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 F u n ction al


 E colog y  1994


 8, 178-186


 178


 En erg y  p artition in g  d urin g  fish  d ev elop m en t: ad d itiv e


 or com pen satory  allocation  of en erg y  to supp ort


 grow th ?


 P . J . R O M B O U G H 


 D ep artm en t of Z oolog y , B ran d on  U n iv ersity , B ran d on , M an itob a, C an ad a R 7A  6A 9


 Sum m ary 


 1. T h e g oal of th is study  w as to estim ate th e im pact of th e m etabolic cost of g row th 


 (C O G ) on  th e en ergy  b udget of ch in ook  salm on  (O n corh y n ch us tsh aw y tsch a) durin g


 em bry on ic an d larval developm en t.


 2. In  attem ptin g  to estim ate C O G , it w as assum ed th at, as w ith  juven ile an d adult fish ,


 en erg y  is allocated  in  an  ad d itiv e fash ion  w ith  resp ect to rou tin e m etab olism  an d


 m ass-specific C O G  rem ain s con stan t durin g  early  life. A ccordin g  to th is m odel, th ere


 sh ould be a direct relation sh ip betw een  m etabolic in ten sity  an d specific grow th  rate.


 3. In  ch in ook  salm on , h ow ever, th ere w as n o sign ifican t relation sh ip  betw een  th e tw o


 v ariables d urin g  em bry on ic d evelopm en t, d urin g  larval developm en t, or d urin g  th e


 com bin ed em bry on ic-larval period  at an y  of th e four test tem peratures (5-0, 7.5, 10-0


 an d  12 5 0C ).


 4. T h e lack  of  correlation  b etw een  m etab olic in ten sity  an d  sp ecific g row th  rate su g -

 g ests th at th e assum ption s un derpin n in g  th e ad ditive m odel of en ergy  p artition in g  m ay 


 n ot h old  d u rin g  early  life. A n  altern ativ e m od el in  w h ich  (a) en erg y  is allocated  in  a


 com p en satory  m an n er an d / or (b ) m ass-sp ecific C O G  v aries is p resen ted .


 K ey -w ord s: C ost of  g row th , em b ry o, larv a, m etab olism , O n corh y n ch u s tsh aw y tsch a


 F u n ction al E colog y  (1994) 8, 178-186


 In troduction


 E n erg y  is v iew ed  b y  m ost b iolog ists as b ein g  th e clos- 

 est th in g  th ere is to a com m on  cu rren cy  of life 

 (K leib er 1961; C alow  1985). A s en erg y  (or som e cor- 

 relate of en ergy ) is n orm ally  lim itin g, th ere is great 

 in terest in  u n d erstan d in g  h ow  org an ism s p artition  

 en erg y  am on g  a m u ltitu d e of  com p etin g  life p ro- 

 cesses. T h e sim plest m od el of en ergy  p artition in g, 

 rep resen ted  alg eb raically  as C  = R  + P  + E , assu m es 

 th at available en ergy  (C ) is used eith er to support life 

 (R ), to elab orate n ew  tissu e (P ) or is lost from  th e sy s- 

 tem  (E ). T h e en erg y  u sed  to su p p ort lif e (R ), u su ally  

 referred  to as total m etab olism , can  b e su b d iv id ed  in to 

 a n u m b er of  com p on en ts, each  rep resen tin g  th e cost 

 of carry in g  out a particular life p rocess. 

 In  v ery  y ou n g  fish , on e su ch  com p on en t, th e cost of 

 g row th  (C O G ), is of  p articu lar  in terest. T h e elab ora- 

 tion  of n ew  tissu e requ ires th e ex p en d itu re of 

 m etab olic en erg y  (it is im p ortan t to d istin g u ish  C O G  

 from  th e cost of p rod u ction , P , in  th e b alan ced  en erg y  

 equ ation  p resen ted  ab ov e). F or  ex am p le, in  ju v en ile 

 an d  ad u lt fish  C O G  rep resen ts a cost equ iv alen t to 

 ab ou t 35-45%  of  th e en erg y  con ten t of  th e tissu e 

 form ed  (J ob lin g  1985; J 0rg en sen  1988). J u v en ile an d 

 ad u lt fish , h ow ev er, g row  com p arativ ely  slow ly  so 

 th e total cost is relativ ely  sm all. T h is is n ot th e case


 durin g  early  life. It is n ot un usual for fish  em bry os


 an d  larvae to grow  at rates of 20-30%  day -' an d  rates


 as h igh  as 50%  day -' h ave been  reported  (B ry an t & 


 M atty  1981). Such  h igh  rates of grow th  clearly  repre-

 sen t a sig n ifican t d rain  on  en erg y  reserv es. W h at is


 n ot clear is h ow  m uch  of a d rain . A t p resen t, th ere is


 n o con sen su s as to h ow  m u ch  en erg y  is requ ired  to


 su p p ort th e form ation  of  a u n it m ass of  n ew  tissu e


 (m ass-sp ecific C O G ) d u rin g  em b ry on ic an d  larv al


 d ev elop m en t. P u b lish ed  estim ates ran g e from  9% 


 (K i0rb oe &  M 0h len b erg  1987) to 49%  (W ieser & 


 M ed g y esy  1990a,b ) of  th e en erg y  con ten t of  th e tissu e


 f orm ed . O b v iou sly , th e n et im p act g row th  h as on  total


 m etabolism  w ill depen d  to a large exten t on  w h ich


 value applies. W h ich  value applies also h as im plica-

 tion s on  th e w ay  en erg y  is p artition ed . If m ass-sp e-

 cific C O G  is in  th e ord er of 9%  of tissu e en erg y 


 con ten t, em b ry os an d  larv ae m ay  b e ab le to accom -

 m odate grow th  costs w ith in  th eir aerobic scope for


 rou tin e p h y siolog ical p erf orm an ce (SR P P ; SR P P  =


 m ax im u m  rou tin e m etab olic rate - stan d ard  m etab olic


 rate). O n  th e oth er h an d  if m ass-sp ecific C O G  is in  th e


 ord er of 49% , total C O G  w ou ld  lik ely  ex ceed  SR P P


 durin g  m uch  of early  life. T h is w ould  n ecessitate a
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 179 m ajor reallocation  of en erg y  resou rces w h ich , in  tu rn ,


 E n erg y  cou ld  h av e sig n ifican t ecolog ical an d  ev olu tion ary 


 p artition in g  im p lication s (W ieser 1991). T h u s, it w ou ld  seem  th at


 d u rin g fish  if  w e are to u n d erstan d  h ow  v ery  y ou n g  f ish  (an d


 d ev elop m en t oth er sm all, rap id ly  g row in g  org an ism s) p artition 


 en erg y  w e m u st first h av e a b etter id ea of actu al


 g row th  costs.


 T h e p rox im ate g oal of th is stu d y  w as to estim ate


 g row th  costs d urin g  th e em b ry on ic an d  larv al d ev elop -

 m en t of ch in ook  salm on  O n corh y n ch u s tsh aw y tsch a


 (W alb aum ) at each  of fou r tem p eratu res (5.0, 7.5,


 10.0 an d  12.5 0C ). A n  ap p roach  sim ilar to th at u sed  b y 


 Sm ith  (1957) to estim ate g row th  costs d u rin g  rain b ow 


 trou t (0. m y k iss) d ev elop m en t w as ad op ted . Sm ith 


 (1957) arg u ed  th at th e m ajor factors in flu en cin g


 m etabolic rate (M O 2) durin g teleost developm en t are


 tissue m ass (m ) an d absolute grow th  rate (6m 16t):


 M  O 2 = am   + b (6m  lt) eqn  1


 w h ere a an d  b  are con stan ts. If th is m od el is correct, a


 p lot of  m etab olic in ten sity  (M O 2/ m ) ag ain st sp ecific 

 g row th  rate (6m lm ~t)


 M O 2/ M  = a' + b '(6m / m b t) eqn  2


 sh ould  y ield  a straig h t lin e w ith  a slop e (b ') equal to


 th e m ass-specific cost of g row th  (th e x-in tercept, a',


 rep resen ts th e m ass-sp ecific cost of oth er rou tin e


 activities).


 M aterials an d  m eth od s


 G am etes w ere ob tain ed  from  ch in ook  salm on  retu rn -

 in g  to sp aw n  in  th e B ig  Q u alicu m  R iv er, V an cou v er


 Islan d , B ritish  C olum b ia. Eg g s w ere tak en  from  a sin -

 g le fem ale an d  fertilized  b y  th e d ry  m eth od  w ith  m ilt 

 p ooled  from  tw o to th ree m ales in  each  of 2 su cces- 

 sive y ears. Eg g s collected  in  th e first y ear h ad  a m ean 


 (?SD ) w ater-h ard en ed  w et m ass of 340?9m g


 (n  = 30) w h ile th ose collected  th e n ex t y ear h ad  a


 m ean  (?SD ) w ater-h arden ed  w et m ass of 341 ? 36 m g


 (n  = 30). T h e av erag e d iam eter of b oth  g rou p s of eg g s


 w as 8 44 m m .


 E g g s an d  alev in s w ere in cub ated  at v ariou s con -

 stan t tem p eratu res in  v ertically  stack ed  in cu b ation 


 tray s (H eath  T ech n a C orp ., T acom a, W ash in g ton ,


 U SA ). In itial load in g  d en sities w ere ap p rox im ately 


 2000 eg gs p er tray . W ater tem peratures w ere m on i-

 tored  d aily . M ean  (?SD ) tem p eratu res w ere


 5.0?0.40C , an d  10.0?0.30C  th e first y ear an d

 73?030C , 10.2?0.4C , an d  12.5+0.90C  th e sec-

 on d  y ear. W ater flow  in  th e H eath  tray s w as h eld  at 12

 litres m in -' u sin g  d ech lorin ated  w ater from  th e

 N an aim o, B ritish  C olu m b ia city  w ater su p p ly  (total 

 h ard n ess 12 m g  F'l as C aC O 3, p H  7.2). D issolv ed  ox y -

 g en  lev els in  th e ou tflow  w ater w ere m on itored  p eri-

 od ically  an d  alw ay s ex ceed ed  90%  of th e


 air-satu rated  v alue.


 R outin e m etab olic rates (M O 2) w ere d eterm in ed  for


 u n fed  ch in ook  in cu b ated  at each  of th e v ariou s tem -

 p eratu res at 18-22 in terv als (sh orter in terv als at


 h ig h er tem p eratures) b etw een  fertilization  an d  com -

 p lete y olk  ab sorp tion . M easu rem en ts w ere m ad e


 u sin g  a four-ch an n el, closed -sy stem  resp irom eter.


 O n e ch an n el w as run  as a sim ultan eous con trol pro-

 vidin g  th ree in depen den t m easurem en ts of M o2 for


 each  test in terval. R espirom eter volum es ran ged  from 


 70 25 to 71 88 m l. B etw een  five an d  80 in dividuals,


 th e p recise n u m ber d epen din g  on  th e stag e of d ev el-

 op m en t (m ore at earlier stag es of d ev elop m en t), w ere


 p laced  in  each  test ch am b er. T ests w ere con d ucted  at


 n om in al tem p eratu res of 50 0C  an d  10.0 0C  in  y ear 1


 an d  at 7 5 0C , 100 0C  an d  12 5 'C  in  y ear 2. T em p era-

 tu res w ere m on itored  p eriod ically  d u rin g  tests an d


 w ere alw ay s w ith in  0.1 C  of th e n om in al tem pera-

 ture. O xy gen  levels in  th e respirom eters w ere m on i-

 tored  con tin uou sly  usin g  p olarog rap h ic electrod es


 (O rb isp h ere m od el 2104.01, G en ev a, Sw itzerlan d )


 an d  a m ultich an n el ox y g en  m eter (O rb isp h ere m od el


 2710). D etails of  th e resp irom eter, test p roced u res


 an d  an aly sis of  th e p olarog rap h ic record s are g iv en  in 


 R om b ou g h  (1988).


 Su b sam p les of 10 in d iv id u als w ere p reserv ed  in  5% 


 n eu tral b u ffered  form alin  at th e en d  of each  test. In d i-

 v id u als w ere w eig h ed  after a fix ation  p eriod  of at least


 21 d ay s (th e tim e requ ired  for w eig h ts to stab ilize) to


 p rov id e estim ates of  total w et m ass. A ll th e alev in s


 an d  fiv e of th e 10 em b ry os in  each  sam p le w ere d is-

 sected  in to tissu e an d  y olk  com p on en ts. C om p on en ts


 w ere w eig h ed  sep arately  (y ield in g  estim ates of  tissu e


 an d  y olk  w et m ass) an d  th en  ov en  d ried  at 60 'C  f or


 48 h  to p rov id e estim ates of tissu e an d  y olk  d ry 


 m asses.


 T im es to, an d  v alu es for, m ax im um  alev in


 (tissu e+y olk ) w et m ass, m ax im u m  tissu e w et m ass


 (M T W M ), m ax im u m  tissu e d ry  m ass (M T D M ) an d


 m axim um  m etabolic rate (M o2 m ax) w ere estim ated


 by  solvin g poly n om ial equation s relatin g each  of th e


 d ep en d en t v ariab les to tim e from  fertilization  (R om -

 b ou g h  1985). T im es to b lastop ore closu re, ey ein g  an d


 50%  h atch  w ere estim ated  b y  v isu al in sp ection . Sp e-

 cific g row th  rate (g ) w as calcu lated  as (ln  m 2-ln  m i1)


 (d 2-d l)-', w h ere m l an d  m 2 w ere w et tissu e m asses at


 sam p le p eriod s d l an d  d 2, resp ectiv ely . M ean 


 m etabolic in ten sities (w et m ass-specific m etabolic


 rates) w ere calculated for th e equivalen t h alf in ter-

 vals.


 E n erg y  b u d g ets w ere estim ated  for th e p eriod


 b etw een  fertilization  an d  th e tim e corresp on d in g  to


 th e sam p le p eriod  closest to m axim um  tissue d ry 


 m ass. T h e en erg y  con ten t of th e y olk  con su m ed  d u r-

 in g  th is p eriod  (C ) w as assu m ed  to h av e b een  p arti-

 tion ed  sim p ly  b etw een  tissue g row th  (G ) an d


 m etab olism  (R ). E n erg y  equ iv alen ts of 27 05J m g -

 d ry  m ass an d  23.5O J m g -1 d ry  m ass w ere u sed , re


 spectively , for y olk  an d  tissue (R om bough  1988).


 T otal ox y g en  con su m p tion  w as estim ated  g rap h ically 


 (as th e area u n d er th e cu rv e relatin g  M O 2 to tim e p ost-

 fertilization ) an d  con v erted  to its en erg y  equ iv alen t
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 180 u sin g  an  ox y caloric v alu e of 13.56 J  m g - 02 (B rett &


 P . J . R om b ou g h  G rov es 1979).


 R esu lts 

 G R O W T H  A N D  D E V E L O P M E N T


 M ortality  w as low  (<5% ) at all in cub ation  tem p era- 

 tu res. A s ex p ected , d ev elop m en t p roceed ed  m ore 

 rap id ly  at h ig h er tem p eratu res. E stim ates of tim es to 

 selected  d ev elop m en tal stag es at each  of  th e v ariou s 

 in cubation  tem peratures are given  in  T able 1. 

 T issu e g row th  follow ed  a p arab olic trajectory  

 b etw een  b lastop ore closu re an d  m ax im u m  tissu e m ass 

 (F ig . 1). T issue w et m ass (T W M , m g ) d urin g  th is 

 p eriod  can  b e p red icted  u sin g  th e equ ation : 

 In  T W M  = -12-630 + 2.692 In  d + 2 838 In  T 


 R 2ad j= 987%  , n  = 79 eqn  3


 w h ere d  is th e n u m b er of d ay s p ost-fertilization  an d  T  

 is m ean  in cu b ation  tem p eratu re (0C ). (R 2ad j is an  u n b i- 

 ased  estim ate of  th e coef f icien t of  d eterm in ation  f or 

 th e m u ltip le reg ression  th at tak es in to accou n t d eg rees 

 of freed om ; Z ar 1974.) T issu e d ry  m ass rem ain ed  a 

 con stan t f raction  of  tissu e w et m ass (14.9% , 95%  

 C I = 15 3-14 5% , n  = 75) betw een  blastopore closure 

 an d  m ax im u m  tissu e d ry  m ass. 

 T h e m ax im u m  m ass (total, w et tissu e an d  d ry  tis- 

 su e) attain ed  b y  alev in s ten d ed  to d ecrease w ith  

 in creasin g  in cu b ation  tem p eratu re (T ab le 1). F or 

 ex am p le, m ax im u m  tissu e d ry  m asses at 7.3, 10.0, 

 10.2 an d  12.5 0C  w ere on ly  97.7% , 89-1% , 80-3%  an d

 62.4% , resp ectiv ely , of th at at 5 0 'C . C on v ersely , th e 

 am ou n t of  u n con su m ed  y olk  rem ain in g  at m ax im u m  

 tissu e m ass (b oth  w et an d  d ry ) ten d ed  to b e sig n ifi- 

 can tly  g reater at th e h ig h er in cubation  tem peratures. 

 F or ex am p le, at 5.0 an d  7.3 'C , it w as estim ated  th at


 on ly  6%  an d  2% , resp ectiv ely , of in itial y olk  m ass


 rem ain ed  at M T D M . In  con trast, 12% , 29%  an d  26% ,


 resp ectiv ely , of th e orig in al y olk  m ass rem ain ed  at


 M T D M  for th e alev in s in cu b ated  at 10-0, 10.2 an d


 12.5 0C .


 Sp ecific g row th  rate appears to b e d epen den t on


 tem p erature as w ell as on  stag e of d ev elop m en t d u r-

 in g  th e p eriod  b etw een  b lastop ore closu re an d


 M T W M  (F ig . 2). B oth  n ested  A N O V A  (th e ap p rop riate


 p aram etric test for ev alu atin g  b oth  factors sim u ltan e-

 ou sly ; Z ar 1974) an d  K rusk al-W allis n on -p aram etric


 tests w ith  resu ltan t P  v alu es corrected  for ex p erim en t-

 w id e error rate u sin g  th e sequ en tial B on ferron i


 m eth od  (R ice 1989) in d icated  th at th e effect of eith er


 v ariab le on  sp ecific g row th  rate w as h ig h ly  sig n ifi-

 can t (P <0.01). [B oth  p aram etric an d  n on -p aram etric


 tests w ere con d u cted  b ecau se of u n certain ty  ov er


 w h eth er sp ecific g row th  rates w ere n orm ally  dis-

 trib u ted . D 'A g ostin o's D  statistic (D  = 0. 19, P  = 0-05 1)


 suggested  g row th  rates w ere n orm ally  distributed; th e


 D 'A g ostin o-P earson  O m n ib u s K 2 statistic (K 2= 6.3,


 P  = 0.04) sug g ested  th ey  w ere n ot.] Sp ecific g row th 


 rates w ere h ig h est n ear b lastop ore closu re. T h ereafter,


 v alu es d eclin ed  in  a rou g h ly  ex p on en tial fash ion  as


 th e an im als aged. G row th  rates con sisten tly  appeared


 to b e som ew h at d ep ressed  (i.e. less th an  on e w ou ld


 ex p ect from  th e ov erall tren d ) sh ortly  b efore h atch . A t


 an y  g iv en  stag e of d ev elop m en t, g row th  rates w ere


 h igh er at h igh er tem peratures. M ean  rates (+SD ,


 ex p ressed  on  a w et m ass b asis) for th e p eriod  b etw een 


 b lastop ore closu re an d  M T W M  w ere 3.5 ? 2.9%  d ay -'


 (n = 15), 5 0?4 2%  d ay -' (n = 18), 6 5?8 0%  d ay -'


 (n = 12), 7-0?4 7%  day -' (n = 15) an d  7.3?6.0% 


 d ay -' (n  = 14), respectively , at 5.0, 7.3, 10.0, 10.2 an d


 12.5 0C .


 T ab le 1. T im e an d  size relation sh ip s for ch in ook  em b ry os an d  alev in s in cu b ated  at 5 0, 7.3, 10.0, 10.2 an d  125 'C . Stag es


 w ere id en tified  u sin g  th e sy stem  of V ern ier (1969)


 T em p eratu re ('C )


 5-0 7.3 10-0 10.2 12 5


 W  h ole eg g  w et m ass at fertilization  (m g ) 340?9 341?36 340?9 341?36 341?36


 (m ean  ? SD , n  = 30)


 Y olk  d ry  m ass at fertilization  (m g ) 126 2?3+7 122.8? 13-2 126.2 ?3-7 122-8? 13-2 122-8? 13-2


 (m ean  ? SD , n  = 30)


 T im  e to b lastop ore closu re (stag e 17) (d ay s) 26.7 18-4 13.4 13-1 10.6


 T im  e to 'ey ein g ' (stag e 24) (d ay s) 51 5 35-1 25.0 24-4 19.2


 T im  e to 50%   h atch  (d ay s) 112.8 76-5 54 0 53.0 40.1


 T im  e to m  ax im  u m   alev in  w et m  ass (d ay s) 199.1 137.5 95.7 87 7 58.7


 M  ax im  u m   alev in  w et m  ass (m  g ) 514 9 539.3 463.6 471 0 409-7


 T im  e to m  ax im  u m   tissu e d ry  m  ass (d ay s) 199-3 141 6 101.7 90-8 69-0


 M  ax im  u m   tissu e d ry  m  ass (m  g ) 74.5 72.8 66.4 59 8 46-5


 T im  e to m  ax im  u m   tissu e w et m  ass (d ay s) 206 3 140.9 104.6 92 3 71 4


 M  ax im  u m   tissu e w et m  ass (m  g ) 472.3 508 7 433 0 426 2 299 7


 T im  e to m  ax im  u m   m  etab olic rate (d ay s) 196.7 136.3 97.3 91 3 67 1


 M ax im  u m  m  etab olicrate(g  02 h -1) 102.4 151.6 151.8 145-6 1472
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 F ig . 3. M etab olic rate as a fu n ction


 tim e to selected  d ev elop m en tal stag


 lim its.


 M etab olic rate, lik e tissu e m ass, follow ed  a p arab olic


 trajectory  d urin g  m ost of em bry on ic an d  larv al d ev -

 elop m en t (F ig . 3). M etab olic rates (M o2; au g h t) d u r-

 in g  th e p eriod  b etw een  b lastop ore closu re an d


 m ax im u m  m etab olic rate can  b e p red icted  u sin g  th e


 equation :


 In  M O 2 =-16 897 + 2.873 In  d  + 3 840 In  T 


 R 2ad j=96.3%  , n =75 eqn 4


 w h ere d  is th e n u m b er of d ay s p ost-fertilization  an d  T 


 is in cubation  tem perature (0C ). It w as in terestin g th at


 w h ile an  in crease in  tem p eratu re f rom  5.0 to 73 0C 


 resulted  in  a sig n ifican t in crease in  m ax im um 


 m etab olic rate, fu rth er in creases in  tem p eratu re h ad


 n o ad d ition al effect on  m ax im u m  m etab olic rate (i.e.


 M O 2 m ax at 7.3, 10.0, 10.2 an d  12 5 0C  w ere virtually 


 id en tical; Fig . 3).


 M etab olic ex p an sion  ap p ears to b e essen tially  iso-

 m etric (i.e. m ore or less d irectly  d ep en d en t on  tissu e


 m ass) u p  to m ax im u m  m etab olic rate. T h e m etab olic


 m ass ex p on en t (b  = 1 049, SE = 0 .022) of th e equ ation 


 relatin g  m etab olic rate (M o2; jig  h ) to tissue w et


 m ass (T W M ; m g ):


 In  M O 2 =-3 340 + 1 049 In  T W M  + 0 805 In  T


 R 2ad j = 97-0%  , n  = 75 eqn  5


 w  as slig h tly  g reater th an  u n


 p on d in g  ex p on en t for tissu e d ry  m ass (b =1 012,


 SE=00031, n =75), h ow ev er, w as n ot sig n ifican tly 


 d ifferen t from  u n ity .


 G iven  th e larg e n um ber of poten tial sources of


 error (e.g. errors in  estim atin g  y olk  an d  tissue m asses,


 th e en erg y  con ten ts of y olk  an d  tissue, th e total


 am ou n t of ox y g en  con su m ed  an d  th e ox y caloric


 equ iv alen t), en erg y  b u d g ets b alan ced  ex trem ely  w ell


 (T ab le 2). T h is w as p articu larly  tru e at 5 0, 10.0 an d


 10.2'C , w h ere estim ates of total ox y g en  con su m p tion 


 based on  m easurem en ts of oxy gen  uptak e rates (R )


 w ere w ith in  10%  of values estim ated from  ch an ges in 


 y olk  (C ) an d tissue (G ) m asses [en ergy  budgets are in 


 com plete balan ce if R  (C -G )-<= 100% ]. C um ulative


 grow th  efficien cy  up to M T D M  sh ow ed a m oderate


 but con sisten t decrease w ith  in creasin g in cubation 


 tem perature betw een  5 0 an d 10.2'C  (from  57.0%  to


 53.7% ; T ab le 2) an d  a rath er sh arp  d ecrease b etw een 


 102 an d  125'C  (from  537 to 44.6% ).


 M etab olic in ten sity  (m ass-sp ecific m etab olic rate)


 v aried  sig n ifican tly  (P <0.01, u sin g  n ested  A N O V A )


 b oth  w ith  stag e of  d ev elop m en t an d  w ith  tem p eratu re


 (F ig . 4). A t an y  g iv en  tem p eratu re, th ere w as ab ou t a


 th reefold  v ariation  in  m etab olic in ten sity  d u rin g  th e


 cou rse of em b ry on ic an d  larv al d ev elop m en t. M eta-

 b olic in ten sities w ere con sisten tly  h ig h est ju st p rior to
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 183 T ab le 2. E n erg y  u tilization  b y  ch in ook  em b ry os an d  alev in s in cub ated  at 5 0, 7.3, 10.0, 10.2 an d  12 5 0C . E n erg y  b u d g ets w ere


 E n erg y  calculated  on  th e b asis of d ata for th e sam ple p eriod  closest to m axim um  tissue d ry  m ass. G ross con v ersion  efficien cy  w as


 partition in g  calculated as dry  m ass of tissue form ed  divided  by  dry  m ass of y olk  con sum ed


 d u rin g fish 


 d ev elop m en t ~~~~~~~~~~~~~~~~~T em p eratu re (0C )


 d ev elop m en t 

 50 73 10.0 10.2 12.5


 D ay  sam  p led  188 8 135.8 97.8 92.8 69.7


 P er cen t of in itial y olk  m  ass rem  ain in g  13 4 9 8 15 8 17 0 23 9


 T otal d ry  m ass of y olk  con su m ed  (m g ) 109.3 ?97 110.8? 19 2 1063 ?6 8 101 9?23-7 93 4? 18.7


 (m ean ? SD , n =5)


 D ry  m ass of tissu e form ed  (m g ) 71 7 ? 8.4 70 9?6 0 66.1?2+7 63 0?6 9 47.9? 10.3


 (m ean  ? SD , n  = 5)


 G ross con v ersion  efficien cy  (%  ) 656 640 622 61 8 51 3


 E n erg y  equ iv alen t of y olk  con su m ed  (C ) (J ) 2956 2997 2875 2756 2526


 E n erg y  equ iv alen t of tissu e form  ed  (G ) (J ) 1685 1666 1553 1480 1125


 C u m  u lativ e g row th  efficien cy  (G  C -') (% ) 57 0 55 6 54 0 53.7 44.6


 C u m  u lative am  oun t of 02 con sum  ed  (m  g ) 102 0 123.0 103 4 93.9 78.4


 En erg y  equivalen t of 02 con sum  ed  (R ) (J ) 1382 1667 1402 1273 1063


 B alan ce R (C -G )-l (% ) 108 7 125 2 106.1 99 8 75 9


 b lastop ore closu re. V alu es d eclin ed  follow in g  b lasto-

 p ore closu re, reach in g  a m in im um  d u rin g  th e early - to


 late-ey ed  stag e. M etab olic in ten sities in creased  d u r-

 in g  th e late em b ry on ic an d  early - to m id -larv al stag es


 to reach  secon d ary  m ax im a ju st p rior to M T D M . V al-

 u es d eclin ed  follow in g  M T D M , p articu larly  at th e


 h ig h er tem p eratures, as y olk  su p p lies b ecam e


 ex h au sted . M etab olic in ten sities in creased  as th e tem -

 p eratu re in creased . M ean  v alu es (?SD ) for th e p eriod


 b etw een  b lastop ore closu re an d  m ax im u m  m etab olic


 rate w ere 171?50 (n =18), 270?98 (n = 20),


 287 ? 113 (n  = 14), 309? 108 (n  = 17) an d  385 ? 114


 (n  =20) R tg  02 g - w et tissu e h -1, resp ectiv ely , at 5.0,


 73, 10.0, 102 an d  12*5'C .


 M etab olic in ten sity  w as in d ep en d en t of sp ecific


 g row th  rate at all tem p eratu res [i.e. th e slop es of th e


 lin es relatin g  th e tw o v ariab les w ere n ot sig n ifican tly 


 d ifferen t (P >0.05) from  zero]. T h e tw o v ariab les w ere


 in d ep en d en t w h eth er on e look ed  at th e d ata for th e


 em b ry on ic p eriod  on ly , for th e larv al p eriod  on ly  or


 for th e com b in ed  em b ry on ic-larv al p eriod . T h is w as


 true w h eth er m etabolic in ten sities an d  specific grow th 


 rates w ere ex p ressed  on  a w et m ass b asis (F ig . 5) or


 on  a dry  m ass basis.


 b c
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 Fig . 4. C h an g es in  m etabolic in ten sity  d urin g  th e course of em b ry on ic an d  larv al d ev elop m en t at each  of five in cub ation  tem -

 peratures. V ertical arrow s in dicate tim e to selected  d ev elop m en tal stag es. b c, blastopore closu re; h , 50%  h atch ; M T D M , m axi-

 m u m  tissu e d ry  m ass. E rror b ars in d icate 95%  con fid en ce lim its.
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 F ig . 5. M  ass-sp ecific m  etab olic rate (m  etab ol


 p eratu res. L in es of b est fit are sh ow  n . N  on e o


 D iscu ssion  

 T h e total lack  of correlation  b etw een  m etab olic in ten - 

 sity  an d  sp ecific g row th  rate d u rin g  ch in ook  em b ry - 

 on ic an d  larv al d ev elop m en t w as u n ex p ected . T h e 

 accep ted  p arad ig m  in  an im al en erg etics is th at th ere is 

 a p ositiv e relation sh ip  b etw een  rate of  en erg y  ex p en - 

 d itu re an d  rate of  g row th  (B rod y  1945; K leib er 1961; 

 J ob lin g  1985). It h as b een  assu m ed  th at th is relation - 

 sh ip  ap p lied  to early  lif e stag es as w ell as to ju v en ile 

 an d  ad u lt fish  (Sm ith  1957; K i0rb oe &  M 0h len b erg 

 1987). H ow ever, th e results of th is an d several oth er 

 recen t stu d ies (W ieser et al. 1988; W ieser 1989; 

 W ieser &  M ed g y esy  1990a,b ; W ieser, L aich  &  

 M ed g y esy  1992) ch allen g e th is p rem ise. 

 W ieser et al. (1988) w ere th e first to suggest th at 

 th ere m igh t be a dissociation  betw een  m etabolic an d 

 g row th  rates d u rin g  early  life. T h ey  n oted  th at w h ile 

 th e g row th  rate of roach  (R utilu s ru tilus) larv ae v aried  

 w ith  ration  size th ere w as n o corresp on d in g  ch an g e in  

 av erag e m etab olic rate. U n fortu n ately , m etab olic an d  

 g row th  rates w ere n ot m easu red  sim u ltan eou sly  so 

 th ere w as som e qu estion  as to th e sig n ifican ce of th is

 resu lt. T h e resu lt w as in trig u in g  en ou g h , h ow ev er, for 

 W ieser &  M ed g y esy  (1990a,b ) to con d u ct a series of 

 m ore caref u lly  con trolled  ex p erim en ts in  w h ich  ration  

 size, g row th  rate an d  ox y g en  con su m p tion  w ere m ea- 

 su red  sim ultan eously  in  larv ae of roach  (W ieser & 


 M edgy esy  1990a) an d  w h itefish , C oregon us w art-

 m an n i (W ieser &  M ed g y esy  1990b ). In  b oth  sp ecies,


 m etab olic in ten sity  w as fou n d  to b e in d ep en d en t of


 sp ecific g row th  rate in  y ou n g , rap id ly  g row in g


 (g  > 8%  d ay -') larv ae. T h ere is som e su g g estion  th at


 th is is also th e case in  rap id ly  g row in g  larv ae of p ik e,


 E sox  lu ciu s (W ieser et al. 1992) an d  h errin g , C lu p ea


 h aren g us (D . F. H oulih an , p erson al com m u n ication ).


 W ieser (1989, 1991) h as ad v an ced  tw o reason s


 w h y  m etab olic in ten sity  m ig h t b e in d ep en d en t of


 g row th  rate in  rap id ly  g row in g  fish  larv ae. If


 m etab olic in ten sity  is to b e d ep en d en t on  g row th  rate,


 tw o criteria m u st b e satisfied : (1) th e total cost of


 activ ities oth er th an  g row th  (a' in  equ ation  2) m u st


 rem ain  con stan t an d  (2) th e u n it cost of  g row th  (b 'in 


 equ ation  2) can n ot v ary . N eith er con d ition  m ay  h old


 durin g  early  life. Sm all an im als such  as fish  em b ry os


 an d  larvae display  h igh  routin e m etabolic in ten sities


 com p ared  w ith  larg er an im als. W ieser (1989, 1991)


 su g g ested  th at on e of  th e con sequ en ces of  th is is th at


 v ery  sm all an im als h av e less ab ility  to in crease p ow er


 outp ut to su p p ort activ ities su ch  as g row th . H e w en t


 on  to sp eculate th at fish  larv ae m ay  circu m v en t th e


 p rob lem  b y  su p p ressin g  oth er en erg y -con su m in g


 fu n ction s an d  reassig n in g  th e en erg y  sav ed  tow ard s


 g row th . If ch in ook  em b ry os an d  larv ae w ere to p arti-

 tion  en erg y  in  su ch  a com p en satory  fash ion , rath er


 th an  in  th e ad d itiv e fash ion  th at Sm ith 's (1957) m od el


 assu m es, it is n ot su rp risin g  th at m etab olic in ten sity 


 w as in d ep en d en t of  g row th  rate. A n y  ch an g e in  th e


 am ou n t of en erg y  ex p en d ed  on  g row th  w ou ld  sim p ly 


 b e com p en sated  f or  b y  a corresp on d in g  in crease or


 d ecrease in  th e am ou n t of  en erg y  ex p en d ed  in  an oth er


 area. W ieser (1991) also p oin ted  ou t th at th e u n it cost


 of  g row th  is n ot n ecessarily  con stan t th rou g h ou t lif e.


 G row th  costs in  ju v en ile an d  ad u lt f ish  are ty p ically  in 
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 185 th e ord er of 35-45%  of th e en erg y  con ten t of th e tis-

 E n erg y  su e form ed  (J ob lin g  1985; J 0rg en sen  1988; W ieser et


 p artition in g  al. 1988; W ieser &  M ed g y esy  1990a,b ). T h is is 3-4


 d u rin g  fish  tim es th e th eoretical m in im u m  cost of p rotein  sy n th e-

 d ev elop m en t sis assum in g  3-5 A T P  are requ ired  to form  on e p ep -

 tid e b on d  (W ieser et al. 1988; K elly  &  M cB rid e


 1990). E m b ry on ic an d  larv al g row th  costs cou ld  b e


 sign ifican tly  low er th an  th ose of older fish  an d  still


 f all w ith in  th eoretical lim its. W h ile em p irical ev i-

 den ce pertain in g  specifically  to fish  em bry os an d  lar-

 v ae is lack in g , recen t stu d ies of g row th  costs in


 isolated  fish  cells su g g est th at v ariation  in  C O G  d u r-

 in g  th e cou rse of d ev elop m en t is p ossib le. T h e n et


 cost of p rotein  sy n th esis in  sev eral ty p es of cu ltu red


 fish  cells h as b een  sh ow n  to b e h ig h ly  v ariab le (u p  to


 20-f old ) an d  in v ersely  related  to g row th  rate (P an -

 n ev is &  H ou lih an  1992; H ou lih an  &  Sm ith  1993).


 H ow  sig n ifican t su ch  v ariation  is in  th e in tact org an -

 ism  (or w h eth er it ev en  occurs) is op en  to question  b ut


 th e resu lts are in trig u in g . It m ay  tu rn  ou t th at m u ch  of


 th e v ariation  in  rep orted  v alu es f or C O G  d u rin g  early 


 life (see In trod u ction ) is actu ally  th e resu lt of d iffer-

 en ces in  g row th  rate.


 A t p resen t, th ere is in su f ficien t ev id en ce to in d icate


 w h ich  strateg y  (com p en satory  en erg y  p artition in g  or


 v ariab le g row th  costs) or com b in ation  of strateg ies,


 developin g  fish  em ploy  to m eet th e h igh  costs associ-

 ated  w ith  rapid  g row th . W h at th e eviden ce does in di-

 cate is th at en erg y  allocation  is m ore com p licated


 th an  is g en erally  ap p reciated . O n e can n ot sim p ly 


 assu m e th at th e resp on se on e sees in  old er, m ore


 slow ly  g row in g  fish  n ecessarily  ap p lies d u rin g  early 


 life. In d eed , W ieser (1989) h as arg u ed  th at som e


 assu m p tion s, in  p articu lar th at en erg y  allocation  is


 in v ariab ly  ad d itiv e w ith  resp ect to rou tin e m eta-

 b olism , m ay  n ot ap p ly  ev en  in  old er f ish  on  close


 ex am in ation .


 N on -ad d itiv e en erg y  p artition in g  h as im p lication s


 for p h y siolog ists attem p tin g  to estim ate th e cost of


 activities oth er th an  grow th . T y pically , th e cost of a


 p articu lar activ ity  (e.g . osm oreg u lation ) is estim ated


 f rom  th e relation sh ip  b etw een  m etab olic rate an d


 activ ity  lev el. T h is ap proach  assum es th at oth er costs


 rem ain  con stan t. H ow ev er, if  en erg y  is allocated  in 


 com p en satory  fash ion  cost estim ates, at th e v ery  least,


 m ay  b e seriou sly  b iased . C om p en satory  en erg y  p arti-

 tion in g , in  f act, m ay  b e th e reason  th at attem p ts to


 estim ate th e cost of  activ ities su ch  as osm oreg u lation 


 d u rin g  fish  d ev elop m en t larg ely  h av e b een  u n su ccess-

 fu l to d ate (M org an , J en sen  &  Iw an a 1992). N on -

 ad d itiv e en erg y  p artition in g  also h as im p lication s for


 th ose m od ellin g  g row th . In  p articu lar, th e v on  B erta-

 lan ffy  (1960) g row th  m od el assu m es th at en erg y  allo-

 cation  is ad d itiv e rv on  B ertalan ffy 's m od el can  b e


 d erived  rath er sim ply  from  Sm ith 's (1957) m od el by 


 su b stitu tin g  th e allom etric relation sh ip  b etw een


 m etab olic rate an d  tissue m ass for m etab olic rate in 


 equ ation  1]. T h e v on  B ertalan ffy  m od el is fav ou red


 by  m an y  biologists because it seem s to h ave a ph y sio-

 logical basis. T h is virtue disappears if en ergy  parti-

 tion in g  tu rn s ou t to b e com p en satory .


 T h is stu d y  raises a n u m b er of qu estion s th at n eed  to


 be addressed. In  particular, if variation s in  grow th  rate


 are n ot resp on sib le for stag e-sp ecific v ariation s in 


 m etab olic in ten sity , w h at is? Stag e-sp ecific v ariation s


 in  m etab olic in ten sity  d u rin g  ch in ook  d ev elop m en t


 w ere h igh ly  sign ifican t (= th reefold) an d  con sisten t


 across all tem peratures. V ariation s of sim ilar m agn i-

 tu d e an d  tim in g  h av e b een  rep orted  in  oth er


 salm on id s (H ay es, W ilm ot &  L iv in g ston e 1951;


 Sm ith  1957; A ld erd ice, W ick ett &  B rett 1958; G ru b er


 &  W ieser 1983). Su ch  con sisten cy  su g g ests th at som e


 b asic p rocess is in v olv ed  b u t p recisely  w h at is n ot


 clear. A n oth er, an d perh aps related, question  is w h y 


 th e m ax im u m  rate of ox y g en  u p tak e of in d iv id u al ch i-

 n ook  alev in s d id  n ot in crease w h en  th e tem p erature


 w as raised  ab ov e 7-5 0C  (F ig . 3). B ased  on  a Q 10 of


 3 0 (th e av erag e at oth er stag es), on e w ou ld  ex p ect th e


 m ax im u m  m etab olic rate at 12.5 'C  to h av e b een


 ab ou t 1.8 tim es th at at 7.3 'C . T h e fact th at m ax im u m 


 m etab olic rate d id  n ot in crease sug g ests th at som e


 factor b ecom es lim itin g  at h ig h er tem p eratu res. A g ain ,


 p recisely  w h at lim its m ax im u m  p ow er ou tp u t at h ig h er


 tem p eratu res is n ot clear.


 A ck n ow led g em en ts


 T h is research  w as su p p orted  b y  th e N atu ral Scien ces


 an d  E n g in eerin g  R esearch  C ou n cil of C an ad a an d  th e


 C an ad ian  D ep artm en t of F ish eries an d  O cean s.


 R eferen ces


 A ld erd ice, D .F ., W ick ett, W .P . &  B rett, J .R . (1958) Som e


 effects of tem p orary  ex p osu re to low  d issolv ed  ox y g en 


 lev els on  P acif ic salm on  eg g s. J ou rn al of  th e F ish eries


 R esearch  B oard  of  C an ad a 15, 229-249.


 von  B ertalan ffy , L. (1960) Prin ciples an d  th eory  of g row th .


 F u n d am en tal A sp ects of N orm al an d  M alig n an t G row th 


 (ed . W . W . N ow in sk i), p p . 137-259. E lsev ier, A m ster-
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