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The clc~vclopment of functional larval stages is described i r t  relation to diffeerent yolk sac 

st;~gc,s. Siol.phologica1 ;inti histologic;~l tvork has bee11 done c-on( omitantly .i\-itll the obsei-vation 
oil the 1;lrv;tl fcctliilg hchaviour. Larvae tvel-e fctl diffcrerit s i ~ e s  of phytop1;tnkters ;ind ilauplii 
of/l~-tcr~tin rnli~rri. <:or1 larva<. pt-ovetl to avoirl small f1;tggelatcs hut \vc.rc. activr feeders o n  bigger 
sized phytopi;~nktcrs. The pi-ohlem concerning the iliiluente of phytop1;tnkters o n  rile first 
fcctling cot1 1arv;tc is disc ~rssetl. <:oti 1;1rvae \\.(:I-c sho\vn to be ;t visual f'redrr o n  nauplii and  the 
light intensity threshold \vas hct\veen 0.1- 0.4 lux. 

T h c  poirlt of r ~ o  r c t ~ ~ r n  (PNR) is tentatively detcrr~linctl, anti the cod larval conditioil at that 
st;tgc is coiiip;rrctl io 1;1i.v;11 groups fi-on1 tile enclos~u-c experiment (F.I,I.EKTSEN a1 (I/., 107%) 
1~hic.h hati cxpcricncctl tiifferent f'cctiirlg conrlitions. The  follo\vi~lg characters \\.rI-e fomitl 
cuii;rblc fol- tlctcriilii~iilg (he  cor~tlitiorl of first fc~rtlit~g coti 1arv;tr: the sire of the yolk sac, larval 
si;nitl;trcl length, tlr) \\-right, height of the nlyotome, the tiiffcrcrltiatio~~ of the s~viin hl;ttltler 
anti the ;tiiiiicrlt;~rv 11-;tcr. 

T h e  present paper describes soxne biological aspects of t:ocl lar-vae, Gc~t1u.s 
rrtorhuc~, to suppor-t the inter-pretittiotl of the coiltiition of larvae sampled at 

sea. T h e  main ol?jective of rhe irlresrigation has bee11 to stutly allti tlesc:r-ibe 
fuilctior~al larval stages ancl the larval feecling behaviour- on tiifferent plank- 
ters at the tirl~e of fsirst feecling. Lahoi-ato1-y experii~letits have heen perfor-- 
rnrci under- teniperatui-e contlitiorl close t o  the meail relnperatu1.e in the 
rilaiil spitrt.ning al.e;i of the Ai-c-to-Noi-tt~egian cot1 (see ELLEKTSEN ~t (11. 
197%). 



Sirnilai- studies of the larval behaviour and feeding have been perforrnecl 
011 other species (BLAXTER 1966, ROSENTHAL and HEMPEL. 1970, HIJN~I.EK 
1972). The cocl larval growth anct respiration are studied in the laboratory 
by LAURENC:E (1978). The feeding behaviour and the ecology of mari~le fish 
larvae have recently been reviewed by HUNTER ( 1  979). Extensive investiga- 
tions on first feeding cod larvae are reported by F,I.IERTSEN ~t r ~ l .  (1  979a, b 
and c). 

h I A T E K 1 A I . S  A N D  M E T H O D S  

Artificially fertili~ecl eggs of Arcto-Nor~vegiai~ cod were obtained in 
March from the Lofoten area. The eggs fi-orn various fernales were kept 
separate and urere sent by air to the Institute of Marine Research, Bergen, 
the clay after fertilization. 

The eggs (10 ml) were incubated in 3 1 perspex cylinders, with open 
circulation of filtered sea water. (TILSETH and ST R g z r M E  1976). The cylinders 
were placed in telnperature controlled water baths of 3°C and 5"C, ? 0.5'6. 
The salinity was from 34-34.7% during the experiment. About 500 larvae, 
hatched o n  the same clay, were stocked in separate ~yliilders with the open 
circulation of filtered sea water. 

DEVELOPII~ENT,  LARVAL YOLK SAC STAGES 

Ten larvae from each stock were coilserved in 4% formalin every day 
and later examilled for morphological studies and standard length measu- 
rement. 

FAEDING INCIDEl\ICE, Il\'FLUENLED BY LIGHT INTt,h'SITY 

Feeding experi~nents were collductecl in 3 1 aquaria (15 cm in diam. 22 
cm high) with stagnant filtered sea water. An <<air lift. kept the density of 
food particles in the water volume l~omogeneous. 

These experiments were desig~lecl to study the cod larval feeding beha- 
viour and feeding incidence on different plankters of clifferent sizes under 
different light conditions. Experiments were daily performed as feeding 
incidence on starved groups of 30 larvae from the same stock. Each experi- 
ment lasted for 6 hours; larvae were coilserved in 4% formalin and later 
examined for the gut content. 

Larvae were fed Dunnl~vlln sp. (7-9 prn) at 1 000, 10 000 and 100 000 
cells/ml. Fluorescent lamps provided about 1 000 lux at the water surface. 
The experiments started on day 1 and ended on day 12 after hatching. The 
~Iil~oflagellatPrrzdi~~iutn trocl~ozdurn (50-80,um) was given at food consentra- 
tion of 1 000 cells/rnl in three 3 1 aquaria where the light intensity was 
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adjusted by ileutral filters to 1 000, 10 and 0 lux at the water surface. The 
experiinent started on day 5 and ended at the age of 12 days. 

Cod larvae were fed Artenzia salina nauplii (250 pm carapax length) at 1 
i~auplius/ml. Using neutral filters the light at the water surface was adjusted 
to 1 000, 10, 1.4, 0.4 and 0.1 lux. The experiment started on day 1 and 
ended on day 13 after hatching. 

FEEDIAJG BEHAVIOUR 

Cod larvae were placed in a 10 x 10 x 1 cm wide perspex chamber in a 
thermostat at 5"C, and their feeding behaviour was observed through a 
low-powered binocular microscope. 

Fourteen 250 in1 glass cylinders containing sea water graded in 0 . 5 % ~  
salinity steps from 28 to 34.5% were placed in a thermostat with a constant 
temperature of 5°C. Salinities were prepared by adding distilled water to sea 
water of 34.7% salinity. Thirty larvae were anaesthetized in 1 : 20 000 MS 
222, and 10 larvae were transferred to each of three cylinders. In all 
insta~lces larvae were rinsed in the same salinity as that of the experimental 
cylinder. The neutral buoyancy of larvae was assessed according to the 
method of SOLEMDAL (1971). 

LARVAL RESPONSE TO LIGHT 

Fifty larvae of the same spaw11 were transferred to a 130 cm high, 15 cm 
diameter perspex tube 011 the day of hatching. The tube was held in a 
temperature co~ltrolled perspex water bath at 5°C 2 0.5"C, placed in a 
lightproof observatioil chamber. The tube was illuiniilated from above by a 
1 000 W halogen lamp. The light intensity could be varied by an adjustable 
auto transformer. A water bath was inserted between the lamp and the tube 
to prevent heating of the water. The light intensity was measured at the 
bottom of the tube. 

The larval reaction to changes in light intensity was most easily observed 
followii~g adaption to dark. Therefore larvae were adapted to 14 hours of 
dark. Then the light was slowly increased to 80 000 lux followed by a slow 
reduction to 1 000 lux, and the number of larvae moving vertically were 
observed 10 minutes later. The number of larvae showing swimming beha- 
viour associated with searching for food were observed for 15 minutes 
following two hours adaption to light (1 000 lux). These observations were 
made daily from the time of hatching until death from starvation. 



0'01) LARVAL COI\'DITION I:\' RELATION TO FIRST FEEDING 

In an attempt t o  estimate the corrditioil of first feeding cod larvae in 
relation to PNR,  yolk sac larvae were released in the enclosure (see EI~L.EKT- 
SEN ~t nl. 1979b) at the same time as larvae were starved in the laboratory. 

In the present paper three groups of larvae will be compared. T w o  
groups were releasecl in the basin, referred to as ~seconcl group. anti #third 
group.. A hatch of larvae from the third group starved in the laboratory at 
6°C in two 8 liter jars. Each clay larvae were sampled fi-om the jars ancl the 
ellclosure starting at the age of 4 clays, and in this experi~nent e~lcting at the 
age of 20 clays. Larvae were preserved in 4% formalin ailcl examined later 
for the following characters: the yolk sac stage was deter~ni~lecl according to 
the description given on page 33 (see Fig. 1); standard length was measured 
to the nearest 0.1 mm; the myotoine height was measurecl behind the anus 
to the nearest 0.01 mm; the larval dry \\.eight was measured on a Beckmann 
electrobalallce to the nearest 1 pg,  and the development ofthe swim blaclder 
and the gut was studied. 

YOLK S A C  S T A G E S  
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F E Y  FJ E YS D A Y S  A F T E R  H A T C H I N G  
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Fig. 1. Stantlarci length of cocl larva? from hatching until death from starvation at 3'C:: points 
are the mean of ten larvae of tile salnr female fish. The tlur;ttion of characteristic yolk 
sac stages is plotteci against larval age. Thc  tinie of development of f~unctional eyes 
(FEY), ,jar\. (FJ) anti the encl of the yolk sac stage (XI'S) are indicated. 



KESUL.TS 

LIEVELOPA~EIVT, LARVAL I'OLK SAC: STAGES 

The  cteveloplnerlt of the cod larval standard length at S0C, and the 
follo~ving clescriptioil of the yolk sac stages are shown in Fig. 1,  from the 
time of hatching until death fi-orn starvation. 

Stage 1 :  At the time of hatching the larvae were floating close to the 
surface with the yolk sac upwards. T h e  rnouth is not yet open, the eyes are 
not fully piginented (greyish) and the yolk sac is eggshaped. 

Stage 2 : Within 24 hours the larvae get oriented and the yolk sac become 
spherical. The  eyes become more pigmented (greyish-brown). 

Stage 3: The  mouth opens at the age of 2 clays. The  eyes are nearly fully 
piginented, and more than 50 percent of larvae respond to a change in light 
inte~lsity (Fig. 8). The  yolk sac is elliptical. 

Stage 4: At the age of 3 to 4 days the eyes become fully pigmented and 
the larval activity increases. The  yolk sac is cylindrical. 

Stage 5: At the age of 5 days the jaw becomes functiollal (Fig. 2), and 
larvae are for the first time observed with food particles in the gut. T h e  yolk 
sac is still cylindrical. The  gut has grown in volume and is bigger than the 
yolk sac. 

Stage 6: Only vemai~ls of the yolk are observed in the yolk sac. 
Stage 7: The  yolk will be completely absorbed at the age of 9 days. T h e  

epithelium of the yolk sac and a few granules call be seen only. (Fig. 1.) 
Illcubation of larvae at ,5"C will advance the.development. The  eyes will 

become fu~lctional at the age of 2 clays and the jaw at the age of 4 days. The  
yolk sac will be fully absorbecl ~vithin 8 days. 

FIRST FEEIlIiL'G AhTD FEEDIi\'G BEHAVIOUR 

Cod larvae start first feeding on Artelnzn nauplii at the age of 5 days at 
5°C. Observations of the larval feecli~lg behaviour showed that the larva 
inailoeuvred carefully towards the prey organisin using the pelvic fins, 
ope~led  the mouth, expanded the oral cavity and the nauplius was sucked 
into the mouth. It was observed that larvae chased and reacted to prey 
organisms in front, above and below them. If larvae missed prey organisms, 
they would f o l l o ~ ~  the prey and make another try. 

Histological examinations of the head and the jaw of the larva showed 
that the maill inorphological changes occurred from the day of hatching till 
the 5th day. During this period the Meckel's cartilages, quadratum and 
l~yosymplecticum were fully for~necl and the jaw became fu~lctio~lal (Ar- 
~ ~ f i n n s o n ,  it1 press) (Fig. 2). 

Starved larvae exhibited feeding behaviour until the day before inass 
mortality of the larval population which occurred at  the age of 17 days at 
5OC. 



Fig. 2. Sections through cod larvae 2 and 5 days old. Mc: Meckel's cartilage, qu:  quadratum, 
hs: hyosymplecticum and n: notochord. 

FEEDING INCIDENCE, IhlFLUENCED BY LIGHT INTENSITY 

The feeding incidence during 6 hour feeding sessions of cod larvae from 
the age of 1 day to the age of 13 days are shown in Fig. 3. 

t oo ]  

t D A Y S  A F T E R  
EYS HATCHING 

Fig. 3. Cod larval feeding incidence on A~.temzcl ~nlzna nauplii at different light intensities 
following 6 hours feeding sessions. Larvae were starved 1 ,  2 . . . . 13 days 
respectively; points are the mean of 30 larvae of the same stock. 



Cod larvae started feecling on Art~mzn nauplii on day 4. T h e  feeding 
incidence increased towarcls the end of yolk absorption. The  highest fe- 
eding incidence, 85%, was observed at 1.4 lux on the day of yolk exhaustion. 
Feeding incidence never exceeded 55% at light intensities of 10 and 1 000 
lux. At these light regimes larvae were observed at the bottom of the 
cylinder at the end of the experiments. Feeding experiments at 0.4 lux 
started at the age of 9 days when feeding incidence \tias 33% and then 
dropped from 34% on day 10 to 0 on day 13. Cod larvae did not feed at 0.1 
lux. 

The  cod larval feeding incidence during 6 hour feeding sessions on the 
flagellat P~rzdznzurn trothotdurn (1 000 cells/ml) at 1 000, 10, and 0 lux is 
presented in Fig. 4. 

6 ! 10 12 
DAYS AFTER 

EYS HATCHING 

Fig. 4. Cod larval feeding incicience on PP~-idinium tmchoidu~n at clifferent light intensities 
follorvi~lg 6 hours feeding sessions. The larvae were starved 1 , 2 .  . . . 12 clays respecti- 
vely; points are the mean of 30 larvae of the same stock. Experirnen~s started at the 
larval age of 5 clays. 

Thcse experiments started at larval age of 5 days and terminateri on clay 
12. The  feeding incidence i~~creased  to~tlards the end of yolk absorption and 
reached 90% on day 7 at 1 000 lux, and decreasecl at all three light regimes 
from the age of 9 to 12 days. The  highest larval feeding incidence Mias 
observed at 1 000 lux. Cod larvae also proved to ingest P. trochozclum in 
complete darkness. 

More than 80% of cod larvae were observed with Dunnlzella sp. ( 1  00 000 
cells/n~l) present in the gut at the age of 1 day follo~ving 6 hour feeding 
experiment. Forty percent of larvae hacl <<green guts,) at  the lowest flagellate 
density (1 000 cells/n~l) (Fig. 5). AII examination of live cod larvae, using a 
loltr-powered binocular microscope, showecl that the flageilatcs incidentally 



entered the mouth of larvae and covered the viceral arches. When the 
viceral arches were clogged, the flagellates were swallowed. A substantial 
reduction of larvae with .green guts,, occurred from the fourth to the fifth 
day concoinitailtly with the development of the jaw which became f~incti- 
onal. Microscopic observatio~ls of live larvae showed that they were able to 
spit out the flagellates whenever the viceral arches became clogged. A11 
increase ill number of larvae with green guts was observed at the end of the 
experiment. 

t 
E Y S  

DAYS AFTER 
H A T C H I N G  

Fig. 5. Cod larval feetli~ig incitlence on L)~o~rilzclla sp. at clifferent cle~lsities follo\\.ing 6 hours 
fcctling sessions. 1-al-vae \\.ere s~arvccl 1, 2 . . . . 12 clays respectively; points are the 
111can of 30 larvae. 

The  relationship bet\tleen the standard length of first feeding cod larvae 
(aged 6 to 12 clays) and the mean ilumber of food particles in the larval gut is 
presented in Fig. 6. 

The  f i ~ u r e  sho~vs the results from laboratory experiments. First feeding 
cod larvae \\?ere feclArton12n ilauplii for G hours. These results are compared 
~ t i t h  the results from the enclosure experiment (larval age 7 to 10 days) and 
the illvestigatioll of first feeding cod larvae (yolk sac stage 5, 6 and 7), 
sampled at sea in the Lofoten (Fig. 6). All three investigations sho~v that 
longer larvae are able to catch more ilauplii than the shorter ones at first 
feeding (see also ELLEKT~EN et al., 1979 b, c). 



S T A N D A R D  L E N G T H  - MM 

Fig. 6. The mean namber of nauplii in the guts of first feeding cod larvae at different lengths 
observecl; 1 : in theenclosure experiment (n=290), 2: in the laboratory (n= 123), and 3: 
larvae sampled in the Lofo~en area (n=323).  (See text anti ELLERTSEN c)t nl. 1979b, c). 

BUOYANCY 

The  changes in neutral buoyancy during the period of yolk absorption 
till subsequent death from starvation of cod larvae of two females are sholvll 
in Fig. 7. 
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EY S D A Y S  A F T E R  H A T C H I N G  

Fig. 7. Changes in neutral buoyancy in cod larvae of two female fish, froin hatching until 
cleath from starvation; points are the mean of ten larvae. 



Larvae were rleutrally buoyant at about 2 8 % ~  salinity at the time of 
hatching and were heaviest at the end of t.he yolk exhaustion when they were 
neutrally buoyant at about 34.5% salinity. After the periocl of yolk absorp- 
tion, the specific gravity decreased and reached a illinimunl on day 13-14 
when larvae were ileutrally buoyant at about 3 1-30% salinity. Mihen larvae 
became moribund, the specific gravity increased, osmoregulation probably 
failed and they were sinking in 34.7% salinity. 

LARVAL S11'I1141\4I1\'6 BEHAVIOUR, RESPOl\'SE 7'0 LIGHT 

During the first 48 hours of larval life, cod larvae exhibited little locomo- 
tory activity. Two different swimming patterns were observed. A distinct 
feature of one of these patterns was that larvae executed a brief, but intense 
burst of swimming. The  tail and bocly beat from side to side and the burst 
lastecl for about one second. This pattern of srvimming was dominant 
during the yolk sac period with an increasing burst frequency towards the 
encf of yoik absorpiion. This pattern was very similar to the swimming 
pattern of anchovy larvae described as intermitteilt s~vimming by HUNTER 
( I  972). After yolk exhaustion the larval activity dropped. 

The  seconcl swinliniilg pattern was a continuous swimming where larvae 
beat the tail contiiluously for several seconds. This reaction was strongly 
stimulated when tapping the wall of the tube, or  ~vheilever larvae collided 
rvith another !arvae. This slt~imming pattern was obviously an escape or  
ztvoiclance reaction. 

Interinittent swinlmiilg was performecl when larvae were making verti- 
cal nlovements in the tube as a response to the changes in light intensity or 
\\?hen they were searching for food. The  burst frequencies, however, were 
about twice as high when larvae were inoving vertically, 39.9.5 (SD = ? 4.63, 
11 = 56) burst/mi~i., as when slvimming horizontally 20.10 (SD = +- 3.13, n = 

78) burst/min. 
T h e  cod larval I-espoilse to the change in light intensity is presented in 

Fig. 8. 
When the light intensity was i~lcreasecl from 0 lux to 80,000 lux, and then 

slo~vly reducecl to 1000 lux after 14 hours adaption to dark, larvae ~t~oulcl 
initially be s~viinming up and clo~vn the tube. However, after a short period 
of time, larvae ~vould swim cIo.it.nrvards. The  number of larvae respondilrg 
to the change in light intensity was therefore recorded, following a period of 
10 minutes. This observation was performed daily in order to test the larval 
activity and their ability to respond to the changes in light intensity. 

At the time of hatching larvae did not responcl to the increased light 
intensity. They floatecl more or  less motionless close to the surface, even 
when the light was increased to above 80 000 lux. About 50% of larvae slvam 
vertically clo.ivn the tube at the age of 2 days as a response to the increasecl 



light intensity. At the age of 3 days larvae exhibited s~vim~ning behaviour 
associated with feeding behaviour. On the fifth day more than 90% of the 
larvae responded to the changes in light and showed swimming behaviour 
associated with feeding behaviour. At the age of 9 to 10 days, the number of 
larvae performing these behaviour patterns decreased, and on the eleventh 
day the number of passive larvae increased. O n  the fourteenth day the first 
dead larvae were observed at the bottom of the tube; in the following three 
days all larvae were dead. 

Fig. 8. Changes in the cod larval activity in relation to the larval age I-egarcling the number of 
larvae floating passively close to the st~rface I ) ,  responding to changes in light intensity 
2), performing feeding behaviour 3) ancl the number of deacl larvae observed at the 
bottom of the observatioll cylinder 4). 

COD LARVAL COIVDITION IIV RELATION TO FIRST FEEDIA'G 

T h e  changes in growth and development of the swim bladder and 
alimentary tract of two larval groups from the encolsure experiment are 
shown in Figs. 9 a, b, c and d.  A group of larvae starved in the laboratory 
(Lab. group) consists of larvae of the same population as the <<third group,,, 
see ELLERTSFN et al. ( 1979 b). 

Larvae in the <<third group,, showed a very rapid growth in length, dry 
weight and myotome height compared to the lab. group and the (<second 
group.. However, initially the standard length of the .third group,, was 5% 
shorter and the myotome height 7% higher compared to the laboratory 
reared group of the same age. This difference is probably an effect of 
shrinkage caused by the plankton net which killed larvae sampled in the 
enclosure before they were conservecl in formalin. The  .third group,) 



initiated feeding at the age of 5 days (yolk sac stage 5-6), and feeding 
incidence was observed close to 100% at the end of yolk exhaustion, i.e. on 
the 7th day (ELLERTSEN et al. 1979 b). More than 50% of larvae within the 
-third group. developed a transparent swim bladder at the age of 10 days. 

C 

+ SECOND GROUP 

THIRD GROUP 

0 L A B  GROUP 
. . . . . . . LOOPED GUT 

---. TRANSPARENT 
S W I M  B L A D D E R  

D A Y S  A F T E R  H A T C H I N G  

Fig. Sa, b, c ancl cl. Changes in standard length, dry weight, the developinent of looped gut and 
swim bladder and myotome height in three groups of cod larvae under different 
feeding regimes in relation to larval age. (See text and ELLERTSEN et 01. 1979b). 



Only 10% of the lab. group ever developed a transparent swim bladder. The  
swim bladder was developed from opaclue to transparent, and soon after it 
became filled with gas. Fifteen per cent of the *third group,, were observed 
with a differentiated alimentary tract (looped gut) at the age of 9 days. The  
lab. group never differentiated the gut from a strait tube. Starved larvae 
reached a maximum standard length of 4.8 mm on the 9th day. The  larval 
dry weight was recluced from about 50pg at the time ofhatching to about 30 

, L L ~  on the day before mass mortality. The  height of the myotome was 
reduced from 240pm at the age of 6 clays to 200/11n at  the age of 12 days. 

T h e  .second group,, was released into the basin when the feeding 
conditions were poor compared with the conditions under which the .third 
larval group. was released (ELLERTSFN et al. 1979 b). The  *second group. 
was observed to initiate feeding at the age of 11 clays, and the feeding 
incidence was observed close to 100% on the 14th day (ELLERTSEN et al. 
1979 b); a delay of about one week compared with the .(third group.. The  
.second group,, did not show any increase in growth before the 16th day. 
Larvae with transparent swim bladder were first observed on the 1 1 th day; a 
delay of five days compared with the .third group.. At the age of 16 days, 
larvae of the <<second group. were first observed with a looped gut; a delay 
of seven days compared with larvae of the *third group.. 

D I S C U S S I O N  

The  exact illformation about the developmetlt of the critical functional 
larval stages such as functional eyes, mouth, the loco~notory patterns and 
the feeding behaviour is important when assessing the condition of larvae 
sampled at sea. 

FEEDING BEHAVIOUR 

Most fish larvae start feeding before the yolk is completely exhausted 
(BLAXTER 1969). Cod larvae initiated feeding at yolk sac stage 5 (Fig. 1 and 
3). This event coincided with the clevelopment of a functional jaw (Fig. 2) 
which occurred 2 to 4 days before the yolk exhaustion, depending on the 
temperature. 

The  cod larval feeding behaviour was very similar to the biting attack of 
adult fish. Cod larvae do not assume a si~luous body posture before striking 
at the prey as described for herring larvae, Clupea harengus (ROSENTHAI. and 
HEMPEL 1970), anchovy larvae (HUNTER 1972) and plaice larvae (RILEY 
1966). They attack the prey in a similar way as mackerel larvae, SronrD~r 

japo,nicus (HUNTER and SANCHEZ MS), which make a posterior drive with the 
tail and with open mouth when capturing the prey. Cod larvae were obser- 
ved to suddenly expand the oral cavity and suck the prey into the mouth. 



The feeding success was very difficult to evaluate because in inany 
instances the feeding behaviour was observed only with the aid of a iow- 
powered binocular microscope. However, the feeding success at first fe- 
eding is thought to be high because larvae perceive and chase the prey in 
front, above and below the level of the body axis. Cod larvae also make 
another try if missing the prey. Cod larvae were also able to swim backwards. 
This great manoeuvring ability was also observed in plaice larvae which had 
a very high feeding success, i.e. 3 2 4 2 %  at the onset of feeding (BLAXTER 
and STAINES 1971), in contrast to the less manoeuvrable herring larvae 
which had a very low feeding success, 2-6% at the onset of feeding (BLAXTER 
and STAINES 197 1). 

LIGHT INTENSITY THRESHOLD 

Most ~narine fish larvae are visual feeders, and the feeding occurs only 
above a certain light intensity (see BLAXTER 1966). Cod larvae were able to 
capture Artenlia nauplii at 0.4 lux, but not at 0.1 lux. This value was close to 
the light intensity threshold observed in herring larvae (BLAXTER 1966). An 
increase in the feeding incidence, observed at the onset of feeding in cod 
larvae tili yolk exhaustion, was probably due to an increase in the activity, 
indicated in Fig. 8. The highest feeding incidence, about 85%, was observed 
at 1.4 lux. The feeding incidence never exceeded 55% at 10 and 1000 lux. 
The light intensity at 1.4 lux could be close to the optimum light condition 
when cod larvae are feeding 011 Artemia nauplii, while the lower feeding 
incidence at 10 and 1000 lux coulcl be due to an induced negative photota- 
xis. This was probably the case at the highest light intensity since at the end 
of the experiment the majority of larvae were observed at the bottom of the 
experimental cylinder. However, when feeding on smaller particles (Peridi- 
lzium trochoidum, Fig. 4) the highest feeding incidence was observed at 1000 
lux, probably due to smaller particles which are more visible at the higher 
light intensity. Cod larvae were also observed with P .  trochoidum present in 
the gut in complete darkness. This was probably due to the high particle 
density (1000 cells/ml) and not to active feeding. 

The light intensity threshold for visual feeding of cod larvae on nauplii is 
probably close to 0.1 lux. This value will determine the hours available for 
feeding of cod larvae at a certain latitude and time of year. According to the 
figure presented by BLAXTER (1966 Fig. 3), there are 22-24 hours available 
for feeding of cod larvae in May in the Lofoten area. Examinations of the 
gut content of cod larvae sampled at 24 hours stations in the Lofoten area 
revealed the newly eaten nauplii at all hours (ELLERTSEN~~ al. 1979 c). At the 
Fl~devigen station (Southern Norway), the time available for feeding of cod 
larvae was estimated to 16 hours in April. The results from the enclosure 
experiments from the 24 hour stations showed that newly eaten nauplii 



were foui~ci only it] the gut of cod Larvae ctrlring clayrime ar-ici coincicied fairly 
~vell tvith the esti~xratecl periocl (EI.I.EK.I.SEN PI tll. 1979 b). 

Fish larvae have beell fi-ecjue~ltly reported 'ivith green food remains in 
the gut (LEBOUK 1919). M ~ I B O R C  (1948) reports the same finclings in cot{ 
larvae from the Lof'oten area. NOKDENC; ancl BKATI.AND (197 1 )  have iclentifi- 
ecl the phytoplankters Po)-i(li i l i t / i~ /114IZ~citl7~vi ant1 (:o.scirzotlisczrs sp. in the gut 
of cod lar-vae from the s a n ~ e  area. The  cod larval feeciing behaviour on the 
phytoplan ktei-s Dzcntrlirbln sp. ant1 P. trochoicfu~ti \\!ere strttlieci in o u r  lahora- 
tory. 

The  srllallest particles (Durtal i~l la  sp.) .ivere not actively fed upon. This 
was also r!le case when anchovy la]-vae \ v e x  given U ~ l ? ~ ~ l i t ~ l l ( ~  sp. (SCURA and 
J E K D E  197'7). The  flagellates enter-ecl the unmo\~able mouth o f  young cot1 
larvae by acciclent. The  cells cloggecl the vicerai arches, ancl clusters of 
flagellates 1ve1-e s~vallo~vecl. Larvae \vei-e able t o  spit out the particles \\.hen 
the jaw became functional. This rvas clearly cleii~ol?stl-atecl by the substa~ltial 
reduction in the tlri~llber of larvae with <<gl-een gut>, follo.rvir~g 6 hour 
feeding sessions cluring which L)unn/irl/ci sp. \\.el-e given in surplus tct .5 days 
old larvae (Fig. 3 ) .  A11 increase in the ilumhel- of larvae Tvith Dzlr~t~lir!ltr sp. 
present in the gut at the end of the experilrleilt is probably due  to starvecl 
ancl enfeebled larvae. This effect ivas clearly seeti ivhen larvae \<ere starved 
beyonci the PNR, ancl then i l l  srtrplus fed L>unnlirllt sp. (F ig  3). 

Single cells of srrlall flagellates are only visible using a microscope ~vith 
high magnificatiolis. The  cells were ohserveci in the larval gut as c1uster.s ant1 
appeared under a low-pctiverec! binocular microscope as green footl re- 
mains. There  is a possibility that the 1-eportecl observations on coci larvae \\.ith 
green guts coulci have beer1 cod larvae .i\rith an unfitnciictnal .jaw or oltler 
enfeebled larvae rvhich has passecl the PNK. These l;~rvae might have bee11 
exposeci to high tle~lsities of sniall flagellates. A clcr~sity of 1000 cells/ml is 
fi-equently observect in the northern Nor-~vegian coastal \tr;itei-s cluring the 
spring phytoplankton bloom (SCHPI 19'94). 

Cocl larvae proveti to he active ieecters o n  bigger phytoplnnkters. When 
given P. trochoidzrtn as the only foocl, the keeling incidence of' larvae incre- 
ased from yolk sac stage 3 to yolk absorption, stage 7. 'The c~tcl larviil tcecling 
illcidence on P. tr-ochoid~it~~ ivas sul,statltia!!y recl~~cetl  at the PNR (Fig. 4) iri 
contrast to the ketiing incicle~lce whet] given D u ~ ~ ( ~ l i ~ l / t ~ .  Chcl larvae ivoulcl 
actively feet1 on P. i).oc,hoi(lum even at moderate clensities (30 c.ells/rnl, see 
ELLEKI-SEN PI  (11. 1976). H o ~ ~ ~ e v e r ,  larvae t\~)ulcl he selective c-o~lrer.nirlg the 
size ant1 ~\:oulcl elect bigger particles than 100jim if those \vet-e present at the 
same time as P. trochoirlunz (EI.I.ER.I-SEN rt  01. 1979 b, c). 

d'niclentifiecl green food 1-enlailts in the gut of cod larvae coultl also be 
copepocl fecal pellets. Some o f  these pellets are of a suit;iblc sizr f o ~ .  iteing 



elected by cod larvae. Single phytoplankton cells in the pellet are difficult to 
identify, but when the pellet is newly eaten, the pellet itself can be easily 
recognized. This was observed in the bioassay experinlent described by 
EI.L.ERTSEX et ul. (1  979 c). 

The  nutritional value of phytoplankters for fish larvae is uncertain. 
Ho~lever ,  LASKERP~ nl. (1970) have successfully reared first feeding anchovy 
larvae on the dinoflagellate Gym.nodiniu?n splend~ns.  LASKER (1975) also de- 
monstrated the significance of G. sp l~ndens  in adequate density at the onset 
of feeding of the Northern anchovy larvae along the Californian coast. Most 
fish larvae feed on all species of dinoflagellates. Anchovy larvae prey heavily 
upon P. trochoidurn (SCURA and JERDE 1977). However, SCURA and JERDE 

(1  977) made laboratory experiments ancl demonstrated that only unarmo- 
red dinoflagellates were digested by anchovy larvae. Investigations of the 
gut content of cod larvae following a 6 hour feeding session on P. trochoidurn 
did not show any decoloration of the flagellates. Rearing of cod larvae on P. 
trochoirlunz was unsuccessful. These observations indicate a rninor or no 
importance of the phytoplankters as a foocl organism for first feecling cod 
larvae. Bioassay experii1leilts using wild plankton showed that the first fe- 
eding cod larvae were able to digest nauplii cornpletely within 5 hours 
(ELLERTSEN ot al. 1979 c). 

The  cocl larval PNK .i\las deter~llinecl according to the method of BLAX- 
TER ancl EHRLIC:H (1974), based upon the change in the larval activity and 
buoyancy. The  change in the cod larval buoyancy (Fig. 7) follolved the same 
pattern as described for plaice larvae by BLAXTER and EHRLICH ( 1  974), with a 
steady clecrease in buoyancy from hatching to yolk exhaustion. Froin this 
st.age on the buoyancy was increasecl, probably due to a decrease in protein 
and an increase in water content as chi. larvae were starving. Froin the 14th 
day on, the buoyancy decreased again, probably caused by osrnoregulation 
which was gradually failing. BLAXTER ancl EHRL~CH (1974) found a corre- 
spondence in the change of buoyancy and activity as larvae were starved ancl 
became moribund. The  sanle pattern was found in cod larvae (Figs. 7 ancl8). 
The  day 11 is assumed to be critical (at 5°C) if larvae do  not get food. A 
percentage of larvae exhibiting swiinming behaviour associated with fe- 
eding behaviour was reclucecl froin 64% 011 the 1 l th  day to 44% on the 12th 
clay (Fig. 8). This observation corresponds reasonably well with the 50% 
reduction in the feeding ability of cod larvae, described by I,AURENCE (1 978). 

The  cocl larval feeding ability obviously depends on temperature, the 
size and density of foocl particles and light condition. An intl-aspecific 
variation has to be considered as ~vell. This aspect neecls further investigati- 
011. 



COD LARVAL CONDITION IN RELATION TO FIRST FEEDING 

There is obviously an advantage to start exogenous feeding before yolk 
exhaustion and thereby obtain an additional energy supply. This is clearly 
demonstrated in Fig. 9 a, b, c and d which show a dramatic difference in 
growth and morphological development when comparing the two larval 
groups. 

Longer larvae were also observed to be able to catch more prey orga- 
nisms than the shorter ones (Fig. 6). This is probably due to the increased 
searching abilities with growth since speed, capture success and perceptive 
distance are functions of length or age (HUNTER 1979). Larvae that start 
feeding before the yolk exhaustion will also have a11 increased dry weight 
and myotome height compared with starved larvae at yolk absorption 
(Fig. 9, b, d). 

Even more important, cod larvae proved to differentiate the swim blad- 
der and gut at a very early larval stage when achieving a surplus of energy 
before yolk exhaustion (Fig. 9 b). These observations can be utilized when 
assessing the condition of cod larvae caught at sea. Previous laboratory work 
indicates that starvation can be identified by chemical and histological 
criteria (EHRLICH 1974, O'CONNEL 1976) as well as by inorphometric met- 
hods (SHELBOURNE 1957, BLAXTER 1971). A morphometric technique and 
morphological development characters are preferable because they can be 
applied routinely. As a result of our investigations we recommend the 
following six characters in assessing the condition of cod larvae; (1) the yolk 
sac stage, (2) larval standard length, (3) myotome height, (4) dry weight and 
the state of differentiation of (5) the swim bladder and (6) alimentary tract. 
Cod larvae at yolk sac stage 7 with a transparent swim bladder, looped gut, 
standard length 2 5.0 mm, dry weight 2 50,ug and myotome height 2 250 
,urn have experienced good feeding conditions. Cod larvae at the same yolk 
sac stage without differentiated swim bladder and gut, and with morphome- 
tric values lower than the ones described above might have experienced Iess 
favourable feeding conditions at first feeding. Cod larvae at yolk sac stage 7, 
standard length 5 5.0 mm, dry weight S 40,ug and myotome height S 220 
pm without a differentiated alimentary tract and swim bladder would be in a 
critical starving condition and possibly close to the PNR. These characters 
have been applied for identifying cod larval runts in the enclosure experi- 
ment (see ELLERT~EN et al. 1979 b). Further investigations have been under- - 
taken in order to determine the importance of each of these characteristics, 
and to find a simple routine for the assessment of the cod larval condition at 
sea. 



46 

REFERENCES 

ARKFINNSON, J .  1980. Fz~nc.fiotrnl ~no~pholog)' 11j t h ~  gut c~!~itfic,liur~z and thc jnrci i f f h r  cod l ~ ~ r u n ~ ( G r ~ d z t s  
lnorhun I<.). Hovedfagsoppgavc i zoologi, U~livcrsity of Bergen. Thesis. (In press.) 

ULAXTEK, J .  H.  S,  1966. The effect of light intensity on the feeding ecology of hel-rit~g. P. 
393409  in BAINBRIDCE, R., EVANS, G. C. and RACKHAM, 0. ed.Br.  Soc.. Symnp. 6 .  Light a.san 
~rologir.r~l f a c l o ~  Oxford. 

- 1969. Development: eggs and larvae. P. 177-252 it-, HOAR, W. S. and RANDALL, D. J.  ed. 
Fish p f t y s io lo~  Vol. 3. Academic PI-ess, New York. 

- 1117 1 . Feeding ancl condition of clyde herring larvae. R a H .  P.-v .  RPun. Cons. prrna. int. 
Explor. ~Mrr ,  28: 2 1 1-240. 

BI.AXTER, J. H. S. and STAINES, hll. F.. 197 1. Foocl searching potential in marine fish larvae. P. 
467481  in CRISP. D. , / .  ed. 4th Et~mprnrr rminr-inr h i o l o ~ ~  .ryinpo.ri~cnz. Cambricige University 
Press, (;ambricigr. 

BLAXTEK, J .  H.  S. ant1 EHKLICH, I<. F. 1974. (:hanges in behavioul- during starvation of herring 
anti plaice larvae. P. 277-285 in BLAXTER, J. H.  S. ed. The i,nrly lqr histoly i f f i s l t .  
Springel--Verlag, Berlin. 

EHKLICH, K. F. 1974. C:hemical cltanges ciuring gro\\.th ancl starvation of herring larvae. 
P. 301-323 in BLAXTEK, J .  H.  S. ed. T l z ~  mrly lzfi histoty i f f ish.  Springer-Verlag, Berlin. 

ELLLRT~EN, B., \'~CIOKSNESS, E., SOLEMDAL, P., TILSETH, S., and ~ I E S T A D ,  V. 1976. The influence 
of light ancl foocl densities on the feeding success in larvae of cocl (Grcrlus nzorltun L.), field 
and laboratory observations. C O Z I ? ~ .  i!f('i't. int. (;outl. E.~plor. Spa, 1976 (F 34): 1-31. 
[Mimro.] 

ELLERTSEN, B., SOLEIII)AI., P., S T K ~ M I ~ E ,  T., SUNDHY, S., 7 ~ 1 ~ ~ ~ ~ ~ ,  S., ( J ' \ l ~ ~ ~ ~ A ~ ~ ,  T . ,  and 

~ I E S T A D ,  V. 197Ya. Spa\vning period, transport and dispersal of eggs from the spa~vlling 
area of .41.c-to-Korxvegia11 coci (Gariz~s nror-lzztit I,.). Symp. Enrl? I$, history i f f i sh .  Int.  Cozen. 
E,xplo,-. Sctr, Apr-il 1979. (In press.) 

ELLERTSEIV, B., ~'!OKSNESS, E. ,  SOLEMDAL, P., TII.SETH, S., WESTCARD, T.,  anci @IES?'AD, V. 
1979b. Gro\\.th ancl survival of t.ocl larvae in an enclosure. Experiments auci a mathema- 
tical morlcl. Syrmtp. E n ~ - l ~  11fi history cffi.rh. 1111. Coun. Explor. Sra, April 1979. (In press.) 

ELLERTSEN, B., MOKSKESS, E., SOLEMDAL, P., TILSETH, S., M'ESTGARD, T . ,  ailcl ~ I E S T A D ,  V. 
197Yc. Feecling ancl vertical distributiol~ of cod larvae in relation to availability of prey 
organisms. Firkllir. Skr. Spr. H~ul~'rz(I(,n. 17. (In press.) 

HUNTER, J .  R.  1972. Swimming ancl feeding behaviourof larval anchovy,Engraulis ntorrlax. Fish. 
Hull. U.S.  70 :  821-838. 

- 11179. The feeding behaviour ant1 ecology of marine fish larvae. Proc. Car$ on tlti, 
plt~siologirt~l anrl brhaz~iozcrcll mnnipulntion if , f iotl fish (is prijdz~rtio~/ anrl rnanng i~~n~~t t  tool,\. 
Bellagio. Italy 1977. 

HUNTER. J .  and SANCHEZ, C;. (Manuscript) GI-ozoth, brhaviour nncl staruntion i f  larvae i$ the 
t t t i irk~r~l ,  iS'r~~~~O~~rj(epo~zicz~.\ Hout t~lyl~.  Natn. Mar. Fish. Serv., South~vesi Fish. Center, La 
Jolla, C;alifornia. 

LASKER, R.  1075. Field criteria for survival of anchovy larva?: The relatint-, between inshore 
chlorophyll nlaxirllurr-, layers ancl successful first feeding. Fish. Bull. U.S. 73: 453-462. 

LASKER, R., FEDEK, H. M., THEILACKER, 6. M. and MAY, R. C. 1970. Feeding, growth anci 
survival of Engrauli.7 morrklx larvae in the laboratory. Mar. Biol., 5: 345-353. 

I.AUKENC:E, G. C:. 1978. Comparative grolvth, respiration and delayed feeding abilities of larval 
coci (Giidli:, ntorIzz~(~) ant1 haddock ( i \ ' l c l r ~ ~ t o g r a r ~ z ~ ~ ~ t ~ s  nc~gl~finus) as i~-,flue~lced by tempera- 
ture cluring laboratory studies. Mar. Biol., 50: 1-7. 

LEBOUR, M ,  V. 1919. The food of post-larval fish.,]. 71zar. bid. Ass. U.K. 12:  2 2 4 7 .  
NOKDEI~G, H., and BRATLAND, P. 107 1. Feeding of plaice(Pk~to-oncr.f~~splretrs,rti L.) and cod(Godu.s 

mor-tzucc L.) larvae. J .  COIL.\. perm. int. Explor. Mi~r.,  3 4 :  .5l-57. 



O'CONNEL, C:. P. 1976. Histological criteria for diagnosing the starving co~~di t ion in early post 
yolk sac larvae of the nor-them anchovy, Engraulis nzordaz. Girarcl. J .  (9. mar-. Biol. Erol., 
25:  285-312. 

RILEY, J .  D. 1966. Marine fish culture in Britain VII.  Plaice (Pl(~uronc~rtc.spkrli~ssc~ L.) post-larval 
feeding on Artrnzio salii~a L. t~auplii and the effect of varying feeding levels. J .  Coiis. prl-i?!. 
inf .  ICxplor. Mrr-., 30 :  204-22 1. 

ROSENTHAL, H. and HEMPEL, G. 1970. Experimental studies in feecling and food recguirernertts 
of herring larvae (C1upc.r~ hnrc~ngus L.). P. 344-364 in STEELE, J .  H. ed. Mr~rine,foo(i rhc~ius. 
Utliv. Calif. Press. Berkeley. 

SCURA, E. D. ~ ~ ~ J E R D E : ,  C. M7. 1977. Accepta~ice of various species of phytoplatlktol-, as food by 
the larvae of the northern achovy E~zgraulis morrklx and the relative nutritiol~al value of 
the dinoflagellates Gymnociiuium S ~ ~ P I Z ~ C I Z S  and Goniaulc~x poly(,d~-a. Fish. Bull. L7.S. 7.5: 
577-583. 

SHEI, B. 1974. Phytoplankton investigatio~ls in Skjomen, a fjord in North Norway, 1970-71. 
Astartr, 7 :  43-59. 

SHELBOURNE, J. E. 1957. The feecling and conditio~t of plaice larvae in good and bad plankton 
catches. J. 11lur. biol. Ass. U.K. 42:  243-252. 

SOLEMDAL, P. 197 1. Prespalvning flounders transferred to different salitiities and the effects on 
their eggs. Vie ~t milieu, Suppl., 22(1): 409-423. 

TILSETH, S. and S T R ~ M M E ,  T., 197G. Changes in buoyancy and  activity during starvatioli of cod 
larvae (Gadus nzciihucc L.)  COIL^. M P P ~ .  iizt. Cou~z. Exploi-. Spa, 1976 ( F  34): [Mimeo.] 

WIBORG, K. F. 1948. Investigations on cod larvae in the coastal waters of norther11 Norway. 
FiskDir. Sky. SET. H U I V U ? Z ~ C ~ S . ,  9 (?j : 1-27. 

Received 15 October 1979 
Pri~ltecl 2 Junc  19880 





4 9 

FickDir. Skr. Spr. HavUnd~n. .  17 :  49-70. 

ANGULAR MEASURES O F  DORSAL ASPECT TARGET 
STRENGTH FUNCTIONS OF FISH 

By 
KENNETH G. Foo'rt: 

Department of Appliecl hlathernatics, Ulliversity of Bergell 

A B S T R A C T  

FOOTE, K. G. 1980. Artgular measures of clorsal aspect target s t reng~h functions of fis11.FiskDir. 
Skr. SPT. HnvUndcrs., 17 :  49-70. 

Three angular measures of clors;~l aspect target strength Putrc.tions in the pitch plane are 
computecl for previously gathered acoustic data o n  tftrec gacloicl fishes, t\vo clupeoicl fishes, 
;inel mackerel. These measures are rite angle of ntaxi~ntlrtl clorsal aspect ha( kscattel-ing cross 
section, the cetltral angle of the backscattering cross section, ancl the clisper-siolr of the cross 
section about rhe central angle. Each measure is regressetl linearly oil fish length. The  statistical 
significances of the estimated regression coefficients are computeci. Syste~natic differences are 
attributed to fish anatomy: backscattering cross sections of the coilsidered s~vi~t l  bladder- 
bearing fishes are concentr-atcci about negative tilt angles of several tiegree ntagni~ucle, \\.hich is 
attributeel to the inclination of the slvirn blaclcler axis. Backscattering cross sections of mackerel. 
\vhich lacks a s\viin hlaclcler, are appi-oximatcly balanced about the horizontal. 

I N T R O D U C T I O N  

The  general conlplexity of the orientation dependence of fish target 
strength functions or  backscatteriilg cross sections at ultrasonic frequencies 
is well known, cf. 1-efereilces in Fooai-. (1  979a). For purposes of iilterpreting 
the results of echo iiltegration (FORBES and N A K I ~ E N  1972), rather s i~nple 
relationships of target strength ancl fish length have been clerived. Two 
inethocls of cletermining this relationship have enlployed regression analy- 
sis. In one inethocl the clepenclei~t regression variable is a logarithmic 
measure of a special value of the backscattering cross section, e.g., maxi- 
nlunl clorsal aspect value (MIDTTUN and HOFF 1962, Y U D A X ~ V  ~t 01. 1966, 
NAKKEN and OLSEN 1977), inaxinlum near clorsal aspect value (McCAR-~NEY 
and STURRS 197 I ), ancl rnaximum side aspect value (Lovr;. 1969). In the other 
method the dependent variable is the same logarithmic measure of the 
average of the backscattering cross section ~vith respect to the geometric, 
acoustic, and behavioural circumstances of observation (FOOTE 1978, 
1979a-c, 1980a). In either case, if only through use of regression analysis to 
condense large quantities of' data to manageable proportions, as in the 
derivation of siinple target strength-to-lengtl~ relationships, much scat- 
tering inforn-tation is lost. 

Some exanlples of other systenlatic scattering clepenclences of interest in 



ac.oustic stritlies of' fish stoc.ks. ~\.hicl-i ailn ciirectl), 01- inclirectly to inlprove 
abunciatlce estii~rittes, are mentioned: The  probability density fi~nction of 
observeci effective scattering strerrgth of fish may facilitate classification 
( F o o n  1979ci), as rtlay statistical rnor-rlenrs of echo energy from aggregatiolls 
( F ~ X ~ E  198Ob). T h e  effective acoustic sa~nplillg volume clepencls on the 
detailed scattering properties of fish (Foo - r~  1979e), which is of sig~lificallce 
to the echo-c-ourlting nletllocl of assessing fish ahunclance (FORHI;S a11cl 
9,-IKI\I..S 10'72). Car-rectiorl of echo integrator o r  echo counter- cstilrlates of 
fish ahunctance clerivecl il-0111 rise of sector scatl~litlg sonars in the vertical 
plane, as in avoidance reaction strtdies, simiiarly depends on the backscat- 
tering cross sectiorls of fish (Foo-r~ 1979e). 

Several aciciitiortal exarnples of systetl~atic target strength clepenclences, 
which are also of use irt avoidance reaction studies (01-SEN 1979), are consid- 
ered in this paper. 'These are measures of the angular characteristics of the 
clorsal aspect target strength function in the pitch plane. 'Three quantities 
:ti-e consitlerecl: the angle of nlaxiirlurn backscattering cross section, the 
altglc of'inean co~lceiltl.ation of bat-kscattering cross section, and the clisper- 
sion of the hackst.;ittering cross section about this central angle. The  length 
clepentiences of the several angulai- measures are clel-ived in this study for 
thl-ee gacloicl species, t~vo  clupeoicl species, ancl mackerel, for 1vhic.h tneasu- 
I-enlents of the clorsal aspect target strength functions at 38 and 120 kHz 
exist (N;\I<I<I:N ant1 0r.si.x 19'77, FOOTE itllci NAI<I<EK 1978). T h e  statistical 
significances o f  \;;trious systematic length clepe~~clences alrd lneans of the 
angular measures ax-e cliscusseci. 
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1 he source data for the computations of this scucly are the tabulatecl 
Ineasul.elxeI1ts of N.AKI<ES ; i i l ~ l  OLSEX (1977) of the dorsal aspect target 
sti-e~lgth functions of six fishes at t~vo  ultrasonic freclucncies (Foo'rt anel 
NAKKEK 1978). T h e  number and representecl length ranges of the meas- 
ureci functions for each species and frequeircy are presented in Table 1. 

Table 1 .  Numbers ;ind ;~pplicahle length rangrs oi' measured dorsal aspcct target strength 
functions untlcr ;tnalvsis. 

/ Data at 38 kHz I Data at 120 kHz 
Fish 1 I I I 

(:od (Gcrciur inoi-f~ucc) . . . . . . . . . . . . . 
Saithe (Pollcirllizr r riir(~rii) . . . . . . . . . 
Poll;ick (Pollnihius pollcrrhirc,~) . . . . . 
Herring ((:liip~,rr hcirrilglis) . . . . . . . . 
Sprat (Sprcrit~ts . \p?r~t/ui)  . . . . . . . . . . 
Slac.kercl (Sroitihrr iroitrhi-uc) . . . . . . 

Number 

44 6.7-67.0 
48 I-). 1-68 0 
39 19.7--52.0 
30 8.7-32.4 
24 6.6-1 7.6 
24 29 .741  .5 

Lengtli rang? 

(cm) 

Number Ixngrh range 
(cm) 
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A characteristic measure of the dorsally sensed backscattering cross sec- 
tion is the pitch o r  tilt airgle of maximuin backscattering cross section. This is 
defiliecl here for a particular backscattering cross section function n of tilt 
angle H by the foIlo\ving prescription: 

o ( ~ , j  = Max {a(@) for all 01, (1) 

\\.here a, is the sought angle of maxitnuln backscattering cross section in the 
pitch plane. 

T h e  cetltral tilt angle of backscattering cross section is defined by the 
expressio~l 

a ,  = J 0 u(@) (LO, 
-3214 

(2) 

where a is the ~~ormalization factor, 

This ~nakes the likely assun~ption that, for the approximately fusiform 
fish of consideration, the backscattering cross section fu~lctioil is concentra- 
ted in the dorsal region of the pitch plane. 

A measure of the dispersion in backscattering cross section about the 
central angle is the second c e ~ ~ t r a l  moment of backscattering cross section, 

The  same assumption of approximate concentration of backscattering cross 
section in the dorsal region is also invoked here in the delimitation of the 
i~ltegration range. 

Because the measurements of the dorsal aspect target strength functions 
\\.ere made at one-degree intervals over the SO-degree range in tilt angles 
fro111 -45 to +4,5 deg, the integrals of Eqs. 2-4 are approximated by finite 
surnnlations. Extraction of the angle of maximum dorsal aspect backscat- 
terillg cross section, as in Eq. 1,  is similarly approximate. In all computatiotls 
the length-to--\vavelength ratio is confinecl to the approximate range of 2 to 
80, ~vhich 11iakes plausible the excellellce of the several approximations. 

The  several computed angular measures are regressed linearly on fish 
length for similarly analyzecl scattering data of homogeneous species and 
frequency content accorcling to the linear expression 



where a is a given characteristic a~igular  measure expressed in degrees arid 1 
is the fish length in centimetres. Estimates of the regression coefficients bo 

4 

and bl , which are denoted by the respective circumflexed s y m b o l s ~  and 6, , 
are computed in accordance with the least squares criterion (WILKS 1962).  
T h e  corresponding standarcl errors of coefficients are computed. 

The  significances of the estimated coefficients are obtained from the 
t-statistic 

where est[SE(6)] is the estimated standarcl error of regression coefficient 
estimate$. The  number of degrees of freedom of the statistic, whether for& 
or FI ,  is N-2, where N is the number of independent data in each set. This 
number is specified in Table 1 .  Significance levels corresponding to the 
t-statistics are also tabulated. The  meaning of an arbitrary significance level 
y ,  for example, is the following: 

that is, the probability that the estimated regression coefficient 6 is non- 
vanishing is I-y. Thus the probability of wrongly rejecting the hypothesis 
that the regression coefficient essentially vanishes is 1-y. Small values of y 
therefore indicate likely non-vanishing values of the estimated regression 
coefficient. 

A similar statistical analysis is carried out for the means of the several 
angular measures. 

R E S U L T S  

Computations of the three angular measures of dorsal aspect target 
strength functions are presented in Figs. 1-12. Each figure consists in a set 
of three scatter diagrams of the several angular measures on fish length. 
T h e  corresponding least squares linear regressions are shown. Statistical 
analyses of these regressions and of the mean angular measures are presen- 
ted in Tables 2 4 ,  which are discriminated by type of angular measure. 

D I S C U S S I O N  

T h e  main characteristics of the angle measure data presentecl in Figs. 
1-12 are the lack of a trend in the maximum and central angles of the 
backscattering cross section, but general negativity of the same measures in 
the mean, and a slight upwards trend of the dispersion angle with increasing 
fish length. These observations are confirmed by inspection of Tables 2-4 .  
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Fig. 1. Characteristic angular measures of measured dorsal aspect target strength functions 
of 68 cod at 38 kHz. 
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Fig. 2. Characteristic angular measures of measured dorsal aspect target strength functions 
of 44 cod at 120 kHz. 
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Fig. 3. Characteristic angular measures of measurecl dorsal aspect target strength functioils 
of .39 saithe at 38 kHz. 
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Fig. 4. Characteristic angular measures of measured dorsal aspect target strength functions 
of 48 saithe at 120 kHz. 
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Fig. 5. Charac~eristic angular measures of measured dorsal aspect target strength functions 
of 44 pollack at 38 kHz. 
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Fig. 6. Characteristic angular measures of measured clorsal aspect target strength fntlctions 
of 39 pollack at 120 kHz. 
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Fig. 7. Characteristic angular measures of measured dorsal aspect target strength functions 
of 25 herring at 38 kHz. 
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Fig. 8. Characteristic angular measures of measured dorsal aspect target strength functions 
of 30 herring at 120 kHz. 
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Fig. 9. Characteristic angular measures of measured dorsal aspect target strength functions 
of 2 1 sprat at 38 kHz. 
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Fig. 10. Characteristic angular measures of measured dorsal aspect target strength fi~nctions 
of 24 sprat at 120 kHz. 
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Fig. I 1. Characteristic angulat- measures of tueasured dorsal aspect target strength functions 
of 35 mackcrel at 38 kHz. 
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Fig. 12. Characteristic angular measures of nieasurecl clol-sal aspect target strength fulictions 
of 24 mackerel at 120 kHz. 
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ŵ
 

~
+

o
-

o
m

o
m

w
a

~
'

:
 

.e 
s
 

Y
l 

r
 

.
I

T
?

q
?

-
:

w
?

"
.

I
m

m
 

-
-

o
o

m
-

*
m

l
m

-
m

m
 

2 
r
 

a2 

m
*

m
m

-
m

u
m

-
m

o
*

,
 

'
:

"
~

"
o

-
d

"
o

q
~

~
~

 
m

~
o

m
m

m
-

a
m

m
a

r
-

r
-

 
I

I
I

I
I

I
I

I
I

I
 

>, r
&
 

2 

m
o

m
o

m
o

m
o

m
o

m
o

 
m

z
m

z
m

z
m

~
m

z
m

z
 

,
.

.
,

.
.

.
.

.
.

.
.

 
,

.
.

,
.

.
.

.
.

.
.

.
 

,
.

.
.

.
.

.
.

.
.

.
 . 

,
.

.
.

.
.

.
.

.
.

.
.

 
,

.
.

.
.

.
.

.
 .

.
.

 . 
,

.
.

.
.

.
.

.
.

.
.

 . 
,

.
.

.
.

.
.

.
.

.
.

.
 

,
.

.
.

.
.

.
.

.
.

.
.

 
.

.
.

.
.

.
.

.
.

.
 

.
.

.
.

.
.

 
.

.
.

.
 

m
m

:
 :T

T
 

. 
. 

, 
, 
w w

+
*

.s.s 
. 

.
a

J
 

c
c

 m
m

 
L

;
i

j
'

;
;

Y
Y

 

z
z

.z
.j'=

,a
 

o
G

m
m

a
a

Z
Z

m
m

B
E

 
b 

b k
h
%
 2 



Table 3 . Regression coefficients and mean. with statistical analyses. of a,. the central angle of the dorsal aspect backscattering cross section in the pitch 
plane . 

I I Regression coefficient b, I Regression coefficient I Mean al 

Cod . . . . . . . . . . . . .  
Cod . . . . . . . . . . . . .  

. . . . . . . . . . .  Saithe 
Saithe . . . . . . . . . . .  
Pollack . . . . . . . . . .  

. . . . . . . . . .  Pollack 
Herring . . . . . . . . .  

. . . . . . . . .  Herring 
Sprat . . . . . . . . . . . .  
Sprat . . . . . . . . . . . .  
Mackerel . . . . . . . .  
Mackerel . . . . . . . .  

Fish Frequency 

(kHz) Y est est est est(SE) est(SE) t est(SE) t t Y Y 



-Table 4. Regression coefficients and mean, with statistical analyses, of a,, the angular dispersion of the backscattering cross section about the central angle 
in the pitch plane. 

Cod . . . . . . . . . . . . . 38 
Cod . . . . . . . . . . . . . 120 
Saithe . . . . . . . . . . . 38 
Saithe . . . . . . . . . . . 120 
Pollack . . . . . . . . . . 3 8 
Pollack . . . . . . . . . . 120 
Herring . . . . . . . . . 3 8 
Herring . . . . . . . . . 120 
Sprat . . . . . . . . . . . . 3 8 
Sprat . . . . . . . . . . . . 120 
Mackerel . . . . . . . . 38 
Mackerel . . . . . . . . 120 

Fish Frequency 

(kHz) 

Regression coefficient b, Regression coefficient b, Mean a, 

est 

- 

est est(SE) Y t est est(SE) Y t est(SE) Y t 



They are I-epreseiltetl f~tl-thel- by tile conciensations o f  results pr-esentecl in 
Tables 5 atltl 6. 

In Ta l~ l e  .? the I-egt-ession coefficients and means of the several angle 
measures are classifiecl by their consisteilcy with one of t\\-o hypotheses. T h e  
null hypothesis No asserts the identity o r  indistinguishability of the cluanti- 
ties with zero. The  alternative hypothesis HA denies this, asserting the non- 
vanishing natul-e of tile quantities. 'l'lre criterion fcoi- classificatioli is that the 
significance level y shall exceed 0.05 to upholcl Ho ancl be less than 0.05 to 
s ~ ~ p p o r t  HA.  

Table 3 .  Kunibers of regression coefficients ancl liie;xtis of aliglc measures consiste~it ~ v i t h  thc 
null or alternative hypotl~rses at thc 0.05 level. 

Tablc 6. Discri~uination of regression coefficients and nicalis of angle rileasures by their sigris. 

T h e  lack of a trencl in the ~naximum ancl central angles is eviclent from the 
results fox the regression slope coefficient 0, in 'Table 5 .  The  null hypothesis 
is stl-ongly uphelcl. Simple application of the b i~~omia l  test attaches a confi- 
dence level of 0.997 to the cotlsistelicy of b, ~\- i th  zero in the case of aO ancl a 
c-onficlenc-e of 0.98 in the case of a, .  

The salrle t~vo angle measul-es are  gellerally negative, however, as indica- 
tecl by the sign analyses of Table 6. The  negative character of maximum and 
centl-a1 angle measures is evident from the results for the mean angle 

Angle measure 
sgll&1) 

+ - 

sggn&, ) sgn(ii) 

+ + - - 



rneasure??. Siinilar results for the regression intercept coef'ficieilt bo support 
this conclusioil. T h e  single exceptional datum for a in Table 6 is that for 

-k > - 1 a t  c~ t l  a t  120 kHz. Given the general up~iarcls i~lclination, it1 the tail-to- 
heacl clirectiou, of the gatloid ailel clupeoitl s\iim bladder, .ivhich is probably 
the clominant scattei-ing o1-pn of these fishes, airti the absence of a s ~ i i ~ n  
blaclcle~ in mackerel, it seeins reasonable to clistinguish the clata by the 
pi-esence or  absei~cc of a s~vim blaclcler. That the angles of maximum ant1 
ceiltral backsciittering cl-oss section are slightly negative, in the mean, for 
each no11-mackerel fish, but apparently vanishing in the case of inackci-el, 
may be regarded as a direct acoustical consequence of the described anatom- 
ical difference. A11 early observatioll of the acoustic nlanifestatioll of s~virn 
blaclcler incliilatio~i ~ i i t h  respect to the imaginary fish centerliiie, to ~vhic.11 
the s.iiim hlaclcler axis is referred, iias lllacle by MIII-r-1-c~ and I-IOFF ( 1  962). 

The  intrinsically positive character of'the dispersion angle a, is confil-med 
by the sign analysis of Zi i l l  Table 6. This is suppoi-tecl b ~ r  the positive 

r\ 
regression intercept coeffic-ient Oo. T h e  up~vards treilcl of's;, is observecl in 

4 
the positive regression slope coeff'icient 0 ,  in T;ibIe 6, although not in the 
inore stringent, brtt n.eaker analysis of Table 3. The  physical interpretation 
of the iilcreasillg ti-encl of nlean tlispei-sion angle ~ i i t h  ilicl-easing fish length 
is that tile t1ors;tl aspect hackscatterii~g cross sect ion oi- target stt-ength in the 
pitc-h plane terltls to be less concentl-atecl as fish length illcreases. This 
conclusion appears plausible fi-om inspection of the source clata  FOOT^ ant1 
N.AI<I<EN 1978), although the n~agilitutle of the length clepellclc~~ce o f ' c x 2  is 
not easil\ cliscel lieel fi om the datd 111 this form 

Ylfeasures of the angular characteristics of target strength futlctions ;is 
computetl iii this paper clo not seer11 to have beell previousl~. consiclerecl. 
T h e  priiicipal ~tsefulrless of the coinputat ions is espectetl to lie in co~~si t lera-  
tioils of the sori aclt~anc-etl in (>LSFS ( 1  979). Colnput;ltioils ofangle ~rlvasures 
cannot, I-to~iever, supplant such measures of fish scattering strength as those 
coi~siderecf in FOOTF. ( 1978, 1979a-e, 1980a). These averaged measures of 
effective hackscattering strength are essential to cluantitative stuclies of fish 
abundance, whether assessed by typical echo sou~lclei-s or  by sector scailnillg 

KEFk:KE.S(:I:.S 
FOC)TF., K.  C .  1078. Effect o f f i s h  heh;lvio~u- o n  echo encrgr :  the ncccl f ; ) ~ -  nle;k5urc.1riclirs of 

o r i e ~ ~ t a t i i , ~ i  clistrihntions. J. (:o~i.t. ill/, E-cl , /o~.  .Mrr, 39 12). (111 press.) 

F i ~ o ~ f .  I<. G. iY7Cia. Systcii~;iti( \pccic\ i i ~ i c i  ~ I - ( Y ~ ~ I ~ I I C J  ~ i c p ~ ~ ~ i c i c i i t  c l i f f c ~ . c ~ ~ (  c~ ~ I I ~ I I I I ~  gacloicl 
tnrgct stl.eng-rh f ' ~ i i i c  tions. . l l i ~ r / i~ ig  or? I~~elroccci~~ettrrctl 111vtho11t /o f -  t h ~  ct/i~rrrc/~cii~ of I I ~ ~ I - ~ I I ~ ,  frth 
poi)l~lntio~rc. ( : o I I I / I I - ~ I ~ ~ I ~ .  .\lnttcr~h~ctc~/~c, Jnrrc 1979. (,c~litl-ihirtio~l no. 8: 1-22. [ \ l inicc~. j  
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