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[1] The biological pump affects atmospheric CO2 levels
and fuels most heterotrophic activity in the deep ocean. The
efficiency of this pump depends on the rate of carbon
fixation, export out of the euphotic zone and the depth of
respiration. Here we study the depth dependence of
respiration patterns, hence particulate carbon flux, using a
compiled data set of sediment oxygen consumption rates.
We show that the depth relationship can best be described
by a double exponential model. For the upper part of the
ocean, our resulting equation is similar to previous flux-
depth relationships but predicted fluxes are significantly
larger in deeper waters. This implies a more efficient
biological pump. Total oceanic respiration below the shelf
break (200 m) is estimated to be 827 Tmol O2

yr�1. INDEX TERMS: 1615 Global Change: Biogeochemical
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1. Introduction

[2] The net removal of carbon dioxide from the atmo-
sphere in the oceans is due to the combined effect of the
solubility and the biological pumps. The biological pump
refers to the carbon fixed by primary producers in the
euphotic zone and exported to the dark ocean below, where
it is respired [Volk and Hoffert, 1985]. The efficiency of this
carbon pump depends not only on the rate of carbon fixation
and export out of the surface layer, but also on the depth at
which the organic carbon is respired because this determines
the time during which carbon is isolated from the atmo-
sphere [Yamanaka and Tajika, 1996].
[3] However, our knowledge of respiration patterns be-

low the photic zone and the governing processes (settling,
degradation and particle aggregation/disaggregation) is lim-
ited [Boyd and Stevens, 2002]. Because of that, biogeo-
chemical ocean general circulation models (BOGCMs)
usually impose the carbon fluxes using simple exponential
[Heinze et al., 1999] or power law [Yamanaka and Tajika,
1996] relationships with depth.
[4] Sediment traps are normally used to measure partic-

ulate organic matter (POM) fluxes [Suess, 1980]. However,
this approach has several drawbacks: hydrodynamic con-

ditions, resuspension, swimmers and degradation of organic
matter all decrease the predictive ability and fluxes have to
be corrected for possible bias [Antia et al., 2001]. Indeed,
sediment carbon budgets, based on sediment traps, and
when uncorrected, often reveal that POM fluxes are insuf-
ficient to support effluxes of total dissolved inorganic
carbon or influxes of oxygen [Smith et al., 1992] or to
sustain the fauna [Heip et al., 2001].
[5] An alternative way to derive the flux of POM at a

certain water depth is to use sediment oxygen consumption
(SOC) measurements at the same depth. The rationale is that
sediments are the ultimate sediment traps, that almost all
carbon arriving at the sediment surface is respired and that
oxygen consumption gives an integrative measure of carbon
degradation [Herman et al., 2001]. Because they integrate
the POM influx over a considerable period of time, SOC
data are much more invariant than fluxes of POM [Sayles et
al., 1994]. Moreover, they can be accurately measured by a
variety of techniques: in situ with benthic landers [Tengberg
et al., 1995] or by shipboard incubations of retrieved
sediment cores.
[6] A potential drawback of using SOC is that sediment

deposition at a particular depth in the ocean is affected by
the local primary productivity, which decreases offshore
[Wollast and Chou, 2001]. Because of that, simply extrap-
olating sediment oxygen consumption rates from the pro-
ductive shelf regions into organic matter fluxes in deep-sea
waters may lead to overestimates.
[7] In this paper we will use SOC data, compiled from

the literature, to re-evaluate respiration patterns in the
oceans below the shelf-break (200 m), both in the sediments
and water. In a subsequent paper respiration on the conti-
nental shelf will be addressed. We will compare our
estimates with those based on corrected sediment trap
results, to test the applicability of SOC as a measure of
water column processes.

2. Methods

2.1. Flux Parameterizations

[8] As there is insufficient understanding of the govern-
ing processes, the decrease of the organic matter deposition
flux with depth, is often described statistically. The two
common parameterizations are the exponential decrease
[Volk and Hoffert, 1985] and the power law [Martin et
al., 1987].
[9] These parameterizations imply constancy with depth

of the processes that shape the deposition or mineralization
flux profiles. Recent findings suggest that the relationship of
deposition fluxes with depth are not as simple, but are
affected by the changes in physical or biological properties
with depth of the water column (see Section 3.1).
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[10] To include such depth-dependency of rates, we
propose a different semi-empirical model, the double expo-
nential decrease:

F zð Þ ¼ F0 1� pð Þe�b1z þ p e�b2z
� �

ð1Þ

In such formulation, the flux (F(z)) or remineralization
gradually changes between two end member states, where p
is a partitioning coefficient of the flux at the surface (F0)
and b1 and b2 are the slopes of the two exponentials. We are
not explicit as to which end member states this equation
refers to and as will be discussed below, it can be explained
in a number of non-exclusive ways. We have adopted a
weighted rather than a two-layer formulation to generate a
gradual change.

2.2. Data

[11] Sediment oxygen consumption rates from all parts of
the ocean were collected in a database. From this database
we excluded estimates obtained from modeling oxygen-
depth profiles, measured with microelectrodes, as these data
do not account for the activity of large benthic animals
[Archer and Devol, 1992]. Moreover, as deck-measure-
ments of cores from the deep sea may have too high oxygen
consumption due to either pressure or temperature effects
[Epping et al., 2002], we also excluded shipboard measure-
ments of sediments below 1500 m. The data used then
consisted of 490 measurements obtained from benthic land-
ers (all depths) and from deck incubations (<1500 m).
References to the data sources can be found in the electronic
supplement. Data were log-transformed prior to analysis to
get homogeneous variances. The bias introduced by this
transformation was corrected following Middelburg et al.
[1997].

3. Results and Discussion

3.1. Remineralization Profile

[12] The semi-empirical fit of the double exponential
function to the SOC data (Figure 1) produces the parameter
estimates displayed in Table 1. A double exponential (R2 =
0.68, p < 0.001, n = 490) is significantly better compared to
a single exponential even when taking into account two
additional parameters (Sum of squares reduction test,
F2,485 = 103, p < 0.001 [Schabenberger and Pierce, 2001]).

[13] The depth profile in upper waters is similar to
sediment-trap based flux-depth profiles (Figure 2), such as
the ocean composite profile of [Martin et al., 1987] based
on fluxes in the upper 2 km, or the profiles as derived by
[Suess, 1980]. However, the double exponential deviates
substantially for deeper water, where fluxes are well above
previous carbon-flux depth relations.
[14] When fitting a single exponential profile to the SOC

data the resulting e-folding depth (1/b) is 1333 m, twice the
value in use in BOGCMs (cf. Heinze et al., 1999, 770 m). A
power law fit yields a depth attenuation coefficient of
�0.53, which is lower than the open ocean composite value
(�0.858), based on sediment trap data [Martin et al., 1987].
We investigated whether the deviation at large depth was
due to our use of sediment oxygen consumption rates, rather
than sediment trap fluxes by fitting the double exponential
equation to particulate organic carbon fluxes based on 230Th
corrected sediment trap data [Antia et al., 2001]. As in this
data set there were no data above 500 m, the p and b1
(equation 1) was imposed from the SOC-fit. The resulting
b2 is 0.00053 m�1, similar to that based on SOC data
(Table 1). Moreover, our power law slope is in the range of
recent estimates (�0.36, �0.93) based on sedimentary
fluxes [Devol and Hartnett, 2001]. Finally, electron trans-
port activity data has also been summarized by [Aristegui et
al., 2003] where the data are fitted to a single exponential
with a depth attenuation coefficient of 0.00053 m�1, very
similar to the derived parameter (b2) from our second term
exponential (equation 1), which clearly dominates the flux
below 1000 m. A single exponential fit to SOC data below
200 m also results in an attenuation of 0.00037 m�1.

Figure 1. Depth attenuation of sediment oxygen con-
sumption fitted by a double exponential profile.

Table 1. Parameter Estimates of Equation 1

Parameter
Central
estimate

Low
confidence limita

High
confidence limita

F0 [mmol m�2 d�1] 38 30 45
p [�] 0.17 0.13 0.21
b1 [m

�1] 0.018 0.012 0.024
b2 [m

�1] 0.00046 0.00039 0.00053

Figure 2. Comparison of flux-depth relationships. SOC is
the double exponential fit of this paper, the other curves are
the empirical fits by Suess [1980], Martin et al. [1987], and
a single exponential fit as used in BOGCMs [Heinze et al.,
1999; Volk and Hoffert, 1985] Fluxes are normalized to a
common flux at 100 m.
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[15] The double exponential profile predicts a deeper
penetration of biologically fixed carbon into the ocean
interior. This implies that more carbon is sequestered for a
longer time in the deep ocean and this should be taken into
account when evaluating the sensitivity of the ocean’s
carbon dioxide uptake due to the biological pump.
[16] The double exponential not only provides a better fit,

but it is also consistent with reported changes in the
physical, biogeochemical and biological properties with
water depth. Based on a particle settling and degradation
model, the attenuation coefficients bi can be decomposed as
the ratio of a first-order respiration rate constant to a net
settling velocity. The difference in attenuation coefficient
can then be attributed to a difference in net settling
velocities, degradation constants or a combination thereof.
For instance, assuming a uniform first order degradation
coefficient of 0.07 d�1, typical for fresh algal detritus
[Middelburg, 1989], this implies that the net settling veloc-
ities would be 4 and 152 m d�1 for the two fractions. This
could then in turn be attributed to two size fractions with
different settling velocities or to a difference in net settling
velocities between the turbulent well-mixed surface ocean
and the deep ocean. This, together with increases in
particle sinking speed with depth [Berelson, 2002] impacts
the depth attenuation of particle deposition fluxes. Alterna-
tively, the difference in attenuation coefficients could be due
to differences in the first-order rate constant. It is well
known that the degradation of organic matter decreases
with time due to preferential mineralization of the more
reactive compounds of organic matter and this is often
described by a double exponential model (2-G model)
[Westrich and Berner, 1984]. This difference in degradation
coefficient can in turn be due to compositional differences
in the organic matter [Dauwe et al., 1999], due to sorption
of organic matter to particles [Armstrong et al., 2002;
Mayer, 1994] or to differences in the biological community,
such as decreasing intensity of zooplankton grazing on POM
with water depth [Jackson and Burd, 2002]. Accordingly,
there are a number of plausible mutually non-exclusive
causes for a change in the carbon-flux attenuation coeffi-
cient with depth.

3.2. Global Ocean Respiration Budget

[17] By combining ocean hypsometry with equation 1
using parameters from Table 1, we calculate global respi-
ration patterns in the sediment (Table 2). Assuming that the
SOC at a particular depth reflects a flux of organic matter
through the water column at this depth at any place in the
ocean, we can also multiply with the area of the ocean at
this depth and get the total flux of organic matter. By
making the difference of fluxes across two depth planes
we calculate the total respiration in this interval (Table 2).
The difference between the total respiration and sedimen-
tary respiration must then be consumed in the water column.

[18] Assuming that the obtained relationship of deposi-
tion fluxes with depth represents long-term averaged con-
ditions, we proceed by calculating carbon mineralization or
oxygen utilization rates in the water column (OUR, units of
mmol O2 m

�3 d�1).
[19] To do so, we solve the following constitutive equation,

� @F

@z
� OUR ¼ 0; ð2Þ

for OUR by differentiating Equation 1 with depth [Suess,
1980].

OUR ¼ 0:56 1� 0:005ð Þe�0:018z þ 0:005e�0:00046z
� �

; ð3Þ

The decrease of OUR with water depth is shown in Figure 3
where a comparison is made with other volumetric
respiration data from electron transport system (ETS)
activity [Aristegui et al., 2003], reflecting instantaneous
respiration of both particulate and dissolved organic
material, and estimates from Munk [1966] based on profiles
of dissolved oxygen in the water column from the Pacific
ocean, reflecting a more long term average.
[20] The ETS data support the slope of the SOC data, but

the absolute values differ because of the inherent uncertainty
in the back calculation from ETS values to O2 consumption.
The mean of the estimates by Munk compares well with our
estimate.
[21] Eight tenths of the global respiration below 200 m

(Table 2) occurs in the water column, with similar contri-
butions from the mesopelagic zone (200–1000 m) and the
deeper ocean for water column respiration. Sedimentary
respiration on the other hand mainly takes place in the
deeper part because of the vast areas of the abyssal plains.
[22] These estimates of the global respiration in the deep

sea are higher than the ones obtained by Jahnke [1996],
129 Tmol O2 yr�1 compared to 54.3 Tmol O2 yr�1 for
deep sea sediments, and 468 Tmol O2 yr�1 compared to
120.2 Tmol O2 yr

�1 for water and sediments below 1000 m.

Table 2. Respiration in Different Compartments of the Ocean in

Tmol O2 yr
�1

Depth interval Total Sediment Water Sediment/Total

200–1000 m 359 28 331 0.08
>1000 m 468 129 338 0.28
Total 827 157 670 0.19

Figure 3. Oxygen utilization rates (OUR), derived from
sediment oxygen consumption. Our estimated curve has a
similar slope to the one based on electron transport system
activity [Aristegui et al., 2003] and the mean compares well
to estimates from oxygen distribution fields in the Pacific
[Munk, 1966], where the two lines indicate the estimated
range of OUR.
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Possibly, the fact that Jahnke [1996] lacked data from
productive regions such as the Arabian Sea and upwelling
areas west of Africa and South America might explain this
discrepancy. The estimates by Jahnke [1996] show that
sediments and water column respiration are of equal im-
portance below 1000 m while our calculations show a more
modest (28%) influence of sediments.
[23] Total sediment respiration below 200 m is 1.41 Gt C

yr�1, consistent with Middelburg et al. [1997] (1.5 Gt C
yr�1). Total respiration below a water depth of 200 m is
827 Tmol O2 yr

�1, or 7.4 Gt C yr�1 with an O2/C ratio of
1.34 [Körtzinger et al., 2001]. In a recent review del
Giorgio and Duarte [2002] reported global respiration rates
in the mesopelagic zone of 21 to 28 Gt C yr�1. This range is
much higher than our estimate that includes particulate
organic matter degradation only. The estimate of del
Giorgio and Duarte [2002] includes subducted DOC-fluxes
as well, but these support only about 10% of the respiration
in the mesopelagic zone [Aristegui et al., 2003].

4. Conclusions

[24] 1. Sediment oxygen consumption data can provide
an independent way to derive global respiration in the deep
sea, taking on a bottom-up perspective contradictory to the
more common focus on export production.
[25] 2. Fluxes of organic matter have a less steep atten-

uation in the bathypelagic zone than current fits based on
biased sediment trap data suggest, but are comparable to fits
based on 230Th-corrected sediment traps. We estimate an
export production of 7.4 Gt C yr�1, 80% of which is
respired in the water column, with similar contributions of
the mesopelagic (200–1000 m) and deeper ocean.
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