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CHAPTER 9

Respiration and its measurement
in surface marine waters
Carol Robinson1 and Peter J. le B. Williams2

1 Plymouth Marine Laboratory, UK
2 School of Ocean Sciences, University of Wales, Bangor, UK

Outline

This chapter reviews the current state of knowledge of the process and measurement of microplankton
respiration in marine surface waters. The principal approaches are outlined and their potentials and lim-
itations discussed. A global database, containing 1662 observations has been compiled and analyzed for
the spatial and temporal distribution of surface water respiration. The database is tiny compared to that
of photosynthesis and biased with respect to season, latitude, community structure, and depth. Measure-
ments and models show that the major portions of respiration lies in that attributable to bacteria (12–59%)
and to algae (8–70%). The mean of the volumetric rates of respiration in the upper 10 m of the open ocean is
3.3±0.15 mmolO2 m−3 d−1 and that of depth-integrated open-ocean respiration 116±8.5 mmolO2 m−2 d−1.
A global estimate of 13.5 PmolO2 a−1 is derived from the mean depth-integrated rate, which significantly
exceeds contemporary estimates of ocean plankton production (2.3–4.3 PmolO2 a−1). This difference is at
variance with the results of mass-balance calculations, which suggest a small difference (ca. 0.18) between
oceanic production and respiration. The reasons for this are discussed.

9.1 Introduction

This chapter reviews our present understanding
of the process of marine planktonic respiration,
and the methodologies used for its determina-
tion. We collate the global database of measured
respiration and use it to assess how farwe can deter-
mine seasonal, regional, and latitudinal patterns of
distribution. Measurements of respiration are not
yet routinewithin national and internationalmarine
biogeochemical programs.Asignificant relationship
between respiration and more routinely measured
parameters would substantially progress our abil-
ity to determine its spatial and temporal variability.
We investigate whether such a relationship exists.
Linked to this is the importance of an appreciation
of the distribution of respiration within the micro-
bial food web, and so improved food web model

parameterizationandverification.Whenconsidered
on comparable time and space scales, the balance
between plankton respiration and photosynthesis
indicates the potential amount of photosynthetically
fixed carbon available for export from the upper
mixed layer. We assume that the epipelagic zone of
the open oceans approaches this ideal, and analyze
the distributions of respiration and photosynthe-
sis in order to assess the global balance between
photosynthesis and respiration.

9.2 Available approaches and their
constraints

Rates of planktonic respiration can be derived in
a number of ways: (i) from the measurement of
the rate of production/consumption of a product
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or reactant, (ii) the assay of an appropriate respi-
ratory enzyme or enzyme system, (iii) predictions
from biomass, and (iv) from inverse models of the
community composition and activity.

9.2.1 Flux of products and reactants

Principle of the approach
This approach is based on the measurement of the
change of a reactant (e.g. oxygen) or product (e.g.
carbon dioxide) of respiration over a period of time
(characteristically 12 or 24 h) in the dark. The basic
requirement is the ability to analyze the sample,
a replicate or a representative body of water at
point(s) during the incubation period. The most
common method is the in vitro dark bottle incuba-
tion, which was originally developed as a means
of accounting for respiration during the determi-
nation of photosynthesis within the “light/dark”
bottle protocol. For reasons of sensitivity, oxygen is
the usual determinant and comprises most (>90%)
of the global database. Carbon dioxide (either pCO2
or total dissolved inorganic carbon, DIC) has also
been used (Johnson et al. 1983, 1987; Robinson and
Williams 1999; Robinson et al. 1999). Dark incuba-
tions are necessary for the measurement of respira-
tion via oxygen or carbon dioxide flux to eliminate
concurrent counter fluxes of the same compounds
by photosynthesis. The dark bottles are incubated
at in situ temperature, either deployed on an in
situ rig (usually alongside samples incubated for
determination of primary production), or held in
temperature controlled incubators. In order to mea-
sure respiration occurring in both the light and the
dark, an extension of the oxygen flux method has
been developed. This entails subtracting measure-
ments of net community production (derived from
the oxygen flux during a “light” bottle incubation)
from concurrent measurements of gross photosyn-
thesis (derived from 18O2 production from a “light”
bottle incubation of a sample spiked with 18O-
labeled water, Bender et al. 1987; Grande et al.,
1989a,b).
The in vitro nature of the incubation poten-

tially can give rise to errors, which has prompted
attempts to determine respiration by measuring
oxygen and carbon dioxide changes in situ. This

relies on the ability to sample consistently within
the same water mass and to account for non-
respiratory processes which would alter the con-
centration of the chosen reactant. Depending on
the timescale, these latter processes could include
air–sea exchange, evaporation and precipitation,
and production/dissolution of calcium carbonate.
The use of sulfur hexafluoride (Upstill-Goddard
et al. 1991) significantly increases the ability to track
a particular water mass over several days, thereby
allowing consecutive estimates of community res-
piration to be made. However, in order to obtain a
satisfactory signal to noise ratio the spatial variabil-
ity of the reactant within the labeled area needs to
be small in comparison with the time-dependent
change in the dark period due to respiration. Low
latitude, low energy gyre systems with long well-
defined dark periods offer the most favorable phys-
ical circumstances, however respiration rates in such
systems are characteristically low (seeWilliams and
Purdie 1991). High latitude, high energy systems
with short and poorly delineated dark periods and
high spatial variability offer the least promising
circumstances.

Limit of detection
The limit of detection of the in vitro approach is
determined by a combination of (i) the precision of
the analytical technique, (ii) the number of repli-
cates, (iii) the ambient concentration, and (iv) the
incubation time. The analytical methods for oxygen
and carbon dioxide work near the practical limits of
volumetry (estimated to be ≈0.02%, Robinson and
Williams 1991), so the ambient concentration is the
main determinant of the sensitivity of the analyt-
ical method. In Table 9.1 the theoretical limits of
oxygen and carbon dioxide derived rate measure-
ments have been estimated. As oxygen solubility is
strongly temperature dependant in the oceans, the
calculation of this gas has been made for a range
of temperatures. These are estimates of best perfor-
mance; the precision of the analyses falls away in
areas of high particulate load (see Hopkinson and
Smith, Chapter 8) and under fieldwork conditions.
Thefinaldeterminant is the timeof incubation. In the
euphotic zone, where there is a diel cycle of oxygen
and carbon dioxide flux, then 12 or 24 h incubations
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Table 9.1 Calculation of the precision limits for the measurement of changes in oxygen and total inorganic carbon concentrations

Determinant Water temperature Ambient concentrationa Coefficient of variation Limit of analytical
(◦C) (mmolm−3) of the methodb (%) detectionc (mmolm−3)

CO2 2100 0.02 0.6
O2 0 350 0.02 0.1
O2 15 250 0.02 0.07
O2 25 200 0.02 0.06

a Rounded off value, calculated from the specified temperature and a salinity of 35.
b From Robinson andWilliams (1991).
c Calculated, assuming four replicates, as 2× (

√
2× ambient concentration× coefficient of variation/(100×√4)).

have a logic. In deeper water, the diel cycle has lit-
tle or no relevance, and the important consideration
here is the continued linearity of the rates.

Random and systematic errors
The measurement of respiration will be subject
to a number of random and potential systematic
errors. Random errors derive from two sources:
(i) the analytical method for the measurement of
the reactant and (ii) a form of time-dependent ran-
domness between the incubated replicates. The for-
mer can be determined from the precision of the
zero time measurements, the latter by the differ-
ence between the precision of the zero time repli-
cates and that of the incubated replicates. These
errors need to be reported, as they set the pre-
cision and therefore the significance of the obser-
vations. Typical median coefficient of variation of
the zero time dissolved oxygen replicates during
fieldwork conditions fall in the region of 0.015–
0.07%while that ofdark incubateddissolvedoxygen
replicates are 0.08–0.15% (Robinson et al. 2002a,b).
Typical means of the standard errors of respira-
tion measurements derived from dissolved oxy-
gen flux range from 0.06 to 0.5 mmolO2 m−3 d−1
(Williams and Purdie 1991; Robinson and Williams
1999; Robinson et al. 2002a,b; Williams et al. 2004).
The median standard error of the oxygen flux
derived rates of respiration collated for this review
is 0.2 mmolO2 m−3 d−1 (n= 1012). The determi-
nation of respiration from the coulometric anal-
ysis of dissolved inorganic carbon flux is less
precise and the analytical method requires fre-
quent calibration to maintain its accuracy. Reported
means of the standard errors of the combined

respiration and net community production determi-
nations derived from DIC flux during fieldwork are
1–1.5 mmol Cm−3 d−1 (n= 19), and of respiration
measurements alone, 0.8 mmol Cm−3 d−1 (n= 11)
(Robinson and Williams 1999; Robinson et al. 1999,
2002a).
Errors of accuracy (systematic errors) are always

difficult to assess, particularly when no reference
is available. We have categorized these nonrandom
errors under three headings: procedural errors,
errors of containment, and errors of interpretation.
The separation is not perfect but suffices for the
purpose of discussion.

Procedural errors
The necessity to derive respiration measurements
from oxygen and similar parameter changes in the
dark gives rise to two forms of error: (i) omission in
the determined rate of light-associated respiration
and (ii) a time-dependent run down of respira-
tion due to a decrease in the concentration of the
substrates that fuel respiration.
There are two forms of respiration that

occur exclusively or predominantly in the
light—notably the Mehler and the RUBISCO
oxidase/photorespiration reactions. These, and
their implications for the measurement of res-
piration, have been discussed by Raven and
Beardall (Chapter 3) and Williams and del Giorgio
(Chapter 1). They cannot be measured by the
conventional dark bottle approach. Whether this is
a problem, or a blessing, depends upon the purpose
of the measurements. The argument is made in
Chapter 1 that these reactions have little to do
with organic metabolism—particularly the Mehler
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reaction—and that for much ecological work its
omission from the respiration measurement is more
likely a gain rather than a loss. This would not
be the case for fundamental physiological work
directed to photon capture and quantum yield
when these two processes would need to be taken
into account. The circumstances surrounding the
RUBISCO oxidase/photorespiration reactions are
less straightforward in this respect.
The rundownof respiration due to the exhaustion

of substrates has received the attention of a number
of workers. Of 34 published time courses (Williams
and Grey 1970; Williams 1981; Harrison 1986;
Hopkinson et al. 1989; Kruse 1993; Biddanda et al.
1994; Pomeroy et al. 1994; Sampou and Kemp 1994;
Blight et al. 1995; Arístegui et al. 1996; Carlson et al.
1999; Robinson et al. 1999; Robinson 2000; Robinson
et al. 2002b), more than 80% show a linear rate of
decrease in oxygen concentration (i.e. no observable
change in respiration rate) for at least the first 6 days
of incubation. In only two inshore studies (Williams
1981; Pomeroy et al. 1994), where respiration rates
were high (from 5 to 11 mmolO2 m−3 d−1) were
monotonic decreases or increases in oxygen concen-
tration seen during incubations of less than 1 day.
Where nonlinearities have been encountered it is
possible to calculate the error that would have been
incurred by using the simple two time point 24 h
incubation and this varies from 2 to 20%; the very
high proportion of linear time courses suggests that
the lower estimate is the more representative one.
Long dark incubations give rise to more subtle

problems in that they may disrupt any inherent
diel cycle. Recent studies have highlighted the diel
synchrony of growth of photosynthetic prokaryotes
in both culture and open-ocean situations (Zubkov
et al. 2000; Jacquet et al. 2001). A 24 h dark incuba-
tion of a picophytoplankton dominated community
would therefore disrupt this light : dark cell cycle.
The consequences and importance of such an effect
are unknown.

Errors of containment
All in vitro approaches (be they in 50 cm3 bottles
or 10 m3 mesocosms) involve containment. Con-
tainment may cause two categories of error; (i) the
sample size will involve omission of part of the

heterotrophic community, (ii) the container itself
may impact the enclosed population giving rise to
so-called “bottle” effects.
The omission of organisms will have two conse-

quences: (i) there will be loss of a component of
respiration, (ii) the absenceof apredatorwill remove
grazing pressure and so control on the abundance
of the prey will be lost. Larger organisms occur
at sufficiently low abundances that they are poorly
sampled by in vitro procedures, and so community
respiration is in this respect underestimated. It is
possible to quantify the effect in order to establish its
significance. Distributionsof individual abundances
and cumulative respiration rates can be derived
from observed or theoretical profiles of biomass.
Figure 9.1 (based on Platt and Denman 1977) shows
the theoretical distribution of both abundance and
cumulative respirationwith size. The intersection of
the two straight lines shows the individual size (ca.
50 µm) above which the organisms are poorly rep-
resented (less than 10 dm−3) in samples taken for
in vitro studies. However, by this size, in excess of
99% of calculated respiration is accounted for by the
smaller size fractions (see circles in the figure). An
extensive analysis is summarized in Fig. 9.15, and
suggests afigure of 3%of respiration associatedwith
organisms greater than 100 µm. Hernandez-Leon
and Ikeda (Chapter 5), on the other hand, suggest
a larger contribution of zooplankton to total respira-
tion, in theorderof 6 to10%of the totalwater column
respiration. Thus, although the omission of large
organisms does not introduce a substantial error to
estimates of community respiration, the larger size
classes cannot be ignored.
Omission of a predator will have a potential

secondary effect on respiration deriving from the
increase of biomass of the prey and its associ-
ated respiration. Pomeroy et al. (1994) showed the
increase inbacterial numbers andsubstrate assimila-
tion rateswhich can occur during bottle incubations,
which they concluded was due to the disruption of
the grazer/prey link within the food web. These
effects may be expected to be greater in size frac-
tionation studies in which the size fraction greater
than for example, 1 µm is removed. Sherr et al.
(1999) found a 2 to 8 fold increase in bacterial
activity of a 1 µm filtrate incubated for 2–3 days.
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Figure 9.1 Calculated size distribution of numbers of individuals and cumulative respiration. The circles are the points of 99% and 95%
cumulative respiration. Details are given in Fig. 9.14.

Where concomitant measurements have been made
of changes in bacterial abundance and respiration
rate, it has been found that whereas the former may
increase, this surprisingly is not accompanied with
an increase in community respiration rate (Pomeroy
et al. 1994; Blight et al. 1995).
Aside from purported bottle-induced increases in

bacterial numbers, there are well-defined instances
of contamination effects, notably fromheavymetals.
This was one of the foci of the Planktonic Rate Pro-
cesses in the Oligotrophic Oceans (PRPOOS) study
and it was found (Marra and Heinemann 1984) that
with careful attention to detail and cleanliness these
effects could be overcome.

Errors of interpretation
The oxygen technique determines the decrease of
oxygen in the dark and makes the assumption that
this can be attributed to the physiological process
of respiration. This assumption has been challenged
by Pamatmat (1997), who argued that the decom-
position of hydrogen peroxide, which gives rise to
the production of oxygen, could aliaise the respira-
tion measurements, depending upon the technique
used tomeasure oxygen. Polarographic oxygen sen-
sors and mass spectrometers will accurately record
the changes in oxygen concentration; as a conse-
quence the decomposition of hydrogen peroxide

would be recorded, quite properly, as the produc-
tion of oxygen in the dark and therefore give rise
to an underestimation of respiration. This would
not occur if the Winkler reaction were used, as the
reagents will react with hydrogen peroxide and so
would be falsely but fortuitously recorded as the
equivalent amount of oxygen—hence recording no
net change due to the decomposition of hydrogen
peroxide.
Pamatmat further discussed a cycle of hydrogen

peroxide, which he claimed would give rise to the
net production of 1/2 mole of oxygen per cycle.
Pamatmat’s proposed hydrogen peroxide/oxygen
cycle can only give rise to net oxygen production at
the expense of reduced structures. Whereas such a
supply of organic proton and electron donors may
exist in the types of environment he studied (tide
pools, saline ponds), they would not accumulate
in significant quantities in either shelf or offshore
waters.
Significantly, where hydrogen peroxide con-

centrations are reported for coastal and offshore
areas they are characteristically in the range of
2–50 nmol dm−3 (Herut et al. 1998; Hanson et al.
2001; Yuan andShiller, 2001). Theflux rates are in the
range, 8–230 nmol dm−3 d−1 (Moffett and Zafiriou
1993; Yocis et al. 2000; Yuan and Shiller 2001). Both
concentrations and fluxes of hydrogen peroxide are
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low in relation to their oxygen counterparts, and
close to, or more often below, the sensitivity of the
methods used to measure in vitro oxygen fluxes.
In polluted waters, hydrogen peroxide concentra-
tions are higher (8–100 nmol dm−3; Herut et al.
1998), but even here they are near to or beyond
the limit of the Winkler oxygen technique and so
are a minor source of error in relation to the high
respiratory oxygen fluxes observed in such waters.
Thus, present understanding of hydrogen perox-

ide cycling implies that the rates would be beyond
the sensitivityof theWinkler incubation technique in
open-ocean environments. Thus, Pamatmat’s con-
cerns over the use of the oxygen technique for
both respiration and production would appear to
be unfounded.

Anomalous observations and reconciliation with other
measures of plankton activity and in situ derived
respiration rates
One virtue of the in vitro oxygen flux technique is
the ability to detect anomalous results; for example,
apparent “negative” respiration rates or oxygenpro-
duction in the dark. Williams (2000) analyzed a
dataset of 293 observations after filtering the data for
occasions where the gross production or respiration
rate was less than twice its standard error or where
“impossible” values of negative gross production or
respiration occurred. This filtering process reduced
the dataset by 5–10%, but the frequency of the neg-
ative respiration rates was not differentiated within
this. We have access to the original titration data
of 859 of the in vitro dark oxygen flux data col-
lected for this review. Within this dataset, on only
nine occasions did the final concentration of oxygen
exceed the initial concentration, and so produce an
anomalous “negative” respiration rate.
A different anomaly reported in the literature

(Robinson and Williams 1999) is the determina-
tion of higher than expected respiratory quotients
(�CO2/−�O2) derived from the concurrent mea-
surement of oxygen consumption and dissolved
inorganic carbon production during a dark incuba-
tion. The authors were unable to account for these
measurements without invoking the occurrence of
metabolic processes such as methanogenesis in the
aerobic euphotic zone of the Arabian Sea.

Several studies have addressed the question of
whether in vitro estimates of plankton activity are
representativeof in situ rates.With regard toprimary
production, differences of ∼25% between in vitro
and in situ derived rates have been found (Williams
and Purdie 1991; Daneri 1992; Chipman et al. 1993;
Rees et al. 2001). Bearing in mind the difficulty
of recreating an appropriate light field for in vitro
estimates of primary production and the practical
limitations to in situ work, it seems reasonable to
suggest that the difference between in vitro and in
situ derived rates of plankton respiration would be
of a comparable or lesser magnitude.

9.2.2 Electron transport system (ETS) assay

The use of enzymatic indicators to estimate “poten-
tial” respiration is gaining acceptance due to their
sensitivity (<0.1 mmolO2 m−3 d−1), especially for
mesopelagic waters (del Giorgio 1992; Harrison
et al. 2001; Arístegui and Harrison 2002; Arístegui
et al. 2002; and see Hernández-León and Ikeda,
Chapter 5). These methods are not yet routinely
used in biogeochemical studies. ETS activity mea-
surements have to be converted to in situ respira-
tion rates by empirically determined relationships
between ETS activity and respiration derived from
dissolved oxygen flux. Such data interpretation
faces problems, but no more so than those of other
commonly used rate process techniques (14C and
3H-thymidine; del Giorgio 1992) or extrapolations
of remotely sensed ocean color data to sea sur-
face chlorophyll and primary production estimates
(Sullivan et al. 1993).
The ETS method estimates the maximum activ-

ity of the enzymes associated with the respi-
ratory ETSs in both eukaryotic and prokaryotic
organisms. The rate of reduction of a tetra-
zolium salt (2-(p-iodophenyl)-3-(p-nitrophenyl)-5-
phenyl tetrazolium chloride (INT)) is used as an
indicator of electron transport activity, and so oxy-
gen consumption or carbon dioxide production
(Packard 1971; Kenner and Ahmed 1975; Arístegui
and Montero 1995). The enzymatic rates are cor-
rected to in situ temperature using the Arrhenius
equation. Activation energies of between 46 and
67 kJmol−1 have been measured (Arístegui and
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Montero 1995; Arístegui et al. 2002). The ETS tech-
nique measures the maximum capacity of the ter-
minal oxidation system in vitro (in the physiological
sense). In vivo rates are controlled by the rates of
oxidativephosphorylationandso themaximumrate
is not thought to be achieved in the whole cell.
The suppression is not constant, varying with taxo-
nomic group andphysiological state (Packard 1985),
and so needs to be established empirically. Typi-
cal algorithms used are logR(mgO2 m−3 d−1) =
0.357 + 0.750 log ETS (r2 = 0.75; n = 197; Arístegui
and Montero 1995) for oceanic surface waters or
R = ETS × 0.086 (Christensen et al. 1980) for 200–
1000 m depths. The error associated with such con-
versions is estimated to be ∼ ± 30% (Arístegui and
Montero 1995, and see Hernández-León and Ikeda,
Chapter 5).

9.2.3 Derivation from biomass

Given measurements or estimates of biomass
within the planktonic community and appropriate
biomass-specific rates of metabolism, a rate of respi-
ration may be calculated. Methods are available to
determine or estimate the biomass of most compo-
nents of the planktonic community, although they
are often very demanding of time and skill. An
alternative to determining the biomass of individual
organisms or groups is to use generalized deriva-
tions of biomass, either from observations (Sheldon
et al. 1972) or theory (Platt andDenman1978), within
the size spectrum found in marine plankton. These
can be coupled with allometric equations for respi-
ration versus weight or size of the organism (Blanco
et al. 1998). There is some consensus over the rate
versus size relationship for respiration for larger
plankton (see Fenchel, Chapter 4, and Hernández-
León and Ikeda, Chapter 5), but as size decreases
the basic assumption that one can specify metabolic
rates becomes less secure: bacteria for instance prob-
ably exhibit the greatest metabolic range of all free-
living organisms. Despite its obvious limitations
the approach offers a valuable constraint to field
observations of thedistributionof respirationwithin
the planktonic size spectrum (Robinson et al. 1999,
2002b).

9.2.4 Derivation from activity and growth
efficiencies

Rates of primary production, bacterial production,
and to a lesser extent microzooplankton herbivory
and bacterivory are much more frequently deter-
mined than rates of plankton community respira-
tion. Therefore, if the growth efficiency of each
of these plankton groups can be sufficiently con-
strained, the respiration rate of each group can
be calculated and the community respiration rate
derived by summation. Unfortunately growth effi-
ciencies, particularly those of the bacterial fraction,
are not well constrained. While this approach has
been used with some success—the summed esti-
mated respiration of each trophic group falling
within 50% of the measured community respira-
tion (Robinson and Williams 1999; Robinson et al.
1999, 2002b)—the reliance upon an estimate of the
growth efficiencies is the greatest limitation to this
technique.

9.2.5 Inverse analysis

A different approach to the determination of com-
munity respiration or the respiration of a particular
size class or group of the plankton, is to use inverse
analysis (e.g. Vezina and Platt 1988). The proce-
dure incorporates observations of rates or states and
searches for the best fit of the unknown metabolic
rate to the field data. It is potentially a very power-
ful approach as it is substantially, but not wholly,
objective. However, the analysis is only as good
as the data incorporated, and with many datasets,
several parameters will not be known, requiring
subjective interpretation. Fasham et al. (1999) used
a size structured ecosystem model forced by mea-
sured water column integrated primary production
and heterotrophic bacterial production to derive the
size distribution of community respiration during a
diatom bloom in the north east Atlantic. Ducklow
et al. (2000) used equations of carbon flow through
phytoplankton, zooplankton, and bacteria, along
with the constraint ofmeasured community respira-
tion to estimate bacterial respiration, and Anderson
and Ducklow (2001) used a simple steady-state
model of themicrobial loop to examine the reliability
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ofmeasured bacterial production, growth efficiency,
and hence respiration. As more datasets are col-
lected which encompass concurrent rate and state
measurements of most of the plankton groups, this
procedure will become more commonplace.

9.2.6 Future analytical methods

The importance of plankton respiration measure-
ments to an understanding of carbon flow through
themicrobial foodweb, and the relatively fewobser-
vations currently available from traditional meth-
ods, lead us to continually seek new approaches
which could improve our understanding of the
spatial and temporal variability of community respi-
ration as well as that of components of the plankton
community.
The activity of the enzyme isocitrate dehydroge-

nase (IDH) has been investigated in batch cultures
of marine bacteria in relation to carbon dioxide pro-
duction and oxygen consumption (Packard et al.
1996). Rates of carbon dioxide production were pre-
dicted frommodels of second-order enzymekinetics
throughout the different phases of the cultures with
an r2 greater than 0.84 (Packard et al. 1996; Roy and
Packard 2001). The potential to use this enzyme as
an index of bacterial respiratory production of car-
bondioxide in theoceanawaits further investigation
and improvement.
Luz and Barkan (2000) have recently introduced a

method to estimate time-integrated rates of respira-
tionandphotosynthesis fromthedifferencebetween
the triple isotope (16O, 17O, and 18O) composition
of atmospheric and dissolved oxygen and the rate
of air–sea oxygen exchange. Their estimates of gross
oxygen production agreed well with rates deter-
mined by bottle incubations in the Sea of Galilee
and with seasonal cycles of production determined
in upper ocean waters near Bermuda (Bender 2000).
Theadvantageof themethod is that it integratesover
week tomonthperiods, something that is impossible
to achieve with bottle incubations. The disadvan-
tages are the reliance on knowledge of gas exchange
rates, (an associated error of about 30%) and of the
fractionationbyphotosynthesis and respiration, and
the cost and skill required for mass spectrometric

analysis of oxygen isotopes. However these latter
problems are likely to diminish with time.

9.3 Community respiration rates

9.3.1 Overview of the data

Previous collations of community respiration data
have gathered a few hundred measurements
worldwide. Williams (2000) analyzed a dataset of
293 observations and assessed the interconnections
between plankton community respiration, net com-
munity production, and gross production. Rivkin
and Legendre (2001) compiled community respi-
ration data from 12 studies (n = 100) in order
to test the predictive capability of their equation
relating bacterial growth efficiency to temperature
and their assertion that the major part of commu-
nity respiration is attributable to bacteria. Robinson
et al. (2002a) collated data from six oligotrophic
studies and four upwelling studies in order to
calculate a mean respiration rate for oligotrophic
regions of 2.4 mmolO2 m−3 d−1 (<0.7–12.7; n = 51)
and a mean respiration rate in upwelling areas of
6.5 mmolO2 m−3 d−1 (0–33.4; n = 132).
In the present study, we have combined these

datasets and augmented them with recently pub-
lished data, unpublished data of our own, and
unpublished and published data kindly sup-
plied by colleagues (Arístegui, J., Gonzalez,
N., Lefevre, D., and Morris, P., personal
communication). The data can be accessed at
www.pml.ac.uk/amt/data/Respiration.xls. This
database will continue to be developed and main-
tained. We anticipate that we have acquired ca.
80% of the existing surface water respiration data.
Data have not been used in the present analysis
when the rate is less than twice the standard error
(95% confidence limits). The combined dataset
consists of 1662 respiration data (693 separate sta-
tions), collected between 1980 and 2002, from open
ocean, coastal upwelling and shelf sea environ-
ments (Robinson and Williams 1993, 1999; Kiddon
et al. 1995; Pomeroy et al. 1995; Cota et al. 1996;
Lefevre et al. 1997; Eissler and Quinones 1999;
Robinson et al. 1999, 2002a,b; Sherry et al., 1999;
Daneri et al. 2000; Hitchcock et al. 2000; Moncoiffe
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Figure 9.2 Global database of respiration measurements positioned on map of SeaWiFs ocean color.

et al. 2000; Dickson and Orchardo, 2001; Dickson
et al. 2001; Gonzalez et al. 2001, 2002). Where
possible the respiration data are supported by
concurrent measurements of in situ temperature,
chlorophyll a concentration, bacterial abundance,
particulate organic carbon, light attenuation, and
gross production. Of the observations, 91% of the
data are derived from Winkler oxygen titrations,
3% from oxygen consumption measured by oxygen
electrode, 4% are “daily” respiration rates derived
from 18O2 (i.e. incorporating both “light” and
“dark” respiration; Bender et al. 1999), and <2% of
the data are derived from ETS activity. Open-ocean
observations account for 71% of the measurements;
the remainder have been collected on the shelf
(<200 m). Figure 9.2 highlights just how spatially
restricted and depauperate the global database is.
The mean respiration rate of this complete volu-

metric dataset is 3.5±0.13 mmolO2 m−3 d−1 (mean
± standard error, the standard deviation is 5.3;
range of the mean is 0.02–75 mmolO2 m−3 d−1),
and of surface water (<10 m) alone, is
4.9 ± 0.23 mmolO2 m−3 d−1. The mean surface
water (<10 m) respiration rate measured in coastal
areas is 7.4± 0.54 mmolO2 m−3 d−1 (n= 323; range
0.1–75 mmolO2 m−3 d−1), and the mean of surface

water measurements made in open-ocean areas
is 3.3 ± 0.15 mmolO2 m−3 d−1 (n= 502; range
0.02–33.8 mmolO2 m−2 d−1). Where respiration
was measured at three or more depths we have
calculated depth-integrated rates, to the depth of
the deepest sample using a conventional trapezoid
procedure. The integration depth varies from 10 to
150 m with a mean of 53 m and a median of 40 m.
Since respiration measurements have historically
been made in support of gross production measure-
ments, the deepest depth sampled in most cases
is the 1% light depth rather than the mixed layer
depth. The means for the whole depth integrated
dataset (n = 229), the open-ocean dataset (n = 186),
and the coastal/shelf seas dataset (n= 43) are
114± 5.1, 116± 8.5, and 107± 11 mmolO2 m−2 d−1
(mean± standard error; standard deviation
∼100 mmolO2 m−2 d−1), respectively.
The respiration data have been assessed with

respect to latitudinal and seasonal distribution and
covariance with more frequently made measures of
plankton biomass and activity. Figure 9.2 indicates
the spatial distribution of the respiration data pre-
sented on a satellite image of ocean color. Such a
portrayal of the data emphasizes the urgent need for
more data (Jahnke and Craven 1995; Williams 2000).
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Figure 9.3 Latitudinal distribution of the number of observations of volumetric rates of community respiration. The mean rate for each
latitude band (mmol O2 m

−3 d−1) is shown above each histogram.

Figure 9.4 Depth distribution of the number of observations of volumetric rates of community respiration. The mean rate for each depth
range (mmol O2 m

−3 d−1) is shown above each histogram.

The frequency histogram of respiration versus lat-
itude (Fig. 9.3) reveals that the greatest number
of samples have been collected within the latitu-
dinal band between 30◦N and 50◦N where the
mean respiration rate is 4.3mmolO2 m−3 d−1. As
mentioned above, the majority of respiration mea-
surements have been made within the euphotic
zone. Less than 100 measurements of respiration
(∼5% of the dataset) were collected below 100 m
(Fig. 9.4). Interestingly, of the small number of

measurements made, the mean rate is still relatively
high (>1 mmolO2 m−3 d−1) and easily measurable
with a 24 h oxygen incubation technique. Data are
unevenly distributed throughout the year (Fig. 9.5).
As might be expected, most of the measurements
were collected during the temperate and austral
spring. In the Northern Hemisphere the mean res-
piration rates for April, May, June and July, were
3.5, 6.2, 5.8, and 8.9 mmolO2 m−3 d−1, respectively.
Themean respiration rates for data collected during
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Figure 9.5 Seasonal distribution of the number of observations of volumetric rates of community respiration. The mean rate for each calendar
month (mmol O2 m

−3 d−1) is shown above each histogram.

Figure 9.6 Distribution of the number of observations of volumetric rates of respiration with respect to the algal community size structure.
The mean rate for each category (mmol O2 m

−3 d−1) is shown above each histogram.

December, January, and February in the Southern
Hemisphere are 2.1, 5.4, and 1.9 mmolO2 m−3 d−1,
respectively. High mean respiration rates measured
in September andNovember in the Northern Hemi-
sphere are biased by coastal studies undertaken at
this time of the year.
A focus of research in the late 1980s and 1990s

was the study of global carbon cycling and the role
of phytoplankton in drawing down atmospheric
carbon dioxide (JGOFS Science Plan). Hence, one

expected bias in the respiration data is that the
majority of the data were collected during diatom
dominated spring blooms (Williams 1998). We have
therefore analyzed a frequency histogram of res-
piration against a broad estimate of phytoplank-
ton community structure—the percentage of total
chlorophyll attributable to the smallest cells present
(Fig. 9.6). Note that some authors have measured
the fraction between 0.2–2 µm as their smallest
size band, while others have used <1 µm. There
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does seem to be a bias towards data collected dur-
ing larger cell dominated algal populations—with
a smaller peak at populations, which have a large
proportion (70–80%) of smaller cells. This is possi-
bly due to the inclusion of the three datasets from
the Atlantic Meridional Transect program (AMT),
which sample the picoautotroph dominated mid-
ocean gyres (Gonzalez et al. 2002; Robinson et al.
2002a). There is no clear pattern between the per-
centage of chlorophyll attributed to<2 µm cells and
the magnitude of respiration.

9.3.2 Analysis of the data

The respiration data are biased with respect to time,
place, community structure, anddepth (see Figs 9.2–
9.6). Thedataset is particularly deficient indata from
deeper water and for periods of the year of low pho-
tosynthetic activity. As a consequence the dataset
is not comprehensive enough to allow the prepara-
tion of maps. In this respect, we are not at the stage
that was reached by the 14C community in 1968,
when it was possible to produce a realistic map of
oceanic productivity (see discussion in Barber and
Hilting 2002).

Relationships between respiration and chlorophyll,
bacterial abundance, particulate organic carbon,
and attenuation
As community respiration is determined by the
activity of the algal, bacterial, and microzooplank-
ton community present, one may expect that res-
piration would be correlated with the abundance
or biomass of one or more of the components of
the plankton community. Robinson et al. (2002a)
found significant (p < 0.001) relationships between
respiration and bacterial abundance, chlorophyll a,
beam attenuation, and particulate organic carbon
(POC) of samples collected along a 12 000 km lat-
itudinal transect of the Eastern Atlantic Ocean.
Robinson et al. (2002b) combined these data with
those collected during a study of a coccolithophore
bloom in the North Sea, and similarly found signifi-
cant relationships between respiration, andbacterial
and microzooplankton biomass, POC, and chloro-
phyll a. Since these latter parameters are less time

and labor intensive in their collection and analy-
sis, these authors drew attention to their value as
“predictors” of community respiration. Of the vari-
ance in respiration, 40–50% could be accounted for
by the variation in bacterial biomass or POC. Using
the larger database of respirationmeasurements col-
lected for the present review we were curious of
the predictive power of one or more of these sin-
gle variable regression equations. Figure 9.7 shows
weak relationships between respiration, chloro-
phyll a, POC, bacterial abundance, and attenuation
with their associated major reduced axis regres-
sions. Only 20–30% of the variance in respiration
can be accounted for by the variation in one of
these more routinely measured parameters. Unfor-
tunately, the concurrent data are too sparse to probe
this unexpected result. Of the 18 individual stud-
ies where respiration and chlorophyll are reported,
in only 50% of cases is the r2 of the relationship
between respiration and chlorophyll a greater than
0.3. These nine studies tend to be in shelf seas with
large ranges in chlorophyll (0.2–50 mg m−3) and
respiration (1–53 mmolO2 m−3 d−1). The relation-
ship between respiration and chlorophyll a does
not appear to depend on autotrophic community
structure, for example, within the subset of data
where less than 50% of the total chlorophyll is
attributed to cells<2 µm in diameter (i.e. communi-
ties dominated by larger cells) respiration and total
chlorophyll were not correlated.

Relationships between respiration and photosynthesis
Assuming that the open ocean is essentially a closed
system (and this is debated), then respiration will
be principally fueled by photosynthetic production
of organic material. The coupling between photo-
synthesis and respiration will be both physiological
(in algae) but also trophic (in heterotrophs). In the
former case, the couplingmay be tight and on phys-
iological rather than ecological timescales. The flow
and recycling through the food web introduce time
lags, so that the two processes of community photo-
synthesis and respiration become out of phase with
oneanother—the latter trailing the former. Temporal
studies in pelagic marine ecosystems on timescales
that allow the examination of the phasing of the
two processes are few (Blight et al. 1995; Serret et al.
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Figure 9.7 Log10–log10 plots of volumetric rates of respiration against chlorophyll a, POC, bacterial abundance, and attenuance. Respiration
rates as mmol O2 m

−3 d−1, chlorophyll as mg chl am−3, bacterial abundance as 109 cell dm−3, POC as mmol Cm−3, attenuance as m−1. The
fitted lines are a Model 2 major reduced axis. Chlorophyll: y = 1.4x + 0.64; r2 = 0.27, n = 628; bacterial abundance: y = 0.89x + 5.4;
r2 = 0.27, n = 205; POC:y = 0.97x − 0.75; r2 = 0.32, n = 170; and attenuance: y = 1.01x − 0.72; r2 = 0.22, n = 260.

1999; Williams 2000). In open-water situations, such
studies are hindered by advective processes, hence
mesocosms offer a more successful environment for
such work. Figure 9.8 shows the results of stud-
ies in a series of replicate 11 000 dm3 mesocosms
undertaken in a Norwegian Fjord. Figure 9.8(a)
shows the simple time series. This illustrates the
timescale of the phasing between photosynthe-
sis and respiration. In this instance respiration
trails photosynthesis by about 4 days. Figure 9.8(b)
and (c) illustrate the swing from autotrophy to
heterotrophy. Figure 9.8(d) shows the instantaneous
relationship between photosynthesis and respira-
tion. Two lines are fitted to the data—an ordinary
least squares (OLS) and major reduced axis (MRA)
regression. Both lineshave slopes less thanunity and
this reflects the smaller variance in the respiration
dataset as comparedwith concurrentmeasurements
of photosynthesis. This almost certainly arises as a
consequence of time delays stemming from the flow
of organic production through the various trophic
groups, thus dampening the fluctuations seen in

primary production (see Aristeguí and Harrison
2002). The system being intermittently charged up
by pulses of photosynthesis and discharged by a
continuous leakage of organic material to respira-
tion (Williams 1995). These concepts are useful in
the interpretation of open field data.
The dataset of respiration, when compared to that

of 14C-determined photosynthesis is small, about
1%of thephotosynthetic observations (Williamsand
del Giorgio, Chapter 1). An obvious solution to this
problem is to seek for relationships between res-
piration and photosynthesis. If such relationships
can be found, then basin wide estimates of respi-
ration could be derived from the massive database
of photosynthesis, and potentially from models of
photosynthesis.
In Fig. 9.9 we compare the frequency distribu-

tions of field observations of photosynthesis and
respiration from our database. In the case of the
volumetric rates, the respiration rates have a nar-
rower distribution than the photosynthetic rates—
consistent with the capacitance effect of the food
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Figure 9.8 Analysis of time series of photosynthesis and respiration followed over 8 days in a series of 11 m3 mesocosms. (a) Time-series
plot of photosynthetic rate (open circles) and respiration (filled circles), (b) phase plots of photosynthesis and respiration, (c) time development of
P/R ratio, and (d) log10–log10 plots of photosynthesis and respiration. The dotted line shows an OLS fit, the dashed line an MRA fit and the solid
is the P = R line.

web on respiration. The frequency distribution of
the depth-integrated rates of respiration is skewed
at the upper end—a product of a small number
(5–6 profiles) of very high respiration values. For
this reason we have worked with log-normalized
rates, as most of the line-fitting procedures we use
require a normal distribution of values within the
dataset.
The first attempt to analyze a wide range of

environments for the relationship between photo-
synthesis and respiration was made by del Giorgio
et al.(1997). They found that respiration was scaled
to photosynthesis with an exponent less than unity.
Duarte and Agusti (1998) using a larger dataset

(280 observations) confirmed the findings of del
Giorgio et al. They found that community respi-
ration was scaled as the approximate two-thirds
power of photosynthesis, the correlation between
the two parameters was high (r2 = 0.42). The
slope of the log–log relationship for the open ocean
was somewhat lower (0.5). We have repeated this
analysis (see Fig. 9.10) on the larger database now
available to us (957 paired observations of volumet-
ric rates of oxygen flux derived gross production
and respiration). The correlation is much the same
(r2 = 0.43), but the slope is reduced to 0.4, this
is most likely due to the addition of datasets from
coastal regions and low latitudes (Holligan et al.
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Figure 9.9 Frequency distribution of photosynthetic and respiration rates. The data has been sorted into three bins per decade and
are normalized to the largest sample. Frequency distributions of (a) volumetric rates and (b) depth-integrated rates are shown.
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Figure 9.10 Log10–log10 plot of volumetric respiration and photosynthesis. Rates as mmol m−3 d−1. The dotted line shows an OLS fit
(y = 0.412x + 0.1), the dashed line an MRA fit (y = 0.62x + 0.04), and the solid is the P = R line. The R2 of the log-normalized data
was 0.44.

1984; Arístegui et al. 1996; Robinson et al. 1999;
Robinson unpublished data) where low P/R ratios
have been recorded. The variance of photosynthe-
sis (expressed as the standard deviation) is greater
than respiration (0.72 versus 0.42), which is the basis
of the low slope. Both del Giorgio et al. (1997) and
Duarte and Agusti (1998) noted that at low photo-
synthetic rates, the rates of respiration exceeded
those of photosynthesis. Based on their derived
relationship between photosynthesis and respira-
tion, and the estimated primary production in each
biogeochemical province in the ocean, Duarte and
Agusti (1998) concluded that “80% of the ocean’s
surface are expected to be heterotrophic. . .,” sup-
ported by a net autotrophy in the remaining 20% of
the ocean. This was a controversial conclusion. The
two matters of contention were the timescale of the
net heterotrophy (whether permanent or transient)
and the supplymechanism of the carbon required to
support the net heterotrophy.
With volumetric rates one encounters a separa-

tion of photosynthesis and respiration, in time (as
illustrated in Fig. 9.8) but also in space (depth).
This complicates the elucidation of the ecological

relationship between photosynthesis and respira-
tion. Williams (1998) suggested that the depth-
integrated rateswould overcome the secondof these
two effects. The penalty is a fivefold reduction in
thenumberofpairedphotosynthesis andrespiration
observations from 957 volumetric rates to about 200
depth-integrated rates. The depth-integrated rates
are analyzed in Fig. 9.11.
There are important differences between the rela-

tionships betweenphotosynthesis and respiration in
the volumetric and depth-integrated datasets. The
principal difference is that in the log normalized
plots, most (72%) of the correlation between photo-
synthesis and respiration seen in the volumetric
rates is lost in the depth-integrated rates. The rea-
son for such a major loss in correlation is not wholly
clear and critical in understanding its significance.
It could be that the main basis of the relatively high
correlation in the volumetric plots came from inter-
nal correlation in individual profiles—were this the
case, then the relationships obtained from analy-
ses of volumetric plots would have little capability
to predict regional differences. A further reason
could be sampling bias, either with respect to depth
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Figure 9.11 Log10–log10 plot of depth-integrated respiration and photosynthesis. Rates as mmol m−2 d−1. The dotted line shows an OLS fit
(y = 0.26x + 1.5), the dashed line an MRA fit (R = 1.0x + 0.01), and the solid is the P = R line. The R2 of the log-normalized data
was 0.07.

(Fig. 9.4), or community structure (Fig. 9.6) as pro-
posed by Serret et al. (2001). Due to the different
depth distributions of photosynthesis and respira-
tion, the disparity between the variances in the
photosynthetic and respiration rates, seen in the vol-
umetric plots is lost in the depth-integrated plots
(standard deviation respiration = 0.34; standard
deviation photosynthesis = 0.33). This implies that
most of the nonlinear scaling between volumetric
rates of photosynthesis and respiration comes from
the differences in the depth distribution of these two
properties.
The low correlation (r2 = 0.13) between depth-

integrated photosynthesis and respiration, suggests
that areal photosynthesis is aweak predictor of areal
respiration. In many respects it is a disappointing
result butwas thepredictionofWilliamsandBowers
(1999) and the conclusion of Serret et al. (2001, 2002).
The conclusion does not sit comfortably with the
proposition, at the beginning of the section, that
respiration is principally fueled by autochthonous
photosynthesis. This may be due to a number of
factors: for example, the systems are not closed, or
there are temporal offsets between respiration and
photosynthesis.

The argument has been made (e.g. Duarte and
Agusti 1998; Serret et al. 2002) that there are
differences between the balance of photosynthe-
sis and respiration in different biogeochemical
zones, thus simply working from global averages
is inappropriate. Longhurst (1998) identified 55 bio-
geochemical zones in the oceans, these would rep-
resent the most logical framework into which to bin
the present data, however with only ∼200 depth-
integrated observations this degree of resolution is
presently far too fine. As an alternative, in order to
attempt an analysis, we have grouped the data in
10◦ of latitude, this gives 17 bins. Even with such
a coarse separation the distribution is exceedingly
patchy and does not in any way match the areas
of ocean within each latitudinal band (Fig. 9.12).
The Pacific and the Indian oceans are particularly
poorly sampled with no measurements south of
10◦N and above 30◦N. Most of the measurements
lie between 20–50◦N in the Atlantic. In the Atlantic
the estimates for the latitudes greater than 20◦N
showsomedegreeof consistency (seeFig. 9.13), with
photosynthesis around 120 mmolO2 m−2 d−1 and
respiration close to 95 mmolO2 m−2 d−1. When the
variance in the dataset is considered the difference
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Figure 9.12 Comparison of the latitudinal distribution of depth-integrated rates of community respiration in the Atlantic and other oceans.
The data is divided into Atlantic and non-Atlantic Ocean and presented alongside the area (as 1012m2) of each of the latitudinal bands
of ocean.

of +25 mmolO2 m−2 d−1 between photosynthesis
and respiration is just significant. The rates reported
for the latitudes between 20◦N and 20◦S are higher
(photosynthesis 168 mmolO2 m−2 d−1; respiration
230 mmolO2 m−2d−1), the number of samples is
however low and the variance considerable, leaving
the difference (−62 mmolO2 m−2 d−1) of border-
line significance.
Whereas the differences between respiration and

photosynthesiswithin the current datasetmay be on
the edge of significance, the pattern of negative net
community production on the eastern periphery of
the North Atlantic Gyre is a repeated observation
(Duarte and Agusti 1998; Duarte et al. 2001; Robin-
son et al. 2002a; Serret et al. 2001, 2002) and in con-
tradiction with geochemical studies of biogenic (O2
andCO2) gas exchange (Jenkins andGoldman 1985;
Keeling and Shertz 1992; Emerson et al. 1997, 2002).
Several suggestions have been made to account for
this anomaly, none of which have as yet been fully
proved or refuted. Sampling methodologies could
be underestimating gross production, second the
area could be fueled by a carbon source from dis-
tant previously net productive areas, finally local
temporal separation of photosynthesis from respira-
tion could alias the results. The second explanation
was put forward by Harrison et al. (2001) to account

for the net heterotrophic areas in the eastern sub-
tropicalAtlantic where they argued that the subsidy
was derived fromfilaments advecting offshore from
productive areas.
There are very few seasonal studies in low

productivity areas where net heterotrophy has
been reported—hence one could be observing a net
heterotrophic phase following an unobserved net
autotrophic one (Serret et al. 1999). This has recently
been remedied with a 13-month study at the HOT
site (station ALOHA at 22◦45′N and 158◦00′W) in
the subtropical Pacificgyre (Williams et al. 2004). The
annual totals (photosynthesis 22 molO2 m−2 a−1;
respiration 31 molO2 m−2 a−1) give a deficit of
9 ± 1.6 molO2 m−2 a−1, which is significant and
begs an explanation. In this case the proposition of
allochthonous carbon sources is not compelling, as
the areas in question are physically isolated. The
gradients of dissolved organic carbon have been
measured and they are in the opposite direction
(Abell et al. 2000). The scale of the difference and
the lack of any period of protracted seasonal accu-
mulation of organic material exclude long term out
of phase relationships between photosynthesis and
respiration. The explanation favored by Williams
et al. (2004) is based on intermittency of photosyn-
thesis; the argument (Karl et al. 2003) being that there
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Figure 9.13 Comparison of the latitudinal distribution of depth-integrated rates of community respiration, net community production, and
gross production. (a) the geometric means for 10◦ latitude bands, the error bars represent the standard error for each band; (b) the total rates
for each latitude band where data exists, calculated from the data in Fig. 9.12(a) and the oceanic area for each latitude band. The production
values are concurrent O2-derived rates of gross and net community production.

are short intensive bursts of photosynthesis, which
charge up the organic reservoir, which is then slowly
and steadily discharged by respiration. The evid-
ence for this comes fromlong-termcontinuous in situ
observations of dissolved oxygen in the euphotic
zone, which show periods of rapid accumulation
of biologically produced oxygen. The explanation

has an interesting and provocative corollary—
that because of its better integrating properties,
respiration may be a superior determinant of time-
integrated production than the measurement of
photosynthesis itself. Whereas these explanations
are the best we can currently offer; one inevitably
asks why our sampling protocols have persistently
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missed these pulses and always made measure-
ments during the periods of deficit. Without doubt
we have much to learn about these systems and a
great deal more work to do before we can expect an
understanding of how they function.

9.4 Distribution of respiration within
the planktonic community

When we consider the distribution of respiration
within the community, we implicitly address two
quite separate questions. The first is the distribu-
tion of respiration between the autotrophic and
the heterotrophic communities; autotrophic respi-
ration being that part of gross primary production
(photosynthesis) not available to the rest of the com-
munity. The second question is the distribution of
respiration within the heterotrophic component of
the plankton—this provides insight into ecosystem
functioning.
As there is no accepted procedure for blocking the

metabolism of different sectors of the plankton with
selective inhibitors, alternative ways of apportion-
ing respiration within the planktonic community
have had to bedevised. They fall into five categories:

1. Calculations of the distribution of respiration
from either observations of biomass or from algo-
rithms of biomass distribution.
2. Measurements of the size distribution of respira-
tion from which the respiration of organism groups
may be inferred.
3. Derivation of respiration rates from measured
or estimated rates of production, and growth
efficiencies.
4. Determination of algal respiration as the differ-
ence between gross production and 14C derived net
primary production.
5. Derivation of respiration rates for various trophic
groups from plankton food web models.

9.4.1 Calculations from biomass

Calculations from observations of biomass
Whereas there are a number of datasets for the
biomass of particular plankton groups there are
few comprehensive studies—in part due to the

time and skill required to make a full analysis of
biomass. No study, to our knowledge, contains
estimates for all the major components of the food
web (bacteria, protozoa, algae, and larval and adult
zooplankton), so the apportionment of the relative
contribution to metabolism will be incomplete.
Clearly, if a class is omitted, then the contribution
of the groups reported will be overestimated. The
problem of ascribing rates to groups across the full
size spectrum of the plankton is nontrivial. It is
tempting to search for universal allometric relation-
ships. In the case of the algae it seems possible to
constrain biomass-related respiration reasonably
well (Langdon 1993). Metazoa and protozoa would
appear to have a sufficiently stable respiratory
metabolism that a single allometric equation may
be acceptable (see Fenchel, Chapter 4, Section 4.3),
however one runs into major difficulties with the
bacteria.
Table 9.2 contains a summary of reported calcu-

lations of respiration for various trophic groupings,
expressed as a percentage of the sum of the reported
rates. By far the most comprehensive study was
that of Williams (1982) who used the data from the
CEPEX study. This comprised data on bacteria, 3
categories of protozoa, 9 categories of algae, and
some 44 categories of zooplankton, spanning the
adults and all the larval stages. These observations
were made on a large (1300 m3) mesocosm at 2- or
3-day intervals over a 2-month period. The data in
the table show broad agreement between the vari-
ous estimates of the contribution of different trophic
groups to overall respiration, with bacteria compris-
ing 12–58%, the protozoa a further 11–36%, the algae
8–70%, and the larvae and adult zooplankton 3–9%.
TheCEPEXdataset analyzedbyWilliamswas suf-

ficiently extensive (it spanned 312 orders of magni-
tude in the size of the organisms studied) that a size
distribution of metabolism could be constructed.
This is shown in Fig. 9.14, along with projections of
respiration made from generalizations of biomass
distribution. In its broad features it accords very
well with observations of size-fractionated respira-
tion and the projections from theoretical biomass
profiles, the main discrepancy being in the 1–3 µm
size range. No organisms of that size were logged
in the CEPEX study, probably not because they



“chap09” — 2004/11/8 — page 167 — #21

Ta
bl

e
9.

2
Es
tim

at
es

of
th
e
co
nt
rib

ut
io
n
of

va
rio

us
gr
ou

pi
ng

s
to

co
m
m
un

ity
re
sp
ira
tio

n

Ba
ct
er
ia

Pr
ot

oz
oa

Ph
yt
op

la
nk

to
n

Zo
op

la
nk

to
n

To
ta
l

N
an

ofl
ag

el
la
te
s

H
et
er
ot

ro
ph

s
di
no

s.
Ci
lia

te
s

To
ta
l

Pi
co

N
an

o
M
ic
ro

To
ta
l

La
rv
al

A
du

lt
s

O
th
er
s

To
ta
l

C
al
cu
la
tio
n
fr
om

bi
om

as
s
de
te
rm

in
at
io
ns

W
ill
ia
m
s
(1
98

1)
(n
=

3;
ge
om

et
ric

m
ea
n)

M
es
oc
os
m

(C
an
ad
a)

52
N
ot

in
clu

de
d
in
es
tim

at
e

1
←
−

40
−→

40
3

1
1

5

Ho
lli
ga
n
et
al
.(
19

84
)

En
gl
ish

Ch
an
ne
l

←
−

83
−→

←
−

7.
8
−→

7.
8

9.
4

Ro
bi
ns
on

et
al
.(
19

99
)

(n
=

7;
ge
om

et
ric

m
ea
n)

Ea
st
An

ta
rc
tic

12
3

11
1.
4

15
←
−

69
−→

69
N
ot

in
clu

de
d
in
es
tim

at
e

Ro
bi
ns
on

an
d
W
ill
ia
m
s
(1
99

9)
(n
=

6;
ge
om

et
ric

m
ea
n)

Ar
ab
ia
n
Se
a

11
20

13

So
nd

eg
aa
rd
et
al
.(
20

00
)

(n
=

3;
ge
om

et
ric

m
ea
n)

M
es
oc
os
m

(N
or
w
ay
)

51
←
−

35
−→

35
←
−

12
−→

12
N
ot

in
clu

de
in
es
tim

at
e

Ro
bi
ns
on

et
al
.(
20

02
b)

(n
=

6,
8;
ge
om

et
ric

m
ea
n)

N
or
th

Se
a

58
(1
8a
)

21
5

28
21

Su
m
m
ar
y
st
at
is
tic
s

Ar
ith

m
et
ic
m
ea
n
of

al
l

ob
se
rv
at
io
ns

32
3

18
4

24
34

3
1

1
6

St
an
da
rd

de
vi
at
io
n
of

al
l

ob
se
rv
at
io
ns

22
1

12
4

16
28

1
1

1
3

To
ta
ln
um

be
ro

fo
bs
er
va
tio

ns
26

7
13

13
26

27
3

3
3

4

O
ut
co
m
e
fr
om

pl
an
kt
on

m
od
el
s

Fa
sh
am

et
al
.(
19

99
)(
in
ve
rs
e

m
od

el
)

N
or
th
ea
st

At
la
nt
ic

51
←
−

11
−→

11
4.
2

22
6.
2

6

N
ag
at
a
(2
00

0)
(p
la
nk
to
n
flo

w
m
od

el
)

O
lig
ot
ro
ph

ic
oc
ea
n

35
←
−

36
−→

36
N
ot

in
lcu

de
d
in
es
tim

at
e

a
Tw

o
ca
lcu

la
tio

n
m
et
ho

ds
fo
rb

ac
te
ria

lr
es
pi
ra
tio

n.



“chap09” — 2004/11/8 — page 168 — #22

168 RE S P I RAT ION IN AQUAT I C ECOSYS T EMS

0

25

50

75

100

0 1 10 100 1,000 10,000

Size (in microns)

C
um

ul
at

iv
e

 r
es

pi
ra

tio
n

 a
n

d 
bi

o
m

as
s 

(a
s 

%
)

Integrated respiration - Model A 
Integrated metabolism - Model B
Cumulative respiration
Cumulative biomass 
Size fractionated respiration

Bacteria       Phytoplankton and Protozoa                   Mesozooplankton

Figure 9.14 Size distribution of observed biomass and
calculated and observed cumulative respiration. Integrated
metabolism, Model A based on Platt and Denman (1977),
Model B based on Sheldon et al. (1972). See Box 9.1 for basis
of calculation. Cumulative and size-fractionated respiration
and biomass taken fromWilliams (1982).

were absent but that the skills were not available
to recognize and enumerate them.
There is one caution with the data derived from

field observations generally.As discussed earlier the
sampling in many cases is biased to the productive
part of the plankton cycle, this would put a bias to
the data toward high algal contributions to overall
community respiration.

Calculations from generalized biomass profiles
Generalized continuous biomass profiles of the
plankton have been derived from field observations
(Sheldon et al. 1972) and from theory based on an
idealized food chain (Platt and Denman 1978). Both
of these studies were evolved prior to the modern
understanding of the microbial food web however,
it would appear that they give a fair account of the
modern view of the size of microbial biomass and
metabolism.
Sheldon et al. (1972) concluded that the biomass

profile was flat within logarithmic size classes. Platt
and Denman (1978) found a decreasing biomass
with increasing size, the slope being −0.22 (the
broad structure of Platt and Denman’s derivation
is given in Box 9.1). These biomass/size distribu-
tions can be combined with equations of respiration
versus size to produce size distributions of respira-
tion. In general they show the same features, the
size classes below 10 µm account for more than
95% of the respiration; the size classes from 30 to
10 000 µm accounting for less than 1% of the total.
A similar analysis was made by Platt et al. (1984)

who also highlighted the importance of microbial
metabolism.

9.4.2 Experimental determination of the
size distribution of respiration

In lieu of selective inhibitors to block particular
sectors of the plankton, size-fractionation filtration
procedures have been used to progressively remove
components of the plankton size spectrum—with
respiration measurements being made on the var-
ious filtrates. This was used initially in studies
of the size distribution of photosynthesis and was
applied subsequently by Williams (1981) to estab-
lish the scale of bacterial respiration in relation to
the whole community. The approach has a num-
ber of limitations: it cannot, for example, resolve
between different functional groupings occupying
the same size category. They may be inferred with
a degree of certainty in the case of the extreme
end-members, that is, bacteria (<1 µm) or themeso-
zooplankton (>100 µm), as they dominate their
class sizes. Intermediate size classes will contain
bothheterotrophs (mainlyprotozoa) andautotrophs
in variable proportions. There are also problems
with attached organisms being included in larger-
size classes and the increase in prey consequent
upon the removal of its predator. These cautions
must be taken as constraints when interpreting the
data. Time-series studies of size-fractionated sam-
ples and comparison of the size-fractionated respi-
ration rates with those of the whole community can
act as indicators of the scale of the constraint. The
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Box 9.1 Theoretical calculation of biomass and respiration size distribution

A general theory of size distribution within the plankton was
derived by Platt and Denman (1977). It divides the size spec-
trum into a number of logarithmically increasing steps, either
decades or octaves, and seeks to relate the biomass within
a bandwidth to weight of the size class using an equation of
the form:

bw/b0 = (w/w0)
α (1)

where:
bw is the total biomass within a bandwidth;
w is the characteristic weight of the size class;
α is an allometric scaling constant; and
b0 andw0 are values for one particular size class, which

is used to fix the relationship.

Assuming a unidirectional flow and Fenchel’s (1974)
empirical equations for the weight dependence of turnover
(τw = Awχ ) and respiration (Rw = Bwγ ), where A,B,

χ and γ are constants, one arrives at a solution for the size
distribution for biomass equation (1) as:

bw/b0 = (w/w0)
−0.22 (2)

The value for α of −0.22 in equation (2) comes from the
constants A,B, and Fenchel’s observation that χ + γ ≈ 1

Equation (2) may be rearranged as:

w/w0 = (bw/b0)
−1/0.22 (3)

w = w0(bw/b0)
−1/0.22 (4)

Equation (4) can then be embedded into an overall allo-
metric cell mass versus respiration equation (Rw = Bwγ ),
such that:

Rw = B wγ

0 (bw/b0)
−γ /0.22, (5)

where characteristically γ has a value in the region of−0.3.
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Figure 9.15 Rates of respiration and photosynthesis in size
fractions. The rates are normalized against that of the
unfractionated sample. Compiled from 62 sets of observations. Error
bars are the standard errors.

size distribution of respiration from several studies
(Harrison 1986; Griffith et al. 1990; Blight et al.
1995; Boyd et al. 1995; Robinson et al. 1999) is
summarized in Fig. 9.15, alongside size-fractionated
photosynthetic rates.

9.4.3 Derivation from rates of production
and growth efficiencies

Several studies (Robinson and Williams, 1999;
Robinson et al. 1999, 2002a,b) have apportioned
community respiration to that attributable to
planktonic trophic groups using measured rates
of bacterial production, microzooplankton her-
bivory, and/or bacterivory andalgal photosynthesis
together with an estimate of the respective growth
efficiencies.
Bacterial respiration (BR) can be derived from

measured bacterial production (BP) if the bacte-
rial growth efficiency (BGE) can be estimated (i.e.
BR = BP(1− BGE)/BGE). If not directly measured,
bacterial growth efficiency is either taken from the
range of published values, for example, 5–40%, or
derived from the equation (BR = 3.7 × BP0.41)
reported by del Giorgio and Cole (1998) or the tem-
perature relationship (BGE = 0.374 − 0.0104 × t◦C)
of Rivkin and Legendre (2001). Bacterial growth
efficiencies estimated by these two latter equations
were found to differ by almost ninefold during a
study of a coccolithophore bloom in the North Sea
in June 1999 (Robinson et al. 2002b, also Table 9.2).
Microzooplankton respiration (µZR) can be derived
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from an estimate of herbivory, assuming a con-
stant growth efficiency of 25% (Straile 1997) and
an egestion+ excretion rate of 20% (Robinson et al.
2002b). Algal respiration (AR) can be derived from
the Rmax :Pmax relationship of Langdon (1993) for
the dominant autotroph present, that is, 0.16± 0.04
for Prymnesiophyceae and 0.35 ± 0.17 for Dino-
phyceae, wherePmax is estimated from 14C primary
production or dissolved oxygen gross production
measurements.
Given that one can estimate the rates for these var-

ious groups, overall community respiration should
be equivalent to their sum (BR + µZR + AR). In
the studies where this type of accounting exercise
has been attempted (Robinson and Williams 1999;
Robinson et al. 1999, 2002a,b), the sum of the esti-
mates of respiration attributable to the component
plankton groups lie within 50% of the measured
whole community respiration. This is probably as
goodas canbe expectedbearing inmind the levels of
uncertainty on accepted measures of phyto, micro-
zoo, and bacterioplankton activity, not to mention
the four to tenfold range inmeasured and estimated
growth efficiencies.

9.4.4 Estimates from 14C determination of
net primary production

Since net primary production (NPP) is equivalent
to gross production (GP) minus algal respiration
(NPP[C] = GP[C] −AR[C]), if one can assume that
the 14C techniquemeasures net primaryproduction,
that gross production may be derived from oxygen
flux (GP[O2]) and that it can be reliably converted
to carbon flux GP[C] via a photosynthetic quotient
(PQ), then algal respiration can be determined from
the difference between GP[O2]/PQ and 14C uptake.
Heterotrophic respiration (HR[C]) could then be
determined from the difference between measured
total community respiration in carbon units (R[C])
and this estimated algal respiration (AR[C]). The
approach has not gained much popularity due to
the uncertainty over whether or not, and when, the
14Cmeasures gross or net production, as well as the
lesser problem of ascribing a value for the photo-
synthetic quotient however see Marra and Barber
(2004).

9.4.5 Inverse analysis

As described in Section 9.2.5 above, several authors
have used equations and models of carbon flow
through the microbial food web to estimate the res-
piration attributable to a particular plankton group,
for example, bacteria or size class, for example,
<5 µm (Fasham et al. 1999; Ducklow et al. 2000;
Anderson and Ducklow 2001). Fasham et al. 1999
used a size structured ecosystemmodel forced with
data collected during a 20 day spring bloom study
in the NE Atlantic to conclude that 62% of the com-
munity respiration came from organisms <5 µm in
size. The data extracted from this model are given
in Table 9.2, along with that from a model of the
food web of an oligotrophic oceanic region derived
by Nagata (2000).

9.4.6 Summary

In Fig. 9.16, we have attempted to collate the results
from these various approaches to the determination
of the size distribution of respiration. Considering
the scope for variation and error, the general pat-
tern is remarkably consistent. All the approaches
attribute a major proportion (70% or more) of res-
piration to the smaller-size classes: 42 ± 10% to
organisms less than 1 µm (the size class where bac-
terial biomass usually dominates), 32 ± 20% to the
size class 1–10µm (bacteria, protozoans, and phyto-
plankton). Much smaller proportions are found for
the two larger-size classes: 6 ± 5% to the class
10–100 µm(the largerphytoplanktonandprotozoan
ciliates) and the largest-size class (100–1000 µm—
the larval and adult mesozooplankton) accounting
for 10± 8.5%. Of course one should not expect a
fixed pattern, as the composition of the plankton
varies in space and with time.

9.5 Synthesis and conclusions

Respiration is one of the two determinants of the
balance of organicmaterial in the euphotic zone and
the potential to export organic material to the deep
ocean. As such it is a major influence on the scale
of the biological pump—which sequesters carbon
dioxide from the atmosphere.
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Figure 9.16 Summary of size distribution
observations. The various analyses are grouped into
categories <1 µm, 1–10 µm, 10–100 µm, and
100–1 000 µm.Where a distinction was made in the
analyses between autotrophs and heterotrophs, this
distinction has been retained, otherwise they are
grouped as “unresolved”.

9.5.1 Estimation of global rates of respiration
from direct field observations

The “light/dark” bottle incubation technique is the
primary method for measuring respiration. It is not
without its errors and limitations, however it iswith-
out doubt in our minds as good, if not better, than
other methods of measuring plankton metabolism.
Acquiring appropriate sized datasets is massively
costly in ship and human time. Nonetheless, since
the late 1960s we have had reasonably good maps
of oceanic photosynthesis based on in vitro obser-
vations. In the case of photosynthesis the problem
is greatly simplified in that one can use measure-
ments of light, chlorophyll and photosynthetic–
irradiance relationships to fill in the gaps. Satellite
derived ocean color has rendered this as a power-
ful approach. No analogous approach is available
for respiration. The present database of respiration
is woefully inadequate—a mere 693 surface mea-
surements covering an area of 320 × 106 km2. The
ideal minimum would be seasonal descriptions of
depth-integrated respiration for the 55 biogeochem-
ical zones described by Longhurst (1998). Figure 9.2
makes it clear that we are a long way away from

achieving this aim; a crude separation by 10◦ of lati-
tude still leaves a number of the latitude bands with
no or very little data. This is frustrating as it leaves
us uncertainwhether or not the trends of respiration
and net community production we see with lati-
tude in Fig 9.13 are real or simply reflect inadequate
sampling.
The respiration data are biased with respect to

time, place, community structure, and depth, and
so cannot provide a definitive global estimate of
plankton respiration. However, they can be used
to derive a maximum and minimum figure for
global oceanphotic zone respiration, which can then
be compared with estimates derived from mass-
balance equations. Summing the latitudinal totals
of depth-integrated respiration given in Fig. 9.13(b)
gives a global (oceanic + coastal) respiration rate
of 17.2 PmolO2 a−1 (186 Gt C a−1, using a respira-
tory quotient of 0.89, see Chapter 14). The mean
depth-integrated respiration rate in oceanic waters
of 116 ± 8.5 mmolO2 m−2 d−1 equates to a global
oceanic respiration rate of 13.5 ± 1 PmolO2 a−1
(146 ± 12 Gt C a−1). These are undoubtedly max-
imum values given the bias in sampling toward
times and places of high productivity. The low-
est values recorded in the database occur in the
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Southern Ocean (e.g. Bender et al. 2000) and dur-
ing the autumn and winter (e.g. Serret et al. 1999)
and give a lower limit to the estimate of oceanic
respiration (35 mmolO2 m−2 d−1; 4.1 PmolO2 a−1;
44 Gt C a−1). It is worth noting that the lowest esti-
mate which could be derived from the dark oxygen
incubation technique is ∼10 mmolO2 m−2 d−1 or
1.2 PmolO2 a−1 (13 Gt C a−1) (based on a rate of
0.2 mmolO2 m−3 d−1 and a 50 m euphotic zone)
and so this lower dataset value is not simply a con-
sequence of the limit of detection of the method.
The 13-month study at HOTS provides a crucial
seasonally integrated estimate of respiration in an
area representative of the open-ocean gyres. The
HOTS estimate (31 molO2 m−2 a−1) would extrap-
olate to a global ocean estimate of 9.9 PmolO2 a−1
(119 Gt C a−1). Open-ocean primary production
estimates, derived from 14C measurements lie in
the range 2.3–4.3 PmolC a−1 (28–52 GtC a−1, del
Giorgio and Duarte 2002). Comparisons between
14C and gross production derived from dissolved
oxygen flux suggest that 14C underestimates gross
production by 35–65% (Bender et al. 1999; Robinson
andWilliams 1999; Laws et al. 2000; Rees et al. 2002).
Correcting the open-ocean production estimates by
a mean of 50% gives a range of 5–9 PmolC a−1 (see
also Chapter 14). Comparison with the range in res-
piration estimates (4–17 PmolC a−1) could be seen
as amajor imbalance in the functioning of the oceans
but more likely arises from a lack of our under-
standing in the seasonal and regional variations in
photosynthesis and respiration.

9.5.2 Derivation of global rates from
correlation analysis

Recognizing the limitations in the current database
of respiration, several authors have attempted to
derive simple relationships between respiration and
indicators of plankton biomass (Robinson et al.
2002a,b) or photosynthesis (del Giorgio et al. 1997;
Duarte and Agusti 1998; Serret et al. 2001). The
analysis we have made in the present chapter (Sec-
tion 8.3.2) on an enlarged database is not encour-
aging in this respect. Only 20–30% of the variance
in respiration can be accounted for by the varia-
tion in routinely measured indicators of plankton

biomass. The low correlation between respiration
and photosynthesis precludes the use of this simple
property relationship to make useful global predic-
tions of respiration—consistent with the arguments
ofWilliams and Bowers (1999) and Serret et al. (2001,
2002). As the major source of carbon for oceanic
respiration comes from oceanic photosynthesis (see
Box 9.2) there has to be some form of relationship,
although clearly it is not a simple one.

9.5.3 Derivation of rates from ocean
organic mass-balance calculations

Simple mass-balance calculations enable us to
derive a fairly precise estimate of the difference
between production and consumption and so in
principle provide a constraint to the global estimates
of respiration derived from direct measurements.
The strength of the mass-balance calculation is that
the assumptions are clear and the implication of dif-
fering assumptions easy to explore. Their limitation
is that they cannot give an independent estimate
of both photosynthesis and respiration. The cal-
culation also implicitly assumes steady state over
the medium term (10–100 years). This assumption
appears to be justifiable as the size of the principal
organic reservoir in the upper water column (about
5–8 molDOCm−2) is about a third or less than that
of the annual biological turnover of carbon. Thus if
there were persistent imbalances in the upper water
column carbon cycle, major changes in the carbon
reservoirs would result. We have reasonably reli-
able observations of DOC concentrations that span
45 years and can be fairly certain that major changes
in the DOC pool have not occurred. As estimates
of the external organic inputs into the ocean (pre-
dominantly river-bornematerial) exceed thoseof the
outputs (predominantly sedimentation), the ocean
as a whole must be net heterotrophic, albeit only
very slightly (0.4%, see Box 9.2). Thiswas essentially
the argument of Smith and Mackenzie (1987). The
difference between production and consumption is
small, in relation to the individual processes them-
selves. Any estimate we obtain for respiration from
mass-balance calculations is primarily dependent
upon the value we take for oceanic primary pro-
duction, so in a way we cycle back to the problem
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Box 9.2 Mass-balance calculations for respiration in the whole oceanic water column

The basic mass-balance equation assumes that as there is no
accumulation of organic material, the sum of all the inputs
must equal that of all the outputs:

that is, P +∑
I − (

R +∑
O

) = 0,

where:
P is the annual rate of photosynthesis;
R is the annual rate of respiration;∑

I is the sum of the external inputs;∑
O is the sum of the external outputs from the oceanic

water column.

The calculation considers annual sums of all the individual
sources and sinks, the units are Tmol C a−1.

The individual inputs (see Williams 2000) are:

IR = river input of organic material = 34 Tmol C a−1;
IA = atmospheric deposition of organic material =

2 Tmol C a−1.
The individual outputs (see Williams 2000) are:

OS = net sedimentation = 14 Tmol C a−1;
OA = input of organic material into the atmosphere =

2 Tmol C a−1.
Then, P + 36− (R + 16) = 0, thus R = P + 20.

If we take 5500 Tmol C a−1 as an estimate of whole ocean
gross production (see Box 9.3), then R = 5500 + 20 =
5520 Tmol C a−1 and P/R = 0.996.

Trophic balance = 0.4% heterotrophic.

of the uncertainties inherent in this latter estimate.
However the one thing we can be certain of from
the mass-balance calculation is that there cannot
be the massive difference between oceanic produc-
tion and respiration we derive from analysis of field
observations.
Whereas the mass-balance approach is a useful

technique on the large scale, it quickly runs into
severe limitations when it is attempted for sub-
divisions of the ocean. In Box 9.3, the calculation
is repeated with the simple division of the oceans
into the coastal-and the open-ocean zones. The
export of organic carbon from the coastal to the
open ocean has been part of a major international
program (LOICZ—Land–Ocean Interactions in the
Costal Zone). The overall spread of values for the
total export from the coastal to the open ocean is
large but we seem to be approaching some con-
sensus in the estimates. Liu et al. (2000b) reported
a range from 17 to 390 TmolC a−1. They regard
70 TmolC a−1 to be a representative value. Ducklow
and McCallister (in press) adopt a higher figure
of 200 TmolC a−1. These two estimates (70 and
200 Tmol C a−1) probably bracket the likely range
and have been used in Box 9.3 to calculate max-
imum and minimum scenarios. In both situations
the open-ocean water column is calculated to be net

heterotrophic, weakly so (1.7%) in the low export
case, more significantly so (5%) in the high export
case. The higher figure for carbon export to the
open ocean calls for a strongly (13% ) autotrophic
coastal ocean, the lower export figure, aweakly (3%)
autotrophic one.
As the focus of this chapter is the epipelagic zone,

we have made mass-balance calculations for this
zone. It is regarded (Liu et al. 2000a; Ducklow
and McCallister in press) that the export of organic
material from the coastal ocean occurs down the
continental slope and thus enters the mesopelagic,
rather than the epipelagic zone. This leaves the
budget for the epipelagic dominated by a single
import/export term: the transfer of material to the
mesopelagic zone. Recent estimates for the export
to the mesopelagic are 667 TmolC a−1 (Liu et al.
2000b), 782 TmolC a−1 (Ducklow and McCallister,
in press), 1700 TmolC a−1 (Arístegui, Chapter 10)
and 2292 TmolC a−1 (del Giorgio and Duarte 2002).
In Box 9.4 we have calculated a budget for the
epipelagic zone using the two extremes, as well
as an intermediate figure of 1000 TmolC a−1. The
broad pattern is the same—it requires the epipelagic
ocean to be distinctly (16–57%) net autotrophic.
The difference between photosynthesis and respi-
ration in the epipelagic (euphotic) zone is set by the
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Box 9.3 Mass-balance calculations for respiration in the coastal and open ocean
water columns

Separate calculations are made for coastal (area = 0.36 × 1014 m2) and oceanic (area = 3.2 × 1014 m2) zones. The
sedimentation rates for the coastal and open ocean zones are taken as 12 and 2 Tmol C a−1, respectively (see Box 9.2).
The output to atmosphere (OA = 2 Tmol C a−1, see Box 9.2) is divided pro rata by area between the coastal and open
ocean giving, respectively, 0.2 and 1.8 Tmol C a−1. The input from the atmosphere (IA = 2 Tmol C a−1, see Box 9.2) has
been apportioned assuming twice the fallout rate in the coastal zone giving 0.36 and 1.64 Tmol C a−1, respectively for the
coastal and open ocean zones. Neither of these last two estimates is critical in the calculation. Estimates for the productivity
of the coastal ocean vary three to fourfold: Liu et al. (2000b) gives a range of 340–750 Tmol C a−1. We adopt Ducklow
and McCallister’s (in press) recent estimate of 1200 Tmol C a−1 for net primary production and maintain a ratio of coastal
to oceanic production similar to that of Ducklow and McCallister (in press). As we need to base the calculation on gross
production, we scale up net primary production by 25% to give gross production so obtaining a figure of 1500 Tmol C a−1
for the coastal ocean and 4000 Tmol C a−1 for the open ocean. The final terms (OO and IC), the output from the coastal
production to the open ocean and the import of organic matter produced in coastal waters, must be numerically equal. Two
situations have been calculated, a low value (70 Tmol C a−1) for OO is taken from Liu et al. (2000b) and a high value
(200 Tmol C a−1) from Ducklow and McCallister (in press). The calculations (see Box 9.2 for notation) are as follows:

Coastal ocean: mass-balance equation
P + IA + IR − (R + OS + OA + OR + OO) = 0

Open ocean: mass-balance equation
P + IA + IR + IC − (R + OS + OA) = 0

Authors vary over whether to separate organic material of planktonic and river origin in their estimates of export from the
coastal zone, it is a detail that is unnecessary in the present account and so these export/import terms have been embedded
as single values (OO and IC). The above equations then simplify to:

Coastal ocean: mass-balance equation
P + IA + IR − (R + OS + OA + OO) = 0

Coastal ocean: high export calculation
P + 0.36+ 34− (R + 12+ 0.2+ 200) = 0
Thus, R = P − 178 Tmol C a−1.
Assume, P = 1500 Tmol C a−1.
Then R = 1322 Tmol C a−1, and P/R = 1.13.

Coastal ocean would be 12% autotrophic.

Coastal ocean: low export calculation
P + 0.36+ 34− (R + 12+ 0.2+ 70) = 0
Thus, R = P − 48 Tmol C a−1.
Then R = 1452 Tmol C a−1 and P/R = 1.03.

Coastal ocean would be 3% autotrophic.

Open ocean: mass-balance equation
P + IA + IC − (R + OS + OA) = 0

Open ocean: high export calculation
P + 1.6+ 200− (R + 2+ 1.8) = 0
Thus, R = P + 198 Tmol C a−1.
Assume, P = 4000 Tmol C a−1.
Then R = 4198 Tmol C a−1 and P/R = 0.95.

Open ocean would be 5% heterotrophic.

Open ocean: low export calculation
P + 1.6+ 70− (R + 2+ 1.8) = 0
Thus, R = P + 68 Tmol C a−1.
Then, R = 4068 Tmol C a−1, and P/R = 0.98.

Open ocean would be 1.7% heterotrophic.
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Box 9.4 Mass-balance calculation for the open ocean epipelagic zone

The prevailing view is that the exported planktonic produc-
tion from the coastal regions enters the mesopelagic, rather
than the epipelagic zone of the open ocean (see Liu et al.,
2000a; Arístegui et al., Chapter 10). We make calculations
for the epipelagic (0–150 m) zone of the ocean, assum-
ing that coastal production is exported to the mesopelagic
zones.We may expect that the material of river origin passes
into both zones, however as will be seen below whatever
assumption we make of its fate is of little consequence in
the overall calculation.

Mass-balance equation,

P + IA + IR + IC − (R + OM + OA) = 0,

where OM is the export from the epipelagic into the
mesopelagic zone.

AsOM >> (OA+ IA+ IR+ IC), the equation simplifies
to:

P − (R + OM) = 0.

Recent estimates for the export to the mesopelagic (OM) are
667 Tmol C a−1 (Liu et al. 2000a), 782 Tmol C a−1 (Duck-
low and McCallister in press), 1700 Tmol C a−1 (Arístegui

et al., Chapter 10) and 2292 Tmol C a−1 (del Giorgio and
Duarte 2002). Here wemake the calculation for the extremes
of the estimate of OM (667 and 2292Tmol C a−1), and what
would seem be a median value of 1000 Tmol C a−1.

Epipelagic ocean: low export calculation
R = P − 667 Tmol C a−1.
Then R = 3333 Tmol C a−1,
and P/R = 1.2.
Epipelagic ocean: would need to be 16% autotrophic.

Epipelagic ocean: high export calculation
R = P − 2292 Tmol C a−1.
Then R = 1708 Tmol C a−1,
and P/R = 2.3.
Epipelagic ocean would need to be 57% autotrophic.

Epipelagic ocean: intermediate export calculation
R = P − 1000 Tmol C a−1.
Then R = 3000 Tmol C a−1,
and P/R = 1.33.
Epipelagic ocean would need to be 25% autotrophic.

export term, which is reasonably well constrained;
if anything it may be an underestimate thus requir-
ing even higher levels of net autotrophy. Whereas
the difference between photosynthesis and respi-
ration is determined by a single term, the abso-
lute values are dependent upon the value taken
for oceanic photosynthesis. del Giorgio and Duarte
(2002) in their review adopted a twofold spread of
values—their upper figure for the ocean as a whole
(6400 TmolC a−1) is somewhat higher than the one
we have used and it would reduce the calculated
relative net autotrophy to a range of 14–49%.
Significantly, the range of epipelagic zone oceanic

respiration rates derived from mass-balance con-
siderations (1.7–3 PmolC a−1) lie below even the
lowest estimate of oceanic respiration derived from
direct measurements, and are two to eightfold
lower than the mid- and highest estimates derived
from direct measurements. This does not derive
from an error in the mass-balance calculation, but

for the need to supply a figure for the rate of
photosynthesis—essentially we return to the prob-
lem brought to light in the preceding paragraph.
Theprediction frommass-balance equations that the
epipelagic zone is 25% or so autotrophic is at odds
with the direct measurements that imply a balanced
or slightly heterotrophic situation. This discrepancy
will in part result from the different time and space
scales considered by the two approaches. However,
they also point to theweaknesses in our understand-
ing of the global balance between organic carbon
production and respiration.Mass-balance equations
and direct observations indicate (del Giorgio and
Duarte 2002; Williams et al. in press) that we may
be underestimating the rate of organic matter pro-
duction, by a factor of two or more. In the final
chapter (Chapter 14) del Giorgio and Williams dis-
cuss this in more detail and achieve some resolution
of the problem. Combinedwith the sampling bias of
oceanic respirationmeasurements, our appreciation
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of regional and global photosynthesis to respira-
tion balances is rudimentary. If we are to predict
the oceans’s response to global change, then current
and futurenational and international oceanographic
programswill need to incorporate thedetermination
of oceanic respiration and to address the question of
whether the ocean biota act as a net source or sink
of carbon as a priority research objective.
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