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The respiration working group conducted nine discussions. Each 
was led by a working group member after presenting his recent ideas 
and results. The discussions focused on topics that facilitated 
achieving the following objectives: 

1. to develop a fundamental definition of respiration that is 
accurate and descriptive at all levels of biological organization. 

2. to review the limitations and strengths of current methods of 
measuring respiration. 

3. to identify areas for the ~otential application of new technology. 

4. to identify "user interest'' in respiration measurements (i .e. , 
the modeling community) and how dimensions, time-scale, and space 
-scale effects the "usefulness" of a respiration measurement. 

5. to determine the feasibility of developing a unifying model of 
respiration that can be applied to different organisms, communi- 
ties, and ecosystems. 

6. to assess the compatibility of the results of respiration studies 
with the results of other process studies. 

7. to summarize the state of knowledge of respiration, to identify 
the limitations of that knowledge, and to recommend research for 
the next decade. 

Progress was made on items one, two, four and five, but little 
progress was made on the remainder. In the following report is: (1) 
a summary of each member's informal contribution; and (2) the chair- 
man's impressions of the progress made in achieving the above object- 
ives. 

SUMMARY OF INFORMAL CONTRIBUTIONS 

In the first discussion, Ulanowicz explained how modelers view 
respiration. He presented a simple conceptual model in which (1) 
respiration represents the difference between the total input of a 
component in an ecosystem and the sum of the export out of the eco- 
system and the throughput to the next compartment (within the eco- 
system) and (2) respiration is guaranteed to be positive by the 
second law of thermodynamics (Ulanowicz and Kemp, 1979). Throughout 
his presentation he stressed the quest of modelers for fundamental 
relationships that would mathematically describe biological processes 
and would also be consistent with thermodynamics. 

Later, Lasserre explained how both microcalorimetry (Wagensberg 
et al., 1978) and the cartesian diver (Zeuthen, 1943; Price and 
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Warwick, 1980) could be used to determine respiration rates in small 
planktonic and benthonic organisms. Both methods appear to offer 
absolute direct measurements of respiration at low levels but they 
are beset by the effect of starvation and isolation and by the incon- 
venience of the lengthy incubation time. 

Skjoldal suggested that in certain situations the indirect bio- 
chemical methods for respiration determinations may be preferred. 
He presented an analysis of the errors associated with the ETS method 
and showed that in assessing the respiration rate of mixed zooplank- 
ton populations the ETS method is accurate to f30% of the true rate. 
Furthermore, he showed by statistical analysis that the error is 
reduced when species diversity is high and suggested that calibration 
in the field would also reduce the error. 

Joiris presented the results of a Belgian study of the ecology 
of the southern bight of the North Sea (Joiris et al., 1982). The 
results clearly showed the importance of the microbial heterotrophs 
in the water column in utilizing the primary productivity. These 
organisms appear much more important than the zooplankton in respira- 
tion and remineralization. Joiris also showed that the local primary 
productivity could not sustain the local respiratory demands of the 
planktonic community and argued that: either the I4c-method for 
productivity underestimated true prodictivity or advection served to 
supply organic matter to the region of study. 

Williams presented more evidence that bacteria and other micro- 
heterotrophs contribute greatly to total community respiration of 
the water column. He argued that in the water column, bacterial 
biomass, growth rates and respiration are much higher than previously 
thought. In agreement with Joiris, he suggested microheterotrophs 
may be more important in cycling organic matter and inorganic nutri- 
ent salts than the zooplankton. He also briefly described his new 
microprocessor-controlled Winkler titration system for respiration 
and productivity measurements (Williams and Jenkinson, 1982) and 
presented data showing that microbial growth in and on the incubation 
chamber does not interefere with the measurement. 

Minas explained how one can use hydrographic and nutrient data 
in mixing models to calculate cumulative respiration rates in the 
oceanic water column below the euphotic zone. Using Mediterranean 
data, T-S diagrams, 02-S diagrams and nutrient-salinity diagrams, he 
demonstrated the effect of deep-ocean respiration on the distribution 
of oxygen, nitrate and phosphate. 

Pamatmat discussed the literature on sediment respiration in 
relation to new data and concluded that present fractionation tech- 
niques of community respiration, involving the separation of infauna 
from the sediment, yield questionable results. Heat-flow measure- 
ments indicate the coupled metabolism of microbes and meiofauna, 
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making it extremely difficult to separate them without disturbing 
the metabolic activity of both. He suggested that the fractionation 
approach might be improved if we understood the physiological ecology 
of the component species in the community and paid more attention to 
their natural life habits. He argued that calorimetry of intact 
sediment measures benthic energy flow, which includes undisturbed 
community respiration. He proposed that the accuracy of the sum of 
fractionated benthic respiration can be estimated by such measure- 
ment (pamatmat, 1982a and b). Oxygen uptake ignores anaerobic 
metabolism, which varies in relation to total metabolism in different 
benthic communities. 

Vosjan reminded the group of the diversity of anaerobic types 
of respiration and their contribution to the carbon flux through 
benthic communities. He pointed out that most investigators of 
benthic catabolism have focused on sulfate reduction and that we 
should learn more about other types of respiration such as, ferment- 
ation, denitrification, etc. He pointed out that new microelectrodes 
offer great promise in facilitating future studies and argued that 
the indirect biochemical methods (ATP, ETS, etc) are still very 
useful in survey work where temporal and spatial coverage is required. 

Warwick.made six points in his discussion of respiration in the 
microbenthos. (1) In contrast to the plankton, the benthos have a 
size-frequency particle distribution that is not uniform. There are 
three peaks corresponding to the bacteria, microfauna, and macrofauna 
with two minima at 8 and 500 between the three peaks. (2) The 
relative importance of the three peaks has never been determined at 
one site. The relative importance of microfauna to total catabolism 
is highly variable and cannot be explained. (3) There are synerg- 
istic interactions between the three benthic components sych that 
macrofaunal and meiofaunal presence stimulates respiration and remin- 
eralization in the bacterial component. (4) Recent evidence that 
the size dependence of macro- and meio- fauna respiration cannot be 
described by the same allometric equation, suggests that modelers 
will predict erroneous respiration rates if they persist in using a 
common allometric equation for all sizes of organisms. (5) Anaero- 
biosis in the meiofauna may explain much of the imbalance that often 
occurs in benthic respiration budgets. (6) Evidence that QI0 for 
meiofauna respiration varies from 2 to 4 suggest that modelers using 
a constant Q10 throughout the size spectrum will generate erroneous 
respiration rates. 

PROGRESS 

After the above series of presentations and discussions the 
group was able to conclude with the following statements and 
recommendations. 
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On the Definition of Respiration 

Respiration is an energy yielding process in living systems that 
degrades organic matter beyond the point of immediate biological 
utility. The energy released during the degradation is used by the 
living system to achieve the goals of its survival strategy. The 
type of organic matter degraded, the degree to which it is oxidized, 
and the amount of useable energy extracted from the process varies 
with both the biological system and its environment. 

Fermentation is a special case of respiration in which the term- 
inal electron acceptor is an organic compound. Denitrification and 
sulfate reduction are special cases of respiration in which nitrate, 
nitrite, nitrous oxide and sulfate serve as electron acceptors in the 
process. Carbon dioxide production occurs during most but not all 
types of respiration. Heat production occurs in all cells as organic 
matter is degraded and as mechanical work is performed. Heat product- 
ion can be enhanced when respiration is uncoupled from oxidative phos- 
phorylation (ATP production) and it can be reduced when respiration is 
coupled to extensive growth and biosynthesis. However, under steady 
state situations, heat production accurately reflects the energy 
released during respiration. 

On Reporting Respiration Data 

Measurements of respiration are often c?nverted from their prim- 
ary units to more conventional ones such as pR 02 h-I per mg dry 
weight. This conversion requires a conversion factor which contri- 
butes an error. The working group concluded that the primary measure- 
ment as well as the conversion factors should always be reported. 
If joule sec were measured in a calorimeter then these units 
should be reported. If millielectron equivalents were measured with 
an ETS assay then these units should be reported. Only after this 
primary measurement is reported should conversion factors be employed 
to report the respiration in units of oxygen, carbon or calories. 
Furthermore, to enable measurements to be used by as many scientists 
as possible, reports of respiration in marine organisms, populations 
or ecosystems should not on1 give the biomass, volume or area- 
specific rate (i.e. pa 02 h-{ m-3); but also the volume and areal 
distribution of the biomass and the depth over which the rates have 
been integrated. Also, since respiration rates may have a die1 wave 
function they should only be reported for the time unit over which 
the primary measurement was made. 

On the Calibration Problem 

As with any other analytical measurement, respiration measure- 
ments are only as good as their calibration. Unlike chemical or bio- 

I 
chemical measurements, physiological measurements require two levels 
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of calibration. The first and most obvious is the degree of trans- 
ducer response to changes in reactants or products of respiration 
(i.e., C02, 02, heat, etc.). The second level of calibration is more 
subtle; it requires definition of the relationship between the in situ 
respiration rate and the apparent one as measured. This requirement 
arises because of the physiological changes that often occur when an 
organism is removed from its natural environment and is maintained in 
a respiration chamber. Because of these changes the measured respir- 
ation may not be representative of the in situ respiration. Since 
there is no way to measure the in situ respiration without some dis- 
turbance to the organism a true calibration between the measured and 
in situ rates cannot be made. Nevertheless, investigators can attempt 
evaluation of the in situ rate for a few measurements by running time 
course experiments. The working group recommends that such exper- 
iments be conducted in future experimental programs. 

On Recommending Methods 

In making recommendations of methods to be used in respiration 
research, so much depends on the objectives of the researcher. On 
one hand, geochemists may be interested in the respiration rate in 
the deep-sea and its effect on the chemistry of seawater over hundreds 
of years. On the other hand, a benthic ecologist may be interested in 
the die1 respiratory cycle of1 a certain species of protozoa. In bet- 
ween these two extremes are the plankton ecologists who may be inter- 
ested in the respiration of entire plankton communities in a water 
column, or the benthic ecologists who may be interested in community 
metabolism of the benthos. Needless to say, there is no one method 
that can satisfy such a spectrum of scientific users. For ecological 
and physiological studies with individual microorganisms the most 
promising methods appear to be the cartesian diver techniques of 
Seuthen (1943) as recently employed by Klekowski (1977); Klekowski et 
al. (1980), and the microcalorimetry techniques (Wagensberg et al., - -- 
1978; Castell et al., 1981) as described by Lasserre (this volume). 

For studies of community respiration in the benthos, direct c 
metry as recently described by Pamatamat (1982 a and b; in press) 
appears to be the best method. It reflects all types of respiratory 
metabolism, whether it be aerobiosis, denitrification, sulfate re- 
duction or fermentation. The major problem is the long incubation 
time (6-8 hr) each measurement requires. Thus only 3-4 samples a 
day can be run per calorimeter. This precludes the method from being 
used in surveys in which temporal and spatial distribution must be 
resolved. Also, calorimetry does reflect the heat production of 
extracellular chemical reactions that, at times, may be significant 
and may lead to an over-estimation of respiration. For water column 
respiration, the best method has a similar limitation. The direct 
determination of oxygen changes by the new microprocessor-controlled 
Winkler titration of Williams and Jenkinson (1982) is currently the 
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bes t  way t o  measure water column r e s p i r a t i o n  i n  oceanic su r f ace  waters .  
However, i t  has l i m i t a t i o n s  s i m i l a r  t o  those of the  14~-method f o r  
~ r o d u c t i v i t y  t h a t  l i m i t  i t s  use f o r  temporal and s p a t i a l  d i s t r i b u t i o n  
work. In  both the  benthos and i n  the  plankton,  t he  use of a meta- 
b o l i c  index, such as ETS a c t i v i t y  (Christensen and Packard, 1977; 
OlaAczuk-Neyman and Vosjan, 1977; Skjo lda l  and Lgnnergren, 1978; 
Packard, 1979), i n  combination wi th  calorimetry and/or Winkler 
measurements can make such temporal and s p a t i a l  r e s p i r a t i o n  surveys 
f eas ib l e .  

For geochemical work one can use the  helium-dating method (Jenk- 
i n s ,  1980), the  advect ion-diffusion model (Craig, 1971) and the  ETS 
method (Packard e t  a l . ,  1977 and i n  p r e s s ) .  The He da t ing  method 
should only be used above 1000 m and the  Craig method should only be 
used below 1000 m. The ETS method can be used throughout the  water 
column. I n  a l l  t h r e e  methods, assumptions and cons tants  a r e  used 
t h a t  d e t r a c t  from t h e i r  accuracy. 

On ~ o r m u l a t i n g  a "Unified F ie ld  Theory" f o r  Respi ra t ion  

The development of a unifying mathematical desc r ip t ion  of res -  
p i r a t i o n  i s  an ob jec t ive  r a r e l y  attempted, bu t  i t  should be encouraged 
because such a desc r ip t ion  would r ep resen t  a s i g n i f i c a n t  thermodyn- 
amic hypothesis  and would g r e a t l y  improve our a b i l i t y  t o  use r e sp i r a -  
t i o n  i n  ecosystems modeling. Achieving such an  ob jec t ive  would rep- 
r e sen t  a "quantum jump" i n  our understanding of t h e r e s p i r a t o r y  
process.  From the  d i v e r s i t y  of the  above d iscuss ions  i t  is  easy t o  
understand why so  l i t t l e  progress has been made towards t h i s  ob jec t ive .  
The a l lome t r i c  equation (Ber ta lanf fy ,  1964) was of fered  a s  a uni fy ing  

I 
model many years  ago and i n  s p i t e  of i t s  many l i m i t a t i o n s  i s  s t i l l  
accepted and widely used by theo re t i c i ans  and modelers. One l i n e  of 
research t r i e s  t o  expla in  the  a l lome t r i c  equation on the  b a s i s  of 
energy t r a n s f e r s  across  membrane sur faces  (~chmidt-Nielsen,  1970). 
Another l i n e  of research  ignores the  a l lome t r i c  equation and i t s  
dependence on s i z e  and in s t ead  focuses on the  chemical bas i s  of the  
phys io logica l  process (Atkinson, 1968 and 1977; Packard, 1971; 
Jacobus e t  a l . ,  1982). I t s  ob jec t ive  i s  t o  develop equations based 
on enzyme k i n e t i c s  t h a t  w i l l  descr ibe  r e s p i r a t i o n .  To da t e  n e i t h e r  
approach has succeeded i n  developing the  equiva lent  of the  un i f i ed  
f i e l d  theory o r  even the  equiva lent  of the  p e r f e c t  gas law f o r  res -  
p i r a t i o n .  

This r e p o r t  was supported by NATO and by ONR Contract  NO00 14-76- 
C-0271 t o  T.T. Packard. It i s  con t r ibu t ion  number 82021 from the  
Bigelow Laboratory f o r  Ocean Sciences. 
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