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ABSTRACT: The activity of the respiratory electron transport system (ETSA), measured in vitro in con-
ditions of V., {i.e. with saturation of electron donors and acceptors), represents the respiratory poten-
tial of all communities sampled. From analysis of surface sediments from various oceanic areas, ETSA
has been found to be correlated with the biopolymer (protein, carbohydrate, lipid) content which may
represent the most labile fraction of the sedimentary organic matter. ETSA results expressed at con-
stant temperature (e.g. 20°C) can be considered as an estimator of biomass, especially of the microbial
biomass which contributes, in most cases, the greatest part of the sediment respiratory potential. Orig-
inal and literature data reveal discrepancies between laboratory and field experiments, so that results
obtained with cultured species cannot be directly applied to natural environments. A compromise con-
version factor [particulate organic carbon (POC) biomass (pg) = ETS (pl O, h™!) x 14.3] is proposed by
the author. At in situ temperature, ETSA may theoretically be converted to respiration (R}, which is the
actual rate of electron transfer. The R/ETSA ratio used for conversion depends strongly on the avail-
ability of food. This ratio decreases from coastal to deep areas but results show that the gradient (from
0.4 in shallow sediments to 0.05 in deep sea areas, on average) is not as steep as previously thought.
Due to the lack of accuracy of the R/ETSA ratio, the use of ETSA to calculate sediment community oxy-
gen consumption is not very promising and direct measurements of respiration are preferable. Finally,
it is concluded that the most important application of the ETSA measurement in sediments is its use as
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Measurement of the respiratory electron transport

an estimator of the total microbial biomass.
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INTRODUCTION

The organic supply at the sediment-water interface
1s an important step of the global carbon cycle because
sedimentary organic compounds may either be miner-
alized by benthic metabolism {leading to the release of
constitutive elements in the dissolved form) or buried
as refractory (not available to the benthos) organic
matter. The burial flux of refractory organic matter is
the main sink for organic carbon in the ocean since
preservation may last over geological time scales. The
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fate of organic matter reaching the sediment-water
interface depends on its amount and composition as
well as on the 'environmental conditions' (e.g. temper-
ature and pressure, nature and availability of the oxi-
dants, sediment type, bioturbation) governing the
benthos diversity and metabolic activities. As most oxi-
dation of organic material occurs in organisms having
respiratory chains, an overall estimate of catabolism
has been proposed by measuring the respiratory elec-
tron transport system activity (ETSA). The method has
been applied to marine studies by Packard (1969,
1971) and Packard et al. (1971). It consists of adding to
homogenated samples a surplus of electron donors
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(NADH, NADPH, succinate} and of an artificial elec-
tron acceptor (INT: 2-p-iodophenyl-3-p-nitrophenyl-5-
phenyl tetrazolium chloride). The reduction of the col-
orless INT to red formazan can be followed using a
spectrophotometer at 490 nm. As the assay is made In
vitro in conditions of V., it gives an estimate of the
respiratory potential of the organisms or communities
sampled, and exceeds, by far, the actual rate of elec-
tron transfer under natural conditions (Houri-Davi-
gnon et al. 1989).

The measure of ETSA is a highly sensitive method. It
has been performed to calculate oxygen consumption
rates in zones where in situ methods are too difficult
and/or too expensive to carry out {e.g. the deep ocean),
using the assumption of a constant conversion factor
R/ETSA, where R is respiration. The method received
much attention for the water column by Packard
(1985a, b) but its application to sediment studies
brought not only specific technical problems (Relexans
1996) but also problems of interpretation of the results.
In most cases, sediment contains a mixture of aerobic
and anaerobic microbial populations and oxygen con-
sumption is the combined result of different biological
and chemical processes. Therefore, most authors have
not been able to draw useful conclusions from ETSA
measurements in sediments (Olanczuk-Neyman &
Vosjan 1977, de Wilde et al. 1984, 1986, Andersen &
Helder 1987) or else have had to elaborate calcula-
tions, with the help of oxygen-distribution models, to
link ETSA to oxygen consumption (Christensen 1983).
In recent years, the method has been somewhat
neglected by researchers working on sediments. More
than half of the relevant literature cited is between
1980 and 1987, with a maximum of papers in 1983.

The present paper is the second part of a status
report on ETSA measurements in marine sediments
(Relexans 1996). It focuses on relationships of ETSA to
other biochemical and biological parameters, espe-
cially microbenthic biomass and respiration, in order to
evaluate the significance and usefulness of the method
for application to present oceanographic studies.

ETSA VERSUS QUALITY OF SEDIMENTARY
ORGANIC MATTER

Definition of labile organic matter

Although sediment carbon and benthic biomass
decrease from shelf regions towards the deep sea, total
organic matter content does not correlate very closely
with organism abundances nor with particulate
organic carbon (POC) flux (Rowe et al. 1991). Similarly,
ETSA/POC ratios calculated from literature data are
highly variable according to geographic areas and

water depth: they range from 155 (North Sea) to about
800 pl O, h™! g7t of POC (Bay of Biscay in NE Atlantic)
for intertidal areas, from 6 (North Sea) to about 450 nl
O, h™! g7! (northeast and tropical Atlantic) on the con-
tinental shelf, and tend toward a uniform value of
ca 43 pl O, h™' g7! in deep sediments (Relexans 1996).
This is probably due to variabilities in the ‘quality’ of
organic matter in the sediment ('quality’ meaning its
availability to the benthos). Most of the organic matter
reaching the sediment is decomposable (Berner 1980)
but decomposes more or less rapidly, according to its
age and origin (e.g. planktonic, terrestrial) and to envi-
ronmental conditions at the sediment-water interface;
only a small part (refractory matter) becomes buried in
the sediment for very long periods. The labile part is a
mixture of several categories of molecules (multi-G
model; Berner 1980), each of them being characterized
by its ability to be used as substrate for benthic metab-
olism. Therefore, the usual term, ‘labile malter’, is
somewhat difficult to define accurately, as its sense
depends on, amongst other things, the time scale con-
sidered.

Chemical methods can be used to assess the 'labile’
fraction of organic matter. Usually, this fraction is con-
sidered to consist either of the part hydrolysable by
weak acids, or of the macromolecular content which
can be easily extracted (for references see Relexans et
al. 1993b). Possible methodologically induced discrep-
ancies have to be taken into account in comparative
studies on the relationships between ETSA and the
quality of organic matter.

Data

In the present study, the labile fraction was taken as
the sum (2) of proteins [extracted by 0.1 N NaOH for
2 h at 60°C and dosed using Bradford's (1976) method],
carbohydrates [extracted with boiling water, 10 min at
100°C and dosed using Dubois et al.'s (1956) method]
and lipids [ponderal method after extraction according
to Bligh & Dyer (1959)]. These studies were carried out
on surface (0 to 1 cm) layers from different areas of the
northeast and tropical Atlantic, ranging from carbon-
rich sediments of coastal zones (Relexans et al. 1992) to
very carbon-poor sediments from deep, oligotrophic,
zones (Relexans et al. 1993a). The results are shown in
Fig. 1A (ETSA vs X of proteins, carbohydrates, lipids)
and 1B (ETSA vs proteins).

The orthogonal regression lines between ETSA and
the macromolecular (biopolymer) content of the sedi-
mentary organic matter for the coastal areas studied
(mouth of the Gironde estuary, Bassin d'Arcachon,
continental shelf of the Bay of Biscay, France) are as
follows:
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ETSA = 2.9+ 101.7 (29.8,95% CI) x ¥
’=0.78;n=92 (1)

ETSA = -5.5+ 273 (+14; 95% CI) x protein
r’=0.75n=93 (2)

with ETSA in ul O, h'! (at 20°C) and ¥ and protein in
mgq; Cl is confidence interval. The y-axis intercepts do
not differ significantly from zero.

Discussion

In spite of the good correlation coefficients calcu-
lated for all the values together, ECOFER (samples
from the continental slope and rise of the Bay of Biscay)
and EUMELI (meso- and oligotrophic sites of the
northeast tropical Atlantic; Relexans et al. 1996) results
form a group of values separate from the others
(Fig. 1): in these sediments, the macromolecular con-
tent measured is greater than expected from the equa-
tions above. By comparing the macromolecular content
measured in the surface (0 to 1 cm) and in deeper
layers {10 cm, i.e. at depths where the sedimentary
organic matter reaches low constant values and is,
therefore, thought to be mainly refractory), it may be
concluded that, in these carbon-poor sediment areas,
only a small proportion (about 30%) of the measured
macromolecular content really corresponds to lahile
organic matter (Relexans et al. 1992, 1993a, Elfaqir
1993); the rest is probably contributed by 'humic-like
substances' (geopolymers) or other refractory mole-
cules, which interfere with colorimetric and/or fluori-
metric methods. This interference is likely to be ex-
tremely important for carbon-poor sediments, but
might well be negligible in coastal sediments which
contain large amounts of true biopolymers.

A provisional conclusion can be drawn from these
results: in contrast to the wvariations of ETSA/POC
ratios, ETSA/macromolecular content ratios are likely
to be more constant, although their absolute values
must be considered prudently. At least in coastal
ecosystems, it will be important to compare these
ETSA/Y and ETSA/protein ratios with those in living
material, to assess the respective proportions of bio-
mass and of detrital macromolecules in the (chemi-
cally) 'labile’ organic matter content measured with
the methods above.

ETSA VERSUS BIOMASS

The study of the relationship between ETSA and bio-
mass is not easy because it has to involve laboratory
experiments along with field studies. Within these 2
methods of investigation, selection of biomass parame-
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Fig. 1. ETSA vs (A) the sum (%) of proteins, carbohydrates and
lipids, and (B) proteins. ETSA is in ul O, h™! g~! (dry weight) at
20°C

ters will not necessarily be the same; moreover, as con-
ditions will differ (especially concerning food supply),
results obtained with laboratory experiments will not
be directly applicable to natural environments.
Relationships between ETSA and biomass parame-
ters have been extensively studied with phytoplankton
(e.g. ETSA/chlorophyll a ratios; see Romano et al.
1987b) but very few data are available for benthic
organisms. Data presented in this section deal largely
with bacteria; they involve results of laboratory and
field experiments on various species of bacteria, none
of them characteristic of benthic habitats. However,
there is no reason to suspect important differences in
biomass characteristics amongst free pelagic bacteria,
attached pelagic bacteria and benthic bacteria (P.
Caumette pers. comm.). For these organisms, the most
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Table 1 ETSA and biomass parameters from laboratory experiments. For bacteria, results are for 107 cells. POC, protein: ug;

ATP: ng; ETSA: pl O, h

" at 20°C, converted when necessary to Kenner & Ahmed's (1975) norm; ETS/POC: ul O, h ' mg ' POC

POC
(ng)

Protein
(ng)

Bacteria
Freshwater bacteria
Serratia rubidea
Pseudomonas fluorescens
Bacillus subtilis
Sarcina lutea
Staphylococcus saprophyticus
Marine bacteria
Pseudomonas denitrificans
Pseudomonas perfectomarinus
{peptone)
(glucose])

5.5

2.45
1.74
2.98
0.71

6.6
3.2
1.66
0.34
0.25

1.89
1.89

Serratia marinorubra
Serratia plymutica 1.27
Vibrio adaptatus
Vibrio alginolyticus 2.3
Vibrio anguillarum
(peptone}
{glucose)
Vibrio sp.
Natural mixture
(control)
(+ NH,)
{(+ AAC)
Mean
Meiofauna
Nematodes (mixed populations)
Copepods (mixed populations)
Macrofauna
Corophium volutator
Nereis virens

2.65

2.4

ATP
(ng)

0.58
0.97
2.73

“Calculated from protein content assuming protein = POC (w/w).

ETSA ETSA/POC Source
IO b (O,
h'mg)
0.58 105 Relexans et al. (1984)
0.55 225
0.41 236 Brugeaille (1988)
0.13 44
0.03 48
0.39 Christensen & Packard (1979)
0.04-0.9
0.65 340° Christensen et al. (1980)
0.37 196°
3.15 Packard et al. (1983)
0.03 Christensen & Packard (1979)
0.39 Christensen et al. (1980)
0.85 669 Brugeaille (1988)
0.9 Christensen & Packard (1979)
0.11 Christensen et al. (1980}
1.31 570 Brugeaille (1988)
0.6 Christensen & Packard (1979)
0.34 128 Christensen et al. (1980)
0.26 98
0.39
0.043 294" Romano et al. (1987a)
0.059 242°
0.594 868°
0.5 290
55¢ Relexans (1989)
86¢
31° Cammen et al. (1990)
18.5°

PCalculated from ATP content with POC = ATP x 250

important factors acting on biomass [e.g. number of
individuals, POC, adenosine triphosphate (ATP) con-
tents] are, by far, the nutritional conditions and the
effects of predation, whatever the nature (planktonic
or benthic) of their way of life.

Laboratory experiments
Results

Results {Table 1) may be summarized as follows:

(1) With bacteria, all parameters, expressed per 10’
cells, displayed very large variations between different
specles: 1 to 8 times for POC, 1 to 26 for protein, 1 to 38
for ETSA. Moreover, within a single species or popula-
tion, variations occurred according to the nutritional

conditions in the experiments: 1 to 5 times for ATP, 1 to
22 for ETSA (Pseudomonas perfectomarinus; Chris-
tensen & Packard 1979).

(2) ETSA/POC ratios (ul O, h™! mg™! POC) in bacteria
varied from 44 to 868 (i.e. ca 20-fold); ETSA/POC aver-
aged 290 + 142 (95% Cl: n = 14).

(3) ETSA/POC ratios in bacteria were about 3 to
5 time those in melofauna and 10 to 16 times those in
the macrofauna.

Discussion

Single- or mixed-species cultures under controlled
conditions allow large amounts of biomass to be ob-
tained with practically no detritus. Therefore, biomass
parameters (POC, cell numbers, protein and ATP) are



Relexans: Electron transport system activity, methodology and review 293

easy to evaluate; differing laboratory conditions, espe-
cially food supply, however, may lead to differing cell
sizes and/or organic composition, and, subsequently, to
differing ratios between these biomass parameters. In
Table 1, POC content for 107 cells varied from 1.3 to
2.65 ng POC (mean: 2) in marine bacteria and from 0.7
to 5.5 ng POC (mean: 2.7) for freshwater bacteria.
These values are greater than those usually given in the
literature—0.1 (Bianchi 1989, Rowe et al. 1991); 0.2
(Meyer-Reil et al. 1980); 0.2 to 1 (oligotrophic and eu-
trophic waters, respectively; Sorokin 1978); 1.15 (Mare
1942) ug POC 10 7 cells—but remain in the range 0.01
to 6 pg POC 1077 cells cited by Van Es & Meyer-Reil
(1982). Therefore, bacterial number is of little help in
evaluating biomass, and POC remains the reference
parameter, both in cultures and in natural environ-
ments. As for ATP, although little information is given
in Table 1, this nucleotide is often considered a good
biomass reference (Hamilton & Holm-Hansen 1967), in
spite of the possible variations in ATP content per bio-
mass unit, discussed by Karl (1980). For micro-organ-
isms, a POC/ATP ratio of 250 {Holm-Hansen 1969) is
commonly accepted by the oceanographic community,
while for metazoa, the limited data compiled by Karl
(1980) forPOC/ATPindicatedlowervalues (ca 100: w/w}.

Table 1 shows ETSA/POC to have been ca 0.3 pnl O,
h™! ug™! POC (85% variation coefficient). Then, from
the assumption that POC = 250 times ATP, ETSA/ATP
was calculated as 75 pl O, h™! pg~! ATP. The variations
in ETSA per unit biomass, reported for monospecific
populations cultivated on different nutritive media,
can be related to the nutritive conditions: Christensen
et al. (1980) found ETSA/POC ratios from 98 (with glu-
cose) to 128 ul O, h™! mg™! C (with peptone) for Vibrio
anguillarum, and from 196 (with glucose) to 340 ul O,
h! mg™! C (with peptone) for Pseudomonas perfec-
tomarinus. In the same way, Romano et al. (1987a)
found ETSA/ATP ratios 3 times greater in populations
supplemented with amino acids than in those not sup-
plemented or else supplemented with NHy; this cannot
be explained by cell size variations alone, as high res-
piration rates were also noted in the presence of amino
acids. Synthesis of ETS units would represent a possi-
ble adaptation by micro-organisms to supplementation
with highly assimilable molecules. As food supply in
cultures is likely to be much more advantageous to
microbial populations than in natural environments,
the values and variations of ETSA/POC biomass and
ETSA/ATP ratios measured in laboratory experiments
might have little relevance to equivalent values mea-
sured in natural waters or sediments, where popula-
tions are thought to be ‘adapted’ to average steady-
state environmental conditions.

Concerning ETSA/POC in melofauna and macro-
fauna, the limited data (see Table 1) clearly show lower

respiratory potential per unit of biomass for these taxa
than for most of the bacteria. Assuming a mean
POC/ATP ratio of ca 100 (Karl 1980), ETSA/ATP in
meiofauna would be from ca 6 (nematodes) to ca 9
(copepods) ul O, h™! pg™!. If further research confirms
these preliminary results, ETSA will not be a satisfac-
tory index of biomass for a whole benthic community.
Therefore, the relative contribution by different com-
ponents to the measured benthic respiratory potential
is an important question, which is discussed later.

Field data

Field studies do not run the risk of the artefacts pre-
viously discussed in relation to laboratory conditions.
But they suffer from other drawbacks: in natural
ecosystems where biomass carbon is generally less
than detritus carbon, the biomass cannot be evaluated
using direct, simple chemical methods. The correct
approach has to include complete analysis of all living
benthic components (1.e. meio-, micro- and bacterio-
benthos; macrofauna is generally not analysed in the
small samples used for ETSA assays) with conversion
of these counts to biomass carbon. This approach is too
tedious, however, for routine application. For these
reasons, ATP is more often preferred as an estimate of
microbiomass.

Results

ETSA and total micro- and meiobenthic biomass
have rarely been analysed from the same samples.
Data taken from the literature are shown in Table 2.
For sediment samples, bacteria carbon biomass, calcu-
lated from biovolumes, are available only for Baltic Sea
sediment. For water samples, a conversion factor was
necessary to convert bacterial number to carbon;
according to Sorokin (1978), a factor of 1 pg C 1077 cells
for Lake Geneva and 0.5 pg C 1077 cells for the
Mediterranean Sea and the Northern Indian Ocean
was applied. For the Western Atlantic Ocean (Hobbie
et al. 1972), bacterial numbers appeared to be abnor-
mally low, compared with other biomass parameters
such as ATP, and were not taken into account in carbon
biomass estimates.

After normalization of the data in Table 2 by loga-
rithmic transformation, ETSA is well correlated with
bacterial POC (Fig. 2A) as well as with ATP (Fig. 2B).
The equations of the orthogonal regression lines
follow:

log ETSA = -1.56 + 1.40 (+0.33; 95% CI} log bact. POC
r’=075n=21 3)
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Table 2. ETSA and biomass parameters in natural environments. Same units as in Table 1. For the water column, ETSA is from
heterotrophic organisms, i.e. total minus algal ETSA determined as chlorophyll a x conversion coefficient given by authors

Water column Bact. ATP ETSA n ETSAsbact. C ETSA/ATP Source
(no. 1" (pglh (pl O (pl O, h' (ul O, 1!
107 cells) h' 1) mg '} ng'
Leman Lake (France)
Surface 72.6 39 2 537 Brugeaille {1988)
50 m 15.5 3.5 226
Pavin Lake (France)
Surface 0.76 15 5 20 Brugeaille (1988)
>56 m 0.5 29 4 60
Atlantic
Cape Hatteras
Surface 0.47 13 2 28 Hobbic et al. (1972)
40 m 17x10 4 0.063 0.34 54
>100 m 2x1071 0.016 0.019 3 1.2
Sargasso Sea
Surface 2x10™"  0.073 0.53 2 7.3
50m 0.075 1 13.3
>100 m 8.5x107*  0.012 0.026 4 2.2
Medilerianedn Seq
Cortiou
POC <400 pg 1" 37 0.31 1.06 11 57 3.42 Romano et al. (1987)
POC > 400 pg I'! 175 1.13 65.04 23 743 58
Euprod
POC < 400 pg 1! 47 0.14 3.1 42 132 221
POC > 400 pg I'! 132 0.9 37.55 7 569 42
Eurin
POC < 400 pg 1! 155 0.3 11.65 6 150 39
Coastal surface waters 122 0.3 6.35 36 104 19.1 Garabetian (1992)
Liguro-Prov. Front
Surface 33 0.27 16
100-1000 m 17 0.61 4 72
Algerian Current
Surface 49 0.012 1.9 31 78 158
POC > 400 ug 1! 1778 17.38 340.55 6 383 19.6
100-500 m 10 0.009 1.35 34 270 150
Surface microlayer
POC <6 mgl’! 440 1.4 16.9 63 77 17.6
6 <POC<20mgl1! 600 4.43 70.7 30 236 16.7
POC >20mgl! 2400 15.45 215.5 16 180 13.9
NE Indian Ocean 54 0.085 1.9 20 70 22.3 Garabetian (1992)
Indonesia; 0-75 m
West (Banda) 0.07 1.2-3 25 Vosjan & Nieuwland (1987)
East (Arafura) 0.03-03 1.4-71 25
Sediment Bact. ATP ETSA n ETSA/bact. C ETSA/ATP Source
(no.g”' (ngg™) (WO, (L Oz h! (0 Oy h!
1077 cells) g mg') ug
Baltic Sea
Tidal beaches 103 0.12 1.03 5 20.4 9.4 Pamatmat et al. (1981},
Mever-Reil et al. {1980)
11 m 0.6 2.84 4.7
18 m 400 0.89 2.3 18 70 3.2 Graf et al. {1983},
Mevyer-Reil (1983)
21m 1.3 3 3 2.4 Graf & Bengtson (1984)
NE Pacific; Washington
Continental shelf 1.31 20.25 4 20.25 Christensen (1981)
1800 m 0.4 5.8 145
Puget Sound; 1800 m 2.45 53 4 22.3
NE Tropical Atlantic
4500 m {oligotrophic area) 175¢ 3.9° 220 Relexans et al. (1996)
3100 m (mesotrophic area) 645° g* 139

“Values cm™ integrated over 10 cm
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Fig. 2. ETSA vs {A) bacterial carbon and (B) ATP, after

log transformation, from various environments. Open sym-

bols: water column samples; dark symbols: sediment samples.
ETSA: ul O, h™!, at 20°C; carbon and ATP: ng

and

log ETSA = +1.26 + 1.14 (x0.19; 95% CI) log ATP
r’=0.71;n=232 (4)

where ETSA is in pl O, h™! at 20°C; bacterial POC and
ATP are in ng; and CI is the confidence interval.

Discussion

Demonstration of the link between ETSA and calcu-
lated bacterial POC is important in that it shows the
contribution of micro-organisms to measurements of
overall respiratory potential. From the regression of
ETSA wversus POC (not represented), the mean
ETSA/POC ratio was 0.27 pl O, h™! pg™!. However, this

value is not very precise because (1) this ETSA is com-
posite, including a contribution not only by the bacter-
ial component, but also by the phytoplankton and the
microzooplankton for surface waters as well as the
phytobenthos (shallow areas), and the meilo- and
microbenthos for the sediments; and (2) uncertainties
in estimating bacterial biomass from counts and use of
conversion factors cannot be avoided.

Calculation of the algal contribution to total ETSA
also requires a value for ETSA/chlorophyll a (chl a) in
algae. Only a few values of this ratio, determined using
cultures, are available in the literature {see Relexans et
al. 1992). ETSA/chl a in marine cultures varied from 4
to 6.6 pl O, h™! ng™! chl a. However, an attempt to dis-
criminate ETSA of algae and of the heterotrophic com-
ponents in intertidal sediments of the Bassin d'Arca-
chon, France (Relexans et al. 1992} showed that these
conversion factors were too high, leading to estimates
of algal ETSA sometimes greater than total ETSA. A
new, lower ETSA/chl a value (1.89) was calculated
from field results, allowing phytobenthic ETSA to be
estimated from 37 to 80 % of total ETSA (annual aver-
age} for sandy stations and from 9 to 14 % for fine-
grained stations. To explain the discrepancy between
cultures and field results, it was suggested either that
phytobenthic populations at the studied stations were
composed of species having low ETSA/chl a ratios, or
that sediment contained significant amounts of detrital
chl a, 1.e. not linked to living electron transport struc-
tures. Therefore, in most cases, factors determined
using cultures for converting chl a to algal ETSA can-
not be applied directly in natural environments.

The meiobenthic contribution to biomass of het-
erotrophic benthos (macrofauna excluded) is esti-
mated as 5 to 30% (Sorokin 1978, 1981) or less: 1 to
16 % (Rowe et al. 1991). The only data on the ETSA of
this component are from intertidal sediments in the
Bassin d'Arcachon (Relexans et al. 1992) derived by
applying the factors for converting biomass to ETSA
for meiofauna, given in Table 1. This study showed the
contribution of meiobenthos to be generally less than
15% of heterotrophic ETSA, and less than 10 % at most
silty stations. Although these assessments of the differ-
ent components of ETSA require refinement through
further investigations, they nevertheless indicate the
major importance of the microbial compartment in
total ETSA (as in total biomass-POC), in most natural
environments (except in near-surface waters and shal-
low, sandy sediments). The actual value of the mean
ETSA/bacterial POC ratio remains rather imprecise,
however.

The ETSA/ATP ratio from the regression of ETSA
versus ATP (not represented) was 17.5 pl O, h™! ug™
ATP, lying between the mean value calculated for cul-
tured bacteria (75 ul O, h™! pg™*) and that for meio-
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fauna (6 to 9 ul O, h'! ug '). Owing to the low contri-
bution by meliofauna and algae in most cases, the low
ETSA/ATP ratio found in natural environments can be
explained not by the influence of non-microbial com-
ponents alone, but, more probably, by the different
ETS equipment in cultured and natural bacterial popu-
lations. In most cases, bacterial populations appear to
develop different amounts of ETS equipment to
respond to the ambient food supply. Discrepancies
between cultured and natural populations are now
well documented: they may affect cell size and the
ATP and ETS contents of individuals, as well as select-
ing populations able to adapt to the different condi-
tions they encounter. They may affect not only bacter-
ial populations but also algae (e.g. variations of
POC/chl a ratios according to light conditions and
nutrient supply), and examples have been given of the
errors that can be produced by carelessly applying
results obtained wilh cultures Lo nalural populations
(Relexans et al. 1992). For these reasons, it may be con-
sidered that the ETSA/ATP ratio = 17.5, calculated
from the regression in Fig. 2B, is the most suitable one
presently available for natural environments. If POC =
250 ATP, then ETSA/biomass-POC is estimated as 0.07
(ul O, ug™! C h7' at 20°C), which is about 5 times lower
than the ratio (0.3) found with bacterial cultures.

Is ETSA an acceptable index for benthic biomass?

This question can be divided into 3 parts:

(1) Are all living organisms equipped with electron
transport systems?

(2) Is ETSA strictly linked to living material?

(3) Is the the amount of ETSA-producing equipment
relatively constant in all cells in any environment?

The answers to these questions are as follows:

(1) The ETS is a membrane-linked mechanism for
electron transport, existing in most living organisms,
except for the obligate fermenting bacteria. This
exception should not be of major importance in most
marine systems. Therefore, each biomass unit of a
respiring organism is expected to possess ETS equip-
ment.

(2) The problem of persistence of ETSA after organ-
isms are dead has been rarely studied: Bamstedt (1980)
reported that freeze-killed individuals of the copepod
Acartia tonsa, stored at -20°C, lost 50% of their ETSA
within 30 h and that activity was completely lost after
74 h. At 19°C, in filtered and antibiotic-supplemented
seawater, ETSA disappeared only within 3 d. Although
natural conditions are somewhat different from those
applied in Bamstedt's (1980) experiments (e.g. pres-
ence of antibiotics), it is probable that remaining ETSA
might persist for a few days after death, especially in

cold waters. What proportion of ETSA measured in
natural ecosystems might be attributed to detrital mat-
ter is unknown. The problem needs further studies but,
henceforth, it seems that ETSA is unlikely to be as
good an index as is ATP.

(3) Among parameters usually taken as biomass cri-
teria (e.g. living POC, proteins, number of individuals,
nucleotides), the most useful should be easily measur-
able in natural sediments as well as in cultures. ATP
and ETSA meet this requirement, but biomass-POC,
which is generally low compared to detrital POC, does
not. Furthermore, the parameter values chosen as bio-
mass indices should be relatively similar in all cells at
any time. Numerous results have shown that this is not
the case, since wide variations in the ratios of the
above biomass criteria (ATP/POC and ETSA/POCQC)
were observed according to environmental (especially
nutritional) conditions. In spite of these difficulties, the
highly significant relationship between ETSA and ATP
in natural environments is remarkable. ETSA is proba-
bly not as good a biomass index as is ATP, but it seems
easier to measure in sediments. When ETSA is consid-
ered, the best estimate of biomass from ETSA is the fol-
lowing:

biomass-POC (ug) = ETSA (ul O, h™! at 20°C)/0.070
= ETSA x 14.3 (5)

The possible use of ETSA to estimate overall
microbenthic biomass is an important application of
the method since very few simple indices of this kind
are available.

ETSA VERSUS BENTHIC RESPIRATION

The use of ETSA to calculate respiration rates has
been broadly applied in plankton studies where respi-
ration is not easy to measure directly {e.g. in the deep
sea). The method is advantageous owing to its sensitiv-
ity and rapidity (Packard 1985b). However, such calcu-
lations need (1) conversion of the results obtained at
the temperature of the assay to ETSA at the tempera-
ture in situ; and (2) conversion of the potential electron
transport (i.e. ETSA measurement) to electron trans-
port rate under in situ conditions where, at least, elec-
tron donors are not in saturating concentrations. This
conversion factor (R/ETSA) expresses the actual rate of
functioning of the ETS equipment.

Correction for temperature is easy providing the
activation energy is known (Packard et al. 1975). A
crucial point is the value of the R/ETSA factor which
has to be applied, since with experimental bacterial
cultures, the ratio may vary from near 0 (starving
conditions} to about 1 with high food supply (Chris-
tensen et al. 1980). Therefore, preliminary experi-
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ments should be carried out in any particular ecosys-
tem to determine R and ETSA and to determine the
correct R/ETSA ratio to apply (see Williams 1984). In
spite of these difficulties, ETSA has been used to cal-
culate oxygen consumption in deep-sea areas, apply-
ing low R/ETSA ratios (e.g. 0.0078; Christensen &
Packard 1977) corresponding to starvation conditions.
However, very few experiments have been done to
check the validity of this ratio (Christensen 1983).

The use of ETSA to calculate sediment-community
oxygen consumption (SCOC) is much more difficult
than for the water column, because (1) SCOC is
expressed in terms of unit sediment area, i.e. its oxy-
gen consumption is integrated over the entire sedi-
ment column. On the contrary, ETSA is measured in a
volume from a particular sediment layer; generally, the
depth in the sediment at which ETSA is zero is
unknown and ETSA thus cannot be integrated. (2) In
most sediments, the oxidation of organic matter does
not take place only through oxic metabolism. Sec-
ondary oxidants can also serve as electron acceptors
(NO;~, metal ions, SO,2", CO3*7) when the oxygen in
the porewater is exhausted. While SCOC results only
from aerobic processes (even if partly from the oxidiza-
tion of anaerobic end products), ETSA in a particular
layer of sediment may include significant components
from both aerobic and anaerobic micro-organisms
(Christensen & Packard 1977), the relative importance
of which would depend on the location of this layer in
relation to the oxygen distribution. As anaerobic
metabolism is thought to be initiated when oxygen
concentration is depleted below 5% of saturation (Jer-
gensen 1983), ETSA in the oxic layer is probably due
mainly to aerobic organisms.

Determination of R/ETSA ratios in sediments
Laboratory experiments

A direct comparison between oxygen consumption
and ETSA can be made only if anaerobic metabolism is
absent. This is the case when the surficial layer is sam-
pled and measured for both respiration and ETSA in
laboratory experiments.

Such methodology was carried out on surficial sedi-
ments from the Bassin d'Arcachon (Brugeaille 1988,
Relexans 1989). After sampling of the surficial film (1 to
2 mm) with a plastic spoon, a few cm® were placed in res-
piratory flasks in such a way that the sediment at the bot-
tom of the flasks formed a layer too thin to support anoxic
conditions. Then, oxygen consumption was measured in
each flask equipped with a Clark’s electrode, at con-
trolled temperature. After the experiment, the sediment
was removed onto a glass filter and analysed for ETSA.

Field experiments

In most natural sediments, oxygen is exhausted at
depth z, below the surface z; (Fig. 3A). The depth z,
can be very close (a few mm) to the surface in coastal
eutrophic zones (Fig. 3C). In contrast, oxygen is still
present in deep layers of the sediments from oligo-
trophic zones and tends to a constant concentration at
depth z, (Fig. 3B). In all cases, SCOC measured with a
benthic chamber or calculated from oxygen profiles
integrates oxygen consumption exclusively by all the
oxygen-respiring organisms in the sediment column.
To determine R/ETSA ratios, either SCOC should be
compared with ETSA integrated over the aerobic
zone, or, if ETSA is measured in a particular layer of
sediment, SCOC in this single layer should be taken
into account. For any layer below the surface (e.g.
Zo—z, layer), oxygen consumption can be calculated
from Fig. 3A and B: as SCOC is represented by the
total area delimited by the curve of oxygen distribu-
tion and a vertical line passing through the zero value
(general case) or a constant value (oligotrophic zones)
of oxygen concentration, i.e. area a + ¢, oxygen con-
sumption due to the zy—z; layer is only represented by
area a:

scoc,,

fo-21) = total SCOC x a/(a + ¢} (6)

Conversely, In eutrophic coastal areas (Fig. 3C),
ETSA measured in the zy-z; layer may be corrected by
a/(a+ b) to be applied to this single layer before com-

parison with SCOC.

z

0 ' a—

z q ! 7, | lC/ £

A I B I C

Fig. 3. Porewater oxygen profiles. (A} General case; (B) oligo-
trophic zones; (C) coastal rich sediment (see text)

Results

The methods described above have been applied to
sediments from coastal to abyssal zones. The results, as
well as a few data found in the literature, are presented
in Table 3. Even excluding the values manifestly too
high (see discussion below), R/ETSA ratios were very
variable, from 0.0004 in abyssal northwest Atlantic
(Christensen 1983) to 0.35 on the continental shelf (de
Wilde et al. 1986). However, a trend of decreasing
R/ETSA with increasing depth can be noted (Fig. 4).
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Fig. 4. Variations of R/ETSA ratios according to depth

Discussion

The variations in R/ETSA ratios may have 2 origins:
(1) methodological bias which can be attributed to
ETSA and/or SCOC measurements, and (2) physiolog-
ical causes.

The most questionable SCOC results in Table 3 are
those from on-board experiments. Actually, a compari-
son of in situ and on-board results, on a large scale,
with literature data compiled from various marine
areas (Etcheber et al. unpubl.), revealed no significant
differences between the various methods. Therefore, |
consider as reasonable the SCOC values used here for
R/ETSA calculations in Table 3.

On the contrary, the highest ETSA values reported
for each of the areas considered may be attributed to
results obtained with Olanczuk-Neyman & Vosjan's
methodology (note the R/ETSA wvalue of 1.5 for an
intertidal sediment, which seems unrealistic). One can
believe (Relexans 1996) that the extraction of the res-
piratory enzymes involved in ETSA must have been
incomplete using the mechanical method, and that,
consequently, ETSA was underestimated. Therefore,
the results obtained with this methodology (noted as
‘discarded’ in Table 3) have been excluded for drawing
the curve of R/ETSA versus depth in Fig. 4.

Variations of R/ETSA with the physiological state of
organisms 1s much more interesting to consider.
Assuming that ETSA expresses the overall dehydroge-
nase activity at V., an R/ETSA ratio of 0.5 should cor-
respond to the K, concentration of available substrate
for respiration. The ratio may vary from near zero in
carbon starvation conditions to about 1 in cultures sup-
plemented with organic substrate (Christensen et al.
1980). That R/ETSA ratios were found by Christensen
(1983) to decrease from shallow to deep sea sediments

led him to attribute to deep sea environments drastic
starvation conditions. While a similar trend is evident
in the present results, the decrease in R/ETSA values
shown in Fig. 4 is not as steep as expected from Chris-
tensen's (1983) paper. I conclude that deep sea benthic
comimunities are better adapted to their moderate food
supply than might have been expected from previous
studies.

This paragraph has shown that it is difficult to deter-
mine appropriate R/ETSA values. Moreover, their use
in calculating respiration from ETSA measurements
(which was the initial goal) appears fraught with com-
plications. Modern, direct methods, such as in situ ben-
thic chambers, as well as the use of electrodes, seem
the most appropriate and for measuring SCOC. How
the R/ETSA ratios vary with environmental conditions
remains of fundamental importance to understanding
the adaptative links between organisms and their
habitats.

CONCLUSION

The application of ETSA measurements to sediments
has been examined using original results and results
from the literature data. The main conclusions of the
paper follow-

(1) ETSA correlates well with the labile fraction of
the sedimentary organic matter, defined as the
biopolymer (protein, carbohydrate, lipid) content.
Unfortunately, the ETSA/biopolymer ratio has been
affected by methodological bias in the determination
of the macromolecules.

(2) Correlations between ETSA and biomass from
laboratory experiments and field investigations allow
ETSA (at constant temperature of the assay: 20°C) to
be used as an estimator for microbial biomass. How-
ever, the deciding importance of nutritional factors
prevents the direct application of results obtained with
cultured organisms to natural environments. A com-
promise conversion factor (biomass-carbon = ETSA X
14.3, where carbon is in ng and ETSA in ul O, h™!) is
proposed.

(3) The actual rate of electron transfer R (respiration)
is difficult to assess from ETS activity since the latter is
measured under V., conditions. R/ETSA ratios, sensi-
tive to trophic conditions, decrease from coastal areas
to deep sea zones but the gradient is not as steep as
had been expected from the few data found in the lit-
erature. Although knowledge of R/ETSA ratios is
important in ecological studies to understand the
adaptative links between organisms and their habitat,
its use to calculate sediment-community oxygen con-
sumption is not easy and direct measures of respiration
are preferable.
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To conclude, the assessment of ETSA to evaluate
total microbenthic biomass is the main interest of this
method, which should be reconsidered as a useful tool
for oceanographic studies.
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