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A B ST R A C T
In  m an y  eco lo g ica l, physiological and  toxi
co log ica l to p ic s  o f  re sea rch , th e  m icrocal
o rim e tric  m e th o d  fo r  m onito ring  biological 
ac tiv itie s  p ro v id es n o t only  a  highly au to 
m atic  and  p rac tica l p rocedure  bu t also  an 
in d isp en sab le  techn ique.

S evera l s tu d ies o f  anim al en ergetics using 
am p o u le  an d  open-flow  m icrocalo rim eters 
a re  d isc u sse d . T h e y  show  th e  im portance  o f

com bin ing  re sp iro m etric  and  calo rim etric  
m eth o d s to  se p a ra te  to ta l m etabo lic  ra tes  
in to  th e  ae ro b ic  an d  an o x ic  com ponen ts . 
U n d e r  env iro n m en ta l an d  physio logical hy 
pox ia , heat-d iss ip a tio n  ra te s  a re  frequen tly  
h igher th an  those! in d ica ted  b y  resp irom etric  
o r  b iochem ical m eth o d s. T h is can  be of 
p rac tica l im p o rtan ce  in toxico log ical and 
p h arm aco log ica l te s ts .

D irect calorimetry is applicable to 
bioenergetic studies and toxicolog
ical tests to the same extent as are 
respirom etric (indirect calorimet
ric) methods. This paper concerns 
problems where direct calorimetry 
surpasses conventional respiro
m etry and provides an indispensa
ble technique for physiological and 
environm ental studies.

* A d d re ss  fo r  co rre sp o n d en ce

The simultaneous measurement 
of heat dissipation and oxygen 
consumption makes possible a 
distinction between aerobic and 
anoxic sources of metabolic en
ergy (Herold, 1977; Hammen 1980; 
Shick, 1981; Gnaiger, 1983a, c; 
Pam atm at, 1983). The direct cal
orim etric method provides, in 
particular, the most general ap
proach to the estimation o f total 
biological energy conversion in

oxygen-depleted microhabitats 
and anoxic aquatic environments 
(Gnaiger, 1979, 1980a; Pamatmat,
1980).

In the present paper, studies on 
aquatic animals will be summa
rized, whereas previous reports 
should be consulted for studies on 
bacteria and yeast (Belaich, 1980; 
Lam precht, 1980), on soils, sedi
m ents and sewage systems (Ljung- 
holm et al., 1979; Pam atm at et al.,



F ig . 1. The o p en -ß o w  re sp iro m eter-ca lo rim e te r  
(left) c o n n e c te d  to  th e  C yclob ios Twin-Flow  
1983a).

1 -Therm op ile
2 -H e a t d e tec to r
3 -D e te c to r  h e a t exch a n g e r  (g o ld  CT)
4 - ln te rn a l h ea t exch a n g e r  (go ld  CT)
5 -S ta tic  re feren ce  d e tec to r  
5 -T h e rm o vo lta g e  tra n sd u cer ca b le s  con

n ec tin g  to m icro vo lt a m m eter
7 -C o n sta n t- tem p era tu re  air b a th  o f  the  

ca lorim eter
8 -T h e rm a l in su la tion
9 -E xtern a l h e a t exch a n g er (go ld  CT)

10 -H ea t s in k  (a lu m in u m  block)
11 -T h ree-w a y  m icrova lve  
¡2 -G a s  o u tle t
1 3 -C o n sta n t-tem p era tu re  w ater b a th  o f  the  

resp irom eter
14-G as line fr o m  g a s m ix ing  p u m p  to w ater  

reservoir
15-D rive sh a ft c o n n e c te d  to  synch ro n o u s  

m o to r
¡6 -G ea r w heel driving  to o th e d  ru b b e r belt
1 7 -M o u n tin g  p la te
1 8 -M a g n etic  stirring  bar in w a ter reservoir

L K B  2107 F low -S o rp tio n  M icroca lorim eter  
M icroresp irom eter (right) (from  G naiger,

19-B racing w heel w ith  im p eller  m a g n e t
2 0 -R u b b er  drive b a n d
2 1 -S ta in le ss-s te e l C T
22 -R e ta in in g  nu t
2 3 -G ea r w heel driv ing  stirring  bar
24-C apillary con n ec tio n  fr o m  anim al 

ch a m b er to po la ro g ra p h ic  0 2 se n so r
A C -A n im a l ch a m b er  (0.5 cm 3) 
C T -C ap illa ry  tu b e  (gold) co n n ec tin g  resp ir

o m e ter  to  ca lorim eter  
D S -D rive  sh a ft  o p era tin g  th e  tw o fo u r-w a y  

valves
E C -E lec tro d e  ca b le s  o f  p o larograph ic  0 2 

sensor
M H -M a g n e t h o u sin g  o f  s tirring-cham ber  

b o tto m  a ssem b ly  
P P -O u tle t (Te flon  tub ing) to  per ista ltic  

p u m p
P S -P o la ro g ra p h ic  0 2 se n so r  s le eve  
R M -R o ta tin g  m a g n e t driving  m a gnetic  

stirrer in P S  
V -  F our-w ay m icro va lve  
W R -W a te r  re servo ir f o r  p  equilibration

C/o

1981; Redi & Tiefenbrunner, 1981; 
Gustafsson & G ustafsson, 1983), 
and on tissues, blood and sperm 
cells, as well as medical appli
cations (Spink & W adsö, 1976; 
W adsö, 1977; A ndersson & Lov- 
rien, 1979; Pätel et al., 1980; Wol- 
edge, 1980; H am m erstedt e t al., 
1983).

Microcalorimetric methods
The most versatile ecological ap
plications o f m icrocalorimetry are 
offered by heat-flow calorimeters 
with perfusion (open-flow) animal 
chambers (Fig. 1). T he heat-con- 
duction principle (Calvet & Prat, 
1963; W adsö, 1974) ensures practi
cally isotherm al conditions for ex
perimental periods o f unlimited 
length. Continuous perfusion, on 
the other hand, provides a means 
for maintaining or manipulating the 
organism’s environm ent in investi
gations of physiological responses 
to ecological and toxicological 
variables (Gnaiger, 1979, 1981,

1983a; Fam m e et al., 1981). D e
pletion o f oxygen may be avoided 
by perfusing the animal chamber. 
This is particularly im portant when 
studying aerobic (oxidative) pro
cesses in water. F o r processes in
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F ig . 2 . The L K B  2277 B io A c tiv ity  M onitor. 
A -T h e  m odu lar sy s te m  (from  S u u rk u u sk  & 
W adsö, 1982). B -S ta in le ss -s te e l am pou les , 
5 c m 3 (i.d . 11 m m , inner h e ig h t 53 m m ) and  
25 c m 3 (i.d . 25 m m , inner he ig h t 53 m m ). 
The 5 -cm 3 am p o u le  is  u se d  in a d ifferen tia l

air, oxygen depletion is much less 
likely to occur, since air contains 
20-50 times as much oxygen as 
does the same volume of equili
brated w ater (Forstner & Gnaiger, 
1983). Closed, small-volume ani
mal chambers (Fig. 2B) are there
fore suited for m easurem ents in air 
and for studies o f anoxic metab
olism.

Depending on the kind of organ
ism under study, different method
ological problems will be en
countered. With increasing animal 
size the thermal capacity of the 
biomass increases, thermal diffu
sion paths in larger animal cham
bers are longer, and the ratio of 
heat-conducting surface to volume 
decreases. Consequently, the ratio 
of heat storage to heat flow in
creases with the m ass of animal 
and chamber, which unavoidably 
detracts from the time resolution 
of the calorimetric system (cf. Fig. 
3). M athematical time-response 
corrections, therefore, have to be 
made (Suurkuusk & W adsö, 1982). 
A  complex dependence of the re
sponse time on the locom otory be
havior o f the animal may, how
ever, be superimposed on these 
corrections (Gnaiger, 1983a). This 
problem  has to be kept in mind 
when using large-volume animal 
cham bers in heat-flow and adia
batic calorimeters.

Calorimetric m easurem ents on 
aerobic and anoxic metabolism 
have been obtained with animal 
dry-weights ranging from 1.4 mg in 
a 0 .5-cm3 chamber (Gnaiger, 1981, 
1983a) to 60 g in a 1200-cm3 cham-

tw in  sy s tem  a g a in st a re ference  am pou le  
(see  F ig . 2A ), w hereas th e  larger am pou le  
co m p rises  a sing le , non d ifferen tia l unit, 
w hich  is no t as fre e  o f  noise as th e  twin  
sy s te m  (cf. Fig. 3).
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F ig . 3. C alibration  run with th e  L K B  2277 
B io A c tiv ity  M o n ito r (p ro to typ e ) w ith  two
25-cm 3 a m pou les partia lly  f i l le d  w ith  w ater  
o f  12 °C. The s im u lta n eo u sly  recorded  
base lines w ere arbitrarily d isp la ced  rela tive  
to each o th er a long  th e  p o w e r a xis in 
order to  a vo id  overlapp ing  o f  th e  traces. 
V ertical arrow s ind ica te  the sw itch in g  on 
a n d  o f f  o f  th e  ca libration  p o w e r inp u t o f  100 
p W . D ata: recorder fu ll-sca le  deflec tion :  
250 m m  — 30 ,uV  — 301 fiW ; ca libra tion  
s tea d y-s ta te  de flec tion : 83 m m  — 9.96 p V ;  
sensitiv ity : 0 .100 p V /p W ; ca libra tion  con 
sta n t (sca le  deflec tio n  basis): 1.205 p W t  
m m .

The tim e-resp o n se  curve d id  n o t fo llo w  a 
sim p le  firs t-o rd e r  exp o n en tia l fu n c tio n ;  
95 %  response  w as re a ch ed  a fte r  25 m in, 
ste a d y  sta te  a fte r  5 0 -6 0  m in.

In  com parison , th e  5 -cm 3 am p o u le  was 
ca lib ra ted  a t a fu ll-sc a le  p o w e r ra n g e  o f  30 
p W  with a se n sitiv ity  o f  0.33 p V ¡p W ; 95 %  
response  w as re a ch ed  a fte r  6 .8  m in  and  
ste a d y  s ta te  a fte r  16-17  m in.

ber (Jackson, 1968). T he lower 
limit of animal and cham ber size is 
set by the sensitivity and stability 
o f the measuring system. W ith a 
stability of the order o f ±0 .2  to 
±0.5 flW  over 8 hours (LKB 2277 
BioActivity M onitor Instruction 
Manual, LK B-Produkter AB, 
1982, cf. Fig. 6), 0.1 mg would re
present the minimum dry biomass 
required, w hereas for m ost anoxic 
studies dry weights above 1 mg 
have to be used (cf. Table 1).

The perfusion flow-rates have to 
be adapted to the metabolic re
quirements. F or every mW of heat 
dissipated aerobically, about 8 
,wmol 0 2 are comsumed per hour 
(Gnaiger, 1983b). This would
cause complete oxygen depletion 
at a flow of air-saturated w ater of 
30 cm3/h at 20 °C. Perfusion flow- 
rates o f 150 cm3/h (and higher with 
sea water) are required per mW to 
maintain 80 %  air^saturation in the 
animal’s environment.

Ecological applications
Aerobic energy-balance studies
The ecologist’s interest in heat 
m easurem ents stems primarily 
from the widely recognized bio- 
energetic balance equation for het- 
erotrophs, based on the first law 
of thermodynamics:

P = A + R  + U. (1)
Production, P, o f biomass is the 
result of the net energy gain from 
assimilated food ,T , and the loss of 
energy due to respiration, R, and 
excretion, U. W hereas biomass, 
food, and excreta may be convert
ed to energy equivalents by bomb 
calorimetry, loss o f energy by res
piration may be m easured directly 
by microcalorimetry as total rate 
o f heat dissipation, dtQ/dl [mW], 
A lternatively, R  may be estimated 
by respirometric methods (indirect 
calorimetry) as aerobic catabolic 
heat loss, dkQ0J d i ,  with appropri
ately derived oxycaloric equival
ents, Ak# o 2 [kJ per mol 0 2] (for a 
critical discussion see Gnaiger, 
1983b). F or the application of in
direct calorimetry, therefore, the 
catabolic heat-balance equation 
m ust be satisfied: 

dtQ/dt = dkQ j d i  = dN 02Jdt
X A kH 02, (2)

where dN o Jd t is the respiratory 
rate [amol 0 2 per second]. Simul
taneous direct and indirect calori
metry (for example in an equip
ment as that depicted in Fig. 1) 
provides the experimental test for 
Eqn. (2), which appears to be con
firmed by recent studies on 
aquatic animals under balanced 
aerobic conditions (Pamatmat, 
1978, 1983; Fam m e et al., 1981;

F ig . 4 . T o ta l specific  ra te s o f  h ea t d iss ip a 
tion o f  the co m m o n  m u sse l M ytilu s edulis  
during  exposure  to  air. A -In d iv id u a l  
p o w e r - t im e  curves o f  an im a ls  o f  1 .0 -2 .7  g 
w et w eight, in teg ra ted  over one-hour  
perio d s. O ne ind ividua l g a p e d  a fte r  4 h o f  
air exposure. A n o th e r  (w e ig h t 2 .0  g , open  
sq u a res) w as p la ced  in th e  ca lo r im eter a 
se co n d  tim e a fte r  a  re covery  p er io d  o f 3 h  in 
w ater. W hen th e  she lls w ere c la m p ed  
co m p le te ly  tigh t, the an o x ic  hea t d iss ip a 
tion rea ch ed  a ste a d y  s ta te  a t th e  sa m e  
leve l a s  a t 5 - 8  h  in air. B -A v e ra g e  ra te s o f  
an im a ls  o f  tw o  size  c la sses: 0 .0 2 -0 .1 3  g  wet 
w eig h t (filled  squares, 2 - 7  ind ividua ls p er  
experim en t), and  1 .0 -2 .7  g  wet w eight

Gnaiger, 1981, 1983a, see also 
Fig. 9).

Aerobic and anoxic metabolism
The above energy-balance method 
is restricted to aerobically respir
ing organisms. However, under 
hypoxic and anoxic conditions res
pirometric methods fail to deter
mine the total catabolic rate, 
whence \dtQldi\ >  \dkQox/dt\. Ses
sile marine animals living on the 
tidal shore may create a hypoxic 
microenvironment within their 
closed shells during air exposure 
(Bayne et al., 1976), and metab
olism may be anoxic (de Zwaan, 
1977) or fully aerobic even in air 
(Pamatmat, 1978, 1983; Shick, 
1981). The common mussel M yti
lus edulis shows constant, low 
levels of anoxic heat dissipation 
when exposed to air, but some in
dividuals voluntarily break their 
isolation by gaping, which is ac
companied by a sharp deflection in 
the power-time curve (Fig. 4A). 
This gaping behavior is particular
ly pronounced in the small-size 
class o f M. edulis (Fig 4B). M et
abolic rate in air therefore is a 
complex function o f the relation
ship between size and respiratory 
rate (Bayne et al., 1982), of the 
relationship between size and 
anoxic rate (Pamatmat, 1980), and 
of. the behaviorally controlled

(open circles: m u sse ls  a cc lim a ted  to two
8-h perio d s o f  air exposure  p e r  day; fi l le d  
circles: an im a ls  acc lim a ted  to su b tid a l con 
d itions; g a p in g  an im als w ere excluded). 
B ars sh o w  o ne sta n d a rd  devia tion .

The large varia tions in the sm all-size  
class (6 exp ts .)  are due to large flu c tu a tio n s  
in hea t d issipa tion  a sso c ia ted  with gap ing  
a n d  aerob ic m etabo lism , w hereas the  
large-size class (6 o r  7 exp ts .)  m eta b o lize s  
a lm o st co m p le te ly  anoxically.

The re su lts  w ere o b ta in ed  with the p ro to 
type  L K B  B io A ctiv ity  M o n ito r a n d  5 -cm 3 
(sm a ll-size  class) a n d  25-cm 3 (large-size  
class) a m p o u les . P artia lly a d o p ted  fr o m  
G naiger (1983c).

AIR EX PO SU R E  h
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T ab le  1. D ire c t ca lo rim etry  (w eight-specific pow er) o f  ae ro b ic  (ox) and  anox ic  (anox) 
m etabo lism  in aquatic  anim als.

P ow er
o x /an o x  R atio

T em p . (m W /g d ry  an o x /o x  
A nim al (°C) wt) (%) R e fe ren ce

AIR SATURATION %
6 0 8 020 4 0 10 0

2 16 2 0  
OXYGEN SATURATION %

1 00

F ig . 5 . H e a t d issipation  as a fu n c tio n  o f  the  
o xyg en  sa tura tio n  in eggs o f  Sa lve linus al
p in u s  a t 8 .5  °C. M ean  ±  S .D . o f  the n u m 
ber, N , o f  experim en ts. E ach  experim en t 
w a s m a d e  with fo u r  eggs in th e  0 .5 -cm 3 
g la ss  ch a m b er o f  the L K B  2107 F low -Sorp-  
tion  M icroca lorim eter. A fte r  G naiger  
(1979).

anoxic/aerobic ratio in total me
tabolism. The methodological vari
ability offered by a modular sys
tem  (Fig. 2) is particularly advan
tageous in studies of developmen
tal stages o f different animal sizes. 
I am not aware o f any practical 
alternative to microcalorimetry in 
the study of such complex, ecolog
ically significant metabolic pat
terns .

D ue to the low solubility o f oxy
gen in water, some aquatic bio
topes become regularly hypoxic 
o r anoxic, with drastic effects on 
metabolic processes. Weight-spe
cific aerobic rates of heat dissi
pation range typically from 1 to 6 
mW per gram of dry weight, 
whereas anoxic rates usually are 
less than 1 mW per g (Table 1). The 
planktonic copepod Cyclops 
abyssorum  maintains its aerobic 
rate (Table 1) down to a critical air 
saturation o f 5-10 %  (Gnaiger, 
1983a). I t  is an example of a nearly 
perfect oxygen regulator, whereas 
the eggs o f the salmonid Salvelinus 
alpinus are linearly dependent on 
oxygen (Fig. 5). Below an inter
mediate, limiting Pq2, anoxic 
catabolism supplements the dimin
ishing aerobic rate. S. alpinus pro
duces predominantly lactic acid 
(Gnaiger et al., 1981), whereas a 
complex pattern of multiple anoxic 
end products characterizes most

A n em o n e A ctin ia  equ ina 15
A nnelid L um b ricu lu s varie 12

g a tu s 20
B ivalves M ytilu s edulis 15

20
C ardium  edule 20
M ulinia lateralis 15

C ru sta c e a n C yclops abyssorum 6
R eptile P se u d e m y s scrip ta 24

euryoxic animals in the anoxic 
state (de Zwaan, 1977). Com pari
son o f direct calorimetry and indi
rect biochemical assessment of 
anoxic enthalpy changes suggests, 
however, that the presently known 
biochemical pathways can account 
for less than 60 % of total anoxic 
heat dissipation (Gnaiger 1980a, b, 
1983c; Shick et al., 1983). Micro- 
calorimetric methods are therefore 
indispensable in investigations of 
metabolic capacities of anoxic ani
mal life.

Toxicological and pharmacological 
applications
In microcalorimetric toxicology 
the problem of establishing base
line levels is twofold: (1) the in
strum ental baseline has to be de
term ined as in any other calorimet
ric experiment (Fig. 3); (2) it must 
be shown that the most extreme 
toxicological effect, death o f the 
organism, results in zero (or unde
tectable) heat effects. The latter 
argument is not as trivial as it 
might seem to be. Although poi
soning destructs the vital functions 
o f a living system, the internal en
ergy content of the system  remains 
a potential source o f heat two or 
three orders of magnitude above 
the power developed within an ex
perim ental period. A n animal of 1 g 
ash-free dry weight and displaying 
a total heat-dissipation rate of 3 
mW encounters a metabolic loss of 
mass of c. 0.5 mg/h or 0.05 %lh 
(lm W  — 0.15 mg organic biomass 
catabolized per hour; see Gnaiger, 
1983¿>). A fter poisoning, the cata
bolic energy content of 1 g could 
theoretically sustain a normal heat- 
dissipation rate for about 2000

1.2/0.08 7 S h ick , 1981
2.6/1.1 43 G n a ig e r , 1980/?
5 .1/1.8 35
1.8/0.19 10 S h ick  e t  a l.,  1983
7/0.9 13 F am m e e t a l., 1981
0.7/0.29 41 P am atm a t, 1980
3 .4/3.2 97 S h um w ay  e t a l., 1983
6/1 17 G n a ig e r , 1981, 1983a
2.6/0.3 12 Ja c k so n , 1968
1.5/0.25 17 G n a ig e r , 1979

hours. In fact, however, the heat 
dissipation of fish eggs (and other 
organisms; Gnaiger, 1979) de
creases to values close to zero 
after poisoning with a quaternary 
ammonium base (Fig. 6).

Aerobic standard tests and effects 
under ecological anoxia
Eutrophication of aquatic systems 
is an im portant cause o f environ
mental hypoxia and anoxia, and is 
frequently combined with ecologi
cal pollution. The toxicological ef
fects of pollutants on aquatic ani
mals ought therefore to be routine
ly studied under relevant low oxy
gen conditions.

Although Streptomycin and N e
omycin are known to be inactive 
against bacteria under anoxia 
(Dalla Via, 1983), they have a 
stimulating effect on the oli- 
gochaete Lumbriculus variegatus, 
even in the absence of oxygen 
(Gnaiger, 1980a). A  lasting in
crease in heat dissipation is also 
seen in air-saturated water (Fig. 
7A). On the other hand, the combi
nation of Streptomycin and Peni
cillin caused a 30 % reduction in 
the aerobic rate o f heat dissipation 
after a transitory increase, but had 
no effect on the anoxic rate (Fig. 
7B). These antibiotics do, how
ever, stimulate the rate as well as 
the pattern of heat dissipation of 
Zooplankton (Gnaiger, 1981).

Direct and indirect calorimetry. 
Drug-induced physiological 
hypoxia
The eggs o f Salvelinus alpinus are 
not affected by Streptomycin and 
Neom ycin, which apparently do 
not penetrate the egg membrane

F ish  egg Sa lvelinus a lp inus 8.5
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TIM E A F T E R  P O IS O N IN G  h

F ig . 6 (A bove). H e a t d issipa tion  o f  fo u r  eggs o f  S a lve lin u s a lpinus  
a fte r  p o iso n in g  w ith  0.5 %  “A m o q u a r” (a q u a tern a ry  a m m o n iu m  
ba se ). M ean  ±  S .D . o f  the n u m b er o f  exp erim en ts , N , ind icated . 
B efo re  p o iso n in g , th e  anoxic  ra te  w as 5 p W . The base lin e  stab ility  
w a s b e tte r  than  ± 2  p W  a t a p erfusion  rate o f  3 .3  c m 3lh . A fte r  G naiger  
(1979).

F ig . 7 (R ight). E ffe c ts  o f  sub le tha l doses o f  an tib io tic s  on  aerob ic  
a n d  an o x ic  h e a t d issipation  o f  L um b ricu lu s variega tus a t 20  °C. L K B  
2107 F low -Sorp tion  M icroca lorim eter. A - In c r e a se  in a erob ic  s teady-  
s ta te  ra te  w ith  increasing  concen tra tions o f  S tre p to m yc in  su lfa te  and  
N e o m y c in  su lfa te  (arrow s; 20 m g /d m 3 a n d  200 m g /d m 3 o f  each, 
resp ec tive ly ). T o ta l wet w e igh t o f  ten  ind ividuals: 102.4 m g . A fte r  
addition  o f  th e  an tib io tics, th e  anoxic  ra te  increased  fr o m  0 .27  to  0.34 
p W  p er  g  w e t w t. B -D e c re a se  in aerobic s te a d y -s ta te  ra te  (upper  
curve) a fte r  addition  (arrow) o f  500 m g  S tre p to m yc in  su lfa te  a n d

TIME (Aerobic) h45
"T"

50■120

5  -00

1 000 m g  Penicillin  G p e r  d m 3. The anoxic  ra te  (low er curve) re
m a in ed  u n a ffe c te d  by  th e  addition  o f  the a n tib io tics. T o ta l w eight o f  
ten  an im als: 101.8 m g. P artia lly a d o p ted  fro m  G na iger (1981).

(Gnaiger, 1981). After hatching, 
how ever, an immediate stress re
sponse to the addition of these 
antibiotics is observed as a nearly 
threefold increase in heat dissipa
tion, whereas the oxygen con
sum ption is only doubled (Fig. 8). 
This differential response in simul
taneous respirometry and calori
m etry is due to the activation of 
anoxic pathways sustaining the 
high metabolic rate (physiological 
hypoxia). T he anoxic contribution 
evades detection when traditional 
respirom etric techniques are ap
plied alone.

Beezer & Chowdhry (1980) re
viewed microcalorimetric studies 
o f the action of drugs on micro
organisms, and Dalla Via (1983) 
sum m arized the effects of anti
biotics on the physiology of ani
mals. Gnaiger (1981) discussed 
som e biochemical implications of 
sim ultaneous direct and indirect 
calorimetry in analytical tests of 
drugs as related to the possible ef
fect o f uncoupling o f the respir
atory electron-transport system.

Conclusions
Aerobic and anoxic rates of heat 
dissipation are integratively de
tected by direct calorimetric 
m ethods. Simultaneous calorime
try and respirometry, on the other 
hand, furnish a quantitative dis
tinction between these principal 
sources o f catabolic energy. 
W hereas high metabolic rates,

such as locomotory bursts or 
stress-induced peaks of activity, 
may be partially sustained by 
anoxic mechanisms (physiological 
hypoxia), low levels of heat dissi
pation are generally induced by en
vironm ental oxygen depletion. 
U nder these conditions of hypoxia, 
anoxic pathways contribute to the 
total metabolic rate. Intermediate 
levels o f hypoxia can cause even 
higher anoxic rates than those

F ig . 8. D irect a n d  ind irec t ca lorim etry o f  
th e  s tre ss  response  o f  Sa lve linus alpinus  
a fte r  h a tch in g  (5.1 m g  dry w t., 8 °C, 48%  air 
sa tura tion ) a fte r  add ition  o f  200 m g ld m 3 
S tre p to m yc in  su lfa te  a n d  200 m g ld m 3 N e o 
m ycin  su lfa te  (arrow ). The experim enta l 
h ea t eq u iva len t o f  o xyg en  consum ption  as 
d e te rm in ed  u n d er norm o xic  conditions, 
-451 k J lm o l 0 2, w as u se d  to  con vert oxygen

observed under strict environ
mental anoxia (Famme et al.,
1981). D irect calorimetry repre
sents the only nonspecific method 
for the detection o f biological ac
tivity over the entire ecological 
and physiological range (Fig. 9).

The physiological and biochemi
cal interpretation o f biological heat 
dissipation requires detailed
thermochemical analyses
(Gnaiger, 1980c) and stimulates in-

co n su m p tio n  in to  ca tabo lic  h e a t d issipa
tion , dkQnxld t (E qn . (2)), a n d  in strum en ta l 
resu lts  w ere co rrected  fo r  d e la ys  (G naiger, 
1983a). T he vertica l bars ind ica te  the m ost 
pro b a b le  range o f  o xyg en  up take , ac
co u n tin g  fo r  the varying tim e  co n sta n t o f  
th e  resp irom eter. The to ta l ra te  o f  hea t dis
sipa tion , d ,Q /d t, ind ica tes a  high anoxic  
contribu tion  to  the s tre ss  reaction .
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F ig . 9. D irect a n d  ind irec t ca lorim etry  in 
the range o f  en v iro n m en ta l a n d  p hysio log i
ca l hypo x ia . The stra ig h t line ind ica tes  
a g re em en t b e tw e en  to ta l h ea t dissipation , 
d,Q ldt, a n d  th e  ca ta b o lic  hea t d issipation  
ca lcu la ted  on th e  ba sis  o f  oxyg en  co n su m p 
tion , dkQoxld t  (E qn . '(2)). D ue to anoxic  
m echanism s under environm ental and  phys
io log ica l h ypoxia , low  a n d  h igh levels o f  
d ,Q ld t, re sp ec tive ly , are h igher than  dk Qoxl 
dt. A n a b o lism  ( “g ro w th  e ffic ien cy”) m ay  
su p p ress the to ta l h ea t d issipa tion  below  
th e  e x p e c te d  va lu e  o f  dk Q0X\d t. B a se d  on 
exp er im en ts  w ith  f i s h  larvae, G naiger  
(1983a).

terdisciplinary research (Gnaiger 
et al., 1981; Shick let al., 1983).- 
Physiological and environmental 
hypoxia are two domains of bi
ological activity (Fig. 9) where 
m icrocalorimetric monitoring will 
play an increasingly important 
role. The divergent biochemical 
traits giving rise to these anoxic 
sources of heat were conception- 
ally defined as metabolic optimum 
functions on the basis of linear 
irreversible thermodynamics 
(Gnaiger, 1983c). The metabolic 
state o f biosynthesis poses an as 
yet less recognized problem for 
simultaneous direct and indirect 
calorimetry (Gnaiger, 1983ö): 
Energy-conserving reactions of 
anabolism might suppress heat dis
sipation below the signal expected 
on the basis o f catabolic processes 
alone (Fig. 9, “ growth efficien
cy” ).
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