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INTRODUCTION
. .'

•

Some of the major gaps in our knCX7ledge of·mviI:uning performance.ef, .
cemmen marine teleosts wcre indicated during the coni'ercnoe en fish '
behaviour in relation to fishing techniques and tactics 1967. .In partic:' .
ular, papers by Blaxter. (1969), Hemmings (1969) anl Foster (1969) pointed'
to the c.bsence ef o.dequate knowledge of the physiology of swimming and. '
especially the enlurance of the fishcornmonly caught by the seine net er
the trawl. Censidering the various advo.nces in the study of.: ffi1imming
physiology during recent ycars i t is noU" possible to propose 0. working'
hypothesis .tbat should make much clearer thc relo.tionship bemeen the . " ,
swimming performance of the i'ish and. the speed and. motion of thc geo.r
desigred to catch the fish... . .. _ . ' '

a) - The two mimming sys'te~' '.' .. - "

"

; :.'.

Anatomists and. histOlogists 'ha;e long reccgnised that in tei~osts
. there are wo types, of. muscle fibre in the lateral swimming muscles ~ '.. , ..
More recently i t has becn dcmonstrated that the s o.:called red' muscle iso ,
composed typically of slow type muscle f:ibrcs and. the whi te muscle is
made up of large diameter fast fibres (Barets 1961, Gcorge .1967) •. The .
preseroe oi' oxidativc enzyme systems in the red musclo and..their 'absence .
!'rom thc uhite muscle (Braekkan 1956, Bane 1966),. indicate t.hat the. .
red muscleca.n porform aerobic respirationwhile the nhite museIe must
:Cunction anaerobically.', ... ~.: ~ .

, .;

. .. ~ t ~ .

..','.. " .Thc aerobic.' system

b) The anaerobic system

c)

It is nOi1 uell cstablished tha.t Vlhen fish are chased forcibly, the:'
level of glycogen in the rrhi te muscle :falls rapidly ·to ,noor zero levels,
within 10 tO,20 minutes of oxercise ,(Danelo 1969, Beamish 1968, Burt 1969, ' .. ,
Wardle in prep.) and it has been shmn that 5~ of the glyccgen roay bo .'
lost within wo minutes (Blo.ck et al., 1962). The drop in' glycogcn lcv:els ....
leads to an equimolar elevo.tion of lo.ctic acid in tho same tissue' (Black, ~ .' .
~.,. 1962, Vii ttcnberg and. Diacuic 1965, Burt and StrC?ud '1969, Stevens' & .'
Black 1966; BeaI'lish 1968, Dando 1 969, Burt 1 969) •. Thera are' up to now no .. '.
reliable estimates of the distance anel speed tbat this f'uel store.represents;
First estimates (Vlardle unpublished) s'Ubgest that plaice (30 cm) can Slvim; "
using amerobic bursts of swimLling din'~ance3 around 300, to 50~ m only anl. " - .
it is,to be.expccted that,other teleosts nhen·foreed to ,dc. so will be. ~.

capable ofswimmins distances:around 1000 to ~590 body leilgth's';.. However,
further measurement'of these important disto.nces are required •. It:seems '
worlhwhile considering the teleost as.having a limitcd number of taU.' ':
beats or contractions of the whi te lateral museIes ·'related to the break~ .. :.
down of .theglycogon 'storo to.l~ctic.acid.~ ", ,: .:. -, . '~".'

~ , ..... , .!:. ; i

•

The idea .of' a.n ~erobic,. ~ruising muscle!ani -its.~ i~c1cpencie~ce .. fronl .-.., . ~
the glycogen tb lactate. anaerobic systeEl is now accepted •. ' It. i3 a. weIl' :";'

." .. ... -.' ''''.. ".'. .., 40" '/
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knarln observation that each 3pecies oi' tele03t 1m3 a.n upper speed· or swim­
Lling at which it does not tiro. As lang as the speed is not increased
above this cruisinß thre:Jhol.i tL.c i'inh c:m ~.1iIt i'or a relativoly long
period. in speed. tests. It has been not3d in the literature tlnt the
cruising speed is related to thc cL10unt 01' rod muscle and that this m'.lscle
is ::; erviccd. by 0. m::d;0h1ng o:;;:,ygon tJ:'a.!1.:lpo~:,t 8.75 tem a..~d. gill hcart syn tem.
In general fish with Im'bo ß:.J.:mntn 0;:'" :"".,;d. !'l.l~·)]e h:l"';o r::gher hactlatocrits
and larger hoarts than t}~c.fjC 1':1..':h n:::.11. 2.:1"tUc 01' 110 '1'(,<1. l~~zclo (Blaxter,
Wardle, Raborts, 1971). It is ponsiole rar fjDh with OlUY traces 01' an
aerobic synton to have nearly no red. b load. celis an:l a ver:[ much expand.ed
lymph ~~,-~tcLl (Blcxter, Vlard.le, Raberts, 1971; WardIe, 1971). ' ..

The physioloGical Bn5.ts t'J t:i~c pn:::'f'c::'ili·m~e.oi' "t.;he c.c:::'0b::'c I:luncle .
system are (1) t1::;) ra:=..xjl"l:1:! rate o.i; l'!d.a~l it (;~n :::T1?G~~ con!;4'ucti.cns (sc;:::c­
where bci;vrocn 1 alld 5 -(;.:.1.1.1 bcatD psr non aJi) an·i (2) thc, D·;;::O:-ei.:ll of' tho
contraction r/hiell will 1;e :r·(·,J.c..;';t;,1. t 0 i.~h3 llü.1:,·::.el' cf :f'::"-Ol'CD 01' lHn'ohic tir.eue
contrac-til1Z. The spe8d ati:::..:i...\':.od b~r th:t~1 systeu will ue a func~ioa cf' 1..113
streng"th puha!,::> necn es ·C:.:U. bC::l.t l-.xlpli·Gude or aD a z:.a,cched incrcaso in
the drivi.ng surfaco ci' thc c~ucJb.l i'lll•.

The cl:l.::tcmce novad du:C'.inS 0110 o c...i.pleto' taU beat hc.s· bnon f'cund 010:::;0

to a C01:st(·~;.1t 01' 0.6 1JCl';,y IG~1ßtr::o (Dalul>:•.'id30, 155SL' 'Hcw'it iS'su[ßested •
by varicuo authors tlw..t the aorobic muscle system can sustain swirn:ning
speed.s of' betvleen one anl three body lel1gths per second. indico.ting a con-
traction c~rt)le 01' bat"cen 2 and .5 tail beats per sec ond. mainta:lned. indei'in-
itoly. LNote: Baizlbl'idge' s conctant of' 0.6 body longths per taU beat
does not allCY."l i'or tho ooncopt cf a more powcr:Cul thru3tat t113: same

. frequenci,<:3 ::lU3gested. b;r the groE..ter volttme 01' red IrillScle in c:-ui::d.l13 spccies cf'
teleost~~' .

d) Prel~i.n3.ry expcr:troc.!?:.t1

The following experiments wero dosigned to demonntrate .thc basic
proposal' thh.t \,he11 f'ish l1.re Dado to· SIlim at speeds bclow thn orui:Jing
threshcld i'or lang pc.riods their anaerobic system remains in a rostillg
c ondit ion.

METIIODS

Cod., .G1'l.c'lu.'3 r.::::t}2.'.2; saithe, G'J.t1t):1 virem. ar.d hadaccJ~, M,,,l..~nr:-:;~:::''l'ltw
E-~J::::}~,] ,181'e ('.:.lUr;ht 'in [:l~liO\1'l:.:;d'ür (7-'; O~) cil' Gi:.:\~~·~~~;:i.;r;s:·-::\~;::,r"Zl<'cn•.
They WC.:.~0 pl~c::::a 1:1 ihe ccni;re E'.:"Ga ni'.. a '10 III d:i.~:netcr cireuJ.,12." [;,'I:Ü1.7 ·tc.nk,
F 'g 1 ·.:['1' sc' -1" ... .<>0,.. \~,.., 'r"L'" '110' ~.'. 12°c und. oOC1 CX'\.·I"'~"n ,·"t1."··1.·... io''l ,. ,J.. , ~ ...~ ~ l .. :..\;,._ ......'""'~l. ~ ,-,..J c..e.c;'" .. .,I /0 JoJI. Ju': '.' ... tI .... I. '" • ~ u.u.L....

feedinc i:a.S e~t:\·b:Lish~ti. (,5-1 0 c1';-.yt».' Grcups cf' 2G-,3U f'j}3h Vlc~Q.h~~c.,::a. :i~:.to
the te.':·',:; nhD.nr..01 (.~'ie. 1) Jlij~CJUG~l a Gi;.'.1;O an-j. tl'.c f':'U;h Wf:,re n.il:ip~~C'd 'Lo lew
light in':~;"J·,.3i!'·:t. ~i1": r:"sh v....~·:;;·e 11:,.~lD t 0 )jiove by. r::C'jcntil~l~ l~:'ff1t pa~terns
f'rom +, ( .-~ n'!-"-r (Tl., ,- 1) 'TIl' <> C'" rr-'''''p hA~ n 'P.~·'" ~ 0' '. np"""~ 0'" ·"0'· ... '1;., "'n~J j ~.J<.1~' L'.:.j .!.' _("). • _ .. "", ~'-'_ \1.1.••.: _ ••:> e- • c"Aoo... .: •.:... ~v .' ......... _ • .... "'~.. ..... _ ..

around. th; pG:riJ:19 1;Ct' of' ~;he 'lall.!.,: b81n,5 p~.vo"t'2J e.t t!!Ü C üj,1"~:':.·('. A ;:;-:.l·~-;e.::lS­

f'u1 arrangement was evol..ed. r:he::.'" i:;~e t:'.r.~;: r,)C:,l ",'ir; 5.n cJ.:,1.'!~'t:'03 a~Ü the
f'ish svam in an area 01' spookled E.l'l.ll:ünn.tio:'l in i'rOllt of' tho gn.ntry and :
Tiere reluctant ta fall back into an area 01' bright illuminationbehind the
gant~•. Fish were sampled f'rom the channelby oponing a'gato in thc outer
wall of' the' channel which lead individuals beween wo stainless steel .
electrode gric1s 100 cm a:r;art. Whon the f'ish was e:~actly bett7cen thc elec ....
trodes an alternating currel1t (20 volts 40 amps) was 'applied f'or 10seconds
and the stunned. fish removed. The head ar the fish was cut frcm the b ody
and muscle s8.oples one f'rc,n each side were frozen in liqui cl nitr cgen. Tho
tVlO sa.mples i'ran roch fish were amlysed. far' lactate (Hohorst 1963) and.
glycogen, .(Handel 1965) blöod snnples wcre collectcd frcm tll'3 rcnaLpbrlaJ.
vein and analysed f'or lactic acid. 80S described 'in \7ard.le·(1971) ~ -

2
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RESULTS .. ; , . ~. . .

•

The levels of' musele, glyeogen and laotie acid in f'ish' adnptNl t0 UIf'! ..:
tank and stunned eleetricclly \7ithout ex'ol'eise are shOO'n in Table.1 ." A
group of similnr f'inh was excrcized by'oonstant ehasil1g ani' their lew ", :;:,':
muscle glycogen und high muscle lo.otio o.cid levels are shcmn in, Table 2.:.·

A group of' the same bateh' of' f'ish was made)' t'o swim' at· 0. speed' of: ;
36.7 cm per seeond f'or seven hoUr3.per day.f'or:21 ,do.ys~', At.this speed a
proportion' of' these f'iSh repeo.tedly dropped back behind the moving gantIy
and missed revolutions. The musole glyoogen cf' those that droppcd behind
was f'ound to be depleted (Table 3).' .All,but ene (C19) of',the f'ishwhieh: .. ,
had'kept sw:imning f'or,194.0 km' at 36.7 cro/sec shcwed resting levels. of :";
glycogen 'und lactatewhen sampled after, their final' .seven'hours of' swimi:J.ing

, (To.blo 4). ' ._:- " I", :"

Another [;roup of' cod., haddook Md saithe were made to'swir:l at -36.7 cm/
sec continuously f'or 102 hours.(134.64 km).: Tho musele.of these f'ish:-,. '
shO\'1ed a'r~sting state'ofhigh'glycogen andlorr,lactate levels (Tab,le5).

'. \ .J

The exp cr:iJnenta1 treatments 'and. their eff'ec't onthe' ~u:::cle g'lycoge~
and lactate are sur.:ur:aris ed in the' diagram (Fig.' 2).' '.. , ',.', ' '.' . .', ~'

DISCUSSION
,~ .. -

I ... _'._ '.. _ .....

•

:;"-:
The f'orination or 'non-f'armtiori of' lactic ,acid in the mu~cle is cl~arly'

critical at all stages of eapture by ',trawl orseine net.' , i1hcn fish first
encotinter the f'ishing gear they will'normally 1?e in o..rested condition."
As lang as' the f'ish are:ooved only ,slowly by the .gear ..they. could rerrnin in'
this rested condition'pclssibly Si7imming at.speeds up.to1;"3·bodylergths'
per sec end without signif'icant praluction of'muscle laotic acid~ : For. "
example, when the bridle warps of the seine net sweep the bottom they herd
f'ish to the contra (Hemmings 1969). As the ropo movos in, the apparent
movement inwards is a smll vector of tte f'orward hauling speed on the
rope. The reactions of' haddock, cod ani sai the to the warps have not yet
been observed but i t is thought likely that the roundfish will swim allay
f'rom the rope at a slow steady speed until they arrive between the llingS.
Once beween the Ilings haddock maintain station S7imming wi fu' the forward
moving wings f'or some minutes befare turning back into the tunnel of the
net. The speed here is likely to be of the order of 100-200 ero/sec
(2-4 knots) and the f'ish \7ould have to be 100-200 cmlong in order to
avoid using their anaerobic muscle. The laotic aoid production in the
smaller f'i5h may at a certain stage become critical and decide the time of'
dropping back into the net.

Tho state of exhaustion of the fish seen landed on the' deck of the
catching ship is clearly not the same as the state of' the f'ish when i t '
dropped back in the mouth of the not. Observation of the cod-Gnd by divers
during 0. haul shows that the c onfinements of the netting cause tho f'ish to
struggle violently. The period of this conf'inement is up to 20 minutes
while the not i5 hauled to the sUrf'ace, giving adeqmte time f'ar the com­
Jillete e7.haustion of the musole glyccgen as has been recorded by Beamish
(1966), Dando (1969), »ardle (in prep.).

Lactate as a lethal f'act er in f'ish capture was discussed by Black
(1958), Jonas (1962), Beamish (1966). Recent observations (Wardle in
prop.) have suggested that the high levels of' lactate in the blood of fish
after capture is not due to a normal release of' lactate f'rom exhausted
muscle but is probably due to the Vleakenil~g of' the anim::l1:::' metab olism by
some other feo.ture, f'or example, oxygen lack. This dtlnnge .-reakens an

3



active metabolie proee::ls whieh holds laotio aoiu. ln the ml}!lo] e o(\11~. 111e

lactic acid then releascd contributes to 0. spiral of non-recove~. This
is of importance here only in tbD.t fish iaken from the cod.-cnd will have
this potential for self-dGstruction if the metabolism is weakcned. Exhaus­
tion of this s ort will play no part durlng the srrimming of the fish in
front of the gear.

It was noted by Black (19580.) and Black et 0.1. (1961) that trout
exercised by chasing showed 0. change in behaviour.at 0. certain stage
durlng exhaustion described aso 0. change from ."run" tO "seek sheltor".
This would seem to present 0. protective mechanism so that the anaerobic
system is not voluntarily, canpletely depleted. The change in behaviour
is repeatedly seen in fish that are made to swim for some time at speeds
abov'e true cruising and i t may be of some significance in the reaction of
fish to gear used to capture them.

Whether the reason for drop back in .the mouth of the net be exhaustion
or 0. simple feed back erfect of lactic acid build up in muscle or blood on
behaviour, i t is clear that those parts of the net herding fish should not
induce the dropping back reaction, whereas fish in the region of the mouth
of the net should be inducod to drop back as rapidly as ponsible. It is
also clear that a criticalpoint iswhether or not the induced svlimming
involves the anaerobic muscle system.

In conclusion, further kn0\7ledge is required on the true cruising rate,
Le. the mnximum' speed at I1hich the fish isnot using i ts anaerobic system.
'v7e must know the distance 0. fish can swim using i ts anaerobic fuel store
and at what speeds. The charge in behaviour of the fish as the anaerobic
st are is used up must be analysed. The speed at which fish srlim at differ­
ent stages during the capture process and the physiological state at these
different stages must be investigated.

4
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Table 1

Muscle g1.ycogen and lactate levels of' re:d:ing .f':ish
samp1.ed. by electric shock

Species*
Musc1.e Musele Musele Length Weight

G-lyeogen Lactate Total G+L
No. mg/100g mg,1100g mg/100g (ern) (gm)

C1 105.4 156.3 261.7 29 263

C2 113.1 100.9 214.0 34 417

C3 207.1 65.3 272.4 29 257

C4 15.3 81.1 96.4 31 279

C5 36.9 97.7 134.6 37 568

C6 147.2 50.2 197 .4 34 356

S1 566.4 89.9 646.3 36 546

• H1 74.4 187.6 262.0 26 148

*C = cod S = saithe H =haddock

Table 2

Muscle glycogen and lactate levels of' f'ive res ted f'ish
exereised to exhaustion durlng 15 minutes

Species*
Muscle Musele Muscle Lergth Vfe:i.ght

G-lycogen Lactate Total G+L
No. mg/100g mg/100g mg/100g

(em) (gm)

C7 4.6 269.4 274.0 33 330

• C8 2.5 154.5 157.0 30 241

C9 10.0 157.7 167.7 27 191

C10 5.1 209.2 211+·.3 31 268

S2 22.5 124.3 146.8 38 503

'ltc =cod S = saithe



Table 3

MuseIe glycogen and lactate levels of' :r-lve eod whi.ch
dr~pped behind dur-ing cruising experiment (see Table 4)

Species
Muscle Muscle MuseIe Ler.gth Weight

Glycogen Lactate Total G+L
No. mg/100g mg;'100g rnd100g

(cm) (gm)

C20 10.8 113.6 124.4 29 241

C21 11 .2 63.9 75.1 22 86

C22 14.3 68.0 82.3 28 198

C23 4.1 110.6 114.7 27 169

C24 2.9 90.3 93.2 31 265

Table 4

MuseIe of glycogen and lactate levels cf cod cruising
7 hours a day f'or 21 days, sampled by electric shock

Species
Muacle Muscle Muscle Ler.gth Weight Blood Lacte.te

Glycogen Lactate Total G+L
No. mg/100g mg;'100g mg/100g

(cm) (gm) mg;'100g

C11 197.2 94.8 292.0 33 415 5.0

C12 227.0 198.3 425.3 54 1400 13.1

C13 133.5 79.1 212.6 39 637 3.0

• C14 122.0 83.0 205.0 32 352 4.9

C15 248.0 92.1 340.1 30 319 4.1

Ci6 105.0 77.4 182.4 29 259 7.0

C17 109.5 88.8 198.3 27 206 7.8

C18 135.9 76.2 212.1 32 383 7.6

C19 15.9 254.2 270.1 34 390 58.3



Table 5

Musele glyeogen an:! ~actate levels of' twenty f'Jsh crllis.ing continuously
f'or 102 hours at 36.7 enYsee total distanee swum 134-.64 kilometres

Musele Musele Musele Blood Speed
Species* Glyeogen Lactate Total G+L Lactate Length Weight Body

No. mg/100g mg,/100g mg,/100g mg/100g (em) (gm) lengtb,l
second

C25 176.1 42.7 216.8 5.4 40 669 0.92

C26 2fS1.9 144.2 432.1 5.8 27 196 1.36

C27 135.8 144.8 280.6 6.3 32 322 1.15

C28 241.2 139.8 381.0 5.7 35 504 1 .05

C29 322.3 95.5 417.8 2.1 35 1..8i 1 .05

C30 45.1 277.1 322.2 7.5 37 498 0.99

C31 270.8 115.5 386.3 10.4 28 238 1 .31

C32 58.1 91.5 149.6 8.9 32 297 1.15

C33 377.5 125.1 502.6 6.6 25 151 1.47

5 3 1256.1 119.3 1375.4 5.3 39 624 0.94

S 4 1442.1 107.1 1549.2 3.3 39 682 0.91.J·

S 5 466.3 159.5 625.8 6.9 40 706 0.92

S 6 376.2 138.5 514.7 3.8 45 1000+ 0.81

S 7 1456.6 130.5 1587.1 16.8 37 579 0.99

S 8 188.4 112.1 300.5 1.8 36 423 1 .02

S 9 223.7 141 .1 364.8 3.9 43 754 0.85

S10 382.9 152.0 .534.9 2.4 41 743 0.89

511 33.8 262.5 296.3 21.1 29 240 1 .26

H 2 379.8 228.1 607.9 2.4- 34 366 1 .08

H3 474.9 287 .1 762 .0 8.4 35 457 1 .05

"'C =eod
5 = saithe
H = haddock
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FIG. I. DIAGRAM OF THE GANTRY TANK
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FIG. 2. SHOWING THE TOTAL AND RELATIVE LEVELS OF GLYCOGEN AND
LACTIC ACID IN THE ANAEROBIC MUSCLE IN THE CONDITIONS
INDICATED.
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