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Abstract

This paper assesses how considering variation in DOC availability and cell mainte-
nance in bacterial models affects Bacterial Growth Efficiency (BGE) estimations. For
this purpose, we conducted two biodegradation experiments simultaneously. In exper-
iment one, a given amount of substrate was added to the culture at the start of the
experiment whilst in experiment two, the same amount of substrate was added, but
using periodic pulses over the time course of the experiment. Three bacterial mod-
els, with different levels of complexity, (the Monod, Marr-Pirt and the dynamic energy
budget (DEB) model), were used, and calibrated using the above experiments. BGE
has been estimated using the experimental values obtained from discrete samples
and from model generated data. Cell maintenance was derived experimentally, from
respiration rate measurements. The results showed that the Monod model did not
reproduce the experimental data accurately, whereas the Marr-Pirt and DEB models
demonstrated a good level of reproducibility, probably because cell maintenance was
built into their formula. Whatever estimation method was used, the BGE value was
always higher in experiment two (the periodically pulsed substrate) as compared to
the initially one-pulsed-substrate experiment. Moreover, BGE values estimated with-
out considering cell maintenance (Monod model and empirical formula) were always
smaller than BGE values obtained from models taking cell maintenance into account.
Since BGE is commonly estimated using constant experimental systems and ignore
maintenance, we conclude that these typical methods underestimate BGE values. On
a larger scale, and for biogeochemical cycles, this would lead to the conclusion that,
for a given DOC supply rate and a given DOC consumption rate, these BGE estimation
methods overestimate the role of bacterioplankton as CO, producers.
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1 Introduction

Dissolved organic carbon (DOC) represents one of the largest active organic carbon
reservoirs in the biosphere (Hedges, 1992; Amon and Benner, 1996). It is commonly
assumed that numerous processes are responsible for DOC production such as its
release by phytoplankton, egestion, excretion and sloppy feeding from grazers and
cellular lysis generated by viruses (Nagata, 2000). Bacteria are considered to be the
major consumers and remineralisers of DOC in the ocean (Pomeroy, 1974; Williams,
2000). According to bacterial reactivity, DOC is usually fractionated into three pools:
the refractory (R-DOC), semi-labile (SL-DOC) and labile DOC (L-DOC) (Williams and
Druffel, 1987; Carlson and Ducklow, 1995; Hansell et al., 1995). Bacterial activity
is often measured using the bacterial growth efficiency (BGE). This is the proportion
of DOC that is converted by bacteria into particulate organic matter (POC) that can be
later consumed by higher trophic levels (Cajal-Medrano and Maske, 2005). The L-DOC
component and BGE can be determined by measuring the bacterial DOC consumption
in biological assays (Carlson and Ducklow, 1996; Cherrier et al., 1996; Sempéré et
al., 1998; Carlson et al., 1999). Both DOC production and consumption occur in the
natural environment through different processes, therefore any experimental design
must endeavour to uncouple these two processes in order to study either one or the
other. Consequently, such experiments are generally performed over 1-2 weeks either
by isolating natural assemblages of bacteria from the primary producers and grazers
by filtering in situ seawater samples, or by working with monospecific cultures.

It is generally assumed that the complementary proportion (1-BGE) corresponds
to respiration and results in metabolic CO, release in the ambient medium. BGE is
commonly used as a constant parameter in biogeochemical models (Baretta-Bekker
et al., 1995; Blackburn et al., 1996; Anderson and Williams, 1998, 1999; Lancelot
et al., 2002), which are subsequently used to investigate the carbon cycle (Anderson
and Williams, 1998, 1999). According to this, the general mathematical definition of
BGE is: BGE=ABB/-ADOC, where ABB is the bacterial biomass produced from the
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consumption of available ADOC. However, BGE is generally determined experimen-
tally from bacterial production (BP) and respiration (BR) measurements, or from BP
and bacterial carbon demand (BCD) according to the following formula: BGE=BP/BCD
where BCD=BP+BR (del Giorgio and Cole, 1998; Sempéré et al., 1998; Rivkin and
Legendre, 2001; Reinthaler and Herndl, 2005). BGE may also be estimated from
mathematical models as it often consists of a model parameter (Eichinger et al., 2006)
or is a function of the specific growth rate (Cajal-Medrano and Maske, 1999, 2005).

Although biological assays provide a large set of BGE values, they are difficult to
extend to real ecosystems due to the wide range of methods used and the utilisa-
tion of conversion factors which also exhibit large variations (Cherrier et al., 1996;
del Giorgio and Cole, 1998). Despite this, previous studies have indicated that BGE
varies greatly depending on biological and physical factors (del Giorgio and Cole, 1998)
such as : DOC chemical nature/molecular weight (Amon and Benner, 1996; Cherrier
et al.,, 1996), elemental ratio (Goldman et al., 1987), distance of the study site from
the seashore (La Ferla et al., 2005), season (Reinthaler and Herndl, 2005), tempera-
ture (Rivkin and Legendre, 2001), depth (Eichinger et al., 2006) and UV exposure of
dissolved organic matter prior to incubation (Abboudi et al., 2007). Moreover, batch
experiments in which DOC monotonously decreases according to its consumption by
bacteria are certainly not representative of the real world.

To date, to the best of our knowledge, there has been no study focusing on the
direct effects of DOC availability on BGE. Indeed, due to physical, chemical, and bi-
ological processes (Carlson and Ducklow, 1995; Carlson et al., 2004; La Ferla et al.,
2005), and to the decoupling between DOC production and consumption (Hansell et
al., 1995; Carlson et al., 2002), the DOC concentration fluctuates spatially and tempo-
rally in oceanic ecosystems. Thus, relatively weak temporal variations in the dynamics
of the water column may have a great impact on the functioning of the pelagic sys-
tem (Gonzalez et al., 2002). This makes it crucial to study the response of microbial
communities to intermittent or transient forms of reactive DOC (Cherrier and Bauer,
2004).
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The first objective of this paper is to assess how the variation in DOC availability
and supply affects BGE values using experimental and modelling approaches simul-
taneously. Most biogeochemical models use simplistic and empirical formulae to rep-
resent DOC consumption and bacterial growth, which are respectively described with
Michaelis-Menten kinetics and Monod formulation. Thus they do not take into account
cell maintenance, the importance of which has been highlighted in several studies (del
Giorgio and Cole, 1998; Eichinger et al., 2009). The second aim of this paper is to
highlight the cell maintenance process using biodegradation assays and varying DOC
supplies, in order to study how this affects BGE estimates. For this purpose, we have
used several bacterial growth models with different levels of complexity, some consid-
ering cell maintenance.

To meet these objectives, we performed two laboratory biodegradation experiments.
In the first experiment, all the substrate was added at the beginning of the time series,
whereas in the second experiment the same amount of substrate was divided into
several smaller pulses and added to the culture every 2 days. Since the total quantity
of substrate is the same at the end of both experiments, the only difference is the
substrate regime.

This paper is organised as follows: in the first section we present a detailed de-
scription of the experiments carried out to assess the influence of the DOC load on
BGE, and the various methods used for its estimation, including empirical calcula-
tions and model calibration. The different processes included in each model and their
mathematical descriptions are given. The second section compares the experimental
dynamics obtained from both experiments, and presents the calibration and simulation
of the models. It also compares the BGE values estimated from both experiments,
as obtained with each method. Finally, the last section presents the conclusions and
discusses their implication for BGE determined in aquatic ecosystems.
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2 Material and methods
2.1 Main concepts

To prevent problems arising from the sensibility of DOC measurements, the lability of
DOC and bacterial activity, we used a monospecific bacterial strain and a highly labile
carbon substrate source. Thus, we assumed that the decrease in DOC concentration is
directly related to bacterial growth. We also applied an intensive sampling regime and
used DOC concentrations well above oceanic conditions; the total L-DOC concentra-
tion added to the cultures was 8 mM C whereas oceanic DOC concentrations generally
range from 40 uM C to more than 200 uM C. In this study, we defined L-DOC as the
substrate and thus the DOC that is consumed during the time course of the experiment
(with a turnover time of a few hours, approximately) whereas R-DOC was considered
to be the DOC remaining at the end of the experiments. This R-DOC could consist of
SL-DOC or R-DOC for our bacterial strain.

2.2 Experimental design

The culture medium was composed of artificial seawater (Lyman and Fleming, 1940),
containing vitamins, minerals and excess nutrients at the beginning of each experi-
ment; KH,PO, and NH,CI were provided at concentrations of 0.2 and 6.7 mM, respec-
tively, and the pH was adjusted to 7.5. Pyruvate was selected as the carbon substrate
and Alteromonas infernus as the bacterial strain (refer to Eichinger et al., 2009, for
the explanations of these choices). Each medium was autoclaved for 20 min at 110°C
prior to inoculation. The cultures were incubated in a temperate room at 25+ 1°C, in
the dark, and were continuously agitated. To prevent bacterial contamination, the ma-
terial used to sample the batch cultures was sterilised by autoclaving 20 min at 110°C,
and all samples were handled under a laminar flow air hood. To prevent carbon con-
tamination, all borosilicate glass materials used for the cultures and sample collection
and storage were pre-combusted for 6 h at 450 °C.
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Two experiments were performed: one using a single substrate addition (B), and
one using pulse additions of substrate (P). In the case of experiment P, the initial con-
ditions were: (DOC)=1.6 mMC and bacterial density=6.106 cellscm™ subsequently
followed by pulse additions of DOC (1.6 mMC) every 48h. The initial conditions
set for experiment B were: (DOC)=8mMC (equivalent to 5x1.6 mM C) and bacterial
density=6.106 cellscm™. The initial conditions set for experiment P were chosen so
that; (1) DOC decrease and bacterial growth were substantial, (2) the pulse period was
long enough to allow sample collection between subsequent pulses, and (3) substrate
DOC was apparently exhausted and bacteria were in the stationary phase at the end
of the pulse period. This latter condition was necessary to observe cell maintenance
when bacteria were in “starving” conditions.

The total volume of the culture enabled samplings to take place over 5 pulses. Both
experiments were conducted in 5 litre pre-combusted borosilicate bottles filled with 4
(experiment P) or 3 (experiment B) litres of culture medium. Because of the large
volumes needed for sampling experiment P, 3 replicate bottles were used and succes-
sively sampled. This setup made possible to use the same apparatus in both experi-
ments. We checked reproducibility by carrying out the same experiment independently
several times and checking the dynamics were always identical (data not shown).

2.3 Sampling

Sampling was always carried out in the same order to avoid bias from any time lag
occurring between the different measurements. To prevent carbon contamination the
first sub-sample was always dedicated to carbon measurements (DOC and POC). The
sampling order was: (1) POC/DOC, (2) cell count by microscopy and flow cytometry
analyses, and (3) oxygen consumption (respiration). To ensure reproducibility, samples
were always further homogenised before sampling by gentle hand-mixing. To ensure
the results were significant, the final volume of the batch cultures was always higher
than 50% of the initial culture volume.
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DOC and POC were separated using pre-combusted GF/F filters (0.7 um nomi-
nal porosity). DOC was measured by high temperature catalytic oxidation (HTCO)
using a Shimadzu TOC 5000 Analyzer following the same protocol as Sohrin and
Sempéré (2005). At time 0, the DOC measured was derived from the vitamins and
pyruvate. The vitamin-DOC concentration was negligible compared to that of the pyru-
vate and estimated to account for only 3 and 0.6% of the initial DOC for the P and B
experiments, respectively. In this study, we refer to POC as the C-bacterial biomass.
Following filtration onto the GF/F filter, each filter was dried in an oven (30°) carefully
stored in a desiccator in the dark and then analysed with a carbon analyser (Leco
SC-144) following the same protocol as Sempéré et al. (2000).

O, consumption was determined by measuring O, concentration dynamics with the
Oroboros-2k oxygraph (OROBOROS, Austria). This oxygraph provides the instrumen-
tal basis for temporal high-resolution respirometry due to a small time lag between
two measurements (2s). As recommended by the manufacturer the volume of the two
thermoregulated chambers was set to 2 cm®, and the stirrer speed to 750 rounds per
minute. Respiration measurements were carried out at 25°C, the same temperature
as the cultures. Each day, the basal consumption of each polarographic oxygen sensor
(POS) was determined using a sterile medium sample. This value was then subtracted
from each O, consumption rate measured the same day. The POS were calibrated
with 0 and 100% oxygen saturation. 0% oxygen saturation was achieved by adding an-
hydre sodium hydrosulfite (Na,SO3) in excess, in order to complex all the oxygen in the
chambers. The 100% oxygen saturation was calibrated prior to each measurement by
introducing 2cm® of sterile culture medium to each chamber and keeping the stopper
open to equilibrate the gas with the atmosphere. Once equilibrium had been reached,
the 100% oxygen saturation was recorded. This medium was then replaced by 2cm®
of culture. The decreasing O, concentration was measured at each time point. O,
consumption was calculated by applying a linear regression on the O, concentrations,
where the slope corresponds to consumption. In order to get rid of mechanical effects
induced by the movement of the stoppers when opening and closing the chambers, the
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O, consumption estimation started 10 min after closing the stopper.

Bacterial density was estimated using microscopy counts to calculate specific bac-
terial activities (specific carbon content and O, consumption). Bacteria fixation was
carried out by adding 100 mm?® of a 20% tetraborated formol solution into 900 mm?®
of culture. A few mm?® were taken out from this formol-mixture and added to filtered
MilliQ water. The volume of the formol-mixture was adjusted according to the expected
bacterial density, so that there were at least 30 bacteria per field under the micro-
scope. Bacteria were stained with Diamidino-4',6-phénylindol-2 Dichlorhydrate (DAPI)
(2.5png cm™ final concentration). The final mixture was filtered onto a 0.2 um porosity
dark polycarbonate membrane. The counts (in cell cm'?’) were realised with an epiflu-
orescent microscope (Olympus BH2 or BX61, Olympus, USA) by analysing 30 fields
per sample.

In some samples bacterial density was also analysed using flow cytometry for total
counts, and in the DOC samples to check for any bacterial transfer through the GF/F
filters. Bacterial fixation was carried out using 1.8 cm® sample and 0.2 cm® of a 20%
para-formaldehyde (PFA) solution in 2cm® cryotubes (Nalgene, USA). Samples were
then stored in liquid nitrogen (-180°C) until analysis. Before analysis the samples
were gently thawed in a water bath at room temperature, stained with DAPI solution
(2.5ng cm™ final concentration) and analysed by a MoFlo cell sorter (Dako, Dk).

2.4 BGE estimation

According to the general definition, BGE can be estimated from experimental data as
BGE=-APOC/ADOC. APOC was estimated from the difference between the maxi-
mum and initial POC values and ADOC from the difference between the total substrate
amount introduced in the culture (8 mM C) and the remaining DOC amount at the end
of the experiment.

BGE has also been estimated by using three models with different levels of com-
plexity: the Monod, Marr-Pirt and Dynamic Energy Budget (DEB) models. For each
model, BGE was estimated as: BGE=-dBg/dL, where Bg is the bacterial biomass
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and L the substrate concentration (L-DOC) (Table 1). The DEB model takes into ac-
count one C-reserve compartment as well as two C-maintenance fluxes (see below);
the Marr-Pirt model considers one C-maintenance flux but no reserve compartment;
the Monod model comprises neither reserve nor maintenance. Descriptions of state
variables and parameters are given in Table 1. The DEB model originates from the
dynamic energy budget theory (Kooijman, 2000). It has been specifically developed
for the conditions in experiment P and its construction has been extensively described
in Eichinger et al. (2009). Briefly, the DEB theory assumes that bacterial biomass is
composed of a reserve (Mg) and structure (My). Differential equations on the left part
of (Eq. 1) correspond to a typical growth model for heterotrophic bacteria, whereas
differential equations on the right part describe bacterial dynamics in starvation condi-
tions. During growth, substrate is first assimilated into the reserve and then C-energy is
allocated to growth. Maintenance is paid from the mobilized reserve if the flux is large
enough (growth case). Otherwise, structure is used to pay the remaining part of the
maintenance costs (starvation case), which causes size reduction of the cell (Tolla et
al., 2007; Eichinger et al., 2009). Release of recalcitrant-to-degradation DOC (R) was
associated with the use of structure for maintenance purpose (Eq. 1). For this model:

BGE:—% <ME/yMEMV+MV>. Contrary to the DEB model, the Marr-Pirt model (Marr et

al., 1963; Pirt, 1965) assumes a direct transfer from assimilation to growth and includes
one maintenance term only. As this model does not comprise any reserve compart-
ment, maintenance is directly realised from biomass (Eq. 2). As in the DEB model, R
is produced from the maintenance of the biomass. For this model, BGE=-dBg/dL.
The Monod model (Monod, 1942) assumes that the absorbed substrate is directly and
instantaneously transformed into biomass with a constant efficiency (Eq. 3) (Eichinger
et al., 2006): BGE=-dBg/dL.

DEB model: (Eq. 1)

dL
—_alM
ar - 9
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Note that in this study we also report that bacteria are able to produce unusable DOC,
referred to here as R-DOC. The Monod model does not permit any product formation
therefore in order to compare parameters governing assimilation and growth on L-DOC
between the three models, the DOC data were modified, for the utilisation of this model
only (see below), to deal with just the labile fraction of DOC. In experiment B, apparent
R-DOC concentrations seem constant (Fig. 1a). L-DOC values were thus estimated by
offsetting the R-DOC values at the end of the experiment to the total DOC values. In
experiment P, apparent R-DOC concentrations increased after each pulse and a linear
regression on R-DOC values for all the experiment was applied (Fig. 1b). We calculated
L-DOC values for the Monod model as L-DOC=DOC-(0.0038¢+0.1067), where DOC
represents the measured DOC concentrations and f is time. This data modification
does not influence BGE values as it is only based on L-DOC and bacterial biomass
(POC) data.

3 Results
3.1 DOC and POC dynamics

Flow cytometry analyses revealed that the percentage of bacteria in DOC samples
ranged from 0 to 14% in experiment B. Higher values were obtained during the ex-
ponential growth phase, whereas this percentage was close to 0% during the lag and
the stationary phases (data not shown). This suggests that bacteria are larger during
the non dividing period, and that cell division leads to bacteria shrinking, subsequently
reaching the size limit of the filter retention in some cases. We thus corrected POC
and DOC concentration values according to the fraction of bacteria crossing the filters.
In experiment P, with the exception of two values of 11 and 13%, the percentage of
bacteria in DOC samples were always lower than 4.5%. Unfortunately, some samples
were not checked for bacterial density due to technical problems. Due to the low per-
centage found in analysed samples and to missing values, we decided not to correct
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DOC and POC values for experiment P. Experimental dynamics of DOC and POC take
into account the correction for experiment B (Fig. 1a) but not for experiment P (Fig. 1b).

DOC kinetics indicated an apparent remaining DOC during the time course of exper-
iment P (Fig. 1b). Indeed, as represented by the dashed line in Fig. 1b, the baseline
level for DOC concentration increased following each substrate addition. As hypoth-
esised, bacteria always consumed the substrate added after each pulse, thus the in-
crease in remaining DOC is not likely to be labile DOC for this strain. In this experiment
we considered this “remaining-accumulating” DOC to be unconsumed DOC produced
by the cultured bacteria and referred to it as R-DOC, over the scale of this study (refer
to Eichinger et al. (2009) for additional details on this DOC production). On the con-
trary, no apparent R-DOC was produced over the time course of experiment B; how-
ever, there was a DOC concentration of about 1.9mM C at the end of the experiment
(Fig. 1a). As no substrate was added during this experiment, it is difficult to determine
if this remaining DOC consisted of unconsumed substrate due to a limitation such as
nutrients or O,, or whether the R-DOC was produced during another period of the
experiment. We assumed this remaining DOC consisted of R-DOC, as in experiment
P.

Over the entire experiment, about 6.1 and 7mM of DOC were consumed in the P
and B experiments, respectively. However, due to the very rapid reactivity of bacteria
towards DOC supply in experiment P and to the time lag necessary for DOC sampling
following the additions, it is difficult to estimate the exact total concentration of DOC
that was supplied in this experiment. It is therefore possible that the total concentration
of consumed DOC is higher than that estimated for experiment P. POC concentrations
were identical at time 0 (¢;) in both experiments. However, although the total concentra-
tion of substrate was the same in both experiments, the maximum POC concentrations
differed. It reached a value of 1.8 and 1.1 mM C for experiments P and B, respectively.
This suggests a higher productivity, of a factor of 1.6 for experiment P.
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3.2 Respiration dynamics

In both experiments, O, consumption increased rapidly a few hours after ¢, (Fig. 2).
However, this increase was more than 3 times higher for experiment B: O, consump-
tion peaked at 0.35 and 0.10 mM O, h™' for experiments B and P, respectively (Fig. 2).
This difference is assumed to be due to the higher initial substrate concentration (x5)
in experiment B. The increase in respiration rate was slow in experiment B, which
correlates to the DOC degradation period (Fig. 1a). O, consumption then stabilised
with only small variations around 0.25mM O, h™'. Respiration rates followed the DOC
dynamics in experiment P, increasing very rapidly following each substrate pulse, with
higher values reaching 0.6 MM O, h™ (Fig. 2). As for the DOC measurements, O, con-
sumption increased very rapidly following substrate addition, and as a period of at least
30 min was required before O, measurements could be carried out, it is highly possible
that O, consumption was underestimated. Only a few hours after substrate addition,
respiration rates decreased linearly never dropping to zero but stabilising at a constant
value until the next substrate pulse. This constant value increased after each pulse as
bacterial density increased throughout the experiment and demonstrated the mainte-
nance process which can not be considered to be negligible. We also estimated the
total concentration of O, consumed during the experiments using a trapezoidal inte-
gration method between the data points. We obtained about 30 and 20 mM O,, for the
P and B experiments, respectively. From this estimation, experiment P was 1.5 times
more productive than experiment B. Consequently, observed O, consumption dynam-
ics indicated an instantaneous response of bacteria to substrate pulses, a maintenance
process between two subsequent pulses and greater consumption in experiment P.
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3.3 Specific activities

Specific O, consumption (fmolO, h™ bact_1) and specific organic-C content
(fmol C bact‘1) were estimated by dividing O, consumption values and POC concen-
trations by their respective bacterial density at each sampling time (Fig. 3). Specific O,
consumption rapidly increased at ¢, and then decreased in both experiments (Fig. 3a).
In experiment B, the specific respiration rate gradually decreased during the time
course of the experiment. Contrary to this, the specific respiration rate sharply in-
creased after each substrate addition and decreased a few hours later in experiment P.
Specific respiration rates dropped to a mean value of 0.2 fmol O, h™'bact™' between
each subsequent pulse (and after the second pulse), a value which is an approximation
of the specific maintenance respiration rate.

Although the initial POC concentration and bacterial density should be identical
in both experiments, the initial specific organic-C contents were different, 38 and
11fmol Cbact™" for experiments B and P, respectively (Fig. 3b). This could be due
to the initial values of POC concentration and bacterial density being low and thus
difficult to accurately measure. Nevertheless, the specific organic-C content rapidly
decreased after the start of both experiments to about 3-5fmol C bact™'. The specific
POC content then gradually decreased from approximatively 4 to 2 fmol C bact™ during
the remaining time of experiment B. Contrary to this, specific POC content increased
after each substrate pulse in experiment P and was relatively stable, 5 fmol C bact™"
between two subsequent pulses. After 20 h, specific POC values were always higher
in experiment P than in experiment B (Fig. 3b).

3.4 Model fitting

The DEB, Marr-Pirt and, Monod models were calibrated from the data sets obtained
from each experiment. Parameter estimation was based on the minimisation of the sum
of squared deviations of model predictions to data points, using the Nelder Mead’s sim-
plex method. To compare model outputs to DOC and POC measurements, we made
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the following assumptions: (1) for the DEB model, DOC=L+R and POC=Mg+My; (2)
for the Marr-Pirt model, DOC=L +R and POC=Bg; (3) for the Monod model, DOC=L
and POC=Bg. Calibrations were carried out using the whole original data set for ex-
periment P and the whole corrected data set for experiment B, as DOC and POC
values were corrected for the bacteria that crossed the filters. The Monod model was
calibrated with modified data sets from both experiments as we subtracted the esti-
mated R-DOC concentrations from each DOC data point of each experiment. Esti-
mated parameter values for each model are given in Table 2 for experiment B and in
Table 3 for experiment P.

The DEB and Marr-Pirt models fitted the DOC and POC data producing a good fit for
both experiments (Fig. 4a,b,d and e). However, the DEB model showed greater flexi-
bility than the Marr-Pirt one. After data modification (represented by squares in Fig. 4c
and f), the Monod model accurately fitted the DOC dynamics of both experiments,
which can be explained by the fact that L-DOC uptake was governed by the same
formulation in the three models. However, the Monod model did not produce a good
fit for the POC data (Fig. 4c and f). We indeed prevented the problems associated
with unconsumed DOC release as this process was not incorporated into the Monod
model. However, the absence of the maintenance process did not enable the model to
demonstrate the decrease in POC, which is clearly visible at the end of experiment B.

3.5 BGE estimations

BGE was directly estimated experimentally as BGE=—£ESS. BGE was 0.14 and 0.27
for experiments B and P, respectively (Table 4), suggesting that bacteria were twice
as efficient when provided with regular pulsed DOC inputs than when provided with
a single DOC addition. BGE was computed for each experiment and each model (see
Material and Method, BGE estimation). Whatever the estimation method, BGE values
were constant over both experiments (Fig. 5). As was the case in the empirical estima-
tion, BGE values were higher in experiment P than in experiment B: values were 0.34
and 0.21 for the DEB model, 0.38 and 0.20 for the Marr-Pirt model, and 0.23 and 0.14
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for the Monod model. Growth efficiencies differed in the same range of magnitude for
all estimations: BGE values were approximately 50% higher in experiment P compared
to experiment B in both the experimental and Marr-Pirt estimations, and 60% for the
Monod and DEB estimations.

BGE estimations were always higher using the methods taking into account main-
tenance (DEB and Marr-Pirt models) compared to the Monod model and empirical
estimations. The analytical calculations of BGE for the three models gave the follow-
. YmeL IMgm
ing results: for the DEB model, BGE:W—WE;VGL
into account, otherwise we would obtain a negative BGE); for the Marr-Pirt model,
BGE=yg,, —/g,m/aL; and for the Monod model, BGE=yg_, (Table 4). BGE for DEB
and Marr-Pirt models depend on L, and should thus vary according to time. Finally, the
parameter estimation showed that the variable parts of BGE (for Marr-Pirt and DEB
models) were negligible: the constant values observed in Fig. 5 corresponded to the
constant part of BGE (Table 4).

(by taking only the growth model

4 Discussion
4.1 Maintenance process and model choice for bacterial growth

Respiration rate measurements enabled cell maintenance to be studied during the sta-
tionary phase. The Monod model is not suitable for this purpose. Indeed, it considers
that a proportion BGE from assimilated substrate is used for growth, and implicitly
that the remaining proportion (1-BGE) is used for respiration. However, when con-
sidering the equations, L=0 would imply that the respiration rate (which amounts to
(1-BGE)aLBg) is also null. This result is inconsistent with our experimental results
that clearly exhibited respiration rate values different from zero during starvation pe-
riods. The choice of a model is highly influenced by the available data. Indeed, if
our experiments had been stopped after the growth phase and we had not measured
the respiration rate, the Monod model would have reproduced the experimental data.
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Consequently, performing an experiment that continuously alternated between supply
and depletion of substrate, coupled to respiration rate measurements, enabled us to
reject the Monod model, when measuring bacterial growth in a fluctuating substrate
supply, i.e. in fluctuating environments. In this study, the Marr-Pirt and DEB mod-
els were almost equivalent in terms of dynamics and BGE estimations. However, by
increasing the complexity of the experiment by including other trophic levels for exam-
ple, one could likely appreciate the relevance of mechanistic approach, as in the DEB
theory. It has been demonstrated using a food chain with bacteria, fed on glucose,
and a predator, that the Monod and Marr-Pirt models were not able to reproduce the
experimental dynamics, whereas the DEB model was (Kooi and Kooijman, 1994). Con-
sequently, experimental developments, as those presented in this study, are needed in
order to assess bacterial processes and should be included in ecosystem models.
The calibration of the three models using data sets from both experiments showed
that the Monod model was weak in reproducing the experimental dynamics. We had
previously reached this conclusion by analysing the respiration rate measurements,
but the maintenance process was also evident from decreasing POC concentrations
during starvation periods, dynamics that can not be produced with the Monod model.
However, the formulation of the maintenance process had little impact on model out-
puts in this study. Nevertheless, the DEB model is more flexible than the Marr-Pirt due
to its mechanistic formulation model and can be validated in more diverse situations.
For example, if we had conducted a pulse experiment with the initial conditions of ex-
periment B and over a longer pulse period, the Marr-Pirt model may have been unable
to reproduce the experimental dynamics as it does not comprise a component for cell
maintenance from the reserve, component that would not be longer negligible. Indeed,
the maintenance from the reserve was higher in experiment B than in experiment P
(Jem s negligibly small in experiment P whereas it equals 0.021 h™'in experiment B
(Tables 2 and 3)). Additionally, the maintenance from the reserve was higher than
maintenance from structure in experiment B (g is more than three times higher than
Jym) (Table 2). Consequently, a mechanistic model like the DEB model may be useful
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in conditions other than our pulse experiment, and may show dynamic differences with
the Marr-Pirt model. Tolla et al. (2007) discussed the interest and efficiency of a mech-
anistic formulation of maintenance.

4.2 Bacterial versatility to respond to a perturbation

By estimating specific activities of bacteria faced to a pulsed substrate supply, we
highlighted the versatility of bacterial metabolism, which would be difficult to observe
in steady-state conditions. O, concentration measurements revealed that respiration
rates sharply increased as soon as substrate was introduced to the culture. This in-
crease was so rapid that we probably underestimated O, consumption due to the time
lag between substrate addition in the culture, sampling, and respiration rate measure-
ments. This conclusion is certainly true for DOC measurements, because if bacterial
respiration rates increased so rapidly, they obviously consumed DOC very quickly after
substrate addition. We may introduce the notion of population synchronisation as bac-
teria are constrained by the presence or absence of food. This synchronisation may
be due to several factors, such as the stress generated by the absence of substrate
and the large energy requirement for maintenance. Consequently, when we added
substrate to the culture, the bacteria became simultaneously active to assimilate and
grow, and cells continued maintenance even when the substrate was totally exhausted.
This metabolic flexibility is necessary to cope with the in situ heterogeneity of a largely
oligotrophic and ever-changing environment, and may result from the uncoupling of
anabolic and catabolic processes (del Giorgio and Cole, 1998). We believe that the sit-
uation is the same in natural seawater, as food is not continuously available (Hanegraaf
and Kooi, 2002) and bacteria may have to face long periods of absence of one or more
nutrients (Konopka, 1999) and short periods of high substrate availability. Thus, by car-
rying out batch biodegradation experiments using in situ samples, bacteria may be in
one or another situation. It is important to note that because bioassays often eliminate
the effects of DOC production processes, these incubations only assess the standing
stock of L-DOC at a given time (Raymond and Bauer, 2000). The resulting BGE values
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are obviously affected by the temporal variation of substrate availability and are finally
not necessarily representative of the studied site. Therefore, extrapolating BGE values
from incubations to the field may result in misrepresentation. Consequently, we have to
be very cautious when comparing BGE from different study sites and periods, without
considering the “history” of the water mass. In a study using daily sampling of DOC in
the central equatorial Pacific Ocean, Carlson and Ducklow (1995) demonstrated that
they sampled different water each day because of the upstream.

4.3 Higher BGE in a realistically perturbed environment

In this study, four constant BGE values (one empirical and three modelled BGE) dif-
fered, but they were always higher in the pulse experiment. It seems that bacteria were
unable to efficiently grow when large amounts of substrate were present, whereas
growth was stimulated when the same amount of substrate was added periodically.
Results on higher BGE values in transient environments are consistent with the analy-
sis of BGE values in diverse aquatic systems described in the literature. For instance,
BGE values are higher in estuarine when compared to open ocean systems (del Gior-
gio and Cole, 1998). Indeed, estuarine systems are more influenced by episodic inputs
of DOC compared to oceans. Raymond and Bauer (2000) reported a negative relation-
ship between the L-DOC concentration and BGE in an estuarine system. This outcome
could also mean that these higher BGE values resulted from a frequent input of L-DOC,
but in a low concentration, which is unfortunately difficult to measure in situ. If consid-
ering oceanic systems, our results confirm those of Coffin et al. (1993) who reported
a marked diel cycle, with BGE ranging from 37 to 72% and increasing during the day,
presumably following inputs of algae derived organic substrates.

We also demonstrated that BGE values were higher when maintenance was taken
into account in the calculation. BGE are generally estimated from steady-state ex-
periments without considering maintenance. This would mean that these widely used
methods underestimate BGE values. It is commonly assumed that the complemen-
tary proportion (1-BGE) represents the fraction of DOC that is released as metabolic
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CO, in the medium. This would finally lead to the conclusion that most of the previous
studies investigating BGE using batch experiments overestimate the role of bacteria
as CO, producers. It is thus important to take into account the spatial and temporal
variability of DOC when assessing and quantifying the role of bacteria in the oceanic
carbon cycle. We need to find a more consistent method for investigating bacterial
growth and utilisation of DOC in natural environments in order to correctly compare
results from different study sites and periods. By using a daily sampling strategy in
the Pacific Ocean, during two periods in the spring and autumn, Carslon and Ducklow
(1995) demonstrated the presence of a high frequency variability of bulk DOC, which
is driven by physical processes. By using the same sampling strategy and carrying out
degradation experiments on each water sample, one could examine the effect of this
variability on bacterial metabolism and BGE.

4.4 More consideration for estimating BGE

In this study, the coupling of the experimental and modelling work made possible to es-
timate BGE values using two methods: the empirical (by calculating ADOC and APOC)
and the modelling methods (by calibrating three models on the data sets). However,
most studies estimate BGE values via the utilisation of indirect methods by considering
that BCD=BP+BR contrary to BCD=ADOC. To estimate BR, experimentalists gener-
ally apply a linear regression on the O, dynamics and only consider the slope of this
regression (del Giorgio and Cole, 1998; Eichinger et al., 2006). However, our exper-
iments clearly demonstrated that the BR value varies greatly during an experiment,
being high during assimilation and low during starvation periods. The non systematic
linearity of BR, and its impact on BGE estimation, has already been demonstrated by
performing continuous oxygen measurements with oxygen microprobes (Briand et al.,
2004). BP is generally estimated from radiolabeled thymidine or leucine incorporation
or by the difference between the final and initial bacterial abundances. However, these
estimates rely on various conversion factors that have great uncertainties (Jahnke and
Craven, 1995). We also demonstrated in this study that these factors may vary in time.
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Indeed, we obtained values for the specific POC content, which are equivalent to the
carbon content factor (CCF) commonly used to convert bacterial density into bacterial
biomass, varying from 3 to 38 fmol C bact™'. This result means that we may produce an
error of factor 10 when estimating bacterial carbon from bacterial density. The specific
POC content always increased after substrate assimilation, reflecting the capability of
bacteria to store carbon. It then decreased during starvation periods, until a “thresh-
old” value. This would mean that CCF should be adapted to the physiological state of
bacteria, which depends on substrate availability.

5 Conclusions

Numerous studies have investigated how biological, chemical, and physical factors af-
fect BGE values (del Giorgio and Cole, 1998). However, there have only been a few in-
vestigations dealing with daily and detailed seasonal variation of natural BGE (del Gior-
gio and Cole, 1998). To the best of our knowledge, this is the first study demonstrating
that the temporal variation in substrate availability greatly influences BGE, which may
be twice as high in pulsed experimental conditions. Our simulated temporal variation
of the DOC supply can simulate various biological factors occurring in situ, such as
intermittent DOC release from phytoplankton and zooplankton, and transient physical
forcing, as in turbulent eddies. This spatio-temporal variability of DOC distribution in
the field would make BGE highly variable and makes it difficult to apprehend in situ.
More experiments are however required to confirm our results, for example measur-
ing nutrient concentration and progressively incorporating more natural DOC sources.
However, we should still consider the pulse load of substrate and other kinds of variable
inputs. The outcome of this study is even more important knowing that model formu-
lation and parameter estimation from experimental dynamics are often used in global
models to investigate the oceanic carbon cycle.
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Table 1. Symbols, units and descriptions of notations, state variables and parameters used in BGD
each model.

7,787-822, 2010

Symbol Unit Description Models
Monod Marr-Pirt DEB
General notations Increased bacterial
e h™' Specific flux of state variable ,, X X X growth efficiency
associated with process ., with environmental
Yt - Yield coefficient (efficiency) of state X X X I
variable ,, on state variable ,; Varlablllty
Processes M. Eichinger et al.
A Assimilation X X X
M Maintenance X X X
L mMC Substrate (L-DOC) concentration X X X
Mg mMC Reserve concentration X ! !
My mMC Structure concentration X
Bg mMC Bacterial biomass X X ! !
R mMC R-DOC (non-labile DOC) concentration X X
Parametrs =
JLAm h™' Maximum specific substrate utilisation rate X X X
K mMC Half-saturation constant X x X ! !
a= mMC™'h™"  Ratio between ji ,, and K X X X
o/ . .
ke h’ Reserve turnover rate X
YieL - Yield coefficient from L-DOC to reserve X ! !
YeoL Yield coefficient from L-DOC to biomass X X
Yuem, - Yield coefficient from structure to reserve X g
Yam, - Yield coefficient from structure to R-DOC X
Yra, - Yield coefficient from biomass to R-DOC X
Imem h™' Maintenance flux from reserve X _I
JBsm h Maintenance flux from biomass X
Imm h’ Maintenance flux from structure X g
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Table 2. Parameter values for each of the three models for experiment B. POC and DOC
data were corrected for bacteria passing through the filters. Parameters were estimated by
the minimisation of the sum of squared deviations of model predictions to data points. As the
Monod model cannot produce any release of non-labile material, DOC concentrations were
modified by subtracting the R-DOC concentration at the end of the experiment from each DOC
data point.

Parameters Monod Marr-Pirt DEB

a 0167 0104 0212
ke - - 0.201
Vi - 0.211
VouL 0.142  0.203 -
7 - - 1.000
Ve, - - 1.000
Vs, - 1.000 -
e - - 0.021
Jggm - 0.012 -
Jm - - 0.006
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Table 3. Parameter values for each of the three models for experiment P. Parameters were
estimated by the minimisation of the sum of squared deviations of model predictions to data
points. As the Monod model cannot produce any release of non-labile material, DOC data
were modified to account for only the labile part of DOC by using the following equation: L-
DOC=DOC-(0.0038t+0.1067). This does not affect parameter and BGE estimations.

Parameters Monod Marr-Pirt DEB

a 0.364 0.347  0.484
ke - - 0.603
YumeL - - 0.500
7: 0.234 0.382 -
Yuem, - - 1.492
Yam, - - 1.000
YRs, - 0.855 -
IMem - - 0.000
JBam - 0.004 -
Jmgm - - 0.008
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Table 4. Summary of the different formulae used to estimate BGE, directly from data points
(experimental) or with three models (Monod, Marr-Pirt and DEB models) for the pulse (P) and
batch (B) experiments, and their corresponding values. The right side of the analytical formulae
has been calculated with equations of each model (Eq. 1-3). The last column represents
parameters of each model to which BGE values corresponds analytically (see Fig. 5).

Method of Analytical BGE formula P B Parameter equivalent
BGE estimation experiment experiment with BGE value
; APOC
Experimental “ADOE 0.27 0.14
Monod model 2=y, 0.23 0.14 70
Marr-Pirt model %: YagL— 1‘%’” 0.38 0.20 VoL
d(Me/vev+My) _ Yt _Jmem YmeL
DEB model —r = e~ Vet 0L 0.34 0.21 Ve
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Fig. 1. Concentrations of dissolved and particulate organic carbon (DOC and POC, in mMC)
measured in (a) the B and (b) the P experiments. Arrows represent time when substrate was
added to the cultures. DOC represents the substrate (pyruvate) plus all other DOC forms
produced during the experiment, and POC represents the bacterial biomass. DOC dynamics
are visualized by lines connecting the data points. Dashed lines=DOC accumulation throughout
the experiment. OC is organic carbon.
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Fig. 2. Dynamics of O, consumption (mM h'1) as calculated from the decrease in O, concen-

tration at each sampling time for the B (*) and the P (o) experiment. Data points are connected
by solid and dashed lines for the B and P experiment, respectively.
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specific POC (fmol C.bacfl) specificA O, (fmol.h'l.bact'l)

L |
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Fig. 3. Dynamics of (a) specific O, consumption (fmol h™' bact™") estimated as the ratio be-
tween O, consumption and bacterial density and (b) specific POC (fmol C bact™") estimated
as the ratio between POC concentration and bacterial density for the B (*) and the P (o) ex-
periments. Data points are connected by solid and dashed lines for the B and P experiment,
respectively.
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Fig. 4. Simulations of DOC (solid lines, mM C) and POC (dashed lines, mM C) concentrations
for (a) the DEB, (b) Marr-Pirt and (¢) Monod models for experiment P and for (d) the DEB,
(e) Marr-Pirt and (f) Monod models for experiment B. Model simulations are compared to ex-
perimental measurements of DOC (+) and POC (). Parameters of each model and for each
experiment are provided in Tables 2 and 3. The Monod model was calibrated on and com-
pared to modified DOC data to deal only with the labile part of DOC. This modified data set is
represented by squares in Fig. 4c and f.
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Fig. 5. Dynamics of BGE for the P (solid line) and the B (dashed line) experiments estimated
with (a) the DEB, (b) Marr-Pirt and (¢) Monod models. BGE were estimated as the ratio be-
tween the variation of the bacterial biomass and the variation of DOC. Their formula are sum-

marised in Table 4.
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