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Summary. C arb o h y d ra te , lipid, an d  p ro te in  c o m p o ­
sitions a re  s to ich io m etrica lly  re la ted  to  o rgan ic  C H N  
(carbon , hyd rogen , n itrogen) contents. E lem en ta l C H N  
analyses of to ta l b iom ass an d  ash, therefore, p rov ide a 
basis for the  ca lcu la tio n  o f p ro x im ate  b iochem ical co m ­
position  a n d  b o m b  ca lo ric  value. T h e  classical n itro g en  
to  p ro te in  conversion  factor (6.25) shou ld  be replaced 
by 5 .8 + 0 .1 3 . A  linear re la tio n  exists betw een th e  m ass 
fraction  of n o n -p ro te in  ca rb o n  an d  the ca rb o h y d ra te  
an d  lip id  con ten t. R esidua l w ate r in dry  o rgan ic  m a tte r  
can  be e s tim a ted  w ith  the  ad d itio n a l in fo rm ation  d e­
rived from  hydrogen  m easurem ents.

T h e  s to ich io m etric  C H N  m ethod  an d  direct 
b iochem ical ana lysis  ag reed  w ith in  10%  of ash-free dry 
b iom ass (for m uscle, liver a n d  fat tissue o f silver ca rp ; 
gu t co n ten ts  com posed  o f detritu s an d  a lgae ; co m ­
m ercial fish food). T h e  d e trita l m ateria l, how ever, had  
to  be co rrec ted  for n o n -p ro te in  nitrogen.

A  linear re la tio n sh ip  betw een bom b  ca lo ric  value 
an d  o rg an ic  c a rb o n  fractions was derived on  the  basis 
o f th e rm o d y n am ic  a n d  s to ich iom etric  princip les, in 
ag reem en t w ith  experim en ta l d a ta  pub lished  for b ac ­
te ria , algae, p ro to zo a  an d  inverteb rates. T h e  highly 
au to m a tic  s to ich io m etric  C H N  m ethod  for the  sep a­
ra tio n  o f n u tr ie n t co n ten ts  in  b iom ass extends existing 
ecophysio log ical concep ts for th e  co n stru c tio n  of b a la n ­
ced ca rb o n  an d  n itro g en , as well as b iochem ical an d  
energy budgets.

Introduction

M any fundam en tal m e th o d s in  ecological an d  ph y sio ­
logical energetics a re  based  on  general re la tionsh ips 
betw een elem ental, b iochem ical, an d  ca lo ric  changes in 
o rgan ism s an d  ecosystem s. T hese rela tions p rov ide the  
key to  ind irect ca lo rim e try  (conversion  of oxygen co n ­
sum ption  in to  h e a t d iss ipation), to  the  es tim ation  of 
p ro te in  m etab o lism  (from  n itrogen  excretion), a n d  to  
the  ca lcu la tio n  o f ca lo ric  equ ivalen ts o f b iom ass (from  
o rgan ic  carbon).

C a rb o n  to  energy  conversion  fac to rs have been p u b ­
lished for som e b ac te ria , p la n t and  an im al g roups (P a r­
sons e t al. 1961; P la tt a n d  Irw ing  1973; S alonen  et al.
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1976; F in lay  and  U h lig  1981). T hese experim en tal data  
p ro m p te d  us to  clarify  the  th e rm o d y n am ic  a n d  s to i­
ch iom etric  p rincip les w hich determ ine the  close re la ­
tio n sh ip  betw een o rg a n ic  ca rb o n  a n d  ca lo ric  conten t. 
T h is requ ired  a re in v estig a tio n  o f s to ich iom etric  re ­
la tio n s such as the ca rb o n  to  n itro g en  ra tio  an d  the 
n itro g en  con ten t in p ro te in s . M ore  im p o rtan tly , we d e­
veloped  a n d  tested  a  m ethod  for the  se p a ra tio n  of 
ca rb o h y d ra te , lipid a n d  p ro te in  based  on  ash  w eight 
an d  th e  C H N  (ca rb o n , hydrogen , n itrogen) con ten t o f 
o rgan ic  m atter.

V arious m easures of h e te ro tro p h ic  energy an d  n u ­
tr ie n t f l o w , in m e tab o lic  tran sfo rm atio n s and  tro p h ic  
dynam ics, a re  closely rela ted  to  the  energetic  state  as 
defined by the s to ich io m etric  C H N  concept. Such flows 
a re  regu la ted  for the m a in ten an ce  of ca rbon  a n d  nitrogen  
b a lan ce  in b io log ica l system s. Low  N :C  ra tios 
in d ica te  a  low p ro te in  con ten t w hich m ay lim it the 
n u tr itio n a l po ten tia l o f food m ore effectively th a n  a  low  
ca lo ric  value, a t le as t in d e tritu s  (Fenchel a n d  B lack­
b u rn  1979; N ew ell 1979). H igh  lipid or  h igh  ca rb o h y ­
d ra te  con ten ts are responsib le  for a low N :C  ratio . 
T herefo re  th is com m only  used ecological index  is nei­
th e r  re la ted  to  a  p a r tic u la r  b iochem ical com position  
n o r to  the  to ta l energy  co n ten t o f b iom ass. H ow ever, 
expressions of weight specific c a rb o n  (wc), w hen sta ted  
in ad d itio n  to  the N :C  ra tio , po ten tia lly  p rov ide  suf­
ficient in fo rm ation  a b o u t the close re la tio n sh ip  betw een 
o rg an ic  ca rb o n  an d  n itrogen , b iochem ical com position , 
an d  ca lo ric  value. A n  equ ivalen t concep t, based  on 
c a rb o n  and  n itrogen  changes, is used in ind irec t ca l­
o rim etry  w here m etabo lic  energy an d  n u tr ie n t losses are 
calcu lated . T h e  s to ich iom etric  C H N  m ethod  p resen ted  
here fo r the d e te rm in a tio n  of b iochem ica l constituen ts  
o f b iom ass has ce rta in  advan tages over trad itio n a l 
b iochem ica l analyses: 1) It is consisten t w ith  e s tab ­
lished ecophysio logical concepts for b iochem ical and  
energy budget ca lcu la tio n s; 2) It requ ires on ly  sm all 
a m o u n ts  o f m ateria l (ca. 1 m g dry w eight); an d  3) 
A u to m a tic  analyzers a re  ava ilab le  w hich perfo rm  si­
m u ltan eo u s  C H N  m easu rem en ts in  a  very sh o r t time.

Theory of the stoichiom etric C H N  concept

T h e resp ira to ry  q u o tie n t, RQ  (m ol C 0 2 lib e ra ted  per 
m ol 0 2 consum ed) is a  well estab lished  co n cep t for the 
ca lcu la tio n  of c a rb o h y d ra te  an d  lip id  fractions th a t are 
being  oxidized (B rody 1945; K leiber 1961; B laxter
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Table 1. E lem en tal C H N  c o m p o s itio n  a n d  b o m b  ca lo rie  v a l­
ues o f s ta n d a rd  c a rb o h y d ra te , lip id  an d  p ro te in . C¡ is the 
m ass frac tion  o f c a rb o n  in c a rb o h y d ra te  (C K), lip id  (C L) and  
p ro te in  (CP); H ; is th e  m ass frac tio n  o f h y d ro g en  in i; N¡ (N p) 
is th e  m ass frac tio n  o f n itro g en  in i (protein). A chj [k J /(g i) ]  is 
th e  specific e n th a lp y  o f co m b u s tio n  fo r th e  th ree  su b s tra tes  i; 
A ch c  [ k J ( g C ) ]  is th e  specific  e n th a lp y  o f co m b u s tio n  based  
o n  th e  m ass o f  c a rb o n ; A CH C [k J ,'(m o lC )] is th e  m o la r en ­
th a lp y  o f c o m b u s tio n  b ased  on  c a rb o n

i q H; N , 4 A - A c hç A CH C

C a rb o h y d ra te 11 0.444 0.062 0.000 - 1 7 .5 — 39.4 - 4 7 3
L ip id  b 0.776 0.114 0.000 - 3 9 .5 — 50.9 - 6 1 1
P ro te in 0 0.529 0.070 0.173 - 2 3 .9 - 4 5 .2 - 5 4 3

a R epresen ted  by g lycogen  a n d  s ta rch  (W east 1975) 
b A to m ic  c o m p o s itio n  of p la n t oil, m ussel fa t an d  fa t of 

freshw ater a n d  m arin e  fish ca lcu la ted  acco rd in g  to  p u b ­
lished  free fa tty  ac id  p a tte rn s , b o u n d  as triacyglycerol. 
P h o sp h o lip id s a re  n o t consid ered  sep a ra te ly  since  p h o s­
p h o ric  acid  re m a in s  in  the ash . F o r  th e  ca lo ric  c o n te n t of 
lip id  see Fig. 3

c A fter G n a ig e r (1983a; unpubl.). N o  co rrec tio n  for su lfu r is 
m ade  a lth o u g h  su lfu ric  acid  rem ain s in th e  ash

1967; G naiger 1983 a). T he C H N  concept em ploys sto i­
ch iom etric  ca lcu la tions sim ila r to  those in tro d u ced  by 
V oit an d  R u bner for m etabo lic  stud ies (see L usk  1928): 
T h e  am o u n t o f p ro te in  an d  o f p ro te in -carb o n  is ca lcu­
la ted  from  the  n itro g en  an d  the  ca rb o n  to  n itrogen  
ra tio  in pro tein . T o  o b ta in  n o n -p ro te in  carbon , p ro tein - 
ca rb o n  is su b trac te d  from  to ta l ca rb o n  (excreted as 
C 0 2 o r con ta ined  in th e  organics). S im ilarly  th e  n i­
trogen  quo tien t, N Q  (m ol N  excreted  per m ol 0 2 con­
sum ed), m ay be used to  ca lcu la te  to ta l non -p ro te in  
oxygen con su m p tio n  by su b tra c tio n  of the  oxygen re­
qu ired  to  oxidize p ro te in  from  the m o la r oxygen u p ­
tak e ; w ith the  n o n -p ro te in  RQ  derived in this way, it is 
possib le to  ca lcu la te  th e  re la tive  am o u n ts  o f ca rb o h y ­
d ra te  an d  lipid th a t have been oxidized in ad d itio n  to 
the  protein . In  the  s to ich io m etric  C H N  m ethod , the 
ra tio  co rrespond ing  to  the  RQ  is the  to ta l o rgan ic  n o n ­
p ro te in  ca rbon  [g ] per to ta l o rg an ic  n o n -p ro te in  dry 
w eight [g ] (T able 1): W hen c a rb o h y d ra te  alone is p res­
ent, this mass ra tio  is 0.444 (equivalen t to  R Q  =  1.00); 
w hen lipid is the  sole constituen t, th en  the  ca rb o n  mass 
fraction  is 0.776 (equivalen t to  RQ =  0.72). N o n -p ro te in  
C fractions w hich a re  in te rm ed ia te  betw een 0.444 and
0.776 indicate the  m ass fractions of ca rb o h y d ra te  and 
lipid in  the m ix tu re  acco rd ing  to  a linear re la tionsh ip  
(Fig. 1, K -L  line). T h e  m o la r N : 0 2 ra tio  (NQ),  in  tu rn , 
can  be com pared  w ith  th e  N :C  m ass ratio . F o r  pure 
p ro te in  the la tte r  a m o u n ts  to  0.327 (equivalen t to  NQ  
=  0.23; G naiger 1983 a).

T h e  specific conversion  coefficients, th e  com pli­
ca tions arising from  the  residual w ater con ten t, an d  the 
sto ich iom etric  deriv a tio n  o f the  re la tion  betw een  o r ­
ganic ca rbon  a n d  ca lo ric  value a re  d iscussed below . It 
is im p o rta n t to  n o te  th a t all C H N  a n d  b iochem ical 
m easurem ents a re  expressed as m ass fractions (sym bol 
w; un it [g /g]) o f th e  o rgan ic  (ash-free) dry w eight, i.e. 
th e  w eight (or m ass) m easu rem en ts a re  d iv ided  by the 
ash-free weight, a{W. In  ad d itio n , C H N  values have to 
be co rrected  for th e  e lem en tal com position  of ash  to
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Fig. 1. M ass frac tio n  o f p ro te in  a n d  lip id , wp an d  vvL, as a 
s to ich io m e tric  fu n c tio n  o f th e  m ass frac tio n  o f o rgan ic  n i­
tro g en  a n d  ca rb o n , wN a n d  wc . T h e  left o rd in a te  show s th e  
re la tio n  o f p ro te in  a n d  n itro g e n  fo r a zero n o n -p ro te in  c o n ­
te n t (o therw ise  wN sh o u ld  b e  rep laced  by x PN x  wN; Eq. 3). 
T h e  K - L  line show s th e  lip id  frac tio n  as a  fu n c tio n  o f wc  if 
o n ly  c a rb o h y d ra te  a n d  lip id  a re  p re se n t;  the  P - L  line if on ly  
p ro te in  a n d  lip id  a re  p resen t. T his n o m o g ra m  is b ased  on  th e  
p u re  s ta n d a rd  su b s tra tes  (o p en  circ les in d ica ted  as K , L, P ; 
T a b le  1). T h ere fo re , ex p erim en ta l C - N  values h ave  to  be  co r­
re c ted  fo r re sid u al w a ter (Eq. (4)), a n d  wg values a re  backcal- 
c u la te d  to  wL frac tio n s in re a l sam p les by  m u ltip lica tio n  by  (1 
—wH2o)- E)raw a  h o rizo n ta l line  fro m  the w§ value to  th e  
r ig h t (e.g. s tip p le d  lines) to  get th e  in te rcep t w ith  the  P -L  
line. F ro m  th is  in te rce p t d ra w  a lin e  p a ralle l to  th e  K -L  line 
(e.g. d a rk  s lo p in g  lines). D ra w  a v e r tic a l line from  w f  to  get 
th e  in te rce p t w ith  th e  line  p a ra lle lin g  K -L . T h e  h o rizo n ta l 
p ro je c tio n  from  th is  in te rcep t to  th e  r ig h t yields th e  value  for 
th e  frac tio n  o f lip id , T h e  m ass frac tio n  o f ca rb o h y d ra te  is 
c a lcu la te d  a s  th e  difference (Eq. (2)), wK=  1 - w H20 - w L - w p. 
C o m b in a tio n s  o f  a n d  vvg ex ten d in g  in to  th e  ha tch ed  a rea  
a re  in co n s is ten t w ith  th e  a to m ic  c o m p o s itio n  o f th e  s ta n d a rd  
su b stra tes .

E xa m p le :  fo r vvN =  0.094; xPN =  l ;  wc  =  0.546; vvH:)O =  0.06 we 
o b ta in  wp =  0.547; wS =  0.10; w © =0.60; w f= 0 .3 2 2; w, = 0 .3 0 ; 
a n d  wK =  0.09

o b ta in  o rg an ic  m ass fractions. F o r  exam ple, the o rgan ic 
c a rb o n  frac tio n  in ash-free b iom ass, wc [(g organ ic C )/ 
(g af^)]>  is ca lcu la ted  as

to tVVC — ashW C X W ash , ,  \

Wc = -------- ^ -------- • (D

w here lotvrc is to ta l ca rb o n  m ass in  the to ta l dry  b io ­
m ass [(g to ta l C)/(g dW")], ashWç is th e  ino rgan ic  carbon  
fraction  in the  ash  [(g ino rgan ic  C)/(g ash)], an d  wash is 
th e  m ass fraction  of ash  in  the  d ry  weight 
[(g  ash)/(g dW)~\. O n the  basis o f o rg an ic  C H N  contents, 
th e  to ta l ash-free b iom ass is se p a ra te d  in to  the three 
o rg an ic  n u tr ie n t g roups (wK, wL a n d  wp; g ram  carbohy­
d ra te , lipid and  p ro te in , respectively, per g ram  ash-free 
d ry  w eight) an d  the residual w ater fraction  (wH 0 ; g ram  
residua l w ate r p er g ram  ash-free d ry  weight),

1 - WHa0 =  WK +  WL +  Wp. (2)

1. Protein.  O rgan ic  n itrogen  is trad itio n a lly  m ultip lied  
by 6.25 for conversion  in to  p ro te in , on th e  basis o f a 
16%  n itro g en  con ten t in p ro te in , N p =  0.16 (Lusk 1928; 
B rody  1945; W inberg  1971). H ow ever, the  n itrogen  
frac tion  in p ro te in  as calculated  from  am ino  acid  com ­
positio n s o f bac teria , algae and  a q u a tic  an im als (G nai­
ger 1983a; unpubl.) was significantly  h igher than  0.16, 
Np averag ing  0 .173+ 0 .004  S.D. T herefo re  we propose
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Table 2. Stoichiometric parameters for the calculation of prox­
imate biochemical composition (Eqs. ( A 8)-(A10)), theoretical 
hydrogen content, and caloric value [kJ((gafPT)] (Eq. (A 16)). 
The parameters were calculated from the constants given in 
Table 1, and from the stoichiometric equations derived in the 
Appendix in the form
Y¡ = b¡e x (1 - w H2o) +  b¡cx w c +  biN x x PN x wN 

y¡ bi9 biC biN

2.337 -3 .012 -4.300
-1 .337 3.012 -1.480

0.000 0.000 5.780
-0.0075 0.1566 -0.0307
11.92 -66.265 4.436

a The hydrogen content of residual water, 0.1006 x w H20, has 
to be added to  calculate the total ash-free hydrogen frac­
tion (Eq. (A 12))

the new  n itro g e n -p ro te in  conversion  factor, PN =  1 N p 
=  5.8, w hich can  be ap p lied  to  p ro te in -derived  n itrogen  
in aq u a tic  o rgan ism s w ith  an  accuracy  o f 3 %.

N o n -p ro te in  n itro g en  m ay cause a  fu rther reduc tion  
in this conversion  factor, since

Wp =  PN X X p N  X W'n (3)

w here wp a n d  wN a re  the  m ass fractions of p ro te in  and  
to ta l o rgan ic  N  respectively , a n d  x PN ̂  1 is the  fraction  
o f p ro te in -N  p er to ta l o rgan ic  n itrogen  in th e  sam ple.

2. Carbohydrate and lipid. T h e  sto ich iom etric  equa tions 
rela ting  p ro x im a te  co m p o sitio n  to  o rgan ic  C H N  are 
derived in th e  A ppend ix . T h e  b -param eters a re  a  func­
tio n  of the  s ta n d a rd  su b stra te s  (T able 1) an d  are  su m ­
m arized  in  T ab le  2. F ig u re  1 is a  g raph ical rep resen­
ta tio n  o f th e  s to ich io m etric  C H N  concept, and  can  be 
used as a no m o g ram .

3. Residual water. R esidual w ater orig inates from  the  
c o n tam in a tio n  of th e  dry, hyg roscop ic  sam ple d u ring  
con tac t w ith  a  h u m id  a tm o sp h e re  (free w ater), an d  is 
due to  w ate r re te n tio n  d u rin g  the  d ry ing  p rocedu re  
(bound  w ater). A n o th e r  ca tego ry  o f residual w ater is 
the  chem ically  b o u n d  w ate r th a t is n o t accoun ted  for in 
the  s ta n d a rd  su b stra te s  (T ab le  1). F o r  instance, due to  
the b ind ing  o f w ate r u p o n  hyd ro ly tic  cleavage of glyco­
gen, glucose c o n ta in s  11 % chem ically  b o und  w ater re l­
ative to  glycogen. C o rrespond ing ly , free am ino  acids 
con tain  16%  chem ically  b o u n d  w ater relative to  p ro ­
tein. W ith  free am in o  ac ids an d  o th e r  m onom ers 
am o u n tin g  to  10 -1 5 %  of the  o rg an ic  m ass, th e  chem i­
cally  bou n d  w ate r fraction  ranges betw een 0.01 an d
0 .02 .

U n d eres tim a tio n  o f wH2Û yields erroneously  low  o r­
ganic m ass fractions “ c o rre c te d ” to  be free of residual 
w ater, e.g. for ca rb o n , w^,

an d  consequen tly  the  ca lcu la ted  lip id  fraction  w ould  be 
too  low (co m p are  Fig. 1 an d  2). H ow ever, the in c o rp o ­
ra tio n  of ad eq u a te ly  m easu red  hyd ro g en  fractions in to

0 .1 0 - - 1.0

- 0 .0 0 -  - - -  o . o

- 0 . 1 0 - - - 1.0

o.o 0 .0 4 0 .0 8 0.12

U\h2o  ( e s t im a te d )

Fig. 2. Effect of the mass fraction of residual water, wH20, on 
the stoichiometric estimates of the mass fractions of carbohy­
drate and lipid, wK and wL, and on the absolute caloric 
value, \Ach\. For a 1 % increase in the estimate of wHi0 
(d wH2o —0-01), wK decreases by 2.3%, wL increases by 1.3%, 
and \Ach\ increases (Ach becomes more negative) by 0.12 
kJ/(gafFF)

th e  s to ich iom etric  co n c ep t p rovides an  estim ate  o f re­
sidual w ate r (see A ppendix).

4. Bomb caloric value.  T he specific en th a lp y  o f com ­
bu stio n  o f o rgan ic  m a tte r , A ch [k J/(g  afbE)], is th e  sum  
of the  en thalp ies o f  com bustion  o f th e  b iochem ical 
co m p o n en ts  (T able 1) in p ro p o rtio n  to  th e ir  respective 
m ass fractions,

A c h = A c hK x wK +  A c hL x  vvL +  A c hp x w p. (5)

T h e  n itro g en  co n ten t exerts a  sm all influence o n  the 
specific ca lo ric  values of b io log ical sam ples. T h e  s to i­
ch iom etric  bhN p a ra m e te r  (for A ch) is only  6 %  o f bhC 
(T able 2); m oreover, wN is typically  below  10 to  30%  of 
wc (N :C  ra tio  betw een  0.1 an d  0.3). C onsequen tly  the 
n itro g en  fraction  exp lains theore tically  ju s t 1 % of th e  
bo m b  ca lo rim etric  v ariab ility , an d  this is w ith in  experi­
m en tal noise. H ence wN can  be su b stitu ted  by an  aver­
age n itro g en  fraction  of 0.1 in th e  eq u a tio n  fo r A ch 
(T ab le  2), yielding th e  linear re la tio n  betw een  bom b  
ca lo rim etric  equ iva len t an d  m ass fraction  o f o rgan ic  
carbon ,

A ch =  11.5 x (1 — wH2q) — 66.27 x wc . (6)

T h e  sto ich iom etrica lly  derived linear dependence of 
A ch o n  wc is in  a c c o rd  w ith a  w ide range of b io ch em i­
cal substances (Fig. 3).

W ith  increasing es tim ates of residual w ater con ten t, 
th e  th eo re tica l en th a lp y  of com b u stio n  increases (be­
com ing  m ore  negative), despite th e  d im in ished  o rg an ic  
co n ten t, we =  1 —wH2q. T his is due to  the  h igh  ca lo ric  
value o f lipid, the  ca lcu la ted  fraction  of w hich increases 
w ith  th e  h igher estim ate  of wHi0, a t the  expense of 
ca rb o h y d ra te  (Fig. 2). C are m u st be ta k en  to  apply  
Eq. (6) to  C  —N co m b in atio n s on ly  if the  ca lcu la ted  
b iochem ica l fractions are w ith in  th e  s to ich iom etrically  
consis ten t range (Fig. 1). S lightly  negative resu lts for 
ca rb o h y d ra te  o r lipid m ay be due to  e rro rs  in elem ental 
analysis if one o r b o th  of the n u tr ie n t g ro u p s a re  a c ­
tu a lly  n ea r  zero (e.g. in  m uscle o r fat tissue). In  th is 
case negative values sh o u ld  be set to  zero  an d  o thers
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Fig. 3. Specific e n th a lp y  o f c o m b u s tio n , A ch, as a fu n c tio n  of 
the m ass frac tio n  o f ca rb o n , w c, in  b io ch em ica l substances. K, 
L  an d  P  a re  defined  in T ab le  1. T h e  stra igh t line w as ca lcu la t­
ed  acco rd in g  to  s to ich io m e tric  re la tio n s  w ith  the n itrogen  
frac tio n  tak e n  as 0.10 an d  for vvH2O =  0 (Eq. (6)). T h e  values 
for o th e r o rg an ic  c o m p o u n d s  w ere se lected  from  D o m alsk i 
(1972). N u m b e rs  in  circles: (7) hexoses, pen to ses ; @  disac­
ch arid es ; (3 )  o lig o sacch a rid es ; ( 4)  g ly c e ro L f? )  a rab ito l, m an- 
n ito l; (§ )  oxa lic  a c id ; (7) m alic  a c id ; (I) c itric  a c id ; ( ? )

fum aric  ac id ; @  succin ic  ac id ; Q j) asco rb ic  acid. N u m b ers in 
squares: Q ] av erag e  free fa tty  acid  in  s ta n d a rd  triacy lg lycero l, 
a n d  o leic  a c id ; [2] ace tic  ac id ; [3] p ro p io n ic  ac id ; [4] lau ric  
ac id ; [5] m yris tic  a c id ; [6] p a lm itic  ac id ; [7] stearic  a c id ; |~8l 
tr i la u ra te g ly cero l; [9] tr im y ris ta teg ly cero l; QÏÏ] trie ru ca teg ly - 
c e ro l; l i l i  cho lestero l. N u m b e rs  in  triangles: A average  free 
a m in o  acid  o f s ta n d a rd  p ro te in ; A  a d en in e ; A  g u a n in e ; 
A th y m in e ; A cy to s in e ; A  u ra c il;  A  c rea tin e ; A  uric  
ac id ; sm all le tters:  free am in o  acids

corrected  to  obey  Eq. (2). A ch can  then  be recalcu lated  
accord ing  to  Eq. (5).

M aterials and methods

F o r experim ental tests o f th e  s to ich iom etric  theory , 
C hinese silver carp , Hypophtalmichthys molitrix  (Tol- 
s to lo p ; 2 + ;  200-500  g w et w eight) w ere collected  from 
fish ponds in  Szarvas, H ungary . W hite  m uscle from  the 
dorsal region, liver, fat, an d  to ta l gu t con ten ts were 
pooled  from  5 — 10 hea lthy  ind ividuals. Som e analyses 
w ere m ade o f ca rp  food  (Tagger, A ustria) an d  o f faeces 
o f Rutilus rutilus  fed on  th is  diet. A fter sto rage  in the 
deep-freeze, subsam ples w ere d ried  for 80 h to  co n stan t 
w eight a t 60 o r 105° C, o r by freeze drying. T h e  dry 
m ateria l was hom ogen ized  in a  v ib ra tin g  pow der mill 
an d  sto red  in  a d esiccato r over silicagel. Ino rgan ic  frac­
tions, wash, w ere determ ined  afte r ash ing  a t 450° C for 
12 h.

1. C H N  analysis

T rip licate  sam ples o f 1-4 m g dW  w ere sealed in tin 
boats  and  w eighed o n  a  C ah n  25 electro  m icrobalance. 
Sam ples w ere e ither s to red  in  a  desiccato r o r im ­
m ediately  tran sfe rred  to  the  au to m a tic  sam pler o f a 
C arlo  E rba (1160) E lem enta l A nalyzer. T h e  com bustion  
tem pera tu re  w as 1,025° C. In o rg a n ic  fractions w ere de­
term ined  in  th e  ash  for co rrec tions acco rd ing  to  Eq. (1). 
C yclohexanone-2 ,4 -d in itropheny lhyd razone served as 
the reference. T h e  au to m a tic  sam p le r co n ta in ed  up  to 
50 sam ples a n d  was closed by an  a ir-tig h t perspex box

w ith  silicagel to  keep th e  sam ples dry  un til com pletion  
o f the  analyses (up to  9 h). In se p ara te  experim ents the  
w eights of different sam ples w ere m easured  a t in tervals 
w ith  an d  w ith o u t the  perspex cover, to  contro l for 
w ate r u p ta k e  o r  loss from  or to  th e  atm osphere . F o r 
fu tu re  stud ies we recom m end  red ry ing  of the  sam ples in 
th e  oven  after sealing  them  in to  the  tin  boats, p rio r to  
w eight a n d  C H N  analyses.

2. Biochemical analysis

F reeze-d ried  sam ples w ere ana lyzed  in  trip licate  by 
s ta n d a rd  b iochem ical m ethods for ecological m ateria ls 
(D ow giallo  1975). N a O H  so lub le p ro te in  was m easured  
w ith  the  F o lin -C io ca lteau  reagen t (m odified m ethod  af­
te r  L ow ry  et al. 1951) against a  bovine a lbum in  s ta n ­
d a rd  (Sigm a N o  A-4503). T h e  w ater co n ten t in th e  
s ta n d a rd  o f 3 %  w as co rrec ted  for. S tarch  type an d  
s tru c tu ra l ca rb o h y d ra tes  were hydro lyzed  in  1 m o l/d m 3 
an d  in  79 % su lfuric  acid, respectively. T h e  co lo rim etric  
d e te rm in a tio n  w ith  the  phenol reagen t w as a  m odifica­
tio n  after D u b o is  e t al. (1956). G lucose was used as a 
reference in the  co lou r reaction . T h e  resu lting  w eight 
frac tions w ere m ultip lied  by 0.90 to  express ca rb o h y ­
d ra te  in te rm s o f glycogen equivalen ts. C a rb o h y d ra te  
fractions o f gu t conten ts, food a n d  faeces w ere no t on ly  
m easu red  in  tr ip lica te  b u t also  o n  several days. L ipids 
w ere d e term ined  g rav im etrically . A n ex traction  in 
w arm  ch lo ro fo rm -m eth an o l (2:1) solvent, to  d issociate 
lip id -p ro te in  com plexes, was follow ed by a  re-ex trac tion  
in a  ch lo ro fo rm -pe tro leum  ether (1:1) m ixture.
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Results

1. Residual water and hydrogen contents

W ater u p ta k e  by the  sam ple  has to  be stric tly  avoided 
before dry  w eight d e te rm in a tio n  an d  com bustion  in 
C H N  analysis, to  o b ta in  reliab le hydrogen  m easu re­
m ents. D ry  tissue en cap su la ted  in  C H N  tin  boats a b ­
so rbed  w ater rap id ly , w hen no  fu rthe r p recau tions w ere 
taken  to  iso la te  th e  sam ples from  the  hum id  a tm o ­
sphere  (Fig. 4). W a te r  u p ta k e  depended  on  th e  quality  o f

1.06-
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■=’ 1.04 -

ver

nj 1 .0 2  -

a s h - g ut

C H N - s t a n d a r d . fat1.00 -
as h -m u s c le '
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t im e  o f  e x p o s u r e  [h]

F ig. 4. G ra v im e tr ic  d e te rm in a tio n  o f  w a ter u p ta k e  o f  oven 
d ried  tis su e  (m uscle, liver, fa t; 60° C), a sh  (of m uscle  an d  gut 
con ten ts), a n d  o f th e  C H N  s ta n d a rd  (cyclohexanone-2 ,4- 
d in itro p h e n y lh y d ra zo n e ) a fte r e n ca p su la tio n  in tin  C H N  sa m ­
ple b o a ts . Full lines: sam p le  b o a ts  in  th e  a u to m a tic  sam p le r 
on th e  C H N  a n a ly ze r ; do tted  line: sam p le  b o a t in th e  ro o m ; 
bars: S.D. o f  th e  m ea n  o f 3 rep lica tes . In d iv id u a l sam ples 
ran g ed  from  1 to  5 m g, exclud ing  th e  tin  b o a ts
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Fig. 5. M ass frac tio n  o f  h y d ro g en , wH, sto ich io m etrica lly  d e ­
rived  from  o rg a n ic  C  a n d  N  frac tio n s  (sto ich iom etric ) versus 
m easu red  h y d ro g en  frac tio n s  in fish tissues (dark sym bols; r 
=  0.926) a n d  in  v a rio u s  o rg an ism s (open symbols). T h e  s to i­
ch io m etric  c a lcu la tio n  in c o rp o ra te d  a  residual w a te r frac tio n  
o f 0.06 (T ab le  2). ♦  m u sc le ; ▲ liver, •  fa t; ■ gu t co n ten ts ; +  
carp  food  a n d  faeces; ★  M y tilu s  edulis (unpubl.); □ algae 
(d a ta  from  P a rso n s  e t al. 1961; r  =  0.800); o  m arin e  Z o o p lan k ­
to n  (s to ich io m etrica lly  c o n sis ten t d a ta  from  O m o ri 1969; r 
=  0.933); a  fresh w a te r Z o o p la n k to n  (d a ta  from  B au d o u in  an d  
R av era  1972). F ull line: idea l c o rre sp o n d e n c e ; o ther lines: 
c a lcu la ted  reg ress io n s using  B a r tle tt’s m e th o d  o f best fit

Table 3. M ass frac tio n  o f  ash , carb o n , h y d ro g en  a n d  n itro g en  
in freeze-dried  m uscle, liver, fat, an d  g u t c o n te n ts  o f silver 
ca rp  (H ypoph ta lm ich thys m olitrix), to t -  frac tio n s b a sed  on 
to ta l d ry  w e ig h t; a f  -  f ra c tio n s  based  on  ash -free  d ry  w eight 
a n d  co rrec ted  for th e  C H N  co n ten ts  in ash  (e.g. Eq. 1); ash -  
C H N  frac tio n s in ash  b a se d  o n  ash  w e ig h t; n.d. -  n o t de­
tec ted

Wash wc wH wN

M uscle to t 0 .079 0.461 0.057 0.142
af 0.500 0.062 0.154
ash 0.002 0.000 0.004

L iver to t 0.064 0.511 0.078 0.092
af 0.536 0.083 0.095
ash 0.146 0.000 0.045

F a t to t 0.002 0.707 0.114 0.009
af 0.708 0.114 0.009
ash n.d. n.d. n.d.

G u t to t 0.474 0.310 0.049 0.041
af 0.582 0.090 0.075
ash 0.008 0.004 0.003

the  sam ple , an d  was insig in ificant in fat tissue an d  in 
the  ash  of muscle.

W e k ep t th e  a u to m a tic  C H N  sam pler u n d e r a  dry 
a tm o sp h e re  for all e lem en ta l analyses. L a te r  m easu re­
m ents, how ever, show ed  th a t m uscle sam ples lost 
w eight u n d er these  cond itions. Som e w ate r c o n tam i­
n a tio n  m u st have o ccu rred  during  hom ogen izing  and  
filling of the  m ateria l in to  the  tin  capsules. T h is  m asked 
th e  effect o f the  different d ry ing  m ethods on  the s to i­
ch iom etrically  derived  residual w ater fractions (see A p­
pendix). N evertheless, ag reem en t w as o b ta in ed  betw een 
m easu red  a n d  s to ich iom etrically  ca lcu la ted  hydrogen  
fractions on  the  basis o f  a generally  es tim ated  residual 
w ate r fraction  of 0.06 (Fig. 5).

2. Organic C H N ,  stoichiometric  
and biochemical analyses

T h e  resu lts perta in in g  to  o rgan ic  an d  in o rg an ic  C H N  
co n ten ts  a re  show n in T ab le  3. T he h igh ash  an d  low 
n itro g en  level in  the  g u t con ten ts ind icate  a  p red o m i­
n an ce  o f d e trita l partic les  filtered by silver carp . C a rb o n  
a n d  n itrogen  in ash d id  n o t exceed 1 % o f th e  ash- 
w eigh t except for liver. R esu lts o f one pooled  sam p le  of 
the  ash  of fat tissue w ere n o t different from  blank  
d e term in a tio n s. T he ash -hyd rogen  con ten ts w ere all be­
low  the lim it o f d etec tion , except in the  g u t m ateria l.

T h e  C an d  N  co m b in atio n s of th e  freeze-dried  sam ­
ples w ere s to ich iom etrically  consisten t w hen correc ted  
fo r a  residual w ater frac tion  o f 0.06. T h e  sum s of the  b io­
chem ically  determ ined  fractions of ca rb o h y d ra te , lipid 
a n d  p ro te in  w ere close to  the expected  value o f \ve  = 0 .94 , 
excep t for th e  gu t co n ten ts  (see legend to  Fig. 6).

A greem ent betw een  sto ich iom etrically  calcu lated  
a n d  b iochem ically  d e term ined  p ro x im ate  b iochem ical 
co m p o sitio n  was b e tte r  than  10%  o f the  ash-free dry 
w eigh t for all tissues, fish food an d  faeces (Fig. 6). In 
th e  gu t, how ever, the p ro te in  es tim ation  b ased  o n  o r ­
g an ic  n itro g en  was tw ice as high as th e  co lo rim etric
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Fig. 6. B iochem ical versus s to ich io m e tr ic  (C H N ) d e te rm in a tio n  of 
p ro x im a te  b io ch em ica l co m p o s itio n  o f freeze-d ried  fish tissues (sec T ab le  3), 
c a rp  food a n d  faeces. In  th e  s to ich io m etric  ca lcu la tio n s a  residual w ater 
frac tio n  o f 0.06 a n d  a  p ro te in -N  frac tio n , xPN =  1.0 w ere assum ed. 
A ccord ing ly , th e  b io ch em ica l frac tio n s w ere s ta n d a rd ize d  for an  o rg an ic  
recovery  o f w e =  1 — wH2O =  0 .94 ; th e  ex p erim en ta l o rg a n ic  recoveries w ere
0.847 (m uscle), 0.893 (liver), 0.959 (fat), 0.662 (gut), 0.972 (food), an d  0.962 
(faeces). T h e  bars in d ic a te  th e  s ta n d a rd  d ev ia tio n  o f 3 b io ch em ical (18, 15 
an d  6 for c a rb o h y d ra te  in food , faeces a n d  gu t respectively), an d  4 (m uscle, 
liver) o r  3 (o thers) C H N  rep lica . T h e  effect of th e  low  expec ted  p ro te in -N  
frac tion , x PN =  0.6, in  d e tr itu s -r ich  g u t co n ten ts  is sh o w n  by arrows. T he 
c o rre la tio n  coefficients in c lu d in g  th e  g u t co n ten ts  co rrec ted  fo r the p ro te in -  
N  frac tio n  a re  g iven  in brackets

T able 4. Specific en th a lp y  o f co m b u s tio n  (calo ric  \a lu e )  of 
ash -free  dry tissues a n d  g u t c o n te n ts  o f silver carp , ca lcu la ted  
a cco rd in g  to  th e  s to ich io m etric  e q u a tio n  (T ab le  2) fo r an  esti­
m ated  residual w a te r c o n te n t o f 0.06, irrespec tive  o f th e  d ry ­
ing te m p e ra tu re  o r  freeze d ry in g  (f.d.). T h e  N :C  m ass ra tio  
w hich  is in d ep en d en t of re sid u a l w a te r  c o n ten t is sh o w n  for 
co m p ariso n . M ean s a n d  S.D . o f 3 rep lica tes  (4 in freeze-dried 
m uscle  an d  liver)

A e h [k J  g] h n :h c

f.d. 60° C 105° C f.d. 60° C 105° C

M uscle - 2 2 .6  - 2 2 .5  a - 2 2 .5  a 0.308 0.323 0.309
S.D. 0.48 0.0052 0.0093 0.0015

L iver - 2 4 .7  - 2 6 .7 -2 6 .9 0.177 0.159 0.187
S.D. 0.38 0.18 0.62 0.0115 0.0044 0.0100

F a t - 3 5 .8  - 3 2 .5 -3 4 .3 0.013 0.026 0.022
S.D. 0.76 1.48 1.19 0.0056 0.0140 0.0142

G u t - 2 7 .7  -2 3 .5 -2 4 .8 0.129 0.131 0.134
S.D. 0.10 0.32 1.59 0.0013 0.0016 0.0019

a C o rrec ted  fo r m arg in a lly  in co n s is ten t values

determ in a tio n . T h is ind icates a  high n o n -p ro te in  n i­
trogen  co n ten t o f the  detritu s (40% ; Cow ey and  C orner 
1963) w hich is also  consisten t w ith  th e  low  b iochem ical 
recovery  in the  gu t m ateria l. C o rrec tio n  for xPN =  0.6 
(Eq. 3) yielded ag reem en t betw een  the  s to ich iom etric  
an d  b iochem ical m easure of p ro te in . Since th e  abso lu te 
va lue  of the ¿>KN p ara m ete r (for ca rbohydra te) is th ree 
tim es h igher th a n  bLN (for lip id ; T ab le  2), th e  effect of 
n o n -p ro te in  n itro g en  is p articu la rly  p ro n o u n ced  in the 
s to ich io m etric  ca lcu la tion  of th e  ca rb o h y d ra te  fraction. 
T h is differential resu lt agrees w ith  the b iochem ical test 
(Fig. 6).

T h e  b o m b  ca lo rim etric  equ ivalen ts derived s to i­
ch iom etrically  from  elem ental analyses a re  show n in 
T ab le  4. A n  effect o f the drying techniques exerted  on 
the  chem ical com position  is ind ica ted  by the  differences 
in th e  N :C  m ass ra tio s  w hich are  n o t a  function  of 
residual w ate r con ten t. T he N :C  ra tio , how ever, con­
ta in s  insufficient in fo rm ation  for sto ich iom etric  analysis 
(see e.g. H ay ash i 1983).

T h e  ag reem ent o f sto ich iom etrically  pred ic ted  and  
experim en tally  determ ined  b o m b  ca lo rim etric  values 
from  vario u s sources was sufficiently convincing  (Fig. 7) 
th a t we felt no  need for conven tional b o m b  ca lo rim et­
ric experim en ts w ith  o u r test sam ples.
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Discussion

1. Proximate biochemical analysis

F o r  ecological pu rposes, body  constituen ts an d  n u t­
rien ts shou ld  be d is tingu ished  on  an  energetic a n d  m e­
tabo lic  basis ra th e r  th a n  in stric tly  chem ical term s. 
Such categories a re  necessarily  heterogenous, an d  it 
m ay seem  difficult to  p rov ide  s tan d ard s  for ca rb o h y ­
d rate , lipid an d  p ro te in  th a t a re  generally  valid  for living 
and  decom posing  o rg an ic  m atte r. In  th is respect, s to i­
ch iom etric  ana lysis  p rov ides high flexibility, since 
chem ical b ac k g ro u n d  in fo rm atio n  ab o u t specific m a ­
teria l can be in c o rp o ra te d  in the  defin ition  of a p p ro p ri­
a te  s ta n d a rd s  (M acio lec  1962). F o r  co lo rim etric  m e th ­
ods th e  p ro b lem  o f the  p ro p er choice of a  s ta n d a rd  is 
m ore  difficult, since the  co lo rim etric  response of a  com ­
plex o rgan ic  ex tra c t is ne ither stric tly  p ro p o rtio n a l to  
m ass n o r to  m o la r  q u an titie s  (D ubo is et al. 1956; L o ­
w ry e t al. 1951). M o reover, effects o f incom plete ex tra c ­
tion , co ex trac tio n  of im purities, an d  co lo rim etric  in ­
terferences a re  u n p red ic tab le  a n d  m ust be considered  as 
being significant, a lth o u g h  they  m ay be coun terac tive , 
occasionally  cancelling  o u t in  the  resu lt (B lazka 1966; 
D ow giallo  1975; H o lla n d  an d  G a b b o tt 1971; S trick ­
land  an d  P a rso n s 1960).

In  aq u a tic  an im als  co m p o u n d s con ta in in g  n o n -p ro ­
tein n itrogen  ran g e  from  2 to  24 % of to ta l n itrogen  
(xpn =  0.74 to  0.98; exclud ing  elasm obranchs) (Cow ey 
an d  C o rn er 1963; C ra ig  e t al. 1978; V ijverberg an d  
F ran k  1976). F re e  am ino  acids, o ligopeptides and  
am ino  acid  deriva tives a re  p red o m in an t sources of n o n ­
p ro te in  n itro g en  con ten t. T hese substances a re  n o t d is­
tingu ished  from  p ro te in  in  te rm s of n u tritio n a l req u ire­
m ents an d  energe tic  equ ivalen ts, an d  therefore shou ld  
be in c o rp o ra ted  w ith in  th e  “ p ro te in ” fraction. In p a r ­
ticu lar, nucleic ac ids a re  n o t d iscerned as a  fourth  
b iochem ical g ro u p  in m ost b ioenergetic  studies. C o n ­
sequently , the  pyrim id ines a n d  purines shou ld  be a c ­
co u n ted  for in th e  p ro te in , w hile the  ribose m oiety  
shou ld  be subsum ed  in  the  ca rb o h y d ra te  fraction. H o w ­
ever, the  p ro te in -re la te d  n itro g e n  fraction  (xPN) is ty p i­
cally  low in a lgae an d  d e tritu s  (C onover 1975; M a ­
ciolec 1962; R ice 1982; T en o re  1981). A ny n o n -p ro te in  
n itrogen  decreases the  new ly p ro p o sed  n itrogen -p ro te in  
conversion  fac to r o f 5.8.

A ccu ra te  se p a ra tio n s  of o rg an ic  an d  ino rgan ic  ca r­
bon an d  m ass (F roe lich  1980) a re  fundam ental for the 
sto ich iom etric  ca lc u la tio n  o f ca rb o h y d ra te  and  lipid 
fractions. In d irec t b iochem ica l determ in a tio n s incom ­
plete  o r excessive m ass recoveries, u p  to  15-20%  of the 
ash-free dry w eight, a re  n o t excep tional and  ind icate 
th e  m ag n itu d e  o f the in h e ren t erro rs. R esidual w ater 
com prises a recogn ized  (P a in e  1971) b u t frequently  
un d erestim ated  fraction . B eukem a an d  de B ruin (1979) 
in te rp re ted  th e  3 % w eight loss o f b iom ass sequentially  
d ried  a t 60 an d  100° C  as resid u a l w ater, b u t this is 
p robab ly  an  u n d e re s tim a te  due to  the  presence of crys­
talline w ater. F in lay  a n d  U h lig  (1981) rela ted  an  a b n o r­
m ally  high w ate r re te n tio n  to  th e  sa lt con ten t o f m arine  
sam ples. N o  b io log ica l a n d  energetic  significance has 
been ascribed  to  the hy d ro g en  co n ten t of biological 
m atte r, w hence the  resu lts o f hyd rogen  determ inations 
(together w ith  C  a n d  N) have frequently  no t been re ­
ported . T h is om ission  is u n fo rtu n a te , since the m e a­

su red  hyd rogen  f ra c tio n  con ta in s ind ispensib le in for­
m ation  for the  s to ich io m e tric  ca lcu la tion  of residual 
w ater (see A p p en d ix  and  Fig. 5). F o r  carefully  redried  
tissues of m arine  b iva lves, the residual w ater fraction  
ca lcu la ted  acco rd in g  to  Eq. (A 13) averaged  0.06 +  0.006 
(unpubl.). D ue to  u n ce rta in tie s  in th e  p resen t de term i­
n a tio n s th e  m a g n itu d e  of abso lu te  e rro rs  in s to i­
ch iom etric  C H N  an a ly s is  (Fig. 2) is co m p arab le  to  the 
inaccuracies of d ire c t b iochem ical m ethods.

2. Combustion calorimetry and organic carbon: 
the stoichiometric concept vs. regression analysis

R egression ana lysis frequently  conceals the  lack  o f a 
q u an tita tiv e  co n cep t. T h e  ca lcu la tion  o f “ p red ic tiv e” 
num erical reg ressions hides the m erely descrip tive n a ­
tu re  o f the  derived q u an titie s  though  it m ay satisfy the 
p rac tica l a n d  even so m e  o f the  academ ic concern  ab o u t 
th e  respective re la tio n sh ip s. A p p aren tly  th is  has been 
the case in stud ies o n  ca lo ric  equ ivalen ts o f biom ass. 
W hile th e  basic th e o ry  rem ained  to  be developed, the  
connection  betw een  ca rb o n  con ten t an d  en th a lp y  of 
co m b u stio n  has b een  descrip tively  ou tlined  only  (F in lay  
a n d  U h lig  1981; P la tt  et al. 1969; P la tt a n d  Irw in  1973; 
S a lonen  et al. 1976). These studies p o in t to  the  high 
v ariab ility  of the  specific en thalpy  of com bustion , A ch 
[k j/(g  afWy], as co m p a re d  to  the  relatively  narrow  
range o f energy eq u iv a len ts  based on  ca rb o n , A chc 
[k J  (g C )]  (see T a b le  1). Salonen et al. (1976) found a 
significant c o rre la tio n  betw een the  ca rb o n  specific en ­
ergy  a n d  c a rb o n  co n ten t, b u t they did n o t realize th a t 
the  re la tio n sh ip  m u s t be hyperbolic  in stead  of linear. 
T his follows from  th e  sim ple co m b in a tio n  of the  re ­
la tion

w ith  Eq. (6):

J cftc = - 6 6 . 3 + — 49 x ( 1 ~ WHao) [k J /(g  C)] (8.1)
Mc

A CH C=  - 7 9 6 + — •8 x ( 1 ~ Wh2o) [k J  '(mol C)] (8.2)
H’c

A CH C, th e  m o la r co m b u stio n  en th a lp y  b ased  on  ca r­
bon , is o b ta in ed  from  the  m u ltip lica tion  o f Eq. (8.1) by 
the  re la tive  a to m ic  m ass of ca rb o n  (12.01). T h e  s to i­
ch io m etric  theo ry  o n  caloric equ ivalen ts con ta in s the 
h idden  concep t o f average bond  energies. S im ul­
taneously , how ever, co rrec tions for the  p red o m in an t 
specific effects of m o lecu lar s tru c tu re  o n  the  bond  en ­
ergies a re  in c o rp o ra te d  in to  Eq. (8) (see also  Eq. (A 16)) 
by reference to  the energetic  characteristics o f th e  m ain  
su b s tra te  g roups (Fig. 3).

W e ca lcu la ted  the  regression for the  d a ta  show n in 
Fig. 7 after selecting th e  33 sam ples w ith  s to ich io m etri­
cally consis ten t C H N  com binations (see Fig. 1 an d  5). 
T h is experim en tal re la tio n sh ip  (r=  —0.605),

A cH q =  —788 4 ,
wc

su p p o rts  the  independen tly  derived s to ich io m etric  con­
cep t (Eq. (8)) an d  th e  ap p ro x im atio n  for the  residual
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Fig. 7. Specific enthalpy of combustion (energy content) of 
biomass, Ach, as a function of the mass fraction of organic 
carbon, wc (based on ash-free biomass). The two lines show 
the stoichiometrically derived relationship for different re­
sidual water fractions (compare Fig. 3). Original data from 
Finlay and Uhlig (1981), Parsons et al. (1961) and Salonen et 
al. (1976)

w ater fraction  of 0.06. O u r th eo ry  p red ic ts  th a t ca rbon  
co n ten t suffices to  determ ine the  ca lo ric  co n ten t o f 
b iom ass w ith o u t significant loss o f accuracy  due to  
om ission of the  n itrogen  term  (Eq. (6)). A ctually , m u l­
tip le regression analysis o f the experim en tal d a ta  did 
n o t im prove th e  coefficient o f d e te rm in a tio n  (Salonen 
e t al. 1976).

A  n itrogen  co rrec tio n  for ca lo ric  equivalen ts o f b io ­
m ass was p ro p o sed  by K erstin g  (1972). T h e  heat 
equ ivalen t o f am m o n ia  sh o u ld  be su b trac te d  from  the 
com bustion  values to  acco u n t for the  fact th a t the 
ca tabo lic  p rocess in  an im als  (ca tabo lic  hea t equivalent) 
is different from  the  com bustion  p rocess observed  in 
bom b ca lo rim etry  (to ta l com b u stio n  h ea t equivalent). 
R egression of com b u stio n  values, after am m onia-n i- 
trogen  co rrection , versus ca rb o n  co n ten t (F in lay  and 
U hlig  1981; S alonen  et al. 1976), how ever, im plies th a t 
the  com bustion  process in  the b o m b  ca lo rim eter m ay 
be incom plete. Since this assu m p tio n  is n o t su p p o rted  
by experim ental findings (H ead  an d  G o o d  1979; K e rs t­
ing 1972) the  n itro g en  co rrec tio n  is m eaningless in ex­
pressing energy equ ivalen ts as a  function  of ca rbon  
conten t.

T here  a re  also  ecological reasons to  d ism iss the 
n itrogen  co rrection . S ince th e  n itro g en o u s en dp roduc t 
is different in different o rgan ism s (m any bac te ria  oxi­
d ize am m onia , w hich is the  p rincipal en d p ro d u c t in  m ost 
aq u a tic  an im als; m am m als  an d  b ird s  p ro d u ce  m ainly 
u rea and  uric acid  repsectively), th e  N -co rrec ted  energy 
equ ivalen t changes a long  th e  food  cha in  for the  sam e 
am o u n t o f p ro te in . T his d e trac ts  from  the benefits of 
the energy concep t w hich reside in its generality .

T h e  orig inal concep t o f n itro g en  co rrec tio n  w as for­
m u la ted  in the con tex t o f d irec t (m etabolic) calo rim etry  
w here actually  m easured  hea t d iss ipa tion  is com pared  
w ith  the  heat changes ca lcu la ted  fo r specific ca tabo lic  
reactions (R u b n er 1984; for a q u a tic  an im als see G n a i­
ger 1983a; b). In  co n ju n c tio n  w ith  ind irec t ca lo rim etry  
and  w ith the use of co m bustion -based  energy equiv­
alen ts of oxygen consum ption , consisten t energy budgets 
can  be construc ted  w ith o u t th e  com plications in ferred

by the  n itro g en  co rrec tio n  (G na iger 1983a). In ag ree­
m en t w ith  W inberg  (1971) we recom m end  th a t the  n i­
tro g en  co rrec tio n  for b o m b  ca lo rim etric  values be a b a n ­
doned , since com b u stio n  ca lo rim etry  provides the  m ost 
general reference in  eco log ical energy budget ca lcu ­
la tions. T h e  s to ich io m etric  C H N  concept can rep lace 
conven tiona l b o m b  ca lo rim etry  in  m ost cases, no t only  
because au to m a tic  C H N  analysis is m ore  p ractical and  
ca lo ric  values can  b e  accu ra te ly  calcu la ted  (Fig. 7), b u t 
also  b ecause it p rovides s im u ltaneous in form ation  on  
p ro x im a te  b iochem ica l com position .
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Appendix

Derivation o f  stoichiometric C H N  equations

F o r the p u rp o se  of p ro x im ate  b iochem ical analysis 
(Eq. (2)) we define the  m ass fraction  o f organ ic carbon , 
wc , as being  com posed  o f the ca rb o n  in  ca rbohydra te , 
lip id  a n d  p ro te in , C (K ), C (L) an d  C (P ) respectively,

wc = C ( K )  +  C (L ) +  C(P). (A Í)

F o r iden tify ing  the  rela tive p ro p o rtio n s  o f carbon  o rig ­
in a tin g  from  th e  th ree  su b stra te  categories, we m ake 
use of the  su b stra te  specific m ass fractions of ca rbon  in 
K , L an d  P, nam ely  C K, C L a n d  C p (Table 1). T he 
p ro te in -d e riv ed  ca rb o n  fraction  in  ash-free b iom ass is 
(see Eq. 3)

C (P ) =  C p x  wp =  (Cp:Np) x x PN x wN. (A 2)

T h e  rem ain in g  n o n -p ro te in  ca rbon , vvc —C(P), is co n ­
ta ined  in  ca rb o h y d ra te  an d  lipid,

C (K ) =  C k x  vvK 

C (L) =  C l x  wL.

(A3)

(A4)

W e solve now  Eq. (A3) in the form  o f wK and  su b ­
stitu te  for C (K ) from  Eq. (A Í),

wv =
wc - C ( L ) - C ( P )

—c 3 '
(A  5)

F u rth e r  su b stitu tin g  Eq. (A2) a n d  (A4) in to  Eq. (A5) 
yields

wv = ~ C L x h  l  - ( C p :N p) x x PN x wt 
C .

F ro m  Eq. (2) we get

wL =  ( l —vtH2o) —wK-v v P.

(A 6)

(A 7)

By su b stitu tin g  in Eq. (A 7) for wp a n d  wK from  Eq. (3) 
an d  Eq. (A 6) respectively, the s to ich iom etric  equa tion
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for the  lip id  fraction  is o b ta in ed  after rea rrang ing  as

w L =  b L ©  x  ( 1  — vvh 2o ) 4 ' ^ l c  x  w c  +  ^ l n  x  x p n  x  w n -  ( A  8 )

w here the  p a ra m e te rs  are 

C .

h l - h ,

bhe cL-c K 

& lc = c ^ q

h  C P ~ C K

LN Np x (C L —C K)

(A8.1) 

(A8.2) 

(A 8.3)

T h e  s to ich io m etric  p a ram ete rs  for the ca rb o h y d ra te  
fraction , wK, a re  derived  in  th e  sam e way,

6 -  C L
K 0 _ C l - C k

1
cr -c K

b =  c l  Cp___
KN Np x  (C L — C K)

(A9.1) 

(A  9.2) 

(A9.3)

F o r the  p ro te in  fraction , vvp, th e  s to ich iom etric  p a ram e­
ters a re  given d irec tly  by Eq. (3); bPQ a n d  bPC a re  zero, 
and

b = P  =  —PN 1 N (A 10)

T h e  th ree su b s tra te  fractions, w¡ (i.e. wK, wL, wp), de­
te rm ine  the  o rg an ic  hyd ro g en  co n ten t accord ing  to  the 
substra te-specific  hy d ro g en  fractions, H,- (i.e. H K, H L, 
H p; see T ab le  1). R esidual w a te r  adds to  the  to ta l hy­
d rogen  fraction  in  th e  ash-free b iom ass, accord ing  to  
the hydrogen  m ass frac tion  in  w ate r (0.1006),

wh  =  Z ( H ¡ x  w ¡ )  +  ° - 1 0 0 6  x  w h 2o  • ( A l l )

If th e  su b s tra te  fractions w; are  ca lcu la ted  s to i­
ch iom etrically  (T ab le  2), then  the  theo re tical hydrogen  
fraction  is o b ta in ed  as

wH =  Z  (Hf x bte ) x (1 -  wH2o) +  X  (Hf x biC) x wc
i  i

+ Z  (H ; x ö.n) x  x pn x m n +  °-1006 x wh2o- (A 12)
i

Since wH is au to m a tica lly  m easu red  in  CF1N analyzers, 
Eq. (A  13) can  be used  to  ca lcu la te  th e  residual w ater 
fraction ,

w h 2o  =  ^ n 2o © +  ^h2oc x  w c  +  ^h2on x  x pn x w n

+  ̂ h2o h x w h (A 13)

w here the  p aram ete rs  a re

bu =  -  (A  13.1)
HzOH 0.1006 4 K 0 x H K4 L e x H L

bn 2o e  =  - ö H2o h x  0 .1 0 0 6 + 1 (A 13.2)

bH2o c ~  ^h 2oh x p L _ p K (A 13.3)
L K

^ H 2O N =  — h i b o u x  (1 *KN X  ^ K  +  ^ L N  X  E^L +  ^ P N  x  H p ) -

(A 13.4)

In se rtin g  the  s to ich io m e tric  values from  T ab les  1 an d  2 
yields

wn 2o =  0.0697 + 1 .4483  x wc +  0.2840 x x PN x wN
+  9.2471 x w H. (A 14)

All stochastic  e rro rs  accum ula te  in the  ca lcu la tion  of 
w h 2o  (Eq (A13)). E specia lly  if u ncerta in ties exist as to  
m ois tu re  c o n ta m in a tio n  afte r w eight m easurem ents, the 
c o m p ariso n  of th e o re tic a l (Eq. (A 12)) an d  experim ental 
wH values on  the basis o f a  co n s tan t residual w ater 
co n ten t for a  w ho le  experim en tal series (Fig. 5) may 
give m ore reliable resu lts  th a n  inserting  Eq. (A  13) in to  
(A 8).

T h e  add itive  a p p ro a c h  o f Eq. ( A l l )  an d  (A 12) is 
a lso  valid  for th e  en th a lp y  of com bustion  (com pare 
Eq- (7)),

(A 15)^ c/l =  Z ( ^ c ^ i XW’¡)

w here i aga in  rep resen ts  K , L an d  P. S u b stitu tin g  for 
the  H',, from  Eq. (A 8)-(A 10) yields

^ c h = Z (2* c h i  x  bi©) x (  !-  w h 2o )  +  Z (A c K x b i C )  x wr

+ Z ( ^ c M y X % X H ' N. (A 16)

T h e  s to ich iom etric  p a ra m e te rs  th a t a re  sum m arized  in 
T ab le  2 w ere o b ta in ed  by inserting  the  co n s tan ts  for the 
s ta n d a rd  su b stra tes  (T able 1) in to  the  re levan t eq u a­
tions of th is  A ppendix .

List o f symbols: The general symbols used are in accord with 
IU PA C (1979) recommendations 
Symbol Description and Units

bie  stoichiometric parameter for i, relating to the organic
dry weight fraction corrected for residual water 

biC stoichiometric parameter for i, relating to the organic
C fraction

bm  stoichiometric parameter for i, relating to organic
nitrogen corrected for the protein-N fraction; bPN 
=  Pn

C, mass fraction of carbon in substance i (CK, C L, Cp)
C(i) = C ¡x w (; mass fraction of carbon originating from

substance i in ash-free dry biomass [C(K), C(L), 
C(P)]
mass fraction of hydrogen in substance i (HK, H L,
h p)

A ch specific enthalpy of combustion of ash-free dry bio­
mass, caloric value [kJ/(g afW)~]

A c hc = A ch/w c ; specific enthalpy of combustion of ash-free
dry biomass on a carbon mass basis [kJ (g C)]

A .h ¡  specific enthalpy of combustion of substance i (A,.hK,
A chL, A chP) [kJ/(gO]

A CH C = A c hc x  12.01 ; molar enthalpy of combustion based
on carbon [kJ (mol C)]

K carbohydrate and carbohydrate equivalent
L lipid and lipid equivalent
Np mass fraction of nitrogen in protein ( =  0.17)
NQ  nitrogen quotient [(mol N)/(mol 0 2)]
P protein and protein equivalent
PN protein-nitrogen mass ratio, i.e. the stoichiometric pa-
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ram ete r, hPN, fo r n itro g e n  (co rrec ted  for x PN) to  p ro ­
tein c o n v ers io n  ( =  5.8)

RQ  re sp ira to ry  q u o tie n t [(m o l C 0 2)-(m ol 0 2)]
w® = l - w H 0 ; m ass  frac tio n  of ash-free  d ry  b iom ass,

co rrec ted  for re sid u al w ater, in ash -free  d ry  b iom ass 
wash w eight o f ash  per to ta l  d ry  w e ig h t; m ass frac tio n  of

ash in to ta l d ry  b iom ass 
wc m ass frac tion  o f o rg a n ic  c a rb o n  in  ash-free  d ry  b io ­

m ass; w eigh t specific o rg an ic  c a rb o n  
w® = w c /vve ; m ass frac tio n  o f  o rg an ic  c a rb o n  in ash-free

dry b iom ass, co rre c te d  fo r residual w a ter 
ashH c  m ass frac tio n  o f  (inorgan ic) c a rb o n  in  ash
totwc m ass frac tio n  o f  to ta l c a rb o n  in to ta l  d ry  b iom ass
wH m ass frac tio n  o f h y d ro g en  (o rg an ic  a n d  b o u n d  to

residual w ater) in  ash-free  d ry  b iom ass 
w h 2o  =  I - we ; m ass frac tio n  o f re sidual w a ter in  afW
IV; m ass frac tio n  o f su b s tan ce  i in a[W (wK, wL, vvP)
wN m ass frac tio n  o f o rg a n ic  n itro g en  in a(W
a(W  ash-free d ry  b io m ass , d ry  w eigh t m in u s ash  w eight

[g]
dW  to tal d ry  w eigh t [g ]
x PN m ole (o r  m ass) frac tio n  o f  p ro te in -n itro g e n  p e r to ta l

o rg an ic  n itro g en
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