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ABSTRACT: Calorific and carbon values were determined for a variety of marine and freshwater 
Protozoa (Noctiluca miliaris, Euplotes sp., Eufolliculina sp. respectively Tetrahymena pyrfformis, 
Paramecium caudatum), their food sources (Bacteria, Dunalietla primolecta, Ceratium hirun- 
dinella), and for Protozoa-dominated plankton samples. Most calorific values lie close to the centre 
of the range covering organisms in general. Low values in some marine samples probably resulted 
from the retention of bound water in the dried material. When all results were combined with data 
selected from the literature, the dependence of calorific value on carbon content was highly 
significant. This relationship is probably also adequately described by an energy-carbon regression 
through the variety of organic compounds commonly found in organisms. Calorific value expressed 
per unit carbon is shown to vary little in Protozoa (mean conversion factor 46 J [mg C] -1) or 
throughout the range of biological materials considered in this study (45 J [rag C]-1). 

INTRODUCTION 

Protozoa probably  make  an important  contr ibut ion to ene rgy  flow in a var ie ty  of 

ecosystems (Fenchel,  1967; Curds, 1973; Berk et al., 1977; Finlay 1978; Porter et al., 

1979). Never theless ,  data faci l i ta t ing the convers ion  of units of b iomass  (e, g. dry weight ,  
carbon) to units of ene rgy  (heats of combust ion,  expressed  as Joules  or calories) are few 
and scat tered in the l i terature.  This is p robably  a result  of the obvious  pract ical  p rob lems  

associated with obta in ing  re la t ive ly  large  amounts  of pure,  dry Protozoa. To the authors '  
knowledge  there  are no pub l i shed  calorific va lues  for mar ine  heterot rophic  Protozoa and 

no studies p rov id ing  compl imenta ry  f igures  for carbon content.  The  latter migh t  be  used 
to predict  calorific va lues  in a way similar  to those a l ready  shown for aqua t ic  inver te-  

brates (Ostapenya & Sergeev,  in Winberg  & Duncan,  1971; Sa lonen  et  al., 1976). 

This study is concerned  with  p rov id ing  data  for the calorif ic value,  carbon content  
and ni t rogen content  of a var ie ty  of mar ine  and f reshwater  Protozoa. The  usefulness  of 

carbon content  in p red ic t ing  calorific va lue  is descr ibed.  Factors emp loyed  in energy-  
carbon conversions are compared  with  other  pub l i shed  data for mar ine  phytoplankton  

and freshwater  aquat ic  invertebrates .  
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M A T E R I A L  A N D  M E T H O D S  

C u l t i v a t i o n  a n d  p r e p a r a t i o n  of  m a r i n e  s a m p l e s  

M a r i n e  b a c t e r i a .  T h e  u n i d e n t i f i e d  b a c t e r i u m  u s e d  as  a food s o u r c e  in th i s  

s t u d y  w a s  i s o l a t e d  by  R i e p e r  (1981) f rom i n t e r t i d a l  s e d i m e n t s  at  Lis t /Syl t .  It w as  c u l t u r e d  

in  p e p t o n e  y e a s t  e x t r a c t  m e d i u m  (2216 E, a c c o r d i n g  to O p p e n h e i m e r  & ZoBel l ,  1952) a n d  

h a r v e s t e d  by  con t in t~ous  p a s s a g e - c e n t r i f u g a t i o n  a f t e r  5 days  g r o w t h  at 24 °C in  t h e  dark .  

D u n a  l i e l l a  p r i m o l e c t a .  O r i g i n a l l y  o b t a i n e d  as a c l o n a l  c u l t u r e  f lon t  t h e  

M a r i n e  B i o l o g i c a l  A s s o c i a t i o n ,  P l y m o u t h ,  U. K., D m ? a l i e l l a  p H m o l e c t a  is m a s s  c u l t u r e d  

a t  t h e  M a r i n e  S t a t i o n  H e l g o l a n d  in  a e r a t e d  45-1itre p l a s t i c  b a g s  w i t h  p a s t e u r i z e d  f /2-  

m e d i u m  ( M c L a c h l a n ,  1973). T h e  a l g a e  ( la te  l o g - p h a s e )  w e r e  c o n c e n t r a t e d  by  c o n t i n u o u s  

p a s s a g e - c e n t r i f u q a t i o n  up to 10 ~ ce l l s  cm :~. 

N o  c I i i u c a m i 1 i a r i s. I s o l a t e d  f rom t l e l g o l a n d  w a t e r s ,  t h i s  d i n o f l a g e l l a t e  h a s  

b e e n  c u l t u r e d  for  m a n y  y e a r s  at  t h e  M a r i n e  S t a t i o n  H e l g o l a n d  (Uhl ig ,  1972), Da i ly  

f e e d i n g  w i t h  c o n c e n t r a t e d  D u n a H e l l a  p H m o l e c t a  p r o d u c e s  p o p u l a t i o n  d e n s i t i e s  of m o r e  

t h a n  10 ~ ce l l s  cm -3 (Uhl ig ,  1980). 

In w e l l - f e d  c u l t u r e s ,  N o c t i l u c a  is d i s t r i b u t e d  o v e r  t h e  w h o l e  w a t e r  c o l u n m  a n d  t h e  

ce l l s  c o n t a i n  r e m a r k a b l e ,  o f t en  " s a u s a g e - l i k e '  food  v a c u o l e s  (Fig. la) .  In s t a r v e d  

c u l t u r e s  t h e  s e a w a t e r  m e d i u m  w a s  c h a n g e d  w i t h o u t  a d d i n g  food  for at  l e a s t  24 hours .  

j i ,  ̧~ , . ~  . ~  

C1 

Fig. 1. _N~c'tlluc.~ mHidr~s, (a) Eilled with ~ood vacuoles of Dundh'ell~ primolecta (photo: Sahling), (b) 
a single specimen from a starvin 9 cu l ture  Scales: 100 tm 
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S t a r v i n g  ce l l s  ( m e a n  n u m b e r  of f ood  v a c u o l e s  p e r  ce l l  = 0.38) a r e  m o r e  or l e s s  

t r a n s p a r e n t  (Fig. lb ) .  

T h e  Noctiluca-dominated p l a n k t o n  s a m p l e  w a s  c o l l e c t e d  in  J u l y  1980 u s i n g  a 

p l a n k t o n  n e t  c lo se  to  t h e  su r f ace .  T h e  s a m p l e s  w e r e  w a s h e d  four  t i m e s  w i t h i n  a 

s e p a r a t i n g  f u n n e l  to p r o d u c e  a n  a l m o s t  u n c o n t a m i n a t e d  m a s s  of Noctiluca cel ls .  

E u p 1 o t e s s p. T h i s  h y p o t r i c h o u s  c i l i a t e  w a s  i s o l a t e d  f r o m  a f i sh  t a n k  a t  H e l g o -  

l a n d .  In w i d e  p l e x i g l a s s  d i s h e s  m a s s  c u l t u r e s  ( >  2 × 10 s ce l l s  c m  -3) w e r e  e a s i l y  a c h i e v e d  

b y  da i ly  f e e d i n g  w i t h  b a c t e r i a  a n d / o r  Dunaliella primolecta, c o n c e n t r a t e d  b y  c e n t r i f u g a -  

t ion.  T h e  ce l l s  w e r e  w a s h e d  a n d  h a r v e s t e d  o n  a 20 btm n y l o n  s i eve .  

E u f o  i 1 i c u 1 i n a s p. S e v e r a l  s p e c i e s  of t h e  b e n t h i c ,  c a s e - b u i l d i n g  f o t l i c u l i n i d s  

h a v e  b e e n  c u l t u r e d  a t  H e l g o l a n d  for  m a n y  y e a r s  (Uhl ig ,  1965).  Eufolliculina sp. is 

a v a i l a b l e  in  d e n s e  c l o n a l  m a s s  c u l t u r e s ,  f ed  w i t h  c o n c e n t r a t e d  b a c t e r i a  a n d / o r  

Dunaliella primolecta. For  t h e  p r e s e n t  s t u d y  t h e  d e n s e l y  s e t t l e d  ce l l  a c c u m m u l a t i o n s  i n  

t he  c u l t u r e  d i s h e s  w e r e  c a r e f u l l y  s c r a p e d  off w i t h  a r a z o r  b l a d e  a n d  h a r v e s t e d  o n  a 40  p m  

n y l o n  s ieve .  Al l  d a t a  o n  Eufolliculina p r e s e n t e d  in  t h i s  s t u d y  r e f e r  to a m i x t u r e  of b o t h  

ce l l s  a n d  t h e i r  c h i t i n o u s  a m p u l l a e .  

E l i m i n a t i o n  o f  s e a w a t e r  i n  m a r i n e  c u l t u r e  s a m p l e s .  For  

a c c u r a t e  d ry  w e i g h t  d e t e r m i n a t i o n  c o n t a m i n a t i n g  s a l t s  i n  t h e  c u l t u r e  m e d i a  w e r e  

e l i m i n a t e d  b y  fas t  b u t  g e n t l e  w a s h i n g  of t h e  ce l l  c o n c e n t r a t e s  in  a s m a l l  v o l u m e  of 

d i s t i l l e d  wa te r .  

M i c r o s c o p i c  e x a m i n a t i o n  c o n f i r m e d  t h a t  t h i s  p r o c e d u r e  d i d  n o t  r u p t u r e  t h e  cel ls .  

M a r i n e  b a c t e r i a  a n d  Dunaliella primolecta w e r e  c o n c e n t r a t e d  b y  c e n t r i f u g a t i o n  a n d  

w a s h e d  b y  r e - s u s p e n s i o n  in  d i s t i l l e d  w a t e r .  Noctiluca, Euplotes a n d  Eufolliculina w e r e  

c o l l e c t e d  o n  n y l o n  s i e v e s  (80, 20 a n d  40  ~tm r e s p e c t i v e l y ) .  U s i n g  d i s t i l l e d  w a t e r  a n d  f i l t e r  

p a p e r  t h e  ce l l  c o n c e n t r a t e s  r e t a i n e d  o n  t h e  s i e v e s  w e r e  w a s h e d  a n d  d r a i n e d  t h r e e  t imes .  

T h e  s a m p l e s  w e r e  t h e n  s c r a p e d  or  w a s h e d  off t h e  f i l t e r s  a n d  o v e n - d r i e d  for 20 h a t  70 °C. 

T h e  p l a n k t o n  s a m p l e  of Noctiluca w a s  t r e a t e d  in  t h e  s a m e  way ,  t h e n  s h o c k - f r o z e n  o n  

CO2- ice  a n d  f r e e z e  d r i e d .  

C u l t i v a t i o n  a n d  p r e p a r a t i o n  o f  f r e s h w a t e r  s a m p l e s  

H e t e r o t r o p h i c P r o t o z o a. Al l  f r e s h w a t e r  P r o t o z o a  w e r e  g r o w n  in  4 1 c o n i c a l  
f l a sks  at  20 ° + 1 ° in  c o n t i n u o u s  da rk .  Tetrahymena pyriformis ( s t r a in  1630/1  W, Cla f f  

1939) w a s  o b t a i n e d  f rom t h e  C u l t u r e  C e n t r e  of A l g a e  a n d  P r o t o z o a  ( C a m b r i d g e ,  U. K.). 

A x e n i c a l l y - g r o w n  P r o t o z o a  w e r e  c u l t u r e d  in  p r o t e o s e  p e p t o n e  (2 % w/v )  a n d  y e a s t  

e x t r a c t  (0.25 % w / v )  m e d i u m  a n d  h a r v e s t e d  b y  c e n t r i f u g a t i o n  a f t e r  7 d a y s  g r o w t h .  T h e  

s a m e  s p e c i e s  w a s  a l so  f ed  o n  b a c t e r i a .  C e l l s  w e r e  w a s h e d  a n d  t r a n s f e r r e d  to f i l t e r e d  

(GF/C)  c e r o p h y l l  (0.15 % w / v )  c o n t a i n i n g  a g r o w i n g ,  m i x e d  c u l t u r e  of b a c t e r i a  ( see  

B a c t e r i a  b e l o w ) .  T h e y  w e r e  h a r v e s t e d  b y  c o l l e c t i o n  o n  a 10 ~tm s i e v e  f o l l o w e d  b y  

c e n t r i f u g a t i o n .  Paramecium caudatum w a s  i s o l a t e d  f r o m  d e t r i t u s  dr i f t s  b o r d e r i n g  L a k e  

W i n d e r m e r e  ( C u m b r i a ,  U, K.). It w a s  g r o w n  in  0.15 % c e r o p h y l l  a n d  f ed  o n  t h e  b a c t e r i a l  

f lora  a c c o m p a n y i n g  t h e  i so l a t i on .  A f t e r  10 d a y s  g r o w t h  it  w a s  h a r v e s t e d  b y  c o l l e c t i o n  o n  
a 20 ~tm s i e v e  f o l l o w e d  b y  c e n t r i f u g a t i o n .  

F r e s h w a t e r b a c t e r i a. T h e  b a c t e r i a l  f lora  a c c o m p a n y i n g  t h e  Paramecium 
i s o l a t e  w a s  g r o w n  in  0 .25 % c e r o p h y l l  a n d  h a r v e s t e d  b y  c e n t r i f u g a t i o n  a f t e r  5 d a y s  
g r o w t h  a t  20 ° in  t h e  da rk .  
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C e r a t i u m  h i r u n d i n e l l a .  C. hirundineHa, clone 258 from the Freshwater 
Biological Associat ion cul ture collection, was grown us ing  the method descr ibed by 
H e a n e y  & Furnass  (1980). After approximate ly  14 days growth, cells were collected on a 
20 ~tm sieve, then  concentra ted  by slow speed centr i fugat ion.  

F r e s h w a t e r  p l a n k t o n  s a m p l e s .  These were ob ta ined  from a small, shal- 
low, h ighly  product ive pond  (see Goulder,  1971 for description). Samples were collected 
with a phy top lank ton  net  (-- 50 vm mesh) in July 1980. Plankton A samples were 
composed ma in ly  of large ciliates (Loxodes, Frontonia, Spirostomum) and  small  dino- 
flagellates.  P lankton  B samples  were  composed ma in ly  of rotifers in the genera  Keratelta 
and Polyarthra. 

P r e p a r a t i o n  of s a m p l e s  

With the except ion of the Noctiluca-plankton sample,  which was freeze-dried, all 
samples  were  oven-dr ied  for 16-20 h at 70 °C then  stored over P205 in a dessicator unt i l  
required.  Samples  were then  homogen i sed  in  a mortar and  pressed into pellets (weight 
range  2-20 rag). These were placed on p l a t i num pans  and  stored over silica gel before 
and  after be ing  weighed.  Benzoic acid was used to aid combust ion  in samples with a 
high ash content.  In such samples  it accounted for approximate ly  50 % of the pel let  dry 
weight.  

B o m b  c a l o r i m e t r y  

All calorific values  were ob ta ined  us ing  a Phi l l ipson microbomb calorimeter. Cor- 
rections for acid product ion and  heat  release from the fuse wire were assumed to be 
un impor tan t  and  were ignored  (Craig et al., 1978). The n u m b e r  of replicates was 
de te rmined  by the amoun t  of mater ia l  ava i lab le  and  the consistency of the results 
obtained.  

D e t e r m i n a t i o n  of a s h  w e i g h t  

The ash weight  was calcula ted by  (a) dry ing  and  ash ing  (500 ° for 16-20 h) the 
res idue from b o m b e d  samples,  or (b) ash ing  (as above) separate samples. There were 
always at least three replicates of the latter. Results ob ta ined  us ing  these two methods 
often differed greatly, those ob ta ined  by the first method always be ing  lower. Paine 's  
(1971) suggest ions  were adopted and  only values  ob ta ined  by method (b) were used. 

C a r b o n  a n d  n i t r o g e n  

Sub-samples  of the mater ia l  p repared  for bomb calorimetry were analysed for 
carbon and ni trogen.  Most data were ob ta ined  us ing  the Carlo Erba automatic CHN- 
Analyser  at the Mar ine  Biological Association, Plymouth, U. K. A few samples were 
ana lysed  with a Perkin  Elmer CHN-Analyser .  We assumed that carbonate  carbon was 
ins igni f icant  (see Curl, 1962) in the samples  ana lysed  and  that "% carbon" can be 
cons idered  equ iva len t  to "% organic  carbon".  



T
ab

le
 1

. 
A

n
al

y
se

s 
of

 f
re

sh
w

a
te

r 
(1

-8
) 

an
d

 m
ar

in
e 

(9
-1

7
) 

P
ro

to
zo

a,
 t

h
ei

r 
fo

o
d

 s
o

u
rc

es
 a

n
d

 p
la

n
k

to
n

 s
am

p
le

s.
 E

ac
h

 s
p

ec
ie

s 
n

a
m

e
 i

s 
fo

ll
o

w
ed

 b
y

 t
h

e 
n

a
m

e
 o

f 
it

s 
fo

o
d

 s
o

u
rc

e,
 i

n
 b

ra
ck

et
s.

 A
ll

 f
ig

u
re

s 
ar

e 
m

e
a

n
 v

al
u

es
 w

it
h

 9
5 

%
 c

o
n

fi
d

en
ce

 l
im

it
s 

(n
 i

n
 b

ra
ck

et
s)

 a
n

d
 a

ll
 a

re
 e

x
p

re
ss

e
d

 o
n

 a
 d

ry
 w

e
ig

h
t 

b
as

is
 

N
o

 
S

p
e

c
ie

s/
sa

m
p

le
 

A
sh

 
C

a
rb

o
n

 
N

it
ro

g
en

 
C

 :
 N

 
J 

m
g

 -1
 

J 
m

g
 -1

 
(%

) 
(%

) 
(%

) 
ca

rb
o

n
 

1 
B

ac
te

ri
a 

- 
fr

e
sh

w
a

te
r 

10
.8

 ±
 

0.
6 

(3
1 

47
.7

 
+_

 0
.5

 (
41

 
12

.3
 

+
 

0.
8 

3.
9 

21
.0

 
_+

 0
.4

 (
12

1 
44

.0
 

2 
P

ro
te

o
se

 p
e

p
to

n
e

-y
e

a
st

 e
x

tr
ac

t 
(P

P
Y

E
) 

10
,8

 
_+

 0
.4

 (
5)

 
42

.9
 

_+
 1

.4
 (

5)
 

14
,5

 
+_

 0
.1

 
3.

0 
19

.5
 

_+
 0

.4
 (

12
) 

45
,5

 
3 

T
et

ra
h

ym
en

a
 p

yr
if

o
rm

is
 (

b
ac

te
ri

a)
 

14
.1

 
_ 

1,
0 

(3
) 

46
,5

 
_ 

1.
7 

(4
) 

11
,4

 
+

 
0.

5 
4.

1 
21

.3
 

±
 

0,
3 

(8
) 

45
.8

 
4 

re
tr

a
h

ym
en

a
 p

yr
if

o
rm

is
 (

P
P

Y
E

) 
12

.6
 

±
 

0.
6 

(3
) 

47
,5

 
__

. 
1.

3 
(5

) 
12

,8
 

+
 

0.
3 

3.
7 

21
.0

 
+_

. 0
,4

 (
12

) 
44

.2
 

5 
P

a
ra

m
ec

iu
m

 c
a

u
d

a
tu

m
 (

b
ac

te
ri

a)
 

6.
4 

_ 
0,

5 
(3

) 
48

.0
 

_+
 1

.9
 (

4)
 

13
.8

 
+

 
0.

8 
3,

5 
23

.5
 

_ 
0,

7 
(1

21
 

49
.0

 
6 

P
la

n
k

to
n

 A
 -

 
ci

li
at

es
 a

n
d

 d
in

o
fl

ag
el

la
te

s 
9.

0 
_ 

1.
2 

(4
) 

46
.9

 
+

 
1.

8 
(4

) 
11

.1
 

+
 

1.
8 

4.
2 

22
.2

 
_+

 1
.3

 
(3

 / 
47

.3
 

7 
P

la
n

k
to

n
 B

 -
 

ro
ti

fe
rs

 
7.

9 
_+

 0
.4

 (
4)

 
51

.4
 

_+
 1

.7
 (

6)
 

12
.7

 
_+

 0
.6

 
4.

1 
24

.1
 

_+
 0

.6
 

(6
) 

46
.9

 
8 

C
er

a
ti

u
m

 h
ir

u
n

d
in

el
la

 (
p

h
o

to
tr

o
p

h
ic

) 
4.

5 
_+

 0
.9

 (
3)

 
51

.5
 

_+
 2

.0
 (

4)
 

8.
4 

f 
0.

8 
6.

1 
23

.2
 

_+
 0

.8
 

(8
) 

45
,0

 
9 

B
ac

te
ri

a 
- 

m
a

ri
n

e
 

62
.0

 
_+

 0
.8

 (
8)

 
11

,8
 ±

 
0.

5 
(6

) 
2.

6 
+

 
0.

3 
4.

5 
5.

5 
__

_ 
0,

8 
(1

2)
 

46
.6

 
10

 
N

o
ct

il
u

ca
 m

il
ia

ri
s-

 w
il

d
, 

fr
ee

ze
-d

ri
ed

 
72

.9
 

_+
 0

.9
 (

5)
 

5,
3 

±
 

0.
3 

(9
) 

2.
3 

+
 

0.
3 

2,
3 

2.
3 

_+
 0

.7
 (

12
) 

43
.4

 
11

 
N

o
ct

il
u

ca
 m

il
ia

ri
s-

 s
ta

rv
ed

 c
u

lt
u

re
 

78
.1

 
_+

 1
.8

 (
5)

 
6,

9 
_+

 0
.4

 (
5)

 
3.

1 
+

 
0.

3 
2.

2 
3.

0 
__

+ 
0.

6 
(1

5)
 

43
.5

 
12

 
N

o
ct

il
u

ca
 m

il
ia

ri
s 

- 
fe

d
 c

u
lt

u
re

 (
D

u
n

a
li

el
la

) 
63

,4
 

_+
 0

.7
 (

3)
 

14
,8

 _
+ 

0,
6 

(6
) 

3,
5 

_+
 0

.1
 

4,
2 

6,
6 

_+
 0

,6
 (

20
) 

44
,6

 
13

 
E

u
p

lo
te

ss
p

. 
(b

ac
te

ri
a)

 
19

.8
 _

+ 
1.

0 
(3

1 
41

,1
 

_+
 2

.0
 (

4)
 

10
.0

 _
+ 

0.
9 

4.
1 

19
.3

 
+_

 0
.7

 
(8

) 
47

,0
 

14
 

E
u

p
lo

te
s 

sp
. 

(D
un

al
ie

H
a)

 
16

.5
 

±
 

0.
2 

(3
) 

41
,9

 
_+

 1
.4

 (
5)

 
8,

8 
±

 
0.

9 
4.

8 
19

.3
 

_+
 0

.2
 

(8
) 

46
.1

 
15

 
E

u
fo

ll
ic

u
li

n
a

 s
p.

 (
b

ac
te

ri
a)

 
22

.5
 

±
 

1,
1 

(3
) 

40
.7

 
_+

 2
.1

 (
3)

 
8.

2 
±

 
1.

0 
5.

0 
19

.4
 

±
 

0,
4 

(1
2)

 
47

,7
 

16
 

E
u

fo
ll

ic
u

li
n

a
 s

p.
 (

D
u

n
a

li
el

la
) 

17
.4

 
_+

 1
.1

 (
6)

 
46

,5
 

_+
 1

.5
 (

4)
 

8.
2 

±
 

1.
7 

5.
7 

22
,6

 
±

 
0,

8 
(1

2)
 

48
.6

 
17

 
D

u
n

a
li

el
la

 p
ri

m
o

le
ct

a
 (

p
h

o
to

tr
o

p
h

ic
) 

4,
3 

+_
 0

,2
 (

5 t
 

4
8

,8
 _

+ 
2.

0 
(4

) 
5,

3 
+

 
0.

5 
9.

2 
21

.5
 

+
 

0,
3 

(1
21

 
44

,1
 

5"
 

~r
 

o 69
 

o N
 

o O
 

¢m
 



406 B . J .  F i n l a y  & G. U h l i g  

R E S U L T S  A N D  D I S C U S S I O N  

T h e  ca lo r i f i c  a n d  c a r b o n  v a l u e s  of a l l  s a m p l e s  a r e  p r e s e n t e d  in  T a b l e  1. It is  a s s u m e d  

t h a t  t h e  p r i n c i p a l  e x c r e t o r y  p r o d u c t  of P r o t o z o a  is a m m o n i a  (Ki tch ing ,  1967) a n d  t h a t  a 
n i t r o g e n  c o r r e c t i o n  of - 2 4 . 7  J ( m g  N) -~ (Kers t ing ,  1973) is a p p r o p r i a t e .  T h i s  c o r r e c t i o n  

s i g n i f i c a n t l y  r e d u c e s  t h e  ca lo r i f i c  v a l u e  of s a m p l e s  w i t h  a h i g h  n i t r o g e n  c o n t e n t .  For  

e x a m p l e ,  t h e  c o r r e c t e d  a n d  u n c o r r e c t e d  v a l u e s  for  Paramecium a r e  20.1 a n d  23.5 J m g  -1 

d r y  w e i g h t  (DW) r e s p e c t i v e l y .  

W i t h  t h e  p o s s i b l e  e x c e p t i o n  of Bufolliculina, t h e  ca lo r i f i c  v a l u e  d i d  no t  c h a n g e  

s i g n i f i c a n t l y  w i t h  a c h a n g e  in  t h e  n a t u r e  of t h e  food  sou rce .  H o w e v e r ,  t h e  p r e s e n c e  of 

i n g e s t e d  a l g a e  i n  Noctiluca d i d  s i g n i f i c a n t l y  i n c r e a s e  i ts  ca lo r i f i c  v a l u e  a n d  C : N  rat io.  

T h e  i n t r a c e l l u l a r  v o l u m e  of s a l t y  w a t e r  d i s p l a c e d  b y  i n g e s t a  w a s  p r e s u m a b l y  a lso  the  

r e a s o n  for t h e  l o w e r  a s h  c o n t e n t  of ce l l s  t h a t  h a d  b e e n  f ed  in  t h e  p e r i o d  p r io r  to ana lys i s .  

T h e  h i g h e r  a s h  c o n t e n t  of t h e  b a c t e r i a l  food  s o u r c e  is a l so  r e f l e c t e d  in  t h e  h i g h e r  a s h  

c o n t e n t  of b a c t e r i a - f e d  Pro tozoa .  

W i t h  t h e  e x c e p t i o n  of t h e  four  s a m p l e s  w i t h  t h e  l o w e s t  c a r b o n  v a l u e s  (9-12)  t h e r e  

w a s  l i t t l e  v a r i a t i o n  b e t w e e n  t h e  ca lo r i f i c  v a l u e s  of l a b o r a t o r y - g r o w n  Pro tozoa ,  t h e i r  food  

sou rce s ,  a n d  s a m p l e s  f rom t h e  w i ld .  T h e  d a t a  for f r e s h w a t e r  P r o t o z o a  l ie  c lose  to v a l u e s  

30 

£3 
v 20 

E 

10 / '  
I I 

0.1 0.2 

o/ 

0' .3  . . . .  0 0.4 Q5 0.6 0.7 
mg C mg "1 (DW) 

Fig. 2. Dependence  of calorific value  on carbon content  on a dry weight  basis (DW). Data are 
inc luded from this study. Laboratory-grown protozoa: o, food sources and  p lankton  samples: A, data 
of Salonen et a]. (1976): [], and  re-calculated data of Platt & Irwin (1973): ÷.  y = - 1.289 ÷ 48.57x 

(r 2 = 0.983) 
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in  the l i terature for various species (Slobodkin & Richman, 1961; Laybourn & Stewart, 
1975; Rogerson, 1971; Kopylov, 1979) and  towards the centre of the frequency distribu- 
t ion for all organisms prepared  by Cummins  & Wuycheck (1971). The value for freshwa- 
ter bacter ia  is close to the mean  figure for bacteria  ob ta ined  by Prochazcha et al. (1973). 

Two other sets of data were selected for comparison with the figures presented here. 
They are (a) the mar ine  phy top lank ton  data from Platt & Irwin (1973) with carbon and 
n i t rogen values  re-calculated from the pub l i shed  macromolecular  composit ion (see 
Sa lonen  et al., 1976) and  (b) the freshwater inver tebra te  data of Sa lonen et al. (1976). All 
of these data have b e e n  combined  in  Figure 2 which shows the predicted dependence  of 
calorific va lue  on carbon content.  Most of the protozoan data form a cluster with the other 
inver tebra te  data ind ica t ing  similari t ies in  chemical  composition. The carbon values  for 
the three Noctiluca samples  and  the mar ine  bacter ia  are all very low and, at least in one 
case (Noctiluca-plankton), impossibly low. Most organic compounds  have a carbon 
content  of over 40 % and  only in  except ional  cases does carbon represent  as little as 30 % 
of the weight  (e. g. cystine). Similarly, only organisms with a very unusua l  chemical  
composi t ion could have a carbon content  (as % ash-free dry weight) lower than 40 %. 
Accordingly,  samples  with carbon values  less than  40 % have been  removed from the 
re la t ionship  descr ib ing  the d e p e n d e n c e  of calorific value on carbon content  (Fig. 3). 
Regressions have b e e n  produced descr ib ing the re la t ionship  be t w e e n  calorific and 
carbon values,  both on a dry weight  and  on an ash-free dry weight  basis, with and 
without  a n i t rogen  correction (Table 2). The data for Protozoa, their food sources, 
freshwater inver tebra tes  and  mar ine  phytop lank ton  were incorporated in a stepwise 
manner .  It is apparen t  that the regression statistics and values  for J (mg C) -1 are 
relat ively insensi t ive  to changes  in the amount  and type of data incorporated, indica t ing  
fundamen ta l  s imilari t ies in the organic  composi t ion of the diversity of samples analysed.  

The t inder ly ing  basis  for the form of these relat ionships  is the dependence  of 
calorific value on carbon content  in the organic compounds  of which these organisms are 
composed. It is ev ident  from Figure 3 that the re la t ionship  be tween  calorific value and 
carbon in organisms is s imilar  to that in the const i tuent  organic compounds.  Also 
inc luded  is an  indica t ion  of the close re la t ionship  b e t w e e n  calorific values  obta ined  from 
proximate analysis  and  those ob ta ined  directly. Probable extreme ranges  of the three 
pr inc ipa l  macromolecular  types in  the ciliate Tetrahymena were used to genera te  the 
max imum probable  range  of calorific va lues  in this organism. The composit ion of these 
hypothet ical  low - and  high - energy organisms is descr ibed in Table  3. 

The most l ikely reason for some samples  y ie ld ing  such low carbon and energy 
contents  is the re tent ion of bound  water  dur ing  drying. The higher  salt content  of the 
mar ine  samples  (especially in  the case of Noctiluca from the relat ively high volume of 
cell sap) and  the probable  incomple te  dehydra t ion  of crystal l ine hydrates at 70 ° 
(Mitchell  & Smith, 1977) implies  that there is p robably  a bound  water component  
inc luded  in some recorded weights.  The size of this component  can be est imated roughly 
by subt rac t ing  the sum of the organic  and  ash weights  from the measured  dry weights. 
The difference wil l  be  the weight  of b o u n d  water. The probable  range  of organic weights  
in  a sample  was ob ta ined  by assuming  that carbon accounted for be tween  45 % and 
65 % of the organic  weight .  The calcula ted b o u n d  water  component  for each sample 
then  lies wi th in  the ranges  descr ibed in  Table  4. In most samples it is un l ike ly  that 
carbon accounts  for as little as 45 % of the organic  weight.  One result  of this assumption 
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Fig. 3. Dependence of calorific value on carbon content, on an ash free dry weight  (AFDW) basis. 
Regression (1) is calculated from all data in Fig. 2 with > 40 % carbon (AFDW), y = - 8.647 + 
61.81x (n = 43; r 2 = 0,768) and 95 % prediction belts are drawn. Regression (2) is calculated 
through 21 organic compounds (3 sugars and glycogen, the 12 amino acids listed by Elliot & 
Davison, 1975, and 5 lipids), y = -- 3.331 + 54.00x (r 2 = 0.889). Further data have been  
superimposed for comparative purposes. Points A and B represent  the hypothetical values for 
Tetrahymena pyriformis in Table 3, and ranges (a), (b) and (c) refer to carbohydrates, proteins and 
lipids respectively. The ranges were obtained from Winberg (1971) apart from the lower lipid 
calorific value which is from Craig et al. (1978). Each pair of ranges meet  at values representat ive of 

the compounds concerned 

is t ha t  t h e  c a l c u l a t e d  s u m  of t h e  o r g a n i c  a n d  a s h  w e i g h t s  can  b e  in  e x c e s s  of t h e  d ry  

w e i g h t  l e a v i n g  no  w e i g h t  u n a c c o u n t e d  for t ha t  c a n  b e  a s c r i b e d  to " ' b o u n d  w a t e r " .  Th i s  

e x c e s s  is d e s c r i b e d  in  T a b l e  4 as  a n e g a t i v e  b o u n d  w a t e r  c o m p o n e n t .  

T h e s e  r a n g e s  a re  b r o a d  bu t  b o u n d  w a t e r  is p r o b a b l y  i n s i g n i f i c a n t  in  m o s t  s a m p l e s ,  

e s p e c i a l l y  t h o s e  of f r e s h w a t e r  o r i g in  w i t h  m e a s u r e d  a s h - f r e e  c a r b o n  v a l u e s  b e t w e e n  50 

a n d  55 %. H o w e v e r ,  b o u n d  w a t e r  p r o b a b l y  r e p r e s e n t s  a s i g n i f i c a n t  p r o p o r t i o n  of t he  

m e a s u r e d  dry  w e i g h t  in t h e  four  m a r i n e  s a m p l e s  w i t h  t he  l o w e s t  c a r b o n  c o n t e n t s  (9-12  

in  T a b l e  1). A c c o u n t i n g  for b o u n d  w a t e r  m a y  s i g n i f i c a n t l y  a l t e r  ca lor i f i c  a n d  c a r b o n  

va lues .  If it r e p r e s e n t s  8 % of t h e  d ry  w e i g h t  ( m i n u s  f r ee  w a t e r  only)  in  Noctilucd (fed) 

t h e  c a r b o n  f i g u r e  i n c r e a s e s  f rom 40.4 % to 51.7 % of t h e  a s h - f r e e  d ry  w e i g h t  ( m i n u s  al l  

w a t e r  a n d  ash).  T h e  c o r r e s p o n d i n g  i n c r e a s e  in  ca lo r i f i c  v a l u e  is f rom 18.0 to 23.1 J m g  -1. 

E v i d e n c e  s u g g e s t s  (Paine ,  1964; M i t c h e l l  & Smi th ,  1977) t ha t  b o u n d  w a t e r  is no t  
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Table 3. Calorific and carbon values in two hypothetical examples  of the ciliate Tetrahymena 
estimated from proximate analysis, Samples A und B represent  low and high energy examples 
respectively. The ranges of percentage contribution from each macromolecule type were obtained 
from Elliott (1973). The results obtained by direct calorimetry in this study are included for 

comparison 

Compounds A B Axenic Fed on bacteria 

Lipid (%) 8 25 
Protein (%) 35 50 
Carbohydrate (%) 44 12 
Ash (%) 13 13 12.6 14.1 

J mg -1 (AFDW) 21.9 27.4 24.0 24.8 
Carbon % (AFDW) 49.4 57.8 54.4 54.2 

Table 4. Ranges of possible bound water  components  in the oven-dried samples considered in this 
study (see text for details of calculation) 

Species/sample Marine (M) or Bound water (%) 
freshwater (F) maximum minimum 

Nocti tuca - plankton M 18.9 13.3 
Bacteria - marine M 19.8 11,8 
Noctiluca miliaris - s ta rved  M 11.3 6.6 

N, miliaris - fed M 13.8 3.7 

Proteose pep tone  - yeas t  extract  - 13.1 - 6,0 

Euplotes sp. (algae) M 19.0 - 9.5 

Euplotes sp. (bacteria) M 16.9 - I 1.0 

Dunaliella primolecta M 20.5 -- 12.6 

Eu[olliculina sp, (bacteria) M 14.8 -- 12.9 

Paramecium caudatum F 19.7 - 13,0 

P lankton  A F 18.8 -- 13.1 

Bacteria - freshwater F 15.7 - 16.7 
Tetrahymena pyri formis (bacteria) F 14.3 -- 17.3 
T pyri formis (axenic) F 14.2 - 18,1 
Ceratium hirundinel la  F 16.2 -- 18.8 
Eufollicutina sp. (algae) M 11.0 -- 20.6 
Plankton B F 12.0 -- 22,6 

r e m o v e d  at  t e m p e r a t u r e s  l o w e r  t h a n  130-140  °C. It is w i d e l y  b e l i e v e d  (Lovegrove ,  1966; 

Pa ine ,  1971) t h a t  s u c h  e l e v a t e d  t e m p e r a t u r e s  wi l l  a l so  l e a d  to v o l a t i l i z a t i o n  of pa r t  of t he  

o r g a n i c  w e i g h t .  T h e r m o g r a v i m e t r i c  a n a l y s i s  m i g h t  p r o v i d e  a d i r e c t  a n d  m o r e  p r e c i s e  

m e a s u r e  of t h e  b o u n d  w a t e r  c o m p o n e n t .  

H o w e v e r ,  t h e  p r e s e n c e  of b o u n d  w a t e r  d o e s  no t  i n t e r f e r e  in  a n y  o b v i o u s  w a y  w i t h  

e s t i m a t e s  of ca lo r i f i c  v a l u e  e x p r e s s e d  p e r  u n i t  w e i g h t  of c a r b o n  s i n c e  it a c c o u n t s  for t he  

s a m e  p r o p o r t i o n  of to ta l  w e i g h t  in  s a m p l e s  e m p l o y e d  for b o t h  c a l o r i m e t r y  a n d  c a r b o n  

ana lys i s .  F i g u r e s  c a l c u l a t e d  for t h e  e x p r e s s i o n  J (mg C) -1 l ie  w i t h i n  a n a r r o w  r a n g e  

(Tab le  2). T h e s e  u n c o r r e c t e d  f i g u r e s  l ie  c lo se  to t h e  c e n t r e  of t he  s l i g h t l y  w i d e r  r a n g e  

c o v e r i n g  t h e  p r i n c i p a l  c o m p o n e n t s  of t h e  o r g a n i c  f r ac t ion  ( a p p r o x i m a t e  f i g u r e s  are  41, 45 
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a n d  53 J (mg C) -1 for c a r b o h y d r a t e s ,  p r o t e i n s  a n d  l i p i d s  r e s p e c t i v e l y ) .  T h e  e n e r g y  

c o n t e n t  p e r  u n i t  c a r b o n  in  o r g a n i s m s  wi l l  i n c r e a s e  s l i g h t l y  as  t h e  c a r b o n  c o n t e n t  

i n c r e a s e s  ( see  S a l o n e n  et  al., 1976). I n c o r p o r a t i o n  of t h e  d a t a  for P r o t o z o a  a n d  m a r i n e  

p l a n k t o n  d i d  no t  i m p r o v e  t h e  s i g n i f i c a n c e  of s u c h  a r e l a t i o n s h i p  d e s c r i b e d  by  t h e s e  

au thors .  

B e a r i n g  in  m i n d  t h e  d i v e r s i t y  of o r g a n i s m s  a n d  s a m p l e s  c o n s i d e r e d  in  th i s  s t u d y  a n d  

t h e  r e l a t i v e l y  n a r r o w  r a n g e  of v a l u e s  for e n e r g y  p e r  u n i t  c a r b o n ,  s u c h  f i g u r e s  m i g h t  b e  

a c c e p t e d  as  c o n v e r s i o n  fac to r s  for a q u a t i c  o r g a n i s m s  in  g e n e r a l .  S u p p o r t  for  th i s  a c c e p t -  

a n c e  is p r o v i d e d  by  the  c lose  a g r e e m e n t  w i t h  e m p i r i c a l  v a l u e s  o b t a i n e d  for t h e  c o n -  

s t i t uen t  o r g a n i c  c o m p o u n d s .  S a l o n e n  et  at, (1976) s u g g e s t e d  c o n v e r s i o n  fac to rs  of 46 J 

(rag C) -1 a n d  41 JN (mg C) -1 for a q u a t i c  i n v e r t e b r a t e s .  T h e  f i g u r e s  o b t a i n e d  f r o m  all  

s a m p l e s  in  th is  s t u d y  are  45 J (rag C) -I a n d  40 JN (rag C)-L T h e  c o r r e s p o n d i n g  f i g u r e s  for 

Pro tozoa  a re  46 J (rag C) -1 a n d  40 JN (rag C)-L 

Acknowledgements.  We are indebted to Dr. J. Hilton who performed most of the C and N analyses, 
and to Dr. d. Craig for useful discussions. We gratefully acknowledge the technical assistance of Mr. 
G. Sahling and Miss B. Paetow. Travelling funds were also provided for the first author by the 
Biologische Anstalt Helgoland. 

LITERATURE CITED 

Berk, S. G., Brownlee, D. C., Heinle, D, R., Kling, H. J. & Colwell, R. R., 1977. Ciliates as a food 
source for marine planktonic copepods. - Microb, Ecol. 4, 27-40. 

Craig, J. F., Kenley, M. J. & Tailing, J, F., 1978. Comparative estimations of the energy contents of 
fish tissue from bomb calorimetry, wet oxidation and proximate analysis. - Freshwat. Biol. 8, 
585-590. 

Cummins, K. C. & Wuycheck, J. C., 1971. Calorific equivalents for investigations in ecological 
energetics. - Mitt. int. Ver. theor, angew. Limnol. 18, 1-158. 

Curds, C. R., 1973. The role of protozoa in the act ivated-sludge process. - Am. Zool. 13, 161-169. 
Curl, H., 1962. Analyses of carbon in marine plankton organisms. - J. mar. Res. 20, 181-188. 
Elliot, A. M., 1973. Biology of Tetrahymena. Dowden, Hutchison & Ross, Stroudsburg, Pa., 508 pp. 
Elliot, J. M. & Davison, W., 1975. Energy equivalents of oxygen consumption in animal energetics.  - 

Oecologia 19, 195-201. 
Fenchel, T., 1967. The ecology of marine microbenthos L-Ophel ia  4, 121-137. 
Finlay, B. J., 1978. Community production and respiration by citiated protozoa in the benthos  of a 

small eutrophic loch. - Freshwat. Biol. 8, 327-341. 
Goulder, R., 1971. The effects of saprobic conditions on some ciliated protozoa in the benthos and 

hypolimnion of a eutrophic pond. - Freshwat. Biol. I, 307-318. 
Heaney, S. I. & Furnass, T. I., I980. Laboratory models of diel vertical migration in the dinoflagellate 

Ceratium hirundinetla. - Freshwat. Biol. 10, 163-170. 
Kersting, K., 1973. A nitrogen correction for calorific values. - Limnol. Oceanogr.  17, 643-644. 
Kitching, J. A., 1967. Contractile vacuoles, ionic regulation and excretion. In: Research in Proto- 

zoology. Ed. by T. T. Chen. Pergamon Press, London, 1, 307-336. 
Kopylov, A. I., 1979. On the chemical composition and caloricity of Infusoria. - Okeanologija  19, 

885-889. 
Laybourn, J. E. M. & Stewart, J. M., 1975, Studies on consumption and growth in the ciliate 

Colpidium campylum Stokes, - J. Anim. Ecol. 44, 265-174. 
Lovegrove, T., 1966. The determination of the dry weight  of plankton and the effect of various 

factors on the values obtained. In'. Some contemporary studies in marine science. Ed. by H. 
Barnes. Allen & Unwin, London, 429-467. 

McLachlan, J., 1973. Growth media  - marine. In: Handbook of phycological methods. Ed. by J. R. 
Stein. Univ. Press, Cambridge,  25-51. 



4 1 2  B . J .  F i n l a y  & G.  U h l i g  

Mi tche l l ,  J. & Smi th ,  D. M., 1977. A q u a m e t r y .  P. 1: A t rea t i se  on  m e t h o d s  for the  d e t e r m i n a t i o n  of 
wa te r .  Wiley ,  N e w  York, 632 pp.  

O p p e n h e i m e r ,  C. H. & ZoBell,  C. E., 1952. T h e  g r o w t h  a n d  va r i ab i l i ty  of s ix ty - th ree  spec i e s  of 
m a r i n e  b a c t e r i a  as  i n f l u e n c e d  b y  h y d r o s t a t i c  p r e s s u re .  - J. mar .  Res. 11, 10-18.  

Pa ine ,  R. T., 1964. A s h  a n d  calor ie  d e t e r m i n a t i o n s  of s p o n g e  a n d  o p i t s t h o b r a n c h  t i s sues .  - Ecology 
45, 384-387 .  

Pa ine ,  R. T., 1971. T h e  m e a s u r e m e n t  a n d  a p p l i c a t i o n  of t he  ca lor ie  to eco log ica l  p rob l ems .  - A. Rev. 
Ecol. Syst. 2, 145-164.  

Platt ,  T. & Irwin,  B., 1973. Ca lor ic  c o n t e n t  of p h y t o p l a n k t o n .  - Limnol .  O c e a n o g r .  18, 306-310.  
Porter,  K. G., Pace,  M. L. & Battey,  J. F., 1979. Ci l i a te  p ro tozoans  as l inks  in f r e s h w a t e r  p l a n k t o n i c  

food cha ins .  - Na tu re ,  Lond.  277, 563-565 .  
P r o c h a z c h a ,  G. J., P a y n e ,  W. J. & M a y b e r r y ,  W. R., i973.  Calor i f ic  c o n t e n t s  of m i c r o o r g a n i s m s .  - 

Bio technol .  B ioeng .  15, 1007-1010.  
Rieper ,  M. & Folotow,  C., 1981. F e e d i n g  e x p e r i m e n t s  w i th  bac ter ia ,  c i l i a tes  a n d  ha rpac t i co id  

c o p e p o d s .  In: 15th E u r o p e a n  m a r i n e  s y m p o s i u m .  (In press) .  
Roger son ,  A., 1979. E n e r g y  c o n t e n t  of Amoeba proteus a n d  Tetrahymena pyriformis (Protozoa). - 

Can .  J. Zool. 57, 2463-2465 .  
Sa lonen ,  K., Sarva la ,  J., H a k a l a ,  I. & Vi l j anen ,  M. L., 1976. T h e  re la t ion  of e n e r g y  to o rgan i c  ca rbon  

in a q u a t i c  i n v e r t e b r a t e s .  - Limnol .  O c e a n o g r .  21, 724-730 .  
S lobodk in ,  L. B. & R i c h m a n ,  S., 1961. C a l o r i e s / g m  in  s p e c i e s  of a n i m a l s .  - Na tu re ,  Lond.  191, 299. 
Uhl ig ,  G., 1965. Die  m e h r g l i e d r i g e  Kul tu r  l i tora ler  Po l l i cu l in iden .  - H e l g o l ~ n d e r  wiss .  M e e r e s u n -  

ters.  12, 52-60 .  
Uhl ig ,  G. 1972. E n t w i c k l n n g  y o n  Noctiluca mitiaris. Publ .  Wiss .  F i lm (Sect. Biol,) 5, 400-411 .  
Uhl ig ,  G., 1981. M i c r o f a u n a l  food o r g a n i s m s  for m a r i c u l t u r e .  - A q u a c u l t u r e .  (In press) .  
W i n b e r g ,  G. G. lEd.), 1971. S y m b o l s ,  u n i t s  a n d  c o n v e r s i o n  factors  in s t u d i e s  of f r e s h w a t e r  p roduc t iv -  

ity. I. B. P. (Sect. PF), London ,  23 pp.  
W i n b e r g ,  G. G. & D u n c a n ,  A. (Eds), 1971. M e t h o d s  for the  e s t i m a t i o n  of p roduc t ion  of aqua t i c  

a n i m a l s .  Acad.  Press ,  London ,  175 pp.  


