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a b s t r a c t

We have measured both prokaryotic heterotrophic production (PHP) and respiration (R), then providing
direct estimates of prokaryotic growth efficiencies (PGE), in the upper mesopelagic zone (300–600 m) of
the South Atlantic and Indian Oceans. Our results show that in situ R ranged 3-fold, from 87 to
238 μmol C m�3 d�1. In situ PHP rates were much lower but also more variable than R (ranging from
0.3 to 9.1 μmol C m�3 d�1). The derived in situ PGE values were on average �1.4% (from 0.3% to 3.7%),
indicating that most of the organic substrates incorporated by prokaryotes were respired instead of
being used for growth. Together with the few previous studies on PGE published before for the Atlantic
Ocean and Mediterranean Sea, our findings support the hypothesis that the global mesopelagic zone
represents a key remineralization site for export production in the open ocean. We also found a strong
correlation between R and PGE with temperature across a gradient ranging from 8.7 to 14.9 1C.
The derived Q10 value of 3.7 suggests that temperature variability in the mesopelagic zone plays a
significant role in the remineralization of organic matter.

& 2014 Elsevier Ltd. All rights reserved.

1. Introduction

Prokaryotes thriving in the mesopelagic zone (200–1000 m
depth) are known to play a key role in the mineralization of organic
matter transported to the deep ocean (Arístegui et al., 2009;
Anderson and Tang, 2010; Giering et al., 2014). Nevertheless, there
is still a great lack of information on the regional variability in the
percentage of organic matter that is either mineralized as CO2

(respiration, R) or used by prokaryotes for growth (prokaryotic
heterotrophic production; PHP) in the global ocean mesopelagic
zone. This metabolic balance is frequently expressed as “prokaryotic
growth efficiency” (PGE¼PHP/(PHPþR)), a term that provides
a proxy of the efficiency in the recycling of organic matter by
prokaryotes. Direct estimations of R in the dark ocean, by monitor-
ing oxygen changes inside bottles incubated at in situ temperatures,

are cumbersome, due to the low microbial rates and the much
lower sensitivity of the R methodology, compared with the tracer
technique used for PHP. Thus, few studies have provided simulta-
neous direct estimates of both dark ocean R and PHP, being most of
them carried out inwaters from the North Atlantic Ocean (Biddanda
and Benner, 1997; Arístegui et al., 2005b; Reinthaler et al., 2006;
Baltar et al., 2010).

Despite the lack of data of actual R across the world oceans,
it has been estimated that mesopelagic microorganisms mineralize
up to 90% of the organic matter exported from the photic zone
(Robinson et al., 2010), yielding high R at these depths (del Giorgio
and Duarte, 2002). This hypothesis is supported by indirect esti-
mates (mostly derived from enzymatic respiratory activities) of
global mesopelagic R, ranging between 0.6 and 1.4 pmol C y�1

(Arístegui et al., 2003; Arístegui et al., 2005a), that would contribute
9–12% of the global ocean respiration (del Giorgio and Williams,
2005). Arístegui et al. (2009) compiled a large data set on metabolic
activities from the dark ocean and found that the decrease in PHP
with depth was higher than the decrease in R inferred from ETS
activity, leading to a decreasing trend in PGE as the �0.3 power of
depth. Assuming a mean PGE in the epipelagic zone of 15% (del
Giorgio and Cole, 2000), the predicted PGE in the deep ocean would
thus be �4%. Similarly low PGE (on average �2%) derived from
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direct R estimates were obtained in the meso- and bathypelagic
waters of the central North Atlantic (Reinthaler et al., 2006),
although higher PGE values have been reported also from the North
Atlantic dark ocean (e.g. Arístegui et al., 2005b; Baltar et al., 2010).
Nevertheless, in spite of the importance of measuring simulta-
neously R and PHP for addressing the balance between source and
sinks of carbon in the water column, there are still very few PGE
estimates using direct R measurements to corroborate the above
prediction across the world oceans.

The metabolism of all organisms is affected by many environ-
mental factors, being temperature a key parameter (Brown et al.,
2004). In this sense, marine heterotrophic prokaryotes are not an
exception (i. e. Pomeroy and Wiebe, 2001; Vázquez-Domínguez
et al., 2007; Sarmento et al., 2010) and temperature changes have
been reported to have direct implications for the microbial
degradation of organic matter in the surface ocean by modifying
PGE (Rivkin and Legendre, 2001; López-Urrutia and Morán, 2007;
Vázquez-Domínguez et al., 2007; Wohlers et al., 2009; Kritzberg
et al., 2010a, 2010b). As it occurs in the surface ocean, temperature
variability in the upper mesopelagic zone would affect the activity
of marine microorganisms. Depending on the way in which PGE is
modified by temperature in the mesopelagic zone the microbial
food web could shift the flow of organic carbon by circulating
more C through higher trophic levels or by remineralizing the C as
CO2. Understanding the effects of temperature on PGE and R in the
mesopelagic zone would thus help to predict future changes on

carbon biogeochemistry in a warmer dark ocean, a region poorly
investigated until now (Nagata et al., 2001; Arístegui et al., 2009).

In this study, we provide direct estimates of both R and PHP, and
derived PGE values, from the upper mesopelagic zone of two largely
unexplored ocean basins: the South Atlantic and the Indian Oceans.
We hypothesized that, as reported from the North-Atlantic Ocean
(Arístegui et al., 2005b; Reinthaler et al., 2006; Baltar et al., 2010;
Giering et al., 2014), the prokaryotic assemblages in the upper
mesopelagic of these two oceans represent active nodes of reminer-
alization of organic matter. We also tested the temperature depen-
dence of R and PGE in our in situ data derived from temperature-
controlled experiments. Finally, we compiled the existing literature
from direct estimates of R and PGE to explore the temperature
sensitivity of the dark ocean carbon metabolism.

2. Material and methods

2.1. Study site and sampling

The study was conducted on board the “R/V Hesperides” across
the South Atlantic and Indian Oceans (Fig. 1 and Table 1), during
part of the Malaspina 2010 Expedition (www.expedicionmalaspina.
es) from January to March 2011. A total of 12 stations were sampled
crossing the two ocean basins (Fig. 1). Water samples for metabolism
experiments, as well as for in situ measurements, were collected at

Fig. 1. Location of the stations selected for the respiration experiments (white dots), superimposed to a Moderate Resolution Imaging Spectroradiometer (MODIS) image
of chlorophyll averaged for the sampling period (from January to March 2011).
Source: http://modis.gsfc.nasa.gov/.

Table 1
Stations' location in the South Atlantic (SA) and Indian (I) Oceans and water mass properties at the sampling depths where time-series experiments were performed.
AOU¼apparent oxygen utilization.

Stations Date (d/m/y) Latitude Longitude Depth (m) Temperature (ºC) Salinity (psu) O2 concentration (mmol kg�1) AOU (mmol kg�1)

SA1 22/01/2011 25.9ºS 27.6ºW 550 9.8 34.78 185.62 94.15
SA2 24/01/2011 27.0ºS 21.4ºW 450 11.8 35.02 195.81 70.29
SA3 27/01/2011 28.7ºS 11.8ºW 585 8.7 34.66 178.83 108.43
SA4 04/02/2011 32.8ºS 12.8ºE 330 11.4 34.95 201.98 64.97
I1 15/02/2011 34.4ºS 31.1ºE 430 14.9 35.42 189.63 58.16
I2 25/02/2011 28.0ºS 63.3ºE 450 12.5 35.15 213.54 46.18
I3 28/02/2011 29.6ºS 72.4ºE 450 11.7 35.03 214.26 50.65
I4 03/03/2011 29.8ºS 82.6ºE 450 10.9 34.91 222.47 47.23
I5 06/03/2011 29.6ºS 93.0ºE 450 10.5 34.83 225.67 46.61
I6 09/03/2011 30.3ºS 103.3ºE 450 9.5 34.71 220.63 57.63
I7 19/03/2011 36.6ºS 120.9ºE 470 9.5 34.68 227.93 50.85
I8 24/03/2011 39.2ºS 135.1ºE 400 9.6 34.71 226.81 52.23
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the same depths in the upper mesopelagic zone (from 330 to 585 m,
Table 1) using a rosette sampler (provided with 24 12 L-Niskin
bottles), implemented with a Conductivity–Temperature–Depth
(CTD) instrument (Seabird SBE 9). Before setting up the experiments,
water from the Niskin bottle was drawn into a carboy (without any
pre-filtration), gently mixed, and left for 2 h inside a temperature-
controlled chamber to reach in situ temperature. Following, the
water was homogeneously distributed into 28 BOD bottles; 7 for
each time sampling interval (0, 24, 48 and 72 h) of the experiment.
From these, six bottles were used as replicates for oxygen consump-
tion measurement and one bottle for prokaryotic heterotrophic
production.

2.2. Prokaryotic abundance

In situ prokaryotic abundances (PA) were measured by flow
cytometry (Gasol and del Giorgio, 2000), using a FACScalibur
Becton Dickinson cytometer equipped with a laser emitting at
488 nm. Samples were obtained from the same Niskin bottles
where water was collected for experiments. A 1.5 ml aliquot was
fixed with 1% of paraformaldehydeþ0.05% glutaraldehyde (final
concentrations), deep-frozen in liquid nitrogen and stored at
�80 1C until analysis (less than 1 week after collection). Prokar-
yotic biomass (PB; mg C m�3) was calculated by transforming
relative light side scatter (SSC) to cell diameter, using the linear
regression model of Calvo-Díaz and Morán (2006) after staining
the samples with SybrGreen I. A spherical shape was assumed to
derive cellular volumes, which were later converted to biomass
with the allometric equation of Gundersen et al. (2002).

2.3. Prokaryotic heterotrophic production

Samples for prokaryotic heterotrophic production (PHP) were
obtained both directly from the Niskin bottles (in situ PHP) and
from the BOD bottles used in the time-series experiments at
different incubation times (0, 24, 48 and 72 h). PHP was measured
by 3H-leucine (specific activity¼144.2 Ci mmol�1) incorporation
into proteins (Kirchman et al., 1985), according to the microcen-
trifugation protocol proposed by Smith and Azam (1992). Four
replicates (1.2 ml) and two trichloroacetic acid (TCA)-killed blanks
in microcentrifuge tubes were added L-[4, 5-3H] leucine at 20 nM.
Samples and blanks for experiments and Niskin bottles were
incubated (for 2–8 h) at in situ temperature. Incubations
were stopped by adding 50% TCA, centrifuged (10 min and
14,000 r.p.m.) and again rinsed with 5% TCA and centrifuged.
Scintillation cocktail (1 ml Optisafe HiSafe, PerkinElmer) was added
and, after 24 h, the emitted radioactivity was counted on board in a
liquid scintillation counter (Wallac-PerkinElmer). Leucine incor-
poration rates (pmol Leu l�1 h�1) were converted into carbon by
using a theoretical factor of 1.55 kg C mol Leu�1 (Simon and Azam,
1989), assuming that isotope dilution was negligible under this
saturating concentration of 20 nM of 3H‐leucine. PHP rates (average
coefficient of variation �4%) were integrated during the experi-
ments as the area obtained from time 0 to the final time (Fig. 2), and
expressed as daily rates (μmol C m�3 d�1). Prokaryotic biomass
turnover times (days) were estimated as PB/PHP for in situ samples.

2.4. Respiration

Water samples for the respiration experiments were homoge-
neously siphoned into 24 biological oxygen demand (BOD) bottles
(nominal volume 125 ml), that were kept in the dark inside
temperature-controlled water baths (70.1 1C). Six BOD bottles were
fixed immediately with Winkler reagents, and left immersed
together with the rest of bottles inside the water baths during the
dark incubation steps. Other six replicate bottles were fixed at 24, 48

and 72 h. Community respiration was measured at each time series
interval (0–24, 24–48 and 48–72 h) from changes in O2 concentra-
tion in the bottles. Finally, like with PHP, integrated respiration rates
(R) were estimated as the area obtained from t0 to final time and
expressed as daily rates (μmol C m�3 d�1). Dissolved oxygen mea-
surements were carried out by automated microWinkler titrations
using a Dissolved Oxygen Analyser (DOA; SiSs) with photometric
end-point detection (Williams and Jenkinson, 1982). The coefficient
of variation of oxygen concentration among replicated bottles was
always o1%. A respiratory quotient of 1 was used to convert
oxygen consumption into carbon respiration (del Giorgio et al.,
2006). To minimize the potential effect of growing prokaryotes
inside the BOD bottles along the incubations, experimental R was
back-scaled to in situ conditions using the power fit obtained
between experimentally derived PHP and R, knowing in situ PHP
(see details Section 3). For this, we assumed that prokaryotic
assemblages were responsible for the whole community respira-
tion. In situ specific R rates were obtained as the ratio between
in situ R and the prokaryotic biomass (R/PB).

2.5. Influence of temperature on respiration

The dependence of R on temperature was tested using the
Metabolic Theory of Ecology (MTE) (Brown et al., 2004), assuming
that metabolic processes at community-level or ecosystem level
depend on ambient temperature (Sarmento et al., 2010). This
temperature dependence was examined in our in situ back-scaled
R values and also compared to all R data available, derived from
direct O2 consumption, found in the literature

Ln metabolic rate ðRÞ ¼ a–b 1=kT
� �

;

where k is Boltzmann's constant 8.62 10�5 eV K�1 and T is the
absolute water temperature in K. The negative slope (b) in the
Arrhenius plot corresponds to the activation energy (Ea, eV). Ea was
further transformed to Q10 (the change in metabolic rate for a 10 1C
temperature increase) using the algorithm proposed by Raven and
Geider (1988), Q10¼Exp (10Ea/RT2), where R is the gas constant
(8.314472 mol�1 K�1) and T is the mean absolute temperature
(K) across the range over which Q10 was measured. Ea was converted
to J mol�1 using the conversion factor of 96,486.9 J eV�1 mol�1.

2.6. Statistical analyses

Statistical analyses were performed using Statistica 6.0 (StatSoft
Inc, 1997). The dataset were log-transformed to fit the assumptions

Fig. 2. Representative example of the changes in the leucine incorporation rate
(pmol Leu l�1 h�1, gray dots) and the O2 concentration (μmol O2 kg�1, black dots)
along the experiment performed at station I1 located in the Indian Ocean at 430 m
depth. Bars represent the standard error of 6 replicates.
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of normality and homoscedasticity before performing the regres-
sion analysis.

3. Results

3.1. Respiration, prokaryotic production and growth efficiency in the
experiments

In all the experiments 3H-leucine incorporation rates increased
and O2 concentrations decreased over time (e.g. Fig. 2). Integrated
PHP in the experiments ranged from 1.7 to 96.1 μmol C m�3 d�1,
while R varied from 131 to 467 μmol C m�3 d�1 (Table 2), being R
and PHP strongly correlated (N¼10, r2¼0.79 and p-value¼0.001).
The calculated PGE values from R and PHP in the experiments
were low on average (�5.9%), although variable, ranging from 1.3%
to 17.1% (Table 2).

3.2. In situ prokaryotic assemblages and metabolism in the upper
mesopelagic environment

In situ prokaryotic abundance (PA) and heterotrophic production
(PHP) varied 20-fold (from 0.5 to 11.0�105 cell ml�1) and 30-fold
(from 0.3 to 9.1 μmol C m�3 d�1), respectively (Table 3). The high-
est in situ PA and PHP were found in the western Indian Ocean
(stations I1 and I2). However, the highest biomass turnover times
were located in the eastern Indian Ocean (stations I6, I7 and I8).

In situ R was estimated by back-scaling experimental R to in situ
PHP, using the power relationship observed between the integrated
experimental PHP and R (Fig. 3); where R¼127.24 (722.52) �
PHP0.283 (70.053) (N¼10, r2¼0.78 and p-value¼0.0007). Back-scaled
in situ R ranged between 87 and 238 μmol C m�3 d�1 (Table 3), and
represented, on average, about two-fifth, of in vitro experimentally-
derived values. However, both in situ and experimental PHP were
significantly correlated (N¼12, slope¼7.6571.59, r2¼0.70 and p-
value¼0.0007) and then in situ PHP can be used to scale in situ R.
The in situ R in the studied stations showed a similar geographical
pattern as the experimental R estimates, with the highest values in
the western Indian Ocean (stations I1 and I2).

The estimated in situ PGE values (derived from back-scaled R
and in situ PHP) were low in all the study stations, but ranged one
order of magnitude, from 0.3% to 3.7% (Table 3), and averaged about
1.4%. The geographic pattern of in situ PGE was similar to PHP and R,
being the highest observed PGE values in stations I1 and I2.

3.3. Temperature control on R and PGE

Experimental Rwas strongly correlated with temperature during
the incubations (Fig. 4; N¼10, r2¼0.79 and p-value¼0.0004). Fig. 5
plots the Arrhenius trend for all deep ocean data (derived from O2

Table 3
Prokaryotic abundance (PA), biomass (PB), heterotrophic production (PHP), turnover time, back-scaled respiration rates (R) and resulting growth efficiencies (PGE)
corresponding to the in situ conditions.

Stations PA (�105 cell ml�1) PB (mg C m�3) PHP (μmol C m�3 d�1) Turnover time (days) R (μmol C m�3 d�1) PGE (%)

SA1 0.5 0.30 1.0 24 129 0.8
SA2 0.8 0.47 4.4 9 194 2.2
SA3 0.8 0.44 2.8 13 170 1.6
SA4 3.0 1.62 2.8 48 170 1.6
I1 11.0 6.67 9.1 61 238 3.7
I2 6.0 0.92 6.6 11 218 3.0
I3 1.4 0.86 0.9 80 123 0.7
I4 1.7 0.85 0.8 93 118 0.6
I5 1.7 0.88 1.0 70 129 0.8
I6 1.7 0.88 0.3 278 87 0.3
I7 2.3 1.20 0.3 288 94 0.4
I8 3.0 1.50 1.0 125 127 0.8

Fig. 3. Relationship between integrated prokaryotic heterotrophic production
(PHP) and integrated community respiration (R) in the in vitro experiments.
The dashed regression line represents the log–log linear transformation of the
fitted power function R¼127.24 (722.52) � PHP0.283 (±0.053) (r2¼0.78 and
p-value¼0.0007).

Table 2
Integrated community respiration rate (R) and prokaryotic heterotrophic produc-
tion (PHP) estimated over the incubation times (Time, h) in the experiments (see
Section 2). The prokaryotic growth efficiencies (PGE) derived from both integrated
PHP and R are also included. Temp.¼ Incubation temperature.

Experiment Time
(h)

Temp.
(ºC)

PHP
(μmol C m�3 d�1)

R
(μmol C m�3 d�1)

PGE
(%)

SA1 72 9.3 24.2 255 8.7
SA2a 72 9.2 16.9 – –

SA3 72 9.0 17.7 254 6.5
SA4 24 10.2 7.2 203 3.4
I1 72 15.1 96.1 467 17.1
I2 72 12.6 28.0 340 7.6
I3 72 11.7 12.4 349 3.4
I4 72 11.2 15.4 274 5.3
I5 72 10.6 8.2 297 2.7
I6 72 9.6 4.1 145 2.7
I7a 72 8.6 1.7 – –

I8 72 8.6 1.7 131 1.3

a R and consequently PGE estimates were not determined in these experiments.
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consumption in BOD bottles) found in the literature (see also
Table 4) showing a significant temperature dependence (N¼57
and p-value¼0.000001) on R across different marine regions.
Table 5 also shows the results of the Arrhenius plots and Q10 values
corresponding to this study and all data in the literature. The
estimated activation energy (Ea) and fitted Q10 value for this study
(Ea¼0.9070.29 eV and Q10¼3.65) were consistent with the calcu-
lated values from the literature (Ea¼0.9870.16 eV and Q10¼4.07).
However, the specific rates of the in situ R values (R/PB) were not
significantly related to temperature (p-value¼0.418).

PGE derived from experimental PHP and R was positive
and significantly correlated to temperature (N¼10, r2¼0.53 and
p-value¼0.016) (Fig. 4), as well as considering the in situ conditions
(N¼12, r2¼0.58 and p-value¼0.004). However, including all the
data found in the literature, we did not obtain a significant
relationship between PGE and temperature (p-value40.05; Fig. 6).

4. Discussion

Direct determination of R from O2 consumption during
in vitro incubations in the dark ocean requires, in most cases, long-
term incubations (424 h) to detect significant changes in O2

concentration. This may lead to the generation of artifacts as conse-
quence of the confinement of microbial populations inside bottles,
favoring cell growth after 1–2 days and increasing metabolism. In
addition, changes in community structure may also take place during
the incubations, shifting the community towards opportunistic popu-
lations (Massana et al., 2001). Nevertheless, some studies have shown
that, in spite of these changes in community structure during daily
incubations, metabolic rates can be maintained constant or directly
correlated to the increases in biomass (e.g. Baltar et al., 2012). Despite
these drawbacks, some previous studies derived in situ R directly from
oxygen consumption in vitro incubations (Reinthaler et al., 2006;
Baltar et al., 2010). Arístegui et al. (2005b) demonstrated, however,
that when long incubations (424 h) are necessary to obtain signifi-
cant changes in oxygen consumption, the back-scaling of the experi-
mental results to the in situ conditions is likely the most accurate
approach to infer R in the dark ocean. Thereby, experimental R can be
back-scaled to in situ conditions when a strong relationship between
microbial respiration and production (or biomass) is obtained along
the experiment, as it happened in this study (Fig. 3).

Few studies have addressed the effect of hydrostatic pressure on
prokaryotic metabolism. In spite of the limited information currently
available, Tamburini et al. (2013) reviewed these studies, concluding
that decompression of deep-water samples underestimates in situ
activity. This conclusion, however, is based on prokaryotic piezo-
philic populations from the deep ocean (41000 m depth), adapted
to live under high pressures, low temperatures and very low organic
matter concentrations, a situation far different to the mesopelagic
realm with lower hydrostatic pressure and higher organic matter
content.

To date, the few available estimates of dark R obtained from oxygen
consumption have been mostly determined for the North Atlantic
Ocean and the Mediterranean Sea (Biddanda and Benner, 1997;
Arístegui et al., 2005b; Reinthaler et al., 2006; Baltar et al., 2010;
Weinbauer et al., 2013). Our back-scaled in situ values of R (ranging
from 87 to 238 μmol C m�3 d�1) are comparable to the back-scaled R
estimates determined by Arístegui et al. (2005b) in the Canary Current
region (220750 μmol C m�3 d�1). On the other hand, the experi-
mental R values in this study (from 131 to 467 μmol C m�3 d�1) are
more similar to other studies (Biddanda and Benner, 1997; Reinthaler
et al., 2006; Baltar et al., 2010; Weinbauer et al., 2013) where the back-
scaling approach was not applied.

The largest data set of respiration in the global dark ocean is,
however, based on potential respiratory activity derived from

Fig. 4. Relationships between temperature and respiration rates (black dots) and
prokaryotic growth efficiencies (gray dots) in the in vitro experiments. The dashed
regression lines plot significant relationships (p-valueso0.05).

Fig. 5. Arrhenius plot showing the effect of temperature (1/KT) on dark ocean R data
(derived from O2 consumption) found in the literature, including also this study data.
The black line represents the significant linear relationship (p-value¼0.000001);
dashed lines are the 95% confidence interval of the slope. Biddanda and Benner
(1997) (crosses), Reinthaler et al. (2006) (triangles), Baltar et al. (2010) (diamonds),
Arístegui et al. (2005b) (black circles), Weinbauer et al. (2013) (gray circles) and this
study (squares).

Fig. 6. Scatterplot of prokaryotic growth efficiencies (PGE), derived from direct
estimates of R and PHP, as function of temperature for deep ocean prokaryotes
found in the literature including this study. The gray dashed line represents
PGE¼4%. The symbols correspond to Biddanda and Benner (1997) (crosses),
Reinthaler et al. (2006) (triangles), Baltar et al. (2010) (diamonds), Arístegui et al.
(2005b) (circles) and this study (squares).
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enzymatic electron transport system (ETS) measurements. A global
average R of 10 μmol C m�3 d�1 was estimated by Arístegui et al.
(2003) for the mesopelagic zone assuming a conservative R/ETS
ratio of 0.1, characteristic of bacterial populations in senescent state
(Christensen et al., 1980). This global rate represents, however,
a lower threshold since prokaryotic communities in the mesopela-
gic zone can be far from being senescent, presenting R/ETS ratios
closer to 1 (Arístegui et al., 2005b), typical of bacterial assemblages
in exponential growth phase (Christensen et al., 1980). If so the ETS-
derived R (using R/ETS of 1) would be in the range of the back-
scaled R obtained in this study.

There are also very few studies in the literature reporting PGE
in the dark ocean derived from direct measurements of R and PHP
(Table 4). In situ PGE in our study were on average �1.4%. These
low PGE are in accordance with estimates reported by Reinthaler
et al. (2006) in the meso- and bathypelagic region of the North
Atlantic Ocean (�2%), but without any back-scaling procedure in
the direct R estimates. Dumont et al. (2011) found similar low PGE
in the South of Tasmania using the equation proposed by del
Giorgio and Cole (1998) to predict PGE from PHP. Other studies
have estimated the prokaryotic consumption from empirical
equations, which had been generated from surface ocean samples
(Carlson et al., 2004; Tanaka and Rassoulzadegan, 2004), resulting
in higher PGE estimates (5–13% and 19–39%, respectively). Zaccone
et al. (2003) and Biddanda and Benner (1997) also found high PGE
between 6–11% and 8–12%, respectively. The methodology used in
the these later reports, however, could have affected the estima-
tion of in situ R. Zaccone et al. used indirect R measurements from
ETS activity and Biddanda and Benner only considered 50% of the
measured respiration in the experiments to estimate PGE. Baltar
et al. (2010) obtained a wide range of PGE (o1–24%) from a
variety of approaches to estimate PGE from in vitro experiments,
similar to our experimental range of PGE (1.7–17.1%). Only
Arístegui et al. (2005b) used a similar back-scaling procedure to
our study to derive R, although PHP was estimated by averaging
leucine and thymidine incorporation rates. These authors obtained
higher PGE (13–18%), which they attributed, based also on other
molecular and metabolic prokaryotic proxies, to the larger organic

carbon supply from the continental margins, which likely trans-
lated into a more efficient use of carbon for growth in the
mesopelagic zone. The low in situ PGE in our study confirm the
hypothesis that most of the organic matter transported to the
mesopelagic zone in open ocean waters is mineralized, ending up
as CO2; yet more studies reporting direct R estimates are essential
for a better knowledge of the regional variability in prokaryotic
carbon use throughout the dark ocean.

We observed a strong correlation between water temperature
and in situ R, suggesting a significant temperature dependence on
prokaryotic metabolism also in the mesopelagic ocean. There are
several studies describing the influence of temperature on R and
PGE. Nagata et al. (2001), in the mesopelagic waters of the
subarctic Pacific, observed temperature dependence of prokaryotic
growth, reporting positive significant linear regressions in the
upper part of the mesopelagic zone. Bendtsen et al. (2002), based
on a model of the microbial food web, postulated that the gradient
of dissolved organic carbon in the deep North Atlantic could be
explained by the temperature dependence of bacterial metabo-
lism. Iversen and Ploug (2013) used results obtained in laboratory
experiments to hypothesize that the carbon flux into deep waters
would be reduced in warmer environments due to increased
remineralization rates. Our results and all these studies suggest
that prokaryotic metabolism in the dark ocean would be affected
by rising temperatures. Nevertheless, the influence would be
different depending on whether the temperature affects more
growth (new biomass generation), being carbon channeled
through higher trophic levels, or respiration, being carbon recycled
as CO2 (e.g. Vázquez-Domínguez et al., 2007). The temperature
dependence of mineralization rates does not preclude however
that the concentration and quality of organic matter might also
affect oxygen consumption rates in the dark ocean. Indeed, Nagata
et al. (2001) concluded that organic matter was more important
than temperature in determining the growth of heterotrophic
prokaryotes in the upper mesopelagic zone of the Subarctic Pacific.

The metabolic theory of ecology (MTE) establishes an incre-
ment of the organisms' metabolism with increasing temperatures
(Brown et al., 2004), as it has been observed in planktonic

Table 4
Reported prokaryotic growth efficiencies (PGE) in the dark ocean, derived from prokaryotic heterotrophic production (PHP) and direct respiration (R) measurements,
indicating the different approaches to estimate PHP and R.

Location Depth (m) PHP approach R approach PGE (%) Reference

Subtropical North
Atlantic Ocean

350–1000 In situ leucine
incorporation
and prokaryotic biomass
yield
in experiments

Difference in O2 concentration
in experiments

o1–24 Baltar et al. (2010)

Subtropical North
Atlantic Ocean

600–1000 Average of in situ
thymidine
and leucine incorporation

Difference in O2 concentration
in experiments. Back-scaling to in situ
conditions

13–18 Arístegui et al. (2005b)

North Atlantic
Ocean

100–4000 In situ leucine
incorporation

Difference in O2 concentration
in experiments

�2 Reinthaler et al. (2006)

Gulf of Mexico 100–500 In situ leucine
incorporation

Linear regression between time and O2

concentration in experiments
8–12 Biddanda and Benner

(1997)
South Atlantic Ocean and Indian
Ocean

300–600 In situ leucine
incorporation

Difference in O2 concentration
in experiments. Back-scaling to in situ
conditions

o1–17 This study

Table 5
The slopes of the regression (- activation energy, eV) and the parameters of the Arrhenius plot between Ln of respiration rate (R, μmol C m�3 d�1) and inverse of temperature
(1/kT), Ln (R)¼a�b (1/kT), for in situ data in this study and all data in the literature (Fig. 5). The Q10 temperature coefficients are also shown.

Temperature range (ºC) Rate Intercept7SE Slope7SE R2 p-Value N Q10

This study 8.7–14.9 R 41.86711.98 �0.9070.29 0.49 0.012 12 3.65
Literature 1.9–22.0 R 45.8976.33 �0.9870.16 0.42 0.000001 57 4.07
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communities of the surface ocean (López-Urrutia and Morán,
2007; Regaudie-de-Gioux and Duarte, 2012). Our results also show
a significant in situ R dependence on temperature in the range of
8.7–14.9 1C. This temperature dependence is also obtained con-
sidering all R data previously reported from the dark ocean
(Table 5). In contrast to the expected increase of cell-based
metabolism in a warmer environment, we observe in our study a
lack of correlation between temperature and specific R (R/PB). Likely
a variable fraction of in situ prokaryotes was metabolically inactive
(Gasol et al., 1995) and, consequently, specific R in our study was not
a good proxy to detect temperature changes. The R activation energy
value estimated in this study (Ea of 0.9070.29 eV) was higher than
those reported by López-Urrutia and Morán (2007) for specific R in
the surface ocean (Ea¼0.589 eV), by Yvon-Durocher et al. (2012) for
microbial populations in the global ocean (Ea¼0.57 eV) or by
Arístegui and Montero (1995) for microplankton R derived from
ETS activity (Ea¼0.70 eV). However, Regaudie-de-Gioux and Duarte
(2012) reported comparable Ea values for R in the Atlantic Ocean
(Ea¼0.9270.11 eV). The Q10 values determined in this study
(Table 5) were also higher than the Q10 range of 1–3 for R reported
by Church (2008).

Recent forecasts consider a global warming rate per decade
between 0.015 and 0.11 1C in the upper 700 m (Intergovernmental
Panel on Climate Change (Rhein et al., 2013)), which could lead to
an increase of R of about 4% according to our calculations. Since
the global-warming slowdown detected in surface ocean during
the 21st century is partially a consequence of the heat transfer to
deeper depths (Chen and Tung, 2014), prokaryotic mineralization
rates at the mesopelagic zone could be influenced by increasing
temperatures in the dark ocean. Therefore, R vs. temperature
reported in this study could help to predict future scenarios in
the mesopelagic zone.

The positive relationship between PGE and temperature in the
experiments (Fig. 4) is not consistent with previous studies that
report a decrease of PGE as temperature increases (Rivkin and
Legendre, 2001; Kritzberg et al., 2010a, 2010b). Rivkin and Legendre
(2001), in a data compilation study, found a negative relationship
between these two parameters for a wide range of temperatures
(�1.4 to 29 1C). Likewise, Kritzberg et al. (2010a and 2010b) showed
a stronger response of respiration to temperature than production,
both in an oligotrophic coastal marine system (with a temperature
range of 14.4–28 1C) and in Arctic waters (with a temperature range
of �0.6 to 5.8 1C). On the contrary, Wohlers et al. (2009) observed
in in-door mesocosms' experiments carried out with water from the
Baltic Sea, under a gradient of low temperatures (2.5–8.5 1C), that
bacterial production was stimulated by temperature increases but
community respiration (o3 μm) remained apparently unaffected;
then, BGE increasing with rising temperatures. Reinthaler and
Herndl (2005) also found higher PGE during the warmer spring
and summer periods than during the cooler winter time in the
southern North Sea. Other studies, however, had suggested that R
and PHP would respond similarly to temperature changes (López-
Urrutia and Morán, 2007; Vázquez-Domínguez et al., 2007),
suggesting that differences in the response of PHP and R to
environmental factors (and consequently to BGE) would be related
to the bioavailability of organic resources (López-Urrutia and
Morán, 2007) or, as discussed above, to the co-variation effect
between temperature and organic matter.

5. Conclusions

Our study supports previous hypotheses (del Giorgio and Duarte,
2002; Arístegui et al., 2009) formulating that organic matter
exported to the deep ocean is mostly respired by prokaryotic
communities in the mesopelagic zone, instead of being used for

growth. Moreover, in addition to the effects of organic matter
composition and lability on prokaryotic R, our results suggest that
the variability of dark ocean respiration is also dependent on
temperature gradients. More effort should be dedicated to explore
the effects of temperature variations on metabolic processes
(growth and respiration) in the dark ocean, in order to understand
how the flow of carbon would be affected by the rising tempera-
tures in the deep ocean.
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