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V ariations in s ta n d a rd  length (Ls), gape size (SG) and  jaw  length (Lj) w ere studied  in larval and 
juvenile gado ids (cod Gadus morhua, haddock  Melanogrammus aeglefinus and w hiting Merlan­
gius merlangus) from  4  to 70 m m . The increase in SG and  Lj w as n o t linear w ith respect to  Ls. 
T he relationship  was best described by segm ented regression lines in all three species, w ith  an 
inflection p o in t a t  c. 10-5 m m . The SG and  L j increased  m ore rapid ly  in  relation  to  larval Ls for 
individuals sm aller th an  this inflection po in t size. T h e  rates o f  increase slow ed significantly post­
inflection, an  effect m ore noticeable in SG d a ta  com pared  to  L¡ d a ta . In  each case, the inflection 
p o in t fell in th e  in term edia te period o f  developm ent betw een th e  larval and juvenile stages, 
w hich could b e  considered as m etam orphosis. Published equations th a t  have been used to  
p redict 5c, from  Lj lead to  the overestim ation o f  gape. New  relationsh ips are  presented, which 
m ay be used to  predict Sc  from  m easurem ents o f  e ither Ls o r  u p p er jaw  length in cod, haddock 
and  whiting. O  2006 T he Fisheries Society o f  the British Isles
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INTRODUCTION

C o d  G adus m orhua  L ., h a d d o c k  M elanogram m us aeglefinus  (L .) a n d  w h itin g  
M erla n g iu s m erla n g u s  (L .)  a re  c o m m e rc ia lly  im p o r ta n t  w h ite fish  w h ich  sp a w n  
b e tw e e n  M a rc h  a n d  M a y  in  th e  I r is h  S e a  (B a i, 1941; W h e e le r , 1969; N ic h o ls  
e t a l ,  1993; B ra n d e r ,  1994). D u e  to  s im ila rit ie s  in  sp a w n in g  tim es a n d  lo ­
c a t io n s ,  th e re  is a  c o n s id e ra b le  o v e r la p  in  th e  d is t r ib u t io n  o f  th e  p e lag ic
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MATERIALS AND METHODS

S A M P L E  C O L L E C T I O N  A N D  P R E S E R V A T I O N

Samples o f fish larvae were collected on two occasions (April and M ay 2001) in the 
north-w estern Irish Sea from  the D epartm ent o f A griculture and  R ural D evelopm ent -  
N orthern  Ireland research vessel, the M .R .V . Lough Foyle. T he full range o f develop­
m ental stages, yolk-sac larvae to juveniles, were sampled with a  Hydrobios M ultiplankton 
(M P) Sampler w ith  280 pm m esh (W eikert & John, 1981) to  capture yolk-sac larvae 
in bo th  April and  M ay, a  M ultiple Opening an d  Closing N et and  Environm ental Sens­
ing System (M O CN ESS) sam pler (Wiebe et a l ,  1976; R oe & Shale, 1979) w ith  1000 pm 
m esh to  sample larger larvae in M ay only and a  G erm an pelagic juvenile traw l in M ay 
only to  sample juveniles. The first two sam plers were tow ed for 20 m in using a  stepwise 
oblique profile a t 3 knots (1 5  m s-1). The pelagic juvenile traw l was tow ed for 20 min 
between 4 and 5 kno ts (2-2-6 m s-1). Over a  24 h period, the M P was deployed with 
tw o replicates every 4 h, the M OCNESS six times, and  the pelagic juvenile traw l only 
once. This sam pling strategy was p art o f a larger project and  these deploym ents were 
carried out a t fou r different stations in the north-w estern Irish Sea (Fig. 1). The high 
num bers o f deploym ents gave a  relatively large catch o f larval and juvenile gadoids.

All samples were preserved immediately in 4%  buffered (sodium  acetate trihydrate) 
form aldehyde to  reduce larval shrinkage (Blaxter, 1971; H ay, 1981).

M O R P H O L O G I C A L  A N D  D E V E L O P M E N T A L  
M E A S U R E M E N T S

Standard lengths (Ls) o f  cod, haddock and  whiting larvae were m easured in the 
laboratory, either under a  dissecting m icroscope with a  graticule (with a  precision of 
0-02 mm), o r in the case o f larger juveniles w ith vernier calipers (with a  precision of 
0-05 mm).

The SG were calculated using a  m ethod sim ilar to  th a t o f W ong & W ard  (1972), 
which allowed the lim iting dim ension to  be m easured, in this case with differently sized 
disposable plastic p ipette tips ranging from  0-3 to  10-0 mm in diam eter. The p ipette tips 
were placed under a  m icroscope and scored along their length using a scalpel a t 0-5 mm 
intervals. The scored m arks were then rubbed with perm anent ink to  leave a  clearly 
identifiable line. The diam eter o f the pipette tip  a t each scored interval was measured 
using a  dissecting m icroscope with graticule to  give a  range of sizes (diam eters) along 
the  pipette tip  w ith  an  accuracy o f 0-05 mm.

The Sq  was m easured by holding a  larva under the m icroscope, while inserting a  cali­
b rated  pipette tip  into the m outh  until a  jaw  angle of 90° was achieved. The diam eter o f 
the eone a t the scored m ark  where the fron t tips o f the  upper and  lower jaws touched 
the eone was taken  to  be the gape. The m easurem ent was m ade a t a  m outh  angle o f 90° 
as this has been assum ed to  give the m axim um  gape fo r larval fishes (Shirota, 1970). 
C are had to  be taken  no t to  insert the cones too far, as this caused the p ipette tip 
to  reach the back  o f the m outh  before the jaws were fully opened, thus giving false 
readings (Arts & Evans, 1987). In order to  avoid this problem , a  slightly larger sized 
tip was used if a  tip  w ent to o  far into the m outh.

The upper (Lm ) and lower jaw  (Ll j ) lengths o f the larvae were m easured under a  dis­
section m icroscope w ith a  graticule and defined as the d istance from  the tip o f the jaw  
to where the upper and  lower jaws joined. Jaw  lengths were m easured w ith the m outh  
in the closed position.

The m easurem ent o f the  jaws also allowed SG to  be calculated using equations 
given by S h iro ta  ( 1970): SG =  V 2(L v ¡ ) and later modified by G um a’a  (1978): 
S g  =  y /  (L uj2 +  E u 2).

Basic developm ental features o f each larva were also recorded using external and 
internal m orphology (Balon, 1975; T im m erm ans, 1987; K jorsvik et a l ,  1991; Osse & 
van den B oogaart, 1995). A  score was allocated to  each developm ental observation
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T a b l e  I. Developm ental features and assigned scores for the determ ination  o f  a  develop­
m ental index for larval fishes

Score D evelopm ental fea tu re

External features
1 Yolk-sac larvae w ith m outh  closed
2 Y olk-sac larvae w ith m outh  open
3 Exogenous feeding larvae: finfold com plete
4 Exogenous feeding larvae: finrays visible
5 Exogenous feeding larvae: all fins present

In ternal features
6 Teeth n o t visible in m outh
7 Teeth visible in  m outh
8 Incipient gut
9 G u t looped b u t stom ach n o t visible

10 Stom ach visible
11 Pyloric caeca visible

D ev e lo p m en ta l fe a tu re s  b a se d  o n  o b se rv a tio n s  fro m  B a lo n  (1975), T im m e rm a n s  (19 8 7 ), K jo rsv ik  
e t  al. (1991) an d  O sse &  v a n  d en  B o o g a a rt (1995).

the residual sum o f squares (RSS), testing each inflection po in t iteratively to  ob ta in  the 
lowest RSS value (Som erton, 1980).

T he significance o f  each segmented regression line was tested and com parisons be­
tween regression lines were m ade using the G eneral Linear M odel (G LM ) assum ing nor­
mality and hom ogeneity o f  variance. All calculations were m ade using M INITAB® 
release 13.1 (w w w.m initab.com ).

RESULTS

G A P E  S I Z E  A N D  S T A N D A R D  L E N G T H  R E L A T I O N S H I P

T h e  S  g  in c re a se d  a llo m e tric a lly  w ith  Ls a n d  w h en  tra n s fo rm e d  u s in g  In, a 
seg m en ted  re la tio n sh ip  w ith  a  sing le in flec tio n  p o in t  w as o b se rv e d  (F ig . 3). 
A lth o u g h  a  s in g le  line lin e a r  reg re ss io n  c o u ld  b e  f itte d  to  th e se  d a ta ,  it 
o b sc u re d  th e  t r u e  re la tio n sh ip  b e tw e en  S g  a n d  Ls [T ab le  11(a), sh o w n  b y  th e  
lo w er F -s ta tis tic  values]. T h e  in fle c tio n  p o in ts  w ere  lo c a te d  a t  a  L s o f  9-84 
m m  fo r  w h itin g , 10-21 m m  fo r  h a d d o c k  a n d  11-72 m m  fo r  co d . T h e  d iffe ren ces 
b e tw e en  species w ere  n o t  sign ifican t, suggesting  a  g loba l g a d o id  ‘b re a k p o in t’ o f  
10-56 m m .

In  a ll th re e  spec ies , th e  s lo p e  o f  th e  reg re ss io n  o f  S q  a n d  Ls fo r  fish  p r e ­
in fle c tio n  p o in t  w as  > 1  (p o sitiv e  a llo m e try )  a n d  fo r  p o s t- in f le c tio n  p o in t ,  th e  
s lo p e  w as < 1  (n e g a tiv e  a llo m e try ) , [T ab le  11(a)]. I n  all cases , th e  re la tio n sh ip  
b e tw e en  p re -  a n d  p o s t- in f le c tio n  p o in ts  w as sig n ifican tly  d if fe re n t (G L M , 
d .f. =  2, n  =  141, P  <  0  001; d .f. =  2, n =  258, P  <  0 001; d .f. =  2, n =  
553, P  <  0-001, fo r  c o d , h a d d o c k  a n d  w h itin g , respectively ).

A m o n g  sm a lle r  la rv a e  (p re -in fle c tio n  p o in t) ,  th e  o f  w h itin g  in c re ase d  
a t  a  sign ifican tly  s lo w er r a te  th a n  th a t  o f  h a d d o c k  (G L M , d .f. =  2 , n  =  520, 
P  <  0-001), w h ile  th e  r a te  o f  S G in c re ase  o f  co d  fell b e tw e en  th a t  o f  w h itin g  
a n d  h a d d o c k  a n d  w as  n o t  sig n ifican tly  d if fe re n t to  e ith e r . In  la rg e r  la rv a e
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F ig . 3. N a tu ra l logarithm ic transform ed  standard  length (Ls) and  gape size (SG) for (a) cod, (b) haddock 
and  (c) w hiting. T he inflection po in t position  a t Ls (solid vertical line) ± 9 5 %  C l (dashed  vertical 
line) for cod  (2-46 ±  0 1 6 ), h addock  (2-32 ±  0-06) and  w hiting  (2-29 ±  0-05) is shown (see T able II 
fo r  regression analysis).

G A P E  S I Z E  A N D  J A W  L E N G T H  R E L A T I O N S H I P  

T h e  L u j w as  u se d  fo r  an a ly s is , as i t  w as  th e  ea s ie r d im e n s io n  to  m e a su re , a n d  
th e re fo re  m o s t re liab le . W h e n  c o m p a re d , L u j a n d  S q  a g a in  p ro d u c e d  a  cu rv e d  
re la tio n sh ip , w h ic h  w as tra n s fo rm e d  u s in g  In. A  se g m e n te d  re la tio n sh ip  w ith

€  2006 T he F isheries Society o f  the British Isles, Journal o f  Fish Biology 2006, 69, 1379-1395
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F ig . 4. N a tu ra l logarithm ic  transfo rm ed  s tan d ard  length (Ls) and  upper jaw  length (Lyj) fo r  (a) cod , (b) 
h addock  an d  (c) w hiting. T h e  inflection po in t position  a t Ls (solid vertical line) ± 9 5 %  C l (dashed 
vertical line) fo r  cod (2-34 ±  0-29), haddock (2-34 ±  0-13) and w hiting  (2-19 ±  010) is show n (see 
T ab le  II fo r regression  analysis).

sing le  in f le c tio n  p o in t  (F ig . 5) w as a  b e t te r  fit to  th e  d a ta  th a n  a  sing le  lin e a r  
reg re ss io n  [F  s ta t is t ic  g re a te r  in  se g m e n te d  re la tio n sh ip s ; T a b le  11(c)]. T h e  
p o s it io n s  o f  th e se  in fle c tio n  p o in ts  w ere  c o m p a re d  a n d  n o  d iffe rences w ere  
o b se rv e d  b e tw e e n  species, o cc u rrin g  a t  a  L m  o f  1-27 m m .

R 2006 T he Fisheries Society o f  the British Isles, Journal o f  Fish Biology  2006, 69, 1379-1395
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o f  th e  reg re ss io n  lines b e lo w  th e  in flec tio n  p o in t  sh o w ed  n o  d iffe ren ce s . R e g re s­
s io n s ab o v e  th e  in fle c tio n  p o in t ,  h o w ev e r, su g g ested  th a t  S G in c re a se d  a t  a  sig­
n ific an tly  fa s te r  r a te  w ith  ja w  le n g th  fo r  c o d  c o m p a re d  to  e i th e r  h a d d o c k  o r 
w h itin g  (G L M , d .f. — 2, n  =  411, P  <  0-05), w ith  n o  d iffe ren ce  b e tw e e n  th e  
h a d d o c k  a n d  w h itin g .

M O D E L S  F O R  E S T I M A T I N G  G A P E

T h e  S  g  w as c a lc u la te d  f ro m  LUJs fo llo w in g  e q u a tio n s  in  S h iro ta  (1970) a n d  
G u m a ’a  (1978) a n d  c o m p a re d  to  th e  a c tu a l  m e a su re m e n ts  o f  S G. T h e  ca l­
c u la te d  S G w ere  s ig n ifican tly  la rg e r  th a n  a c tu a l g ap e  m e a su re m e n ts  (G L M , 
d .f. =  2, n =  1801, P  <  0-001), w ith  p o s t- in fle c tio n  p o in t  d a ta  ( th o s e  > 9 -8 4  
m m , ta k e n  f ro m  F ig . 4) sh o w in g  in c re a se d  o v e re s tim a tio n .

F ro m  d a ta  in  th is  s tu d y , in d iv id u a l m o d e ls  c o n v e r tin g  L s , L u j a n d  L l j  to  S G 
c o u ld  b e  c a lc u la te d  a n d  a re  sh o w n  b e lo w . T h e  a s so c ia te d  v a r ia b le s  ( a  a n d  b) 
fo r  e a c h  g a d o id  species p re -  a n d  p o s t- in f le c tio n  p o in t  a re  g iv en  in  T a b le  III: 
S G =  {Lsa) b ,S G =  a n d  SG =  {Lhf ) b .

E a c h  m o d e l is su b je c t to  size c o n s tra in ts  d u e  to  th e  se g m en ted  n a tu r e  o f  the  
d a ta  a n d  th e  size ra n g e  o f  la rv a e  u sed . P re -in fle c tio n  e q u a tio n s  fo r  all m o d e ls  
a re  lim ited  to  la rv a e  o f  Ls a n d  Lu j  a n d  L l j b e lo w  th e  size a t  in flec tio n . T h e  Ls 
m o d e l, p o s t- in fle c tio n  e q u a tio n s  h a v e  a n  u p p e r  size lim it o f  50 m m  fo r  c o d , a n d  
65 m m  fo r  h a d d o c k  a n d  w h itin g . T h e  L q j  a n d  L l j  m o d e ls , p o s t- in f le c tio n  e q u a ­
tio n s  h a v e  a n  u p p e r  lim it o f  4-5 m m  fo r  c o d , 6-5 m m  fo r  h a d d o c k  a n d  7-5 m m  
fo r  w hiting .

T a b l e  III. Associated coefficients used for the calculation o f larval gape size, when using 
1) standard  length, 2) upper jaw  length and 3) lower jaw  length m easurem ents

Species Size range ( m m ) a

Coefficients

b

1) Cod <10-56 1-376 5-297 X IO“ 2
>10-56 0-768 2-952 X IO“ 1

H addock <10-56 1-500 4-381 X IO“2
>10-56 0-654 3-122 X IO“ 1

W hiting <10-56 1-331 5-937 X IO“ 2
>10-56 0-803 1-987 X IO“ 1

2) Cod <1-27 1-134 1-089
>1-27 0-773 1-174

H addock <1-27 1-100 1-044
>1-27 0-758 1-146

W hiting <1-27 1-063 1-040
>1-27 0-807 1-109

3) Cod <1-27 1-030 1-207
>1-27 0-672 1-439

H addock <1-27 1-050 1095
>1-27 0-782 1-246

W hiting <1-27 1-010 1-078
>1-27 0-804 1-213

« 2006 T h e  Fisheries Society o f  the B ritish Isles, Journal o f  Fish Biology 2006, 69, 1379-1395
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F ig . 6. R elationship  betw een developm ental index an d  In -transform ed s ta n d a rd  length (Ls) d a ta  fo r (a) 
cod, (b) h ad d o ck  and  (c) w hiting. Inflection p o in ts a t  L$ fo r th e  change o f  larval stage are  show n as 
solid vertical lines, ± 95%  C l show n as dashed vertical lines. Shaded  area  equates to the region o f  
‘in term ediate’ stage (O) after th e  larval stage (+ )  and  before the juvenile stage (A).

m a rin e  la rv a e  b y  S h iro ta  (1978), w h e re  th e  p o in t  o f  in fle c tio n  w as seen  to  d iffe r 
b e tw e en  species. In  th is  s tu d y , h o w ev e r, th e  in fle c tio n  p o in t  o cc u rre d  a t  th e  
sa m e  Ls fo r  all species fo r  Sq , a n d  L u j d a ta ,  im p ly in g  a  g en e ra l g a d o id  m o d e l, 
c e r ta in ly  fo r  th e se  g a d o id s  in  th e  I r is h  S ea . In  th e se  fish , th e  in flec tio n  p o in ts
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a v a ila b le  w ill o c c u r  a n d  a ffec t th e  p re d ic tio n  o f  la rv a l su rv iv a l in  re la tio n  to  
p re y  p rese n t.

S h iro ta ’s (1970) a n d  G u m a ’a ’s (1978) c a lc u la tio n s  re ly  o n  a  s in g le  re la t io n ­
sh ip  to  derive  SG f ro m  ja w  len g th . W h e n  p o s t- in f le c tio n  p o in t  d a t a  w ere  c o m ­
p a re d  to  p re -in flec tio n  p o in t  d a ta  f ro m  th is  s tu d y , th e re  w as  a  25 ±  5%  
( ± 9 5 %  C l)  r e d u c tio n  in  th e  r a te  o f  ja w  le n g th  in c re ase  c o m p a re d  to  a  50 ±  
5 %  re d u c tio n  in  th e  ra te  o f  SG in c rease  fo r  th e  sa m e  in c re a se  in  Ls. T h u s , 
th e  re a l se g m en ted  a llo m e tr ic  effect w as n o t  fu lly  tra n s la te d  in to  th e  S G c a lc u ­
la t io n s  o f  S h iro ta  (1970) a n d  G u m a ’a  (1978), le a d in g  to  o v e re s tim a tio n s  o f  S G, 
espec ia lly  d u r in g  b o th  th e  la te r  in te rm e d ia te  a n d  ju v e n ile  s ta g e s . T w o  n o n ­
lin e a r  m o d e ls  (o n e  p re -in flec tio n  a n d  o n e  p o st- in f le c tio n )  fo r  e a c h  g a d o id  sp e ­
cies th a t  in c o rp o ra te  th e  re la tiv e  ch an g es o f  S G in  re la t io n  to  e i th e r  ja w  len g th  
o r  fish  Ls p ro d u c e s  b e t te r  e s tim a tes  w h ere  S G c a n n o t  b e  m e a su re d  d irec tly . T h is  
m e th o d  o f  SG c a lc u la tio n  o n  u n p re se rv e d  la rv a e  w o u ld  h a v e  to  b e  c a r r ie d  o u t 
w ith  c a u tio n  as 10%  sh r in k a g e  h a s  b ee n  o b se rv e d  in  th e  Ls o f  o th e r  g a d o id  
species p re se rv e d  in  fo rm a lin  (P o r te r  e t a l., 2001).

I n  c o n c lu s io n , S G c a n  b e  a  usefu l to o l in  e s ta b lish in g  p re y  n ic h e  size o f  fish 
la rv a e , a n d  in  h e lp in g  to  d ev e lo p m e n ta lly  s ta g e  la rv a l fishes. I f  S G is ca lc u la ted  
f ro m  ja w  le n g th , h o w ev e r, th e  a llo m e tr ic  re la tio n sh ip s  a s  la rv a e  g ro w  a n d  
d e v e lo p  m u s t  b e  in c o rp o ra te d . A lth o u g h  SG a n d  ra te s  o f  SG in c re ase  h a v e  b een  
sh o w n  to  v a ry  b e tw e en  species, s im ila rities  su g g e stin g  th e  ex is ten ce  o f  a  g lo b a l 
g a d o id  m o d e l w e re  a lso  o b se rv ed . T h e se  s im ila ritie s  w ere  re la te d  to  la rv a l 
d e v e lo p m e n t, w h e re  in  all species, la rv a l L s a t  ch a n g e s  in  ja w  a n d  g ap e  a l lo m ­
e try  d id  n o t  d if fe r  sign ifican tly . I n  every  case , th e se  ch a n g e s  in  a llo m e try  
o c c u rre d  in  th e  sa m e  p e r io d  o f  d ev e lo p m e n t, th e  in te rm e d ia te  s tag e , e q u a tin g  
to  th e  p e r io d  o f  m o s t ra p id  d e v e lo p m e n t im p ly in g  m e ta m o rp h o s is .  T h is  w as 
fo u n d  n o t  to  d if fe r  b e tw e en  species im p ly in g  a  g en e ra l g a d o id  Ls  fo r  th e  s ta r t  
o f  m e ta m o rp h o s is  a t  8 m m , w ith  ra p id  d e v e lo p m e n t c e as in g  a t  a  L s o f  14 m m . 
F u r th e r  e x p e r im e n ta tio n  o f  in te re s t w o u ld  th e re fo re  b e  th e  la rv a l s tu d y  o f  o th e r  
g a d o id  species to  see i f  th e y  to o  a d h e re d  to  th e se  d e v e lo p m e n ta l p a tte rn s . 
A n o th e r  in te re s tin g  c o m p a r iso n  w o u ld  b e  th e  a p p lic a tio n  o f  th e  new ly  derived  
g a p e  c a lc u la tio n  e q u a tio n s  to  a d u l t  c o d , h a d d o c k  a n d  w h itin g .
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