oL i [ - Sy
[-% iy wa. ¢« MmN
~ - [ 2 - & Qua
o - a o - O ot *
Do At > o O en
ZW QT TR OOw

o Y ad QWA A OO O U
I

W v
-t -

0N

32

g

Do OTWY o ThH

<} J-TETFE JX7 & ¥ ot 2 4 JXT-1.1%F 3 4

G A RANDOM DISTRIBUTION

w
o~
=g
[~
b
zXo
LD
b=
L=t
-~
O
[ Lt ol
aFus
[- Y=o 4
oo
(=
e
o WX
W ey
Z O X -
== Pk
Tus s 200
[ST,2 =04
—aTLTO
e i
o R
(et

'

*

e
-

50,




-y,

A2evVievyry

767 vae

1ev nrves

L]

————

St LA N0 R0 O T O M W ORI
grerao BMEELFEET R ne

- -

-t

2~
wnw X N =
“i[fEE v ? » P ek et
WCCECEND D% XX IS I XN O NS N
OTIZTTTT €OOOIUIQUE LY 0O & Xt
AKCCCCCOT WA A CA AL A A AQIXAOOTOO <
"%EDDKHNHHHHHM-CN.CECCH“

- L

"

'
£ ;
- - Lo N t
<~ = !
ao “ . '
co— 4
oo -t J M
e - ,
Ll w t
- - 1
-y [
X~
— - “a
>
GT™ -~ b
a0 L.
aTo ¢ t —
O o H '
- . w J
X Pm o |t H
T ik - - 1
vzl e X -l m $
— (23 b= m i
W eTw b= O
R ) i * i
e & -« -
Edad 20 L S ¢ ] i z
Tt W w « wr
[ R T w Y w
- e W o M -
K aT T ! w
Db ey > } - %]
- wmOf b 3 i - 4 313
Wr s ew g M In (%]
>YTT OF = ow -
ITawE aw X { - [
eyt el o -t -
—0 o L= - ] o= P
WU & duba T ol - v
aL) At b= At Lad
T ) ad N >n -
‘e ) XA S = - Tus (5]
T N e e ome o wy o
[N e 207-WE SN - & & sare x
e .= [x] . L G -
b T e & F W] ~N oo - -
AL T Al e - — et O w
e R Y e T % O T L4
LT Tt SRR F N [~ T w
Rttt Lt adil N - O >0 x
LY A Tl w ey o T uiw ol
I A N - R CT-'1 [ I -
[ g s i B X3 b L g —
Tl T arert Tk TOS N U b i w

oG IO F ol U Bt e
T S asu eI YT RMIODr O
TTAN L e sl TG T 7AW T -
T I'x=2a 2> AT X CmO=TyimnOre &
OF s« a aTein 0t AL X =L B L 8 # b D
EL by Mpadlh i ZwIXILUIZLZ 0
AL A A TR UL OC D0 o O
e . mALA MLIL DIAX WML
—_EN O L O oy 1O °

-y L o] L2t

win — -

I A °

IS

f v o,
i

UE
N

10

PAGE

a2
4§
_F6111/pte 19008409,

~

QPTe}

3{}3

7

w
x
-
)
19
T
z,
(2
s 2
[mg
o
Ee)
-
vy

-
.
o
0
»
-~
z
- -
k4 -
“ax ol
4 ~
- [ =3
(53 -t
w o
w -l
- ot
=z -
*- 1
T —~
-t -
- oo
-3 OO
oo} ~0
Al —

- —~
> O~
w on
x LT
Id Lals]
om
—-
i Tt
LX)

et O e
[ s BTN
P
WHwTF |
e L >
L F sy
[ealeel et 2

“PAGE

]

7611701, 18.08.09.

FTN 4.4+R401

v

QPT=1

73773

SUBRDUTINE FILTER

-

oy
")
=t

LYSITEIFEIVNITE (Ve L]

HOCOOO0O DXMX MNMXX¥Y
OIFLEY XL QULUSMOXOOUOU
AOOCOCO T 1 o Lot o T <L =T 1
ﬂCCCCCCDDHHHDHCMﬂHﬂDDDDHHDDDHHFFFFFHDHHDDNHC

S

-l

LMD P AL D OO et PR e (1 2 N D8 o VD O O =i M AN P N
OO I~ Pelpefert st
P I I P R

:
i
]
i
i
§
j

t

|
w

O P10 8 O QN st NI O ot o O O =l AT RIS WV D P WY

[ -1+ DNOTONNTOrd  edrdrdond e byt b
ol ot et -t emied * L lead -
i ! }
] + i L []
< A L
1 N NN M
(i OO NN o~
¥ ¥x | ¥R DN o | ~
> oo (E18] 1 UnQOoCIOOY [-4- 4 x
o LD U O o, L b ol 0t ot e o L) L 2 L (1] L A D e o 9t )yt (O () ot 9t gt ek ot

e L L UL G SO G L L D
L +

| 84 w b e
— | orw z : T
= HRTHS (=] 1
(L]
E i Tus o >
L I [ - %Y. 4 o | ad
-t~ V-t i ! -
a0 H o<t - t ¥
o © z | x|
S0 x r s
oxm uo pe] o
(=g RN, 4 ' e
< | Ou. o -
-ty i * (8] -~ w
x = . @a R o —
- ’ vk T ) « a
D md wz z
W w o ¥ - u
[ ymield [ g ¥ o o
aTO -4 To M w Pl
N0, p= iy w .o [=]
- ar v - w i ]
D>l w wus s i N=]
X0 = o o ! = P -4
el » T Ll o (%} P
—n o v e T fnd - ut
U T = @ O oo - w 4
“Oitnx < £ o oy w s
Y =) g, w « -
S>>l oA o w - %] =
Tuiad W ¢ X D e [1% | o
[ tadanh i Tl 1t : -~ r !
—_aO e W Z O e [ 4 { x a
w =T x (ST 17, "2 o o Gm w
Ok e W wz s = H - - w
pm aox -l o a D o we ! - ) o |
WuHD & aw w - W - (24 " -
ST Or [ i > oo — o - -
Iowx ow s, WD I - 1 TS ul = x ! a
ey T ey LR ™ N —tJ » w © m -~
Lol ™ NN 4 - -~ W e pe o -« X - o' x= -< H -
UTU & b T A aD N [%] - o~ -t w - .
N wy — o — - - qO - - e~
T 4y teT &+ uw o 1ot Tw T o - o ~ I
e SERTTINN: 1.°3 4 L I L ] -8 - Qe wn u [= 2 - B
Ta ©» ana [ —_— - .L VO W W e o
I ora e “1 B UD SO0 W ud > <~ e X -
1 st em ;i L - 72 B S S - | * D poc o Z lad z Q =
U IO dTi e O X e uks o 4| ) D O uw
W MO A A o % Z 4O 1 OZu - 1 -~ Tty — i
P tthm (Ot 2P Mfem Wi U ard wrrd et e AL oo W o U+D - P -
sed T 3,43 Wit3 o [FEI R #W U DOm0 OO0 X T % il o~ - L v
PO et Y AL Dadad Pl NF W - - S L | A o« 4 [« Lot -S
UWrt aT & wtrny AL N othet . Wa. TN wmer T ATTO .
W TTLIUAT muld— U Lt ATXTOC LT X -{TITR MO - W [ s ol
1 aT ooy v 7 ¥ 1 LN W NAGY Ta—nnY TIY A arm e N -rd w
W 10aT simra > T oau DO et W T A Wty A T — . ¥
B bl X e, P« Ottt T 0T OS W e 00 e0NG W W

= L avirdaa
DIZ0. 01U » sl

[alallis RV % 5]

Ouw

WM RO OAND

«eT TH XL ...v\—ll.FQT. LI - 4
WD Db WL oL S adD N & Db
e e 3 b U3 A B et b A 3 o e S LD OO O o Lt o o o bt O e (3 e e fen

O ad m o, OO JTLI AT s T X _Hau

Xl AT 8 AT UL = BN IR R = SNI X M= Z b st == I Zaww I TZ
Tt rpm L OO At U D= O DI =00

DOW C1drs aty (o § (R af L bt UL T d e dbirmt =

o R L 1- 'Y
b e nnobr I
l [
Ll
w
N
B Jf R
-
a |
Y
- I
‘ m _
- w { m
<. |
!

— i

CHU X lhthith =MUAG L WA XQUNXADXN OO IO UXSFOUO
| W

- TO

C THES

30

l o
7 "

EH]

40

I

o -

w - ) -t o

-
1 ¢

c* L 2]
“ [

= i o w <

o " e

e e

. ————————— i it

18,03.09.

76711/01.

FTN 4e42R401

0PTx}

73173

SUBROUTENE FILTER

.
o e e o

- y———

OPONOD OO
NN
° ~
~ (3]
N e S .
o b

-4 o
0t et o4 L v st pod o, .
VK COU O UL L .00

-
~ -
.
o o
1o &
L - o T
w - -~ @
k1 —~ o
L = v N
- = e
-~ vy Er<
L 2 EIZ
-l W =E 1
P T s tnd
<F - NI
oy e el
M AWNTE

O Tt IO Lt S
POXSD—E 8 CO<

— B2 RN H
C U a2 8 X
Ol =X § D

A EEZ - 8O,
Cilsre S €L T T
QK b e LR RN DCUS

— . w
~

65

k



i

|
.

235371\.35_5.075Q°\Lz\.:Ws678901236.56759312345678902670123453

A 008 OR el e o N e P 0240 0D D 00 00 D DK Prd O O D OO O OO
2 B R R S S oG 2o e S b e D e e on a0 SO0000
a r
£
_ “
MUK ™ - D -
xBEo5B8 3 a3 35 ¢ 3 30 0 309 D M3 X I3 3 X 3 3 3 3 3 X I NI X XX 3 XX

ccccccccccCCCCCCCCCCCCCCLCf.CCCCCCO‘Ccccc poinl 4
“MMMMMM&“““““NA P T e e L e e el = e e =]
UV I I I I r N T T L I Y I T Y YR IO YTIILETO

LI ' 1
&

v »
1-. - - -4 .h . M
- - Lol -» —
B W” oA v - W 1 0- i M
1 -t L] -
”“ r—h m EY m - O e | & Am (%) -
L 3] -~ O A T Wk w n
- [ ax = o 1 [
waf -~ -3 > Cusemex - N l“l% nuvu\ ‘Wi L iy n «
N E . -
a o gT n EIZT 2 %o A S e S z |
g2 { Wﬂ. b Al AR .4 o an | oa -
) we T 2 weesc o oeu 4! Ceen O e | o
C~ RS 2] w O noaTed T ma x w
- ar- C® st [T~ — e (%} 05 0 %
- [7. 2 ol o - we aPtie oy - ol
.WJM A% X Fra e B e | Py g w e - | D
- TE W = A F O 4 T ane ﬁ [T I ] [} z o
-t w — e e o« 3 a e L | & my
W - My ™ e 1h) ey w O e (- W rd
xTO - A e WY XA O s ¥ 30 Mo x X
a—o o ac & - . e H ad 8 A O ° [ =
O 4 ar aa CreT ot oz TI = -
I m— aD M e e ow s Lol ~ T T x ©
W e rz (R i - . - et | o® sw e 0
X it R -< O T & e® i oxr® [ o O« >
vale T —I e~ UG- & O© MO~ | T e . aio
— w S uww ey oA m— uw oo s O e o bt
[YPS. S - - A% Nats - e - { adEB | e e T [
“vw .| > & [IVVEN- o b s «w T o« OCw [ 24 o
S aa a x — et D oe Toram O w
D= - U T ascrT D= el O%OoF | = ko o v jw
T WS i e WK 8 aCes Corou b w8 D e 4 v w
PO Nl A Y P Rl S et 2B T e om w et w | T i - -t » °
T o W O ereu Wy Lhsbenr U4 W o O u e A o o & -
LY g r ATPANT X T alT at) am f haS RS o IR S V] - (=]
[ - e w w m
! 1 BN _ a a0 T z -
<TnS ! . O {w] -
{ ¥ sen T e o — -
- Tkt z w o
o CHI e — o uls
' L % WS B =V ¥, P o - @
* To |l aansa a k rx
AL OCMem AT 0M -~ =
* P R Tl ST e o B I o pad -
LSl T T S I § TSN L B - 1oV B -
A S AL Qe A L= Za.
| B2 N D e * O w =]
Z a4 TR Y == D ¥ o
D0 arte YT aae ‘ o Tiurd * %
1 o O~ hammom =4 ke -~
et L A nalian B gl VT ] L i B R i 8 | - X - (R ale)
X T i axy X - - mbe W ed T om et -t ZE R an - LDt & e
T O ey e a S T i N el L s - AL Al e LA MM 3 bt
e . At em T T T b 8T e el & Lttt Ll A el ond” & W o L W > S S NN
Wte S T sl st DT & kel N e am Dk T Ird B A wpmrd DD a D .~ -
T AT T 1 AT S IOV () e B3N TOT Ca e AR e o0 mT
il €T e bR kT T AT G e LT R m T i e T TZHlT.V,PW [y
s fiet Fael 17 a3 ard Tw T W et et O D) i T W e o D et €2 @ a0

- et men Al (N Ko Sl ® D0 me D DO Gl O N T
-~ Rl X4 AT et ard T @ L Tt P M o Y e o e
AT T AT X AW L AT i T m e L I sy Pl o e G [ L APPSO U =l w0

CF A€ " T oWt by ¥ CLUY et Y e D =T (P T rdbm b s X Or T =T e i E X m

Shm X el 8 T U GO R X T L T (KD BT e e O (S et A O Db b AT AL O M b R

O Ottt X QLY T O R AT o e O o et (et O CI LI 2 Y C b 4 b b (1Y AN bt O (I e X C) mey (1 &

U . saANIUSS XL ¥ AUZT GO WU * aUF w G e T D A
NI OO Ladalat] oy ey ——ren.r — eane ot fql —

-t L] 0 m —t n o M

L] o (=3 ' "

5 5

Laind- W ST I AFNTRE T YTyt 2

b

) o~
|
!
‘

L]
o
[ 4l

1
i

(]
(=]
- n

1%
s
-
o

v

13
%0
45
50 /

' _ﬂ.u_7l_’
55

€

PP ————

’

<

.

a

{

FTN'G,.,S*\B:’OI" TTTTTTTT6FII/010 184008409 T T TRAGe

¢

TTOPTAI T

[y

T T TTSUBRTUTINE QUTRUTD T 73773

’

¢
/
o
2

——

oF

L
“ |
i - ! w
] ]

1
P
4
1
k]

I Py
i
- 1

%30123456789&?23k6778890%56789012W9mn3789hSOlZ!#&bZ%hSbbL
o s A Aot A ~ phd on
M nmmpmammnmmaanm  m, ' ! ] “ w

] - *

1 i ~

! | i * M al
-~ -_— 1
. 4 N H et ———t /M/ i
. N . AMANNNNNAIN  NAMGEO0  OOmiret 0 COCOD|
K?.KRKKK‘KKKKV\KKKK11KK111222222222K~627§UUU DMmmen N NN

LXLVVVU ULV UU UL X M XXX AN YT OO0 OOXC O aoarae
A0 AL AL A (AR AR AL LA IOOA<LOOCOO0COCO00LCOC CULILIrr iU QmemCmC SO0,
FOrrrIrrfrrYr Irrvuorf oU000LVLOIUOT VOLUODAL LBBOOOD OO OOLUD

4

.

> | [
{ - i -~ - -
» - - ™ ! ®
e - M w - - e | » -
=] xo 0O o o ™
i < Iy e - - -
* x - C~ © (2 - ©
S -~ ' LT N TT " PR - LR 4
v o, #O® < e | s - * at-
- GA o n . e 1~ e
#$O #1 Zuot ~ ae w oox
ad &, = T O o - ] — S
su M~ ET» W) ot i oy
.- .A [SINFN S# -t H pv) - Ten
or O & n a - [Ty » LOS
pore 1~ aan; Foana | ! =Ty
W e wWin, b= - -t } U et
- - [T 3K ! O A - T acs
Py - | W . { a3 FuZ
« = uwnT - aa N e ey
- b F et & .o & Nura
e ® b T M oe Q0 &a ™ -
-~ i xCo L il o = -1 - [T 4
” N -ed > LR RS BN “rd - L d e - ot
. O w ow amotd M . “an = *CTw»
o X ox V2T L e < - > -
- [Slw) a [N X LY. e 4 - - S I =Y TN
o0l [ 1= - =t e B OO, t e ® U e Zmes
- wr aANOIN & M o1 .- Xty [
o O N * BN D b u O% o= Ok « 2 Tt
~ A M e wps F aw -t M I O Qaa
- o - T a =l e -4 [ -] s QNTIT P s
- ofmed o ST S -t » A O ariAR W O e
- Call | e el amO) < iy Bt = BLT T AT
. Qi W it W i D o w0 mLL - # X
ar ) U aoer v now - T -]
- QOoF - x AE X T -~ —us & BT a Quiru
w O I aTor m T ~ang ™~ wr e TS NL G
-~ R ) MOLTO e Mo . 1Y Ewn O FuCe
— %) Ead o o) ot o Sy N - e [= ] WIS UL mbtr A - N 1
~uy N bike| dZie > G a0 w LT L™ T w
e ol 28 ot 2T (e ag M a T D - WD st ) e A -
Oa OO0 ER-E O O z =z <uwO s T CmOe
- ko1 Iu‘A e X " B -l nr - P N Sy S T T ey §
ot O <xw Tndoe < D P4 - e D e Y *
a T o B> OOTYT O et - £36) =4 =T el U oF mut
E= nD A ¥4 abi— a0 a o VI Cne~ O DOxn
~m | O o> ACass TT apw z - e Z e crase O
| alad OCZTHa w NN TAMO ¢ < O oW W a b T an ©
— - _ —_r) . ey BT O - . MO0 D arms O Al e
oo owvimoa. AT OO el o T W ~e < LreOn 8
i ol s DA A ol a0, . DHNCORLD F>IN T # O T
- | e T % UL A = el OU e o et OA Qe Otd-ea & - U
-~ N At Y MD m% O - a0X . U D m i L O - et WS L2
it ML M AU e Tl e AL D < g O o lvA.lpbnrr.D.RHu t s “”“N Mvr
- -~ - w e (Nemm S PO A TP w3t
)Yc.. m m..ivh.ﬂntzz m%m:.mo#) mnﬂvﬂs)ﬁ - D ANCN DR T M ON 00 < O
o A& HAGYOTWANL- & A 0 e 2 | & th e a0 At A D | <O @
Y o = anTu e w aT¥ N aXTHOO =l P SN T aMOR UL AT Kt .
Woaritll D b artim mee B DX (URD o s O WD | D e oan ORI AN AR X ard avth P
D0 CrtO 000 Crsnr i b pm D e (7] et DY =20 CrlD DD wrme e O O L O SO
D T T A o pe B b T e & A Thet? X TZT Z 4 vl o s o T s o s L 7 P @
Pl ] o PO P it i o L L P AN L o L CLIl O Pt 1, o o e o U ] oG U s T e ST At it
P F e D YN T T W T OO T T OX O D O DY ¥ r T F i b= b F b F = T smtbanstp D
WO T N e bt (YOIt G A T rlbt Tt (Y AN 20 B = o e Mo et et 2 O G5 T S CK e L R e O, g 0 e KX T e
O OCWIP D OO O I o Creu OOy LTk LT =l r YO Ca T o T¢I Cu
QXL O WA T, 4+ BU# XU N O . DO R bt O L It W WINPT T b bl W Kl HFLA“FUF.[““CI.W
— Lal — 0N —
N O o " 0 [«4 «..7 o Q [= 1.V~ S« 1) o -t
~ e o, © o o o < —Ree O O~ D A
N ' - T - n o~ © B " Nn -
- ! |
- 1
t !
4 - 1
N ! . ! m
., : M m
o " o w o n o o o “ o
© o .J ~ © ) @ O.M o w w ' n
| m
- t , | -
ﬁ - . ' !

5



B,

ta

[
, i

PAGE

—
9 -
76711701, 18.03,09.

at

FTN 444+R401

w A
A‘/
13
;
.
)

oPT=1

2
T3/73

w

»n
»
Y
Y
SUBROUTINE QUTPUTD

(38 3

s
INS, SECS,SECIRTSRATT,
I
¢

E3

JSHOOLN P ATCHN, PATCHA)IHRS, IN
]
1
o]
3

4000 OO NN DO
N NN NN NN NNm
! ™
i
[l it
o [hcla gt Ib LT TN 3
~ DNDDDIN
.4 Lol Xofoolocl oL N ]
O e O Tl «
PRAITRINGISIS [wlalolat of

]

G
»

ENS
3,
o

ATCH =
5» T
*
"SECONDS ¥ ——— =% —

*
T

c
“ISTLESS THAN 20

T

2
1
3
h )

»
A
1

(
13

E
E
")
[4
» ¥SEARCHING TIME

ot e L O [ e b A 2K e O
oy LOOFWZoe CwZ
TR wallbe WDFL oKW

(o]
[ale] o
Nt o (=4
o 0
@
N o 2]
L) ~N ~
- -t -
tr r -«

[al

VA

«111E+O5,

+539E-03GNUMBER OF PREY/M3=

«524E~09M3 PREY WEIGHT=

€Y VOLUME=

2

FISH MDUTH AREA 4939E-Q3

320 FISH WEIGHT IS 330,

=
FL IS

«192

o
ES

o
o~
)

:

0

& 1 ~
- wn
-

+500
FISHI IS

7

c

&

HALFOF THE ZODPLANKTON IS IN PATCHES™

'
i

+04
SE 0%

W

w
WP DA TS o Ry
POl SN U Tal of X o o}
CERERLIEEANERL]
YRR R AT DAl AR AL ol g

MO AN SN AR

O ORI s ONMY

~T N mine X aae
2 8w ot 2] § 0 0
-

-« -
o -«
f

Pertdy 0 OO

VATLABLE RATION
0.
2.

FEEDING ONE FEEDING RATION /DAYRATION/BIDY WT. RATIINZIND

O 00E+07

AVATLABLE RATION» .
0. £
0. £
o.
o.
o.

D §

e wessee

WO 000000
. L
]
!

& DN O
N NN

.o
(101}

TINE
S

r

'
-

DM
[adas LV
LY

A3 Tl ale X Aot N ]
A TEY B [NY S Vo T T 4
Lane 2l

z ,;

o
dXZuwe MOV

haielal

NN

N ot
Yot

e
NN

x 1
3?‘* ¥ i
~ NOCNDOO

@ 2oomao

w
£

)‘l—

PATCH VOL

22.0

2

2

2

2

2

0

!‘OI
+00000100
0
)

4]
o}
9
0

- PATCH

1.0
t

SCHO3L NJ.
7
?
2

wneom
Oy

.-y
o~y

e L)

[-1-1.5
ety
-

-,



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.



- Appendix IT

« 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. .

R
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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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12:

14:

Ixchanoe of protein ond encray Fetweon the Gulf
of &4, Lawrence and ithe Nov Mngland-Scotian Shelf.,

¥ .

Comparison of population estimate from (1) the
present study, and (?), Anderson (MS 1975a), for
1969 and 1973. - N

A) Comparison of estimates of mackerel peopulation
abundance wath cgonad veiahts and fecundity. CGonad
weights and fecundity after Mactay (1976a).

B) Least sauares regressicon of fecundity (I on

total sto abundance (P} for two mortalaity esti-~
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Irdex cf abundence of total stock, eqggs, larvae,
and numher of recruits at rge 1l-for the northern
population of Atlantic mackerel 1967-1969, BAll

numbers expressced as proportion of 1967 abundance
which equals 1.
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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

[ ¥

- e e s e
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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).

»
rd ‘ -

‘e

'y



1

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:

-

.



»

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%ance o; &
. chkerel eggs 1s reﬁat;vely low. .

&

Whlle\the egg sampllng.was unequal from year to year and

3

at no time wag the @enslty of sampl;ng*very hlgh frlgure l),

the results, K of all three years 'ihdicate ‘a rather large scale,

T

! ‘ -
apparently non-random pattern of ¢oncentration. To getter

define the nature of thls pattern, the afea of the Maédalén

Shallows mayfbe subd1v1ded into smaller areas following the

lines pf latltude and lQngltude. The resulting grid lnAFlguren T

1 L3
LI

1 overlays -the result of Arnold's surface samplingjgor ibGé.
P - . » .0 N . "
y v

[}
L]

~?

A

v
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The area of cach grid was calcuiqted by a plahlmcter,\and

the available egg density data were canverted to numbers of

©

eggs per m2 of sea surgace within each gfld. The BIO sampling
)

was made by vertical hauls so it was necessafy only to adjust

e

. them for net area. However, Arnold's sampling was by hori+

aQ

zontal tows, and %he data are given .as égg numbers per m3;
so that 1t was necessary to calculate an integratéed value

for the vertical distribution from the %bserved values.
¥

As data were available for surface and 15m, and mackerel
eggs were concélwtrated at the surface and not found below

25 m (Arnold, MS 1970; Sette, 1943), 1t &as‘logical to assume

-

a regular rate of decrease in eqgg numbers from surface to
- ( ©

15m and another rate to 25m. The vertical egg distribution
~1s, thus, approximated by a trapezium, whose area can be
calculated by the following equation: " .
lS(E0 + ElS) + 10E, ¢ .

o SE = (1)
\ 2 \

3

where E0 and El5 are egg ébundances at surface and 15m,
4

¢ The number of eggs for each block can be obtained from

'

the areafof the block times the number of eggs/mz; while the

number of eggs for all blocks 1is obtained by summing the
block totals. o ) oo .

ﬂHowéver, this representg standing sigpck rather than'

2

p;oductlon.“ TOAGalcaléte total egg pxoduction for the

4 week spawning period of this northern population, I have

- 7 L8 i

used a normal curve to represernt the change in egg abundance
s ]
% Yo 2
N , . s w

-



with tame, followang the example of Saville (1956) who found
this approximation useful for I'aroe haddock. Total egg
productloﬁ for the southern mackerel population was deter-
mined by Sette (1943), assuming seven different egg renewals.
However, the use of 4 normal curve for the northern population

1
is more reasonable con51dere1ng Fhelr short spawning perlod

Den51ty data for eggs were, of course, not obtained o

simultaneously, but over the period of as much as'z weeks for
each cruise. To facilitate calculation of égg produétlon,

I have assumed th t each sample was taken on the midpoint of
each cruise. I have then taken this midpoint to represent
the peak of spawning, and the sum of all eggs 1s proportronal
to the product1v£§¥ on that day. However, this sum represents
all dtages of eggs. Arnold found that 73.5% of eggs sampled
during 1967-196° were Stage 1 (first 30 hours). T have,
therefore, used this value to convert total egg ;gunt to the
equivalent daily production of eggs. This estimate of dally‘
prqductlon can then be converted\?o total production by

J
reference to a table of normal deviates. For a four-week

1

spawning period, the daily production represents 5.6% of the
total prodﬁction. Due to the assumption of a normal curye,

this estimate represents only 95% of the total spawning,\and
a conversion to 100% %as necessary. )

v

Further data are‘necessary to convert this value of ng
production to population and biomass. The relevant year- \
class composition, fish length and weights, and gonad &eightb

l
i

for 1967—196§-are summarized in Table 1.

\
a
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»

Fecundity was deteimined from the gonad weaghts usang
an cquaLion\from}MacKay (1976a) and.is prescnted in Table 1.

The rcsulting estimate of popllation was multiplied by two ,

. I
to account for males (sex ratio = 1l:1). \

B) Pcpulation abundance 1960-1975

A bopulation estimate for each year 1960-1974 could be

/

determined using the egg abundance estimates for 1968 and

@

l969l_as a baselaine.

The population size on January 1, 1969 was first obtained 4

from f%e average of the l96§ and 1969 estimates of spawning
stobk. The abundance of gach cohort could be obtained frdm
the year class composition for the spawning period in 1969.
’Year class compositions based on age-length keys were
avallable for 1962-1973 for two periods representing the spawning
“and summer populations (Table 2). The year clags composition for
the summer population was based on sampling fré§ 4T during July
and August and occassionally September and October. This year
élass composition was morefvariable than that for the spawning
population, reflectIng the higher sampling error and the dlépropor-
tionate number of younger fish present in the Southern Gulf.
The spawning pophlatlon 1s best sampled in 4Vn and 4T
during June, but only in 1971-1973-was éampling concentrated
in this area. However, thevsame length and‘age composition 1is

found in 4W and 4X during May and June as 1s found in 4Vn and

-4T during July. Therefore, these data for 4W and 4X were used

N Q

L]

1Egg.abundance in 1967 was much lower than in 1968 and 1969,
apparently becalse of a change in migration pattern due to unusual
oceanographic conditions (MacKay, 1976a) and I have, therefore,
not' used the 1967 estimate. » (

AN
AN
o

y
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*
-

to obtain year® class composition for the spawning popul&éion
in years other than 1971-1973. The resulting age cstimates
are consi%tent from year to year and agree quite well Wlth
other age estimates ﬁMacKay, 1976a). . ‘ /

. The 1966, 1967, and 1968 cohorts were not adeguately
represengfdfln the spawning population in 1968 and fQ§9 as
they were.not fully recrpited. The 1966 y7c.became fully
recruirted at age 3 in 1?69. The proportion of thas y/c in
the spawning population in- 1969 was used to obtain an estimate
of 1ts abundance for January 1, 19%9. The 1967 and 1968 y/c
were fully recruited in 1972. Their abundance in that year
was determined from their percentage' composition in relationship
to the persistent 1959 y/c. Their abundance in 1969 was then
determined by backcalculation using the method descrihed below.

b

| The size of each cohort in other years can be deiermlnea

1f the natural and fishing mortalities are known. The abyn-
dance 0f ecach cohort on January 1 for each year from 1968-1960
could be backcalculated using the basic gguation of the cohort
énalysis, a medification of the virtual pgpulation analysis '

!

(Pope, 1972).

oo - M
Ny =N+ € 4+ ¢ V2 (2)

*

where "Ny is the cohort abundance in year 1,
N(i + 1) is the cohort abundance in year 2,

M is the natural mortality rate and

Ci is catch of the cohort in year 1.

v

T e ot



Laikewise the population from 1969 onward could be calculated

from a rearrangement of equation 2

| _ (-M) _ (-M/2)
Neg 41y =M@ C,e (3)
. //

Abundances estimates for the 1970-1972 y/c'sxéould not

be obtained by the present analysis but estimates were available

from Anderson (MS 1975a). The abundance of the 1969 year cla;s

which was fully recruited in 1973 was obtained in a samilar

manner to that for the 1967 and 1968 y/c's. ’

! *
‘ . Two.estimates of natural mortality were used: M =

0.15

|

and M = 0.30. While M may vary with age and stock abundance

(Beverton and Holt, 1957), I assume that M 1s constant.

Catch data for each year class from 1968:Is7ir§or the -

entire ICNAF fishery is available from Anderson (MS 1975a

1

A Y

).

I have adjusted these data for thelproportlon of the catch

that could belong to the northern population by assﬁmlng that
|

all the catch except that made in SA 5 and 6 during bune-October

belongs to the northern population. This was done using detailed

catch information from Anderson (ﬁs 1975b) . For years prior to

1968 I have assigned the entire ICNAF catch to the northern

w

population.

C) Spawning population

The abundance estimates of the spawning portien of the .

stock were necessary to establish a stock recruit relationship.

The estimates for 1967 to 1969 were taken directly from the ‘

t

population estimate based on the egg abundance’information.

s

The estimatgg for fully recruited year classes in other years

1]

Jo

r

B ’
“
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\ - 10 -
\ ‘ '

are based on the results of the cohort analysis.™ For year “

-

classes which are.partially recruited, the age composiéion
data (Table 2) used to determine a proportion of that vear
class relative to another dominant year class. * This propor-
tion is used to obtain the numbers of spawners for thgt cohort.
The estimates for egg abundance and.cohort analysis for
1968 and 1969 are in close agreement; however, the 1967 estimate
based on egg abuPdance is much lower than that for the cohort
analysis. As I argque later (See Results) unusual oceanographic
conditions appeared to have prevented a sizable portion of the
spawning stock fromaﬁytering the Gulf of St. Lawrence. Instead
they remained and spawned on the outer coast of Nova Scoéla.
I, éherefore, use the much lower estlmates“based on the egg

abundance data to represent the abundance over the hormal
i &
spawning grounds, the Magdalen Shallows.
14
7

.-

D) Production .

Biomass calculations required both number and weight at

age for each year class. Numbers at age were obtained from*

o

the preceding estimation of populat}on51z§ (Table 7). Lengtﬁs

»

at age for each year class were obtained from the agg~iength
& \

data, cqﬂverted to weights usfng the apﬁropriate 1engtHQWe1ght

&

regression (MacKay, 1976a) for 1969-1973. Prior to 1969, weaght

was determined from ‘an average weight-length regression of -
B4 -

<

SW = »0059 (FL)>-1%4 | (4) ,

(]

where SW 1s somatic weight in grams and FI is fork length in cm.

o

w ¥
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In r’\
In order to calculate mean biomass, it was necessary to

obtain weights for January. -I have used a regression equation

¢

determined for fall 1973 (MacKay). The lcdagths used for
calculation of these¢ weights®” were the lengthy for the following

June, as they approximate the lengths in fall\ and winter.

© ~

Somatic productivity could be estimated according to

Chapman (1971) as:

~ -

P_ =GB (5),

-

. 1
% -
e -

where mean annual bicomass, B was determined from: ‘

_ B B B B
5. Jpt Ja, + o, (6)

3

By + By, v and By are biomass on July 1 of year one, biomass

1 2 2 0 .
in January 1 of year two, biomass on-July 1 of the second year,
respectively. " o ‘
s ~ 7

The instantaneous growth coefficient, G, can be calculated

as: G = 1n Wy =~ 1n Wy ’ (7)

»
v

| 1
where Wl and W2 are weights in July of year one and welghts\

on July 1 of yeér two, respeétlyely.
Gonadal productavity (Pg) 1s simply the number of spawning

fish on July 1 (NJ) times the gonad weight.

od

! ?g - NJ cW (8) ”

Gonad weights were determined from the regression appro-
priate to each year (op.cat.). 'Praior to 1969, I have used the

1972 gonad weight-length reqression, Wwhich appears to yield
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. TIT. TDLOVLTS ’ ‘
Ay Porrdation cdoondanoe . '
- : Q
(1) 1057-10¢70 . : o .
LY - 3 El ®

T overon myeborel ogg abundonee M7) Lor surface and \
\

! W,

15 fror Lrnebd's data feor oeach Blook 19 preconted an Table- 3.

Treoe Aata were used o caloulalne Lhe antoarat. 4 values pre-
w
whore tucr arce oomgred with toe values ob-

[

genlol an Tible 4

e tatned from ~he BIO data.  In 1969, nc infornation was availebhle

“
on eqs ogundangs ot 150, In order to cobilazn an appreomipation
v

]

ol the wntegrated value frowm the surface veluc, T have uscd a-

coLversiial fantior of 16, This conversicon factor was obtasned

»
from a ~omparicson @f the surfasc valucs {(Tawnle 3) with the «

wntegrated valaes (Tiwlc 4) for 1967 and(196¢€.

l)
Saripling wac

1

containcd 5. of Lthe cggs in 1968 and 1969 when the Surveys

Il

restracted in 19¢7y Hut the arca sampled

°

were xord ertangive and representative.  The 1967 values were

multiplacd by 1.9 Lo account for the-larger spawning arca.

’ A
Inspeetion of the raw data on egqg dﬁstrlbutlon indicates

o

q

This 15 documented En Talble 5a wblch

L}

a large varilabilaty.

ndicates the means and varirances from three different blocks

L

in 1968 for theS%ékee\types of’ sampling. The variances for

. all blocks and samples are larger than the mean. Variance

[
3

larger than the mean indicate an aggregation or patchy dis-

A1

-

tribution (Pielou,

in the horaizontal

'J 12)
‘than catches in the”vertical hauls.

"1969)., It is also apparent that catches

tows maﬁe by Arnold had much lower variances“

N

This 1s to be expected
Q 4 l';

@ D \ - Y
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i

1f dastiabul,ofi 1o patcehy.  Ine nerzrcontal tews would fend

B

Av anfograte 1M cwall ccall patchiiness.

Y
L

”
© The estimated abuwndances of Lhe nerthern op@mmaing
1

L]
vopulalion ol mact cerel-are povsented an Table ﬁ\wnlch i

[detarls toe sieps used an these estimales.  The spauning

population was 0.3 ballion {(1.c., 0.3 = 109) fish an 1967,

-

5.11 badlizon an 1968, and 5.09 Lillzen in 1969.

-

It 1s daffzcult Lo escribe sigrnificance io these

population estimaires s thoe most seriowvs weakness of the use

L3

of eug curve,s for cstimaling population abundance i1s that

"

grven eltens:ve sanples, the combaimation of spatial and tom-

poral wvariability cf the sampling data do not allcw %or calcu-

lation of confidence limits {Onglash, 1964; %éVllle, 1964).

19¢7 %s over an order of magnatude lower than in 1968 or 1969,

a differonce which is %%gn¢£mcant at p-0.02 using the Student

In cpite of thege dafficulties the number of eggs in

fal

-

t test (Table 5b). The largc increase an poyulatldn between

-
1967 ar.d 1866 cannot bhe acceounted for by the recruatmenti of

the 1965 year-class, which was relatively small (Table 1) .,

It could be argued that the sampling in 1967 missed sub-

stantial portions of the Gulf.where spawning could have been

o4

3 » ° A -
intense. This appears very:unlikely as the arcda covered an

e v

i

1967 contdined 67% of the egygs in‘Arnold's-1968 samplaing and

‘

+ ® 52% of the eggs in the 1969 sampling. There 1s some evidence

that the spawning popuiatlon behaved @bnormally in 1967 and

Vs

%

. that unusual oceanegraphic conditions prevented the

majority of the spawning stock from enteéring the Gulf

[



- " b

- »
.

of ft. Lawvrenaoe, " For cxamnple the comuercial catch in the

©

& )
Gulf of St. Lawrence was only 289 of the Ltatdl corpared

te a long term average of 45¢, Turthermore the commercial |
. l
catch durana summer on the outer Nova Scolian goast was

well above average, and £here was the abnormal occurrence

. .

of large fish eqggs aq& Jarvae on that coast during 19C7

\ o . >
\ (Macrgy, 1976«; Martell, MS 19€7).

w
1

There arc variou§ sources of errors in the cstimate

“

of population. One of these possible sources of error is

o

the approxmiwmation of the- total number of eggs qbtalned

from Rrnold's data by Tquation 1. Using the results of S

* -

Arnold's Miller samplers from 1969, I compare ‘my. approxi-=

N Y

mation to the values*derived from the 12 typléal profiles
he presents. The diffcrence between the two values ranged

from +28 to -24%; however, there was an average difference

M ‘

of only 4%, A . , .

Clearly the duration of spawning and the shape ¢f the

egg production curve will affect the estimates of population

size. I have used a two-week spawning period in an earlier

[y

a

\
preliminary estimate (MacKay, MS 1973) and that yields an
estimate half that of the present estimate. "Hoﬁqﬁer, the.

begt information 1s thgt spawninq'occdrs*over‘a“fourtweek

Jeriod (MacKay, 1976a; Lambert Pers. Comm.)l Detallngsémpllng

~

“for the four-week period 1is not availabfa, thus we can do

° LS

little but to assume that spawning activity “follows a nérmal

,J’ o 1
curve. Furthermore, the assumption, that the day of samw,
# ’ :

pling represents the peak of spawnihg 1s undoubtably false;
: . \

“

v

- .

L]
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i »
errors of this ascumption can only lead to an dndor .

v

* estamate of the true total egy proeduction. I have not |

- 3 v

attn@pted o analyze,foi temporal variaticn, sincg it is so

-
N

« confounded with spatial patchiness as Lo mahg\\}é such

refinements 1nappropriate,jat Lest.

°

@ ! 4
The fecundity estimate is a most critical parameter

afchtznq the estimate of numbers directdy. I progentva

u 4 '

relatlonshfp-for fecundity (MacKay, 1976a): . }

o TR F-= 4450.5 GW : (9)

| ‘.

vhere CW 1s gonad welggt\whzch can be determined from gonad

P

qgight—léngth regfessions giyven by MacKay. The resulting

'
) o v

fecundaity=-'of a 40cm fish would be 400,000 eggs’, the &stlmate‘

A

used by Sette (1943).,

»

v
e

A more detailed analysis.of *fecundity carried out in

o

1972 (Lambert, Pers. Comm.) was frustrated b& the presence

+ '&\

of ‘d1fferent sizes of presumptive ova, leading to dlfflcul-

PO

ties in interpreting vhith become\éggs and were spawned and ¢

which were retamned in the ovarles. Furthermone,,there does

y ! .

' appeqr to be a defsity dependent rela%;onship (See Recruat-
4 “pl

k.

~ 4 El a -
ment) ‘which causes yearfto year variabilfty«iﬁ gonad weights.
)

In the absence of more precisec 1nformatlon, I have used my‘
&

®
¢ Ll

o : ; . data bn fecundlty combined with gonad welghtg to obtain the
\ e relatlve fecundlty (rable &). HOWever,~1t 1szmost 1mpo¥tant
, T . for any future use Qf egg production to’estlmate mackerel

i

u

abundance,=¢hat nere prec1se estlmaté% of fecuridity be obtained.

o
® S e » »* -

’

1

*
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i1) Propulation abundance J960-1975 " .

2
v k.

‘An estimate of the abundance of each year class in the
norgﬁhrn populdtion for 1960-1975' for two levels of M are ?

presented in Table 7A and B. .o o

a

The tvo estimates of mortality indicate difﬁerentapopulation

~

patterns (ligure 2)., For M = 0.15; Lhe'populatﬁon decrcased

» | N Q v
slightly f{om\13 to 7 x 10" "fish betwvecn 1962 and 1966; then

incregsed to 18 x 109'w1th»recruitmentof the l967=year class,

} » kY
and’ has gradually decreased to 7 x lpg fish in 1975. For M =

0.3, the popu%atlon decreased rapidly from 52 to 11 x lO9 fish

-
3

. .
from 1962 to™1966, increased to 22 x lbg with«the recrultment -

w? ’
of the 1967 year class, and rapidly decllned to 3 x 109 faish-

an 1975. Prior to 1970, khe estimated populatlon for M = 0.3

is higher tham for M = 0.15, but the situation 1s reversed
i v A ]

N '

after 1970 (Flgﬁré 2) due to the lower éstlmato:of the 1967

PR

y/c produced by the higher M estimate. .

- "

o

Abundance of the' 1959 year ClaSS‘haS ranged from 13 to

fish for M = 0.15 and 51 tp- 0.5 x’lOg fish for M = 0.3.
? fish for .

1

The‘l9 7 year class has ranged from 11 to 3 x 10
. o -4 -

9

M= Oml and from 13 to le°x 10° fish for M = 0,3, .

In spite of ,the large variation 1h estlmated numbers of

% ™
Q “h
mackerel, Yiomass for both mortality estimates has been remark- .
. .

ably constant This is partléurbriy sogfor M=0.15, bJomaés has rmxmﬁ

tn

from a low of 2 x 106 metrlc tonSw(MT) in 1960 to .a high of 1'
5 ® 106 MT 1n 1969 (Flgure 2) . Biomass for M = 0,30 has S

* ¢ 4 o
varied somewhat more and shows a different pattern, declining;:' PN
from a high of 8 x 10° in 1961 to a low of 2-x 10° MT in 1973.

1 ’ * v oo
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B) stock ~ focruiilrelatlonﬁhip .,

Estaimaties of Lthe spawning st ock for, the two morté&uty
] . l
values are presented in Table 8, The 1959 y/c has clearly

dominated the spavning, stock vhile the 1967 y/c\las been import-

and only since 1971. Total spawning slock has §§fied 2 orders

a

. 0 s 5
of magnitude for both the mortality estimates. \ )

4

s \ 4
Knowledge of the stock-récruit relationship is §f con-

siderakble interest to management of the northern population
of mackercl. 1In Table 9 I compare numbers of spawners, bio-
‘mass of spawners and biomass of total stock to numbérs Of

recruits at age 1, for both morﬁality estimates. The data
suggests a general 1nverse stock-recruit relationship such

4

that large year classes are produced.only wvhen spawning stock

1s low. A better relatlonéhlp éppears to exist when cgmpérlhg

e

total stock biomass to recruitment. This is indicdated in
Figure 3, where I have fitted Ricker'typé recrultment curves

(Ricker 1875) to the data for both M = 0.15 and M = 0.30. ° ,

*

The maximum level of recruitment 1s obtained when the séock

» §5 1.3 x 10° MT for N = 0.15 and 1.2 x 10° MT for M = 0.30.
H v

C) Productivaity

.

] In mosﬂ consideratiops of productavity in unexploited

o

F
- populations,, it 1s as?gmed that biomass, productaivaity, and

the P/B ratio are fairly constant from year to year as a con- 9?

[

&

sequence of equilibrium populations waith a stable age distrai-

bution. *n the northern population‘of mackerel, age composition

v T

. hasﬂflucuated widely as the resulE of dominant Qear classes.
~

.
S
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These 1apose flucuations in bluma§s, productivaity, and P/B.

2

Estimates of these population attrabutes based on, the two

¥ &
»

mortality levels are presented in qudfe 3 and Pable 10.

w“

Unfortunately, my data do not permit realastic inclusion of

fish in theair first half year of lifc because estimates of

growth and mortality are not available for them., The contri-
bufion of these youngest fish &0 hiomass would be insigni-’

‘\
\ ficant; however, Lhelr growth rate is cleamly high; so that

N

- their inclusion would increase productivity 51gn1f1cantl§7”
' particularly ain 1967 when it would easily have equalled that

' of the rest of the stock. -

.

: Somatic production has flucuéted about an order of magni-

tude for both mortality estimates being influenced .by the age

s

structure<of the population. Somatic productivity is highest

\ when youpg'fbst growing fish dominate as in 1960, 1961 and .

1968 and 1969. These estimates of productivity are under- '

B ) b

%
estimates particularly for 1967 pébause of the exclusioh of
L4
fash in thear farst half year of life. Produgtlon may
. be even more variable than I Have indicated because of; the

annual variations in the weight-length relationship E

©

, (MacKay 1976a) which are not includea prior to 1969.

» Gonadal productivity has also var}ed'élmost an order of
agnitude, but has remained quite constant over the 1964-
o 1973xperiod.' Gonad production 1s an important component of
r b }

/totgl production and offen;equals or is greater than somatic

productlon, as in 1965 1966, and lo71.. &t is apparent from ¢

o
. »

. o1

-¥“Mm_.__~¢\,_, - e .

examining the production of individual year classes (chKay, \d

——

S
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unpublished data) that gonadal production'far cexceeds the -

’
-

-«

. ) \somatlc broductlon for oldexr faish. . v
§ Turnover rate or P/B is usually applied to a single
cohogt oY an equlllbr;um population. In this study, I
examine a populatibn P/B ratio. This rataio (Table 10)
shows varlat{oﬂs influenced pramarily by the variable produc-
tivaty. Of considerable interest lg the close agreement of

this ratio for the two mortality estlmatﬁs, as inclusion of

v

all the cohorts and gonadal production does not change the

s :
independence of the P/B ratio with mortality.

Soematic and gonadai production represents two different
. , productfion stems. Somatic production is obtained from the

Gulf of St. Lawrence system during ngy—October, when mackerel,

{ S '

. are .feedaing on zooplankton. This productivity 1s stored mainly
as fat, It 1s exported from the Gulf when the fish leave apd
- a1s used to provide energy for the overwintering §erlod. Gona~-

dal production is derived ?urlng a short perio f 1intense

L 4

- |
feeding on large food atems such as euphgusiids and fish larvae.

. d i

¢
@

‘ ‘ in the New England and Scotian shelf regions. Thus, gonadal

production represents an export fromithe shelf regions; and
as thas production is released as sex products, 1t represents
. . .

a direct import into the Gulf of St! Lawrence system.

» 4 )
Using the estimates for 1968 ahd 1969, it is possible to

? £
indicate the magnitude of these transfers between the Gulf of

-

- St. Lawrence and the New England and Scotian shelf regions.

?

These transfers are indicated in Table 1l. There 1s a net

R e - - ke s

Foiad
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loss of bhoth materials and energy from the Gulf of St. Lawrence.

The loss of protein is 60,000 MT which 1s équavalent é\ the

. cormercial eatch of herring in 1969 in the Gulf of St. Lawrence.
The input due to the' sex products 1s 60,000 MT. As these scx
products are released on spa&nlnq, they represent a sizable

input of protein directly into the Gulf system.

The seasonal migration of mackerel results in a net export

9

of 5.25 x 10~ Kcal of energy from the Gulf of St. Lawrence.

This large export of energy 1s mainly ain the form of fat and
> !

1s used by mackerel during the overwintering period. The winter

v fishery recaptured only 3% of this energy.

f '

»



Iv. DISCUSSION

A) Comparison with other estimates

o

«
&

Estimaﬂeé of the\total mackerel stock including both
northern and southern populatlonf exploated by the ICNAF
fishery ate availtable (Anderson, MS, 1975a; MS, 197Sb;
ICNAF, MS, 1976). These estimates are based on a virtual
population analysis (VPA)by cohort analysis (Pope, 1972),
using, a nééural mortality estimate of M = 0.3.

The results of Ande;son's (MS, 1976a) estimates and
my estimafes for l969nand 1973 are compared in Table 12.
In 1969 my estimates based on edg abundance inﬁormatlon
indicates a population of 17.4 x 109 mackerel, 36% higher
than Anderson's‘éstlﬁate. In 1973 my population costimates

are -also higher than Anderson's. For M = 0.15 I estimate
? I fish estimated by the

VPA analysis, while for M = 0.30°I estimate 8.4 x lO9 fish.

12.6 x 10 fish double the 6.0 x 10

My estimates of biomass’ show an even greater difference

from Anderson's. In 1969 I indicate a biomass of 4.7 x lO6

MT, almost three times greater than his estimate, while zn

®

1973 my estimates of biomass are 7.23 and 2.5 x lOG‘MT for
6

it

M= 0.15 and M = 0.30 compared to 1.3 x 10

estimates.

MT for Anderson's




ol

H
[

As I have discussed previously the estimate of

© ° @ »

population for-1969 baséﬁyon egg abundangge 1n£ormatioq
has numecrous potential sources of error wh%ch make ito )
imposélble to place confidence limits on the estimates.,
Nevertheless, t§§s estimate does suggest that the ngfthern
population cou;Q have accpunted for t?e entire ICNAF
flshery.ﬂ \

s

Whilke VPA 1s used W1deiy in assessing fish stocks at too
15 very sensitive to assumptions of Hatural mortality and
availabilaity and vuner%bllity of a cohprt to the fishery.
Unj;;rﬁunately, whllgzrour techniques for assessing stock g
abundance are at’best rather crude the management %eCleons
require rather precise %nformatlon on stock 31%e. For
example, the ICNAF mackerel assessment meeting (ICNAF, MS,
197%) rééommends a drastic reduction in fishing effort to
alfow the spawning stock to build up’ from the estimated

LY
6 MT However, my estimatg s%&hliéawnlng stock

.35 - .43 x 10

,extraporated to 1976 suggest 1 to 2 x 10 MT ‘more fish than

the "IGNAF estaimates. If this larger‘stock 1s present it

could support a considerable exploitation. It is therefore

a

important to examine the discrepancles between the two

estimates.

U i

The main difference between our estimates is my higher

T

estimates for the 1959 and 1967 y/c's. TIn 1969 I indicate

AN
»

e
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3.30 x 109 mackerel of the 1959 y/c¢, 55 t1§;s ;zzgter than
Anderson's estimate. It is obvious from tﬁé age coﬁbpsxtlon

™~
data (Table 2) that this year class hq.!been dominant in
the nerthern population and it was still evident in the
spawning populagtion during 1973. Clearly this year class
has been underrepresented in the ICNAF fishery-as only ain'
1968 has this vear cless been a major coﬁbonent of the ICNFT
flshery (Isakow, 1973). It 1s possible éhat ﬁhé;;qﬁz?her
olderjélsh may have a greater net avoidance or they may
ovérwinter in areas which are not being heavily flsﬁéd. .

\My estimate for the 1967 y/c in 1969 1s double that

of Anderson's. However, my estimate of this year class 1s
sensitive to errors in the estimation o] khe 1959 y/c as
the baseXline abundance of the 1967 y/c'was not determined
until 1t was fully £écru1ted in 1972, It is certalnlthlear
fapm both our estimates that-this year ci s has been
importgnt in hoth Ehe northern populatien{and the total
ICNAF(%lshery,w1§£¥ov?r 2 x lO9 fash of this year class
captured since 1968.” - )
::> Both the VPA and my estimates for years other thén 1968

4&& 1969 are sensative to the level of natural mortality.
As natural mortality for most fish populations is difficult

to measure, I have used two estimates. The lowest estimates

I consider is the lowest reasonable estimate for a long lived

pe&aglc fish. M 0.20 appears reasonable for the" lantic

herring in the Gulf of St. Lawrence (Winters, 1975) whiYe

, ) o e \ I

4
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M for North Sea mackerel appecars to range from 0.15 to
*0.25. I have used M = 0.30 as an upper lamit; thrs 1s
the estimate accepted by ICNAF for ;tock aésessmenf, .
purposes and the value, used by Anderson (MS 1976a). s
o\ Of interest 1is the different pattern, of abundance
which results from the two mortality estlmatés (Figure 2).
For M = 0,15, biomass remained constant from 1960 to 1967
then moved to a new.plateau with the recrui%ment of the
1967 Y/F and biomass has remained hlgh: On the other han;, “
for M = 0.30, biomass wés vgry high in the early 1960's, .
decreased td 1967, increased slngtly to léG% and has
cogtlnued to decline. ,It 1s also ;pparen% that the major
decline in biomass occurred priox to{ﬁhé large 1ncréhsé in
the fishery. ’ l \

& ‘ .

Anderson (MS 1976) has recently examined indices of

mackerel abundance based on research vessel surveys and
commercial fishery catch. It appears on’the basis of these
that mackerelvabuhdance increased to 1968 and nhas decline
steadily sance 1968. This decline in mackerel biomass
gives some support to a hlgper estimate of M. Certainly,

the higher estimate gives population estimates closer to

those of Anderson than does the low estimate. 4

- \
A

B e e el
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'B3 Recruitment 4
: i .
‘ « o, R .
. Various SnVLronmental variables such a§ temperature, ’

lowered surface salainities, fresh water runoff, zooplqn n

. abudqii;e, the fungus, Ichthyophonus hoferi and abnormal S

winds ¢an all influence successful recruitment in mackerel

-

- (MacKay, MS 1967; Sutcliffe, 1972; Setté, 1943).
Howl§iver , the stock recruit durves (Figure 4) indicate a

strong inverse relationship between stock size and recruit-

sment.. In the following'I present some of the densit

- .
; dependent mechanisms which may influence recruitment in
° x

¥

mackerel.

3 -

‘ Density dependent fecundity has béen éuggested by -
VR |

319813W and schroeder (1953) to explain den51%y dependent . #

.
recruitment in mackerel. Detailed information on gonad

‘ /

weights for 1969-1973 (MacKay, 1976a) alloys a Tést of the
density dependent hypothesis. The\results for 37.7 cm fish
0 2
are pré%ented in Table 13. Gonad weightg.and fecundity
] L4

have increased while total stoék density has %ecreased.

-
v . '

" . * \(‘
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Thus density depende fecundity has occurred during this ,

*
perlod.(”ﬁbwever, this hamnot resulted ain any significant
. 4
increase 1in recruitment durin his period {Table 9).

$
1

populatlon abunddnce

The’most importgnt regulatory mechanisms on fash
\ J
Zﬁg den§1ty dependent larval growth -

and mortall%y (Cushlng, 1974) and an fact, these "two r

variables are probably linked (Ware, 1975) . Den51ty depend~

‘ené growth does occur during the early ilfe history of)

mackerel. I have shown (MacKay, 1976a) that size at age 1
PR e

JAor the abundant 1959 and 1967 y/c's 1is- smaller than that

for(all other less abundant y/c's. However, density depend-

“ent montality ﬁs not wellrdocumented for fish\populailons

but 1s usually 1nv6kéa to explain population stability 4

@ ~~h
s %

(Waxre, 1975). ¢ A

L}

A hint at the den91ty dependent mechanlsm underlining

4

larval survival can be obtained using some llmlted larval

-

abundance data"collected during July 1967, 1968 and 1969 in #
an Issacs-Kidd midwater trawl (Arnold, MS 1970). Sampling,
cruise dates, and cruase, tracks were similar for e;ch year,

but the sampling an 1969 was more intensive. Table 14

PO ]

o o
compares egg abundance, larval abundance, and estimated

recrurts at age 1 for each year. Larvae were more abundant
in }9%7 than 1968 or 1969¢’howévegﬂsdue to the patchiness

of the larval dlstrlbu7ioq7'the variance are,farger than the
* ¥

e

L
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v
£ ’

mean 1t Ls not possible to show significance. However,

Y .
1t 18 clear that mortalities were over a magnitude and .
£

-

perhaps 40 tames greater in 1968 and 1969 than an 1967 -

4

which sugyests a strong demsaity-dependent mortality an the

] * -

" first few weeks of larval life. The anteresting feature of

3

density of the older #msh in the dummer p pulaélont rather

-

than to the size of the cohgrtfx\Fhus, two different typegm
of density-dependent mechanisms may be acting on young
. -

* N -
mackerel: 1) an garly intense lntracohort\competltloneor
1 b -

-

predaFlon} and 2) ‘'subsequent predation by other co?b%ﬁs on
the young larvae and juvenlhes. ; L
: Ricker (1§%5) coﬂSLdéhs\the type o£ recgu&t cugvé £l
Figure 4 a modlflcétion of the bé51c recru;tmeng‘(Rlcker)
curve and th% presence éf the "steep rlghtoilmb" lndlcatés

L

intense competltlon\for limited food. Intense intracohort

competition does occur in the cloéelytrq%ated Pacafic macke%ei,

[

Scomber japonicus (Bardach et gl:, 1972). - . "

L
The rapid early growth rate of Atlantic mackerel larvae

suggests a strong dependence on an abundant food supply. It

would appear from Table 14 that the initial larvail,density
w*

\

« determines the "all or nothing" effect. A largé concentrwation

of larvae would compete for a Ilmlted‘supply'of food so that

t

%
* survival would be-low. Whereas,_ a lower number of larvae
ro, , ) 3

would be able to obtain more food-and e¥perience greater survi-

val.” In addition to intrvacohort competition, larval predation

»~

-, s “

9

’

-
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also occurs as mackerel larvae ma‘b up 202 of the food an
the gstomachs of larvae ,larger than 10 mm (Axmnold, MS 1970).‘

-
.

Intracohort egmpetition amd predation do not appear
y : .

/ : - ;
to hdﬁg‘bcen amportant after July 20 In fagt, the 1968 °*
and 1969 y/c's decrecased in abundancgce-relative Lo the 1987

y/c 1n spite of the fact that in 1967 the larvae ‘werc more
K}

abundant than in 1968 and 1969 (Table 14Y. A density-

depen@ent,relatlonshlé between the total stock and the\

L

larvae (r.e., 1ntercohort’compétit16n and predation) may

account for the change in relative abundance after July 20.

N !

< .
Egg cannibalaism by adults does occur during the
”

spawning season, but 1t accounts for a mortality rate of no

B -

more than ;% per day (MacKay, unpublished da%a) and is
insignificant when compared to the natural mortalaty of
mackerel eggs (D. Ware, pers. comm.). However, larval and
juvenile predation by age 1 and older fish may be 1mqu£ant.
Only a few mackerel larvae have been found 1nrmackerel
st9maché,“but inferences from iaborafpry feedlhg stuéyés

and aﬁaly51s of ségmach contents éuggest thatlif larvae or
5uvenilés are encountered, .they will be eaten. There 1;‘
selection for food particlpgs the saize of 1arvae‘(MacKay,

1976a; Muir and Newcdmbe: MS 1973). Furthermore, immature ‘;

fish which arrive in the Gulf of St. lLawrence about, July 1

k3

N M " 2 i
show greater size selection than the adqlts for fooq,
particles the size of 1arvqﬁ. The'schooLlng behavigur and

movement of juveniles to very near-shore areas may be a .
¥ } o

|

S
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3

~ . ¢ :
mechanism ta minimize this precdation. Predation by larger
1

fish on juveniles does occurkdurlng the fall migration .

4 ¢ Al

(MdéKay, 1976a) . N

n

In summary, recruitment in hackerel is. ‘governed by.. .

- L) “

) I ] ;
* an anverse relatdenship between, population . numbers or bio~

ma;s and survival of new recruits. This relationship :
appears to be maintained by density-Hependent fgcundlty,
intense early intracohort competition for food, followedL
by pyedatibn of larvae Fnd juvghlles by.oider faish (aée 1

and older). The comdhned result of these meqhanlsméﬂ%s a very

strong negative feedback with large year~classes produced only .

»whemns t otal population 1s small.

v

~
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Weighted
Average

Average
Gonad
Weight

Estaimated
Fecundity

weights

nd relataive fecundaty for the spawning

population of the northern population Atlantic

FL
% (cm)
62 -36.5
& 35.6.
3 35.2
4 34,4
" 16 33.2
L
35.8
47.0
209,200
“\'\'

499
461
445

414

370

473

»

1968

p
FL . W
% (cm) , (g)
2
79 37.7 5§53
"4 38.5 591
47 38.0 567
3 36.4% 495
5  35.6 461
4 35,5 457

2 31.8 %23

%

50

A

1969
FI, W
(cm) (a)
. .
38.8% €34
38.5 615
37.5 5637
37.5 563
2
36.0 492
33.9 403
32,3 343
27,5 201
36.1 496
\ 47.8 ,
' "]
212,700

37.8 556
J
62.3 ‘
M‘ »
277,300
't
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Table 3: Averdge numbér of mackerel eggs’per. m” at r
} surface ¢0-2m) and P5m based on horizontal .

tows with a* #0-1 metre plankton net towed
. during June over the Magdalen Shallows of
.~ the Gulf bf St. Ldwrence (data after Arnold, ,
. MS, Z_L9"70) . Number of samples in parentheses. ™~ .

Y

-

. ’ . [ * 1967 19691 . 1969
5 ' ‘ ¢ * ’ b ‘*‘ G " N
Depth 0-2m . 15m ‘4 0=-2m 15m* 0-2m .
Block . o’ ° =~
. Number ~ » + :
, la - . . 126.1(2)  47.9(2) 6.3¢5) .
‘ 1b v + 0.02(6) © 0.0 (6) 43.5_(72 21.4(6) 40.0(8)
lc - .. ) 2 0.5(2) ‘
14 - 01(7) 0.1(7) . . 4:0(8)
[ . le 1} . PO N / - 0‘5—(‘77\; :\
Al [N < - + . e ” . . s =
. » v “‘ L) N ] &
‘ 2a ” " , Y 124.0(5) 38.5(5) 156.0(5)
" 2b 0.12(1) 0.07(1) 214.0(2)~\§ 54.9(2) 86.0(9)
" ‘ 2c 1.78(8) .~ 0.38(8) 97.4(10) 9.9(10) .80. 8(9)
2d . Y . - 7:5(6)« 5.0(6) “9.7(5)
2e - . e 2.6(5) . 2.5(5) . 6,4(11) *
{ . : o
. L 4w L]
{ Pl -3a "‘L t N . ‘ . -
. 3b A . 331.9(3) - A3. 8(3) ] 125(3) 1
. gc 11.94(5) 2.47(5) 63.2(4) . 4. 5(4) 29(3) .
d 8.70(3) 0.67(3) 19.6(6) 418(5) Y!['*5
3e ) . 8.4(1) 4. 6 (1), - 30(1) ;
+ * . > "‘ A '
: "N - L
* . » PN . .:,‘
. . . 3
. ‘ 4 ’ » ’ .~
’ . *
s . 2 U
, \ A v 4
- a Q T . N -
- ‘ -~ “.
)
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Area and numbers of mackerel eqgs per m

Y

Table 4: of 'sca.
surface for various bhlocks wathin the Magdalen
Shallows during mid-June 1967, 1968, 1969. .
. Descraption of calculations in text.
Area ’
sz . .
Year 1967 1968 R 19€¢
! il )
Source ~ Arnold Arnold BIO1 BIO2 Average Arnold
Block .
#
1l a 4224 1544.5 1544.5 60.€
1b 6000 0.14 593.8 334.7 517.4 482.0 384.¢
lc 3224 86.6 0.03 43.3 5.C
l1d 1319 1.5 . 1.5 38.5
luae v ' ‘ , 5.0
, ) | 52.9
j} a 6896 1411.3 . 1411.3 é%pd{l
2 b 8396 1.83 2291.3 " 631.6 1006.7 1309,9 27;f
2 c 8620 18,10 854.3 629.6 69171 725.,5 777C
2 d 8103 118.¢ 118.8 93.0 "
2 e 4310 ) 45.8 45.8 615.0
' 5:0
3 a . . s J L‘
3Db 3655
3 ¢ 4413 120,40 ] 266118 2661.8 1202.¢C
3d 6758 73.60 530.'3 N 530.3, 279.0C
3 e 517 |- 207.0 207.0 495.0
=4
v » Ye 120.5 . 120.5 288.5
Total . \
Area 66,435 i A
1. Vertaical toJé with 1/2m Hensen net from CSS DAWSON. -
2. Vertical tow§wwith 3/4m Hensen net from MV BRANDAL
3. One single very large value was excluded from this average.
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Table 5: Varlablllty; of n;ackerel edgs sampled in' the Gulf .
of St. Lawrence-" (A), in 1968 by. three différent
types of gear and (B) ain 1967, 1968, 1969 -
+ . i . ,i
(x = mean ' ’ . .
; v = variance ’ .
. n = sample number, and .
- . cf = confidence limits at P<0 05) . T
o . ‘
' (a) ’ .
SOURCE & ARNOLD (1M NET) " BJIO .
> DAWSON + BRANDKL?
SURFACE 15M (1/2 M NET) (3/4 M NET)
-
N “BLOCK # NUMBER EGGS/M3 NUMBER EGGS/\QET HAUL
— ¢ N
b 2 43.5 « 21.43. 65 8 229
w 2770 850 13,005 128,214
n » 7 6 9 7
! ) L3
b 5 214.0 54 9 124 1 445.5
v . 9934 560 26,959 ' 226,881
« n 3 3 ( 11 22
" 3e g 97.4 ’ .9 123.7 ¥ 305.8
17,203 l 53,315 135,829
. 1w i) 11 14
| ’ .
. (B) )
" YEAR 1967 1968 1969
N
BLOCK # « £
o
*  1b
2b - - r
2c x 4,36 76.33 57.40
3c )
3d )
cf +6.30 . 146.56 . +21.04
' n 23 & 30 y 43
[y 1
4-..../
. » *
- ‘ -+ - —— .

o

!

*w




0

iy

&

N -~

qTable 6: galculat18ns of the spawnlngwgtocg“of the northern .
population of Atlantic mackerel using egg abundance ,
data from Arnold (M§, 1970).  Assumptions and,
calculations in text. . " "
i "J
YEAR ) . 67 1968 1969 3
Number of eggs - N o ’
at peak of 4 o (1) ' o
spawning 10 2239.6 51,227 6 39,139 5 ¢
of
_ Number of < » N
stage 1 eqgs ’ . M
10 1646:1 37,652.3 7- - 28,767 & -
7’ N £
. Total egg : ! N
production 4 ° L
wk spawning
10° (2) 30,946 7 707,863.2 539,390.6
N o
Tot’al number of 2
spawning stock ~
10° ! 0.30, 5.11 v 5 09
Biomass of
spawning stock
10%Mr 0.15 2.85 2.52
L 4 1 +
a
&
l. Coxrrected f.or total spawning area. - g " .,
2. Corrected for 100 percent of eggs. »
1R 9
‘ ‘
%
4 £ '
‘f 1]
! LY
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Table 10:’ Productivity biomass ratios for the northern - s.
population Atlantic mackerel for two-estimates

>

LY

of mortalaty.

)

YEAR M="0.1% M = 0.30
—
@ ‘7‘,@
1960 0:69% 0.70
- )
1961 0.37 ° . 0.36
1962 0.06 . ,0.06
1963 0.13 0.14
1964 0.30 0.30
1965 0.18 . 0.20
1966 0.17 "0.17
Y
1967 . ¢ 0.38_ 0.38
e
1968 0.36 " 0.37
. H ?
1969 0.18 0.18
197 0.19" 0s 21
1971 ° 0.17 . 0.17
g -

972 0.27 0.25
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. Tahle.ll: Exchange of protein and energy- betweén the Gulf

. . h :of St. Lawrence and the New England-$cotian
‘% * " shelf. Y . o e v,
Tt e . ; g w? . H i
¥
3 o \
¢ . L4 o -
, » Protein 6 Fat ! i:nergy
.o ; 10° MT 9
o A » - -
P Export . . - 10”7 K cal
. October . % m o Do ,,"’-W,;" .
‘ 1968- . ' . 1.00 ! .76 12.83
‘ ( ) . h .
i ¥ Ta
c' L3 s
Inport ' .
. Jun¢ somatic tissue 0.88 0.23 7.15
- _ ¥ A
. 1969 gonad taissve '0.06 ¥ *  0.01 0.43 =
i & < n
A 0‘ a ‘ . 5
Total ve } ' o
' . Difference,. ~ . 0.06 " .52 5.25
® \ [
‘a 4
Fishery . 0.01 01 0.15
SA 4, 5, 6 ) .
November, 1968 P .
May, 1969 ‘ .
. . )
. ’ § 't 4 -
v . L‘ <
X
4 B
* - L
o 0 :
t ! ) ’ \

v

3




o e -

- ¢

- . 1969 1973
, (
Seurpe -~ . 1 2 1 i}
Year/class M=0.30 M=0 30 M=0.1 M=0.30\
1959-60 3.30 0.06 1.81 |  0.99
1961 0.15 0.05  0.08 0.05
1962 0.18 0.10 0.10 0.05
1963 | 0.16  +0.12 0.08 0.03
1964 o 021w 0.14 0,12 0.04
1965 0 39 0 46 0.11" 0.04
1966 1.56 _ 1.70 0.45 ‘0.22
1967 9.88 5.40 f.12 2.12
1968 1.57 3.10 0.49 0.20
1969 ) o *1.13 0.52
11970 ; 0.64 0.64
1971 1.50 | 1.50
1972 2.00 2.00
TOTAL " .
Némbexs 17.40  11.20  12.60 8.40
x 109
Biomass
x 106 MT 4,70 2,5°
- L)
“ . ’
4 /
.
/“ 4
. ‘ R +

v

« Table 12: Comparison of population estimate from
(1) the present study, an

(2} Anderson (MS, 1975a), flor 1969 and 1973.

2
M=0.30

1.32

e oy R T —————

ﬁ“mw,\

s
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TabYe 13 - BA) Comparison of estimaté% of mackerel population
abundance with gonad weights and fecundity.
Gonad weights and fecundity after MacKay (1976a).
B) Least squares recgression of fecundity (I') on

. total stock abundance (P) flor two mortality es-~
' ° -timates for 37.7 cm mackerel. -
» X v
Year Population Abundance Gonad Weigﬁt Fecundity
x 107 for 37.7 Tm for 37.7
, M= 0.15 M= 0,30 . fish "(g) ° cm fish -
¥ , -+ (x 104) N
J o,
1969 SS 5.1 5.1 62.4 . 27.8
TS 16.9 17.4 . o
=2 4
1970 ss 4.6 3.7 . 66.@' 29.7- v
TS 16.78 14.9 “ “
) o
1971 ss B.6 6.0 68.5 30.5
) '
TS 15,1 . 11.7
1972 sS 946 5.6 68.6 . 3Q.5 |
TS 13.9 9.9Q »
1973 S8 7.8° 3.6 80.6 " 35.9
TS 12.6 8.4
Mortality Estimate Regression qua%lon Correlation
Coefficient
, (x?)
3 M Y
0.15 . F=1.42 + 52,30 P ~-.876
0.30 P = 0.69 + 39,47 P -.840
X g '.$
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Surface distribution-of mackerel eggs June'18
to Jume™2d4, 1968 (taken from Arnold, MS 1970).
Letters a numbers aindicate a grid following
thexllnes of lataitude and longitude. ' .

)

Esgﬂﬁateé of numbers and bipmass for the—""
northern population of Atlantic mackerel ¢ °
using two estimates of mortalaty. .

Somatic production (P_) and gbnadal production
(P.) for the northern“population' of Atlantic-.

mackerxel, 1960-1973, for M = O.lé and M = 0.30.

N
Fd

Stock recrumtme%t relationship of the northern

population of Atlantic mackerel based on thée

Ricker typg req;hltment curve for two estimates

of natural mortality. Solid points - M = 0.15,
X's - M= 0.30. 3

-

“

w¥®



mackere|

e0gs /m? L
c. O-t
o 2-10
®._ Il-50 m
.- L3 BTt
i
k@ 101-200 ;
N @® 201-300 | )
\L@.»vaofo
39



O
(@)
2 1

NUMBERS X 10°
- v

€

o
1

3

O
L1

T .
.ﬁ_

960

1962

1964

P YEAR

1966

1968

1970 __ 1972

~ Dl

~
] /ﬁ
:

1974

Tar

A e W



PRODUCTION
MT X 10°

%
i i t T ¥ 1 1 4 1 T L 1 t 1} L 1
-, 1960 1962, 1964 . |9¢6 1968 1970 1972 1974
-~ J o “YEAR " ]
F o ! .
- - ) @ h ﬂ " .
) ' ) ..( )
’ —

4

Uy



- r .
R=17.19 Pe 074
ré=-0:747

-2





