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The genus Sehastei has hlstorlcally been considered to be 
ovovlvlparous, with al I energy for embryonlc development comlng from 
the yolk present at fertl I izatlon. Recent studles have shown that 
embryos of two species recelve nutrltlon In addltlon to that supplled 
In the yo1 k. Embryonlc catabol Ism (estlmated from In oxygen 
consumption) requlred a slgnlflcant portlon of the yo lk  energy; 
comblned wlth energy content of the larva at blrth, total energy was 
much greater than the lnltlal egg energy. One can access the accuracy 
of In y I trq embryonic oxygen consumpt I on by determ in I ng the excess 
resplratlon by pregnant females above that o f  males and Immature 
females. In wastes-, thls excess oxygen consumptlon I s  
slgnlf icant. The additional oxygen consumed by gestatlng females Is 
greater than that predicted for oxygen consumptlon of  the embryos 
early In gestatlon but less later In gestatlon, suggestlng that In 
y l t r Q  estlmates are approxlmately 80s hlgh. We dlscuss the 
lmpllcatlons of these estimates to eariler calculatlons of vivlparlty. 
Energy taken up through Ingestion and absorptlon of ovarlan fluld In 
the hindgut, however, stll I conf lrms vlvlparity. 

lntroductlon 
Live-bearing fishes are characterlred by a wlde range of energetic 
relatlonshlps between maternal and embryonlc systems. The genus 
Sebastes has h 1 stor 1 ca I I y been cons I dered to be ovov I v I parous, and 
that no addltlonal nutrltlon Is provlded to the embryo durlng gesta- 
tlon (Scrimshaw 1945; Amoroso 1960). The reasons for thls descrlptlon 
have been based upon inference, however, slnce lnltlal egg slre I s  
sma-11, larvae are small at birth, and fecundlty I s  very hlgh (Phllllps 
1964; Moser e+ el. !977; Boehlert et al. 1982). Recently, however, 
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energetlc studles have demonstrated that embryos of two rockflsh 
specles recelve some form of nutrltlon durlng later stagos of gesta- 
tlon and are thus vlvlparous (Boehlert and Yoklavlch 1984; &&left et 
at. 1986). The source of nutrltlon was postulated to be a nltrogenous 
substance derlved from resorptlon of unfertlllzed ova through 
Ingestion of ovarian fluid and subsequent uptake In the hlndgut. 

The work demonstratlng vlvlparlty compared lndlrect wlth dlrwct 
calorlmetry of embryos dur Ing development. The lndlrect calorlmetry 
used In xltrQ oxygen consumptlon to determlne catabol I C  needs In 
development. Oxygen consumptlon In yltrQ Increases wlth Increasing 
developmental stage elther I lnearly CS. melanops, Eoehlert and 
Yoklavlch 1984) or exponentlally CS. ~ r l n u s ,  Dygert 1986; 3. 
SrhleggLL, Boehlert et al. 1986). An Important assumptlon of all 
previous work Is that lo oxygen consumptlon Is closely related 
to that In w. Many studles have estlmated embryonlc oxygen 
consumptlon of I Ive-bearers In yltrp (Moser 1967; Webb and Brett 1972; 
Berglund et ai. 19861, but few have consldered oxygen consumptlon 
ratesh-. Boehlert et al. (1986) questloned the accuracy of La 
yltrQ oxygen consumptlon rates and suggested that they may be hlgher 
than rlya rates, thus Inf latlng estlmates of catabol Ic energy use. 
In thls paper we dlscuss the manner In whlch vlvlparlty was 
demonstrated In S. melanoos and ,$. schleaelr and then, by conslderlng 
the relatlve Increase In oxygen consumptlon b y  gestating female 3. 
schleaell as compared wlth spent or Immature females w males (Webb 
and Brett 19721, provide lnslghts to the accuracy of the In yltrp 
measurements. - 
Methodology used In the embryonlc energetlcs studles has been 
descrlbed In Boehlert and Yoklavlch (1984) for 3. melanoos and 
Boehlert et al. (1986) for 5. and w l l  I be only brlefly 
descrlbed here. Developmental stages of embryos were classlfled 
accordlng t o  a modlf lcatlon of Oppenhelmer (1937) and Yamada (1963) 
(Kusakarl unpubllshed). Gestatlon tlme and duratlon of dlfferent 
stages of development were determlned from samples of embryos taken 
from females held In the laboratory. Flsh were catheterlzed at 
varlous Intervals and an analytlcal relatlonshlp between the stage of 
development and the duratlon of each stage was developed. From thls 
relatlonshlp stage of development was converted to tlme slnce 
fertlllzatlon. 

Oxygen consumptlon was determlned for embryos at several stages of 
development In a Gllson dlfferentlal resplrometer at 10°C uslng 
standard technlques (Umbrelt et al. 1972). At the end of each 
experlment, the embryos were counted and u s e d  for dry welght and 
carbon and nltrogen determ lnatlons; some embryos were preserved for 
determlnatlon of developmental stage. Ash-free dry welght (AFDW) was 
determlned from groups of 35-100 embryos. CalorlC Content was 
determlned from percent carbon uslng the nitrogen-corrected equatlon 
of Salonen et al. (1976). 

For experlments on resplratlon rates of adult S. flsh from 
captlve populatlons were used. Two days before beginning experlments, 
flsh were weighed, measured, and sex determ lned after anesthetlratlon 
In MS-222. Females were catheter Ized, developlng embryos removed and 
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staged, and estlmates of tlme slnce f e r t l l  lratlon (as a functlon of 
developmental stage) were calculated followlng technlques of Boehlert 
et al. (1986). 

Flsh were starved at least 2 d before resplratlon experlments. The 
resplrometer conslsted of a cyllndrlcal f Ish chamber constructed of 
acryl Ic tublng 20 cm I n  dlameter wlth a volume of 13.2 I lters. The 
resplrometers were held I n  a 1.8 x 1.1 x 0.65 m tank whlch was 
partially covered wlth black plastlc durlng experlments. Flsh 
actlvlty and oxygen content of the outflowlng water were monitored at 
5-10 m l n  Intervals. Flow-through methodology was used an d  oxygen 
concentratlons determlned wlth a polarographlc oxygen electrode. 
Oxygen consumptlon rates ( m l  OZ/h) were determlned by multlplylng the 
change In oxygen concentratlon of lnflowlng and outflowlng water by 
the flow rate. For each anlmal, a mean value was computed from two 
repllcates. Our estlmates may be consldered I1routlnel1 metabol I C  rate 
(Fry 1971). Control experlments were run wlth empty resplrometers and 
the drop In oxygen content was negllglble. 

Speclmens I n  our experlments were dlvlded Into two groups based upon 
reproductive status. The flrst group was composed of males, Immature 
females, and spent females and the second group females wlth gestatlng 
embryos at dlfferent stages of development. Resplratlon rates as a 
functlon of welght for the first group were fltted t o a  curve whlch 
could then be used as a predlctlve model of llnormalll or non-gestatlng 
resplratlon rates. The est1 mates of thls curve could then be appl led 
to the second group; the d I f ference between observed and pred I cted 
resplratlon rates was attr I buted to oxygen consumptlon by embryos 
wlthln the female system plus assoclated costs of IIve-bearlng. - 
Stage duratl on ca I cu I at Ions show that ear 1 y stages are passed through 
rapldly and that later stages, whlch encompass more slgnlf lcant 
morphologlcal change, take conslderably longer. The Integrated 
relatlonshlps suggest that fertll lzatlon to blrth takes 37 d for 3. 
melanoDs (Boehlert and Yoklavlch 1984) and 51.5 d for 3. 
whlch has a slgnlflcantly larger egg (Boehlert et 81. 1986). 
Comparlsons of these estimates wlth data from lndlvldual females show 
agreement but may be somewhat varlable under natural condltlons. 
Oxygen consumptlon, whlch was determlned for both specles from embryos 
at several developmental stages, Increased wJth tlme slnce 
fertll Izatlon; the relatlonshlp was nearly llnear for 3. 
(Boehlert and Yoklavlch 1984) an d  was exponentlal for 3. rrhJeaeI L 
(FI g. 1). For embryos In later stages of development, many hatched 
from the dellcate chorlon and llmlted swlmmlng actlvlty occurred In 
the resplrometer flasks. Thls may result In  Inflated values of oxygen 
consumptlon for late stage embryos. 

The curves, f ltted to the oxygen consumptlon as a functlon of tl me 
slnce fertll Izatlon, were Integrated to estlmate the total oxygen 
consumed dur I ng gestat I on. Th Is va I ue can be converted to ca I or l e s  
uslng an oxycalorlflc equlvalent (Lasker 1962) to determlne the total 
catabol Ic energy expendlture durlng gestatlon. A comparison of these 
data wlth the actual energy contalned In the embryos (Table 1 )  
suggests that addltlonal energy must be used durlng gestatlon. I f  
Sebastes was strlctly ovovlvlparous, the sum of flnal embryonlc 
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Flgure 1. Oxygen consumptlon In 
embryonlc &!bastes gchleael L. 
Each pol nt (+2 SEI represents 
the mean of three or  four 
rep1 lcates w Ith embryos from 
the same female (from Boehlert 
et at. 1986). 

Table 1. Changes In the energy content of  lndlvldual embryos of 
&bastes  from dlrect estlmates of calorlc content compared to 
catabollc energy utlllzatlon estlmates (from Boehlert and Yoklavlch 
1984; Boehlert et al. 1986). 

lnltlal calorlc content 1.59 
Flnal calorlc content 1.48 
Catabol IC calorles 1.40 

0.43 
0.35 
0.28 

calorlc content and catabollc energy utlllzatlon du r l n g  gestatlon 
should equal the lnltlal ca.lorIc content. Tho sum Is slgnlflcantly 
greater f a -  both specles, but more so for S. w. 
The relatlve changes In these values dur Ing gestatlon Is graphlcal ly 
Illustrated for S. schleaelL In Flgure 2. The catabollc an d  dlrect 
compar lsons of energy ut1 I lzatlon dlverge relatively early I n  3. 
XhleaelL. a n d  the results are clearly lndlcatlve of addltlonal 
nutrltlon provlded to the embryos du r l n g  gestatlon. The catabol I C  
energy utlllzatlon suggests that the percentages o f  orlglnal yolk 
energy remalnlng at blrth would be 36$ for S. melanoos and only 12% 
for S. schleael L (Table 1 ;  Flg. 2). 
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As mentloned earller, overestlmatlng embryonic resplratlon could also 
result In overestlmates of catabol Ic energy ut1 I Izatlon. There are 
two maJor factors whlch may be posslble sources of er ro r .  Flrst, 
actlvlty by later stage embryos when removed from the maternal system 
may Increase oxygen consumptlon. As an example, llactIvell resplratlon 
rates for Paclf IC sardlne larvae may be from 1.3 to 3.5 tlmes those 
of "Inactive" rates (Lasker and The1 lacker 1962). Second, oxygen 
tenslon In the Gllson resplrometer Is lnltlally at saturated, 
atmospherlc levels (Umbrelt et ai. 1972)  whereas oxygen tenslon 
inslde the ovary may be low; low amblent oxygen can lower resplratlon 
rate In embryos (Carlson and Selfert 1974). It Is therefore posslbie 
that the rate of development of embryos may be under the 
control of oxygen avallablllty and that the long gestatlon tlmes and 
stage duratlons may be a result. Although there Is no evldence for 
thls In -, Triplett ( 1 9 6 0 )  noted more rapld development JJ 
yltrQ for emblotccld embryos. 

Resplratlon measurements on adult 3. schleael L were thus used as a 
check on In measurements. Gestatlng f Ish were typlcal l y  much 
more robust at a glven length than were male, Immature female, or 
spent females. The welght Increase of gestatlng females over non- 
gestatlng s. Is most marked after about 3 2  cm SL and the 
dlvergence between the two curves Increases w I th 1 ncreas I n g  length, 
most llkely due to the rapidly lncreaslng fecundity wlth length. We 
determlned oxygen consumptlon rates for 23 non-gestating f Ish, 
lncludlng 19 males, 2 Immature females, and 2 spent females for com- 
parlson wlth rates for 17 pregnant females wlth embryos between stages 
1 and 30. Resplratlon rates typlcally Increased wlth lncreaslng body 
weight for non-gestating and gestatlng flsh (Flg. 3). Data from non- 
gestating flsh were fltted to the curve 

0 = 46.734 n = 23 r 2  = 0.524 , 

where 0 = oxygen consumptlon rate (mi OZ/h) and W = body welght (kg). 
At a given body weight, resplratlon rates were much hlgher for females 
wlth developlng embryos. Data from these females were fltted to the 
curve 
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~ ( 2 0 '  Flgure 3. Oxygen consumptlon 
rates (mi 02/h) as a functlon 

I 110. 

9 of flsh body welght for 
Sebastes -. Trlangles Y ' 0 -  

represent values from gestd- 
tlng females, and dlamonds for 
males, Immature females, an d  
spent females; I ines represent 
fltted curves (from Boehlert 
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Q = 62.383 H0*9014 n - 17, r* = 0.81 . 
These two curves (Flg. 3 )  are slgnlflcantly dlfferent (analysls of 
covarlance, P c 0.01). Olfferences are even more profound when a m -  
parlsons are made for flsh of equal length due to a much greater 
welght-at-length for pregnant females. 

"Excess resplratlon" may be deflned here as the amount of oxygen 
consumed by a gestatlng female In excess of that predlcted for a non- 
gestating flsh of the same length (Equatlon 1 ) .  Thls value w l l l  be 
the sum of embryonlc resplratlon requlrements an d  addltlonal I Ive- 
bearlng costs, whlch Include work assoclated wlth Increased cardlac 
and branchlal pumplng a n d  the added costs of lonlc and osmotlc 
reguiatlon as more blood passes the gills. Calculatlon of thls value 
Is confounded by the welght of the female flsh and the stage of 
development of the embryos. For thls reason we standardlzed the 
measured oxygen consumptlon rates of gestatlng females (uslng the 
welght exponent In Equatlon 2)  to a unlform welght of 1.5 kg. Thls 
value corresponds to a flsh of 35.6 cm SL, wlth estimated post- 
fertlilzatlon fecundlty of 126,921 embryos (Boehlert et al. 1986) and 
estlmated total embryonlc oxygen requlrement (fecundlty tlmes In 
y l t r ~  embryonlc oxygen consumptlon) whlch varled wlth stage of 
embryonlc development from 3.13 to 74.86 m l  O2 h-'. A f Ish of thls 
length In non-gestatlng condltlon would have a come pondlng welght 
of 1.3 kg wlth a resplratlon rate of 56.92 m l  O2 (Equatlon 1 )  
The mean excess resplratlon of these adjusted data Is 33.39 m l  O2 h- 
and values show a posltlve relatlonshlp wlth total embryonlc oxygen 
demands. Subtractlng the embryonlc resplratlon rate from the excess 
resplratlon, however, results in values whlch show a negatlve 
relatlonshlp with the tlme slnce fertlilzatlon (Flg. 4). Thls 
relatlonshlp suggests that the added oxygen consumptlon of gestatlng 
females Is hlgh early In gestatlon and decreases, eventually becomlng 
negatlve wlth further embryonlc development (Flg. 4). The value 
approaches zero at about 30 d, near the tlme when the mouth opens and 
ovarlan fluld Is apparently consumed (Boehlert et al. 1986). Embryos 
at thls stage are characterlzed by plgmented eyes, nearly complete 
lens, an d  f u l l y  formed otollths, rectum, and urlnary bladder 
(Kusakarl unpubl Ished). 

If we assume that actlvlty In post-30 d embryos Is a maJor cause of 
Increased In ~ J & Q  embryonlc resplratlon rates, we can estlmate the 
pattern of resplratlon w lthout these data. Ref lttlng the curve for 

I 
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F f g u r e  4. E l e v a t f o n  of r e s p l r -  
a t  Ion r a t e  above t h a t  a t t r  I b- 
u ted  t o  embryonlc r e s p l r a t l o n  
I n  g e s t a t l n g  f e m a l e  Sebastes 

as a f u n c t l o n  o f  
t l m e  s lnce  f e r t l l l z a t l o n .  A l l  

v) v a l u e s  a r e  s t a n d a r d l z e d  t o  a 
w e l g h t  o f  1.5 k g  f o r  t h e  ges- 3 - 1 0 .  

; - 3 0 .  t a t l n g  f e m a l e  ( f r o m  B o e h l e r t  

e -10- 

-00 . . . . .  e t  a l .  I n  prep.). 
0 10 YO an ' 0  IO 

nYE SINCE FERTIULATION IOAYSI 

embryonlc oxygen consumptfon (Fig. 1) w l t h  o n l y  those values less than 
30 d s l n c e  f e r t l  I l z a t l o n  a l  lows r e c a l c u l a t l o n  of t o t a l  resp l ra t l on ,  
whlch wou ld  b e  0.70 c a t a b o l  I c  c a l o r l e s  p e r  embryo. Compared t o  t h e  
e s t t m a t e d ~ y l t r Q c a t a b o I t c  u t l l l z a t l o n  of 1.40 c a l  (Tab le  1 1 ,  t h e  
values of in lrLyQ embryonlc r e s p l r a t l o n  may be I n f l a t e d  by as much as 
85%. 

R e s p l r a t l o n  f a t e s  may be I n d l r e c t l y  e s t l m a t e d  by ano the r  method as 
well .  Boeh le r t  et al. (1986) suggested t h a t  t h e  add l t l ona l  n u t r l t l o n  
fo r  embryos comes f rom r e s o r p t l o n  o f  t h o s e  embryos d y l n g  e a r l y  I n  
gestaf lon. If we assume t h a t  t h l s  Is the  o n l y  source o f  energy, then 
from an energy standpolnt  t h e  ovar les  a r e  a c losed system. Th ls  would 
assume. t h a t  t h e  maternal system on ly  provides exchange of r e s p l r a t o r y  
gases and m e t a b o l l c  was te  produc ts .  T h l s  Idea Is suppor ted  by 
observed l n g e s t l o n  o f  y o l k  p r o t e l n s  by l a t e  s t a g e  embryos d u r l n g  a 
t l m e  when such ma te r la l s  a re  no t  present I n  t h e  plasma o f  females (A. 
Takemura and K. Takano pers. commun.). The energy  decrease I n  t h e  
ovary du r lng  ges ta t l on  f o r  t h e  1.5 k g  female 3. Is about 95.2 
kcal. Th ls  Is based upon t h e  reduc t i on  I n  fecund l t y  (by embryo death) 
and the  decreased energy con ten t  per newly hatched la rva  as compared 
t o  a new ly  f e r t l l  l zed  egg ( T a b l e  1). P a r t l t l o n e d  ove r  t h e  embryos 
wh lch  su rv l ve ,  t h l s  amounts t o  some 0.75 c a l  each, wh lch  Is c l o s e  t o  
the  In ~ catabol  IC est lmate  der ived  above. 

From t h e s e  r e s u  I t s ,  It woo I d  appear  t h a t  t h e  U y I trQ e s t 1  mates o f  
ca tabo l i c  energy ut11 l z a t l o n  by embryos o f  3. (Boehlert  e t  
a l .  1986) a r e  high. I f  t h e  v a l u e  Is Indeed near 0.75 c a l ,  t h e  
ca tabo l l c  curve  f o r  3. schleaelr (Flg. 2) would show about 53% o f  the  
l n l t l a l  energy  r e m a l n l n g  a t  b l r t h ,  s t l l l  be low t h a t  e s t l m a t e d  by 
d l r e c t  ca lo r lmet ry .  Other evldence a l s o  supports v l v l p a r l t y .  F l r s t , '  
up take  o f  subs tances  by t h e  h l n d g u t  o c c u r s  I n  l a t e  s t a g e  embryos o f  
b o t h  s p e c l e s  s t u d l e d  ( B o e h l e r t  and Y o k l a v l c h  1984; B o e h l e r t  e t  a l .  
1986). F u r t h e r ,  I n  l n d l v l d u a l  3. embryos, ash - f ree  d r y  
w e l g h t  I n c r e a s e s  w l t h  t l m e  s l n c e  f e r t l l l z a t l o n ,  and s l g n l f l c a n t  
decrease I n  carbon and Increase I n  n l t rogen  (as a percentage o f  AFDW) 
occur  du r  1 ng g e s t a t  I o n  (FI g. 5). The 1 n c r e a s  I ng AFDW and I nc reas  I ng 
p e r c e n t  n l t r o g e n  comblne t o  r e s u l t  I n  a marked I n c r e a s e  I n  n l t r o g e n  
over the  course o f  development, unl  l k e  most ovlparous f Ishes, whlch 
show s l g n l f  I c a n t  decreases I n  n l t r o g e n  over development (Rogers and 
Westln 1981 1. 

The ova r  I a n  oxygen demand f r o m  embryon lc  r e s p l r a t l o n  r e p r e s e n t s  a 
$ l g n l f l c a n t  p ropor t l on  o f  the  g e s t a t i n g  female 's  excess  r e s p l r a t l o n .  
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I ,  

Flgure 5. Changes In  embryonic 
ash-free dry welght (AFDW) 
(A), carbon (E), and nltrogen 
(C) as a functlon of tlme 
slnce fertl I lratlon (days). 
Carbon and nltrogen are both 
expressed as percentages of 
ash-free dry welght (from 
Boehlert et ai. 1986). 

The other part of thls excess Is apparently assoclated wlth costs of 
1 lve-bearlng, lncludlng supply of resplratory gases and removal of 
waste products. That the total %excess" resplratlon of females durlng 
the gestation per lod remalns falrly constant, however, suggests there 
Is some %pper I Imlt" for oxygen consumptlon. Metabol Ic scope may be 
def lned as the dlfference between the maxlmum actlve metabol Ic rate 
supportable by aeroblc metabol I s m  a n d  standard metabol I C  rate (Fry 
1971); thls toplc has recently been reviewed by Prlede (1985). 
Although the added welght and resplratory demands of developlng 
embryos w l l  I contrlbute to a general decrease In the metabol I C  scope, 
other factors must also be consldered, lncludlng general sw l m m l n g  
actlvlty and energy for dlgestlon (speclflc dynamlc actlon, SDA; 
Bearnlsh 1974). Vahl and Davenpwt (1979) demonstrated an Increase of 
60% In the metabollc rate In l l&mLu assoclated wlth a large 
ratlon and attributed thls Increase to apparentS0A;they suggested 
that I n  thls flsh and other species a Slflgle large ratlon may decrease 
the scope for act I v  I ty b y  some 50% for severa I hours. P r  lede ( I  985) 
suggested that many flsh specles must tlme thelr feedlng actlvlty to 
keep the metabol Ic rate w lthln the I lmlts of metabol lc scope. Over 
the extended perlod of gestatlon, Sebastes may need to make accommoda- 
tlons for the reduced metabol Ic scope assoclated wlth the Increased 
resplratory load. febastes females store slgnlflcant amounts of fat 
whlch are apparently depleted durlng the gestatlon perlod (Gull lemot 
et ai. 1985). lnterannual varlabll Ity I n  envlronmental factors may 
result In varlablllty In the level of nutrltlon provided to embryos I n  
other viviparous f lshes (Trexler 1985). The effects of f Ish slze, 
food avallablllty, a n d  physlcal factors thus have Important 
lmpllcatlons to reproductlon In the genus m. - 
Thfs research Is part of a proJect of the Unlted States-Japan 
Cooperstlve Sclence Program. He acknowledge funding from the National 
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