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INTRODUCTION

Dissolved organic carbon (DOC) constitutes the
major carbon source for heterotrophic bacteria growth
in marine pelagic systems (Hedges 2002). The bacter-
ial use of DOC is therefore a central issue for under-
standing carbon cycling through the microbial food
web (Carlson 2002, Gasol et al. 2008). After bacterial
assimilation, organic carbon has 2 likely pathways: it is
either transformed into new bacterial biomass (BB) or
respired to CO2 by bacterial respiration (BR). The ratio

between bacterial production (BP) and the sum of BP
and BR is termed the bacterial growth efficiency
(BGE), which typically ranges from 1 to 60% (del Gior-
gio & Cole 1998), meaning that between 40 and 99% of
the  assimilated carbon is used for respiration. The ap -
proach often used to determine BGE is controlled lab-
oratory incubations, where DOC concentration and
microbial biomass are followed over time. This ap -
proach is associated with some methodological prob-
lems such as changes in bacterial community structure
and physiology, and carbon and nutrient availability.
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ABSTRACT: Eleven culture experiments were conducted in the coastal upwelling  system of the Ría
de Vigo (NW Iberian Peninsula) by inoculating GF/C filtrated (10%) in 0.2 µm filtrated (90%) surface
seawater collected under contrasting hydrographic conditions. Short-term (4 d) laboratory incuba-
tions were performed in the dark at 15°C. Dissolved organic carbon (DOC) concentration, bacterial
biomass (BB), bacterial production (BP) and electron transport system (ETS) activity were then mon-
itored to: (1) study the course of bacterial carbon demand (BCD) and growth efficiency (BGE) during
the incubation period; and (2) determine how BCD and BGE were linked with changing environmen-
tal conditions. Following the 4 d incubation, BP decreased by <4 times its initial values (range from 3
to 11 times) and ETS activity increased by 6 times its initial values (range from 1 to 75 times). As a
result, BCD increased by 5 times (range from 1 to 16 times) and the BGE decreased by 15 times (range
from 2 to 55 times) over the same period. BGE integrated over the 4 d incubation period ranged from
7 ± 1% to 55 ± 11% (mean ± SD: 27 ± 15%); integrated BGE increased significantly (R2 = 0.64, p <
0.003) with the initial concentration of dissolved inorganic nitrogen (DIN), and decreased signifi-
cantly (R2 = 0.55, p < 0.01) with the C:N ratio of the bioavailable dissolved organic matter (BDOM). A
multiple linear regression with DIN and the C:N ratio of BDOM explained 89% of the observed vari-
ability in the integrated BGE, demonstrating the strong dependence of growth efficiency on nutrient
conditions and the quality of the organic substrate feeding the community of this coastal embayment.
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This, together with the need for various conversion fac-
tors to convert bacterial abundance and uptake of
radioactive substances into biomass, adds uncertain-
ties to BGE estimates. In addition, the influence of
short-term incubation (days) on bacterial carbon
demand (BCD) and growth efficiency is still unre-
solved, and there are only a few seasonal studies
describing how BGE changes in relation to environ-
mental conditions (Sherry et al. 1999, Reinthaler &
Herndl 2005, Alonso-Sáez et al. 2008), which highly
 constrains our ability to model and predict the role of
hetero trophic bacteria in the carbon cycle (Carlson et
al. 1999).

The coastal ocean represents <10% of the ocean sur-
face, but contributes 18 to 33% of oceanic primary pro-
duction and 27 to 50% of new production (Walsh 1991,
Wollast 1998, Gattuso et al. 1998). Coastal upwelling
systems are particularly dynamic areas, as they account
for >10% of global new production (Chavez & Togg-
weiler 1995). The Galician Rías Baixas are 4 coastal V-
shaped embayments in the NW Iberian Peninsula, situ-
ated at the boundary between the temperate and
sub-polar regimes of the eastern North Atlantic. The
high productivity of the Rías is driven by upwelling
and downwelling episodes, leading to highly variable
 hydrographic and environmental conditions (Álvarez-
 Salgado et al. 2010). Previous data on the functioning of
the microbial system in coastal upwelling areas suggest
that most of the organic matter produced photosynthet-
ically is channeled through the microbial food web
(Teira et al. 2003), although the links between bacterial
carbon cycling and changing environmental conditions
have not been examined in detail.

In this study we conducted 11 seawater cultures over
an annual cycle in the highly dynamic coastal up -
welling system of the Ría de Vigo (NW Iberian penin-
sula). This study complements previous work by Løn-
borg et al. (2010), where the degradation rates and
C:N:P molar ratios of dissolved organic matter (DOM)
in the Ría de Vigo were followed in the same incuba-
tions. The objectives of the present study were (1) to
determine the time course of BCD and BGE during lab-
oratory incubations, and (2) to find parametric relation-
ships between those variables and the availability of
organic and inorganic substrates in the incubated
water.

MATERIALS AND METHODS

Study area and sampling. The Ría de Vigo is a
coastal embayment on the western coast of the Iberian
Peninsula. It is 33 km long, with a surface area of 176
km2, a volume of 3.32 km3, and an average flushing
time of 7 d. The physical and chemical environment is

influenced by periodic wind-driven upwelling and
downwelling events (Álvarez-Salgado et al. 2010). The
sampling site was located at 42° 14.5’ N and 8° 45.8’ W,
in the middle sector of the embayment, a position
appropriate for evaluating the main processes occur-
ring in the outer Ría de Vigo (Nogueira et al. 1997).

Water samples were collected during autumn (20
and 27 September, and 4 October 2007), winter (31
January, and 7 and 14 February 2008), spring (17 and
24 April 2008) and summer (26 June, and 3 and 7 July
2008). Samples were taken at 5 m depth using a 25 l
Niskin bottle. Salinity and temperature were mea-
sured prior to sampling with an SBE 9/11 CTD probe.
Samples for chlorophyll a (chl a) were collected by fil-
tering 100 to 200 ml of seawater through a GF/F filter
(~0.7 µm pore size), and analyzing them after 90% ace-
tone extraction with a Turner Designs 10000R fluoro -
meter (Yentsch & Menzel 1963).

Dilution culture setup. Filtration of the seawater
started within 10 min of collection. One part was fil-
tered through pre-combusted (450°C for 4 h) GF/C fil-
ters (~1.2 µm pore size) to establish a microbial culture
and the second part was gravity-filtered through a
dual-stage (0.8 and 0.2 µm) filter cartridge (Pall-
AcroPak with Supor membrane), which had been pre-
washed with 10 l of Milli-Q. The filtrates were there-
after kept in the dark until arrival in the laboratory,
where seawater cultures were prepared by diluting
the GF/C filtrate in a 20 l carboy at a 1:9 ratio with the
0.2 µm seawater filtrate.

The water was transferred into 500 ml glass bottles
and incubated in the dark at a constant temperature of
15°C, with 4 replicate bottles used for sub sampling at
incubation times 0, 1, 2, and 4 d. Unfiltered water from
these bottles was used to follow changes in electron
transport system (ETS) activity and bacterial abun-
dance (BA). BA and ETS activity in Expts 1, 2, 3 and 11
was measured on incubation Day 5 instead of Day 4.
For simplicity we refer to all samples as Day 4 through-
out the text. Samples for analysis of dissolved inor-
ganic nitrogen (DIN: NH4

+ + NO2
– + NO3

–) and phos-
phorus (DIP: HPO4

2–), DOC, total dissolved nitrogen
(TDN) and total dissolved phosphorus (TDP) were col-
lected in 4 replicates on Day 0 and Day 4. All samples
for the dissolved phase were collected after filtration
through 0.2 µm filters. Glassware was acid-washed in
10% HCl and rinsed with Milli-Q and sample water
prior to use.

Sample analysis. BP was measured by [3H] thymi-
dine incorporation (Fuhrman & Azam 1980). Four
replicate 9.9 ml samples and 2 trichloroacetic-acid-
killed samples were spiked with an aqueous stock
solution of [3H-methyl] thymidine (40 nmol final con-
centration). The samples were incubated in the dark at
15°C for 2 h; 10 ml of ice-cold trichloracetate (TCA)

184



Lønborg et al.: Bacterial growth efficiency in a coastal upwelling system

was thereafter added and samples were filtered onto
0.2 µm polycarbonate filters (presoaked in thymidine),
and washed with 95% ethanol and autoclaved Milli-Q
water. The filters were then dried at room temperature
(24 h) and mixed with 10 ml of scintillation fluid
(Sigma-Fluor). The radioactivity incorporated into cells
was measured using a spectral liquid scintillation
counter. Thymidine incorporated into bacterial bio-
mass was converted to carbon production using the
theoretical conversion factors of 2 × 1018 cells mol–1

thymidine (Fuhrman & Azam 1980) and 30 fg C cell–1,
the latter being characteristic of coastal bacterial
assemblages (Fukuda et al. 1998).

Samples for determining BA were fixed (1 to 2 h)
with formol in the dark, filtered onto 0.2 µm polycar-
bonate filters, and stored at –20°C until counted. The
samples were stained with a 4’,6-diamidino-2-
phenylindole (DAPI) mix before being counted on a
Leica DMBL microscope equipped with a 100 W Hg
lamp and appropriate filters. More than 800 DAPI-
stained cells were counted per sample. BB was calcu-
lated from BA, using the same cell-to-carbon conver-
sion factor as for BP.

Samples for determining DIN and DIP were col-
lected in 50 ml acid-washed polyethylene bottles and
kept frozen (–20°C) until analysis using standard
 colorimetric methods with an Alpkem segmented flow
analyser.

DOC and TDN were measured using a Shimadzu
total organic carbon (TOC) analyser (Pt catalyst) con-
nected to an Antek total nitrogen (TN) measuring unit.
Three to 5 replicate injections of 150 µl were prepared
per sample. Concentrations were determined by sub-
tracting a Milli-Q blank and dividing by the slope of
a daily standard curve of potassium hydrogen phtha-
late and glycine. Using the deep ocean reference
 (Sargasso Sea deep water, 2600 m), we obtained a con-
centration of 46.0 ± 2.0 µM (mean ± SD) for DOC and
22.0 ± 2.0 µM for TDN. Dissolved organic nitrogen
(DON) concentrations were calculated as the differ-
ence between TDN and DIN. The concentration of
TDP was determined by wet-oxidizing in acid per -
sulphate (120°C, 75 min) and measuring the liberated
orthophosphate using segment flow analysis cali-
brated with a daily  calibration curve (Hansen & Korol-
eff 1999). Dissolved organic phosphorus (DOP) con-
centrations were ca lculated as the difference between
TDP and DIP.

ETS activity was measured using the reduction of 2-
(4-iodophenyl)-3-(4-nitrophenyl)-5-phenyl tetrazolium
chloride (INT) to insoluble formazan crystals (INTF), as
described by Martínez-García et al. (2009). This
method has been shown to provide real, non-potential
respiration rates. The activity was measured using a
final concentration of 0.2 mM INT and 1 h incubations

of 3 replicate samples (10 ml), with 1 formol-killed con-
trol. The incubations were terminated by adding for-
mol and filtering onto 0.2 µm polycarbonate filters. The
filters were then stored at –20°C until further process-
ing. The respiration rates derived from ETS activity
(RETS, in µMO2 h–1) were obtained by multiplying the in
vivo ETS activity (in µM INTF) by the empirically
derived conversion factor of 12.8, which has previously
been shown to be applicable to incubation studies
(Martínez-García et al. 2009).

The microbial respiratory quotient (RQ), defined as
the ratio of mol CO2 production per mol O2 used, can
fluctuate considerably, depending on the characteris-
tics of the substrates being degraded. We used the
average RQ values (range 1.35 to 1.53) calculated by
Lønborg et al. (2010) from the C:N:P composition of
bioavailable DOM (BDOM) for the same experiments.

The BCD at Day 0 and Day 4 of the incubation period
was calculated as the sum of BP and ETS  activity:

BCD  =  BP + ETS (1)

The BGE at Day 0 and Day 4 of the incubation period
was calculated as BP divided by the sum of BP and ETS
activity:

BGE  =  BP/(BP + ETS) (2)

The integrated BCD over the 4 d incubation period
was calculated as the DOC consumed (ΔDOC):

BCD  =  ΔDOC/Δt (3)

The integrated BGE over the 4 d incubation period
was calculated as the net growth in BB between Day 0
and Day 4 (BG) divided by ΔDOC:

BGE  =  BG/ΔDOC (4)

Regression analyses were performed using the best
fit between the 2 variables X and Y obtained by regres-
sion model II as described in Sokal & Rohlf (1995). In
cases where the intercept was not significantly differ-
ent from zero, it was set to zero and a new slope was
calculated. Prior to performing regression analysis,
normality was checked, and the confidence level was
set at 95%. All statistical analyses were performed
using Statistica 6.0.

RESULTS

Environmental conditions

Environmental conditions during the sampling
period in the Ría de Vigo have previously been de -
scribed in detail by Lønborg et al. (2010). Briefly, dur-
ing the autumn sampling, conditions evolved from
upwelling to moderate downwelling. Favourable
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winds resulted in a decrease in water temperature
from >16°C to <14°C, increasing DIN concentration
from 3 to 13 µM and DIP from 0.19 to 0.68 µM (Table 1).
Chl a concentrations remained constant at ~3 mg m–3.
The winter sampling period started with relaxation
evolving into strong downwelling conditions. Water
temperature was relatively constant at ~13°C; DIN and
DIP concentrations were >8 and >0.42 µM, respec-
tively (Table 1; chl a levels were <1.5 mg m–3). The
spring sampling period was dominated by moderate
downwelling winds, with  temperatures varying be -
tween 14 and 15°C, DIN levels >5 µM, DIP constant at
0.09 µM and chl a concentrations ranging from 3.0 to
8.4 g m–3. In the summer sampling period, initial strong
upwelling was followed by moderate downwelling
conditions. The water temperatures reached >17°C,
while DIN levels were <3 µM, DIP varied between 0.02
and 0.38 µM and chl a concentrations varied between

1.1 and 4.5 mg m–3 (Table 1; see also Figs. 2 & 3 of
 Lønborg et al. 2010).

Inorganic nutrients and DOC utilization

In all cultures, the DIN and DIP concentrations were
over the detection limit (±0.1 µM and ±0.02 µM,
respectively) during the 4 d incubation period. Initial
DOC varied from 73 to 94 µM, DON from 4.5 to 7.2 µM
and DOP from 0.12 to 0.32 µM (Table 1). Bacterial
DOM degradation over 4 d resulted in the removal of
11, 28 and 44% of the initial DOC, DON and DOP
pools, respectively,  corresponding to 57, 73 and 78% of
the total bioavailable DOC, DON and DOP (BDOC,
BDON, BDOP) quantified by Lønborg et al. (2010) in
long-term incubations (50 to 70 d) of the same sample
water (Table 1).
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Date DOC0 ΔDOC BDOC DON0 BDON DOP0 BDOP DIP NO3
– NO2

– NH4
+

(d-mo-yr) (µM C) (µM C) (µM C) (µM N) (µM N) (µM P) (µM P) (µM P) (µM N) (µM N) (µM N)

20-09-2007 94 ± 1 26 ± 2 29 ± 3 7.2 ± 0.7 3.6 ± 1.7 0.32 ± 0.02 0.25 ± 0.08 0.19 ± 0.02 0.14 ± 0.01 0.17 ± 0.01 2.83 ± 0.34
27-09-2007 79 ± 1 9 ± 3 15 ± 1 5.5 ± 0.4 2.2 ± 1.2 0.20 ± 0.03 0.11 ± 0.06 0.68 ± 0.01 5.25 ± 0.01 0.46 ± 0.01 4.63 ± 0.02
04-10-2007 75 ± 2 5 ± 2 12 ± 2 5.5 ± 0.3 2.0 ± 1.0 0.19 ± 0.04 0.11 ± 0.07 0.54 ± 0.03 9.24 ± 0.02 0.58 ± 0.01 2.84 ± 0.11
31-01-2008 75 ± 1 3 ± 2 9 ± 1 5.2 ± 0.3 1.7 ± 0.6 0.19 ± 0.01 0.11 ± 0.04 0.46 ± 0.01 7.03 ± 0.02 0.38 ± 0.05 2.19 ± 0.09
07-02-2008 77 ± 1 2 ± 1 7 ± 1 5.4 ± 0.6 1.7 ± 1.5 0.22 ± 0.02 0.13 ± 0.06 0.56 ± 0.02 6.90 ± 0.02 0.53 ± 0.01 3.18 ± 0.08
14-02-2008 73 ± 1 6 ± 2 10 ± 2 4.5 ± 0.4 1.3 ± 0.5 0.12 ± 0.02 0.09 ± 0.04 0.42 ± 0.01 5.65 ± 0.01 0.35 ± 0.01 2.15 ± 0.11
17-04-2008 81 ± 1 7 ± 2 13 ± 1 5.7 ± 0.5 2.2 ± 1.4 0.19 ± 0.04 0.14 ± 0.07 0.09 ± 0.02 0.00 ± 0.00 0.05 ± 0.03 0.35 ± 0.31
24-04-2008 85 ± 1 7 ± 1 11 ± 1 6.1 ± 0.2 2.5 ± 0.7 nd nd 0.09 ± 0.01 3.86 ± 0.07 0.12 ± 0.01 1.27 ± 0.13
26-06-2008 88 ± 1 13 ± 2 17 ± 2 6.1 ± 0.5 2.5 ± 0.9 0.16 ± 0.03 0.10 ± 0.08 0.27 ± 0.01 0.26 ± 0.01 0.07 ± 0.01 0.38 ± 0.29
03-07-2008 82 ± 1 9 ± 1 14 ± 1 5.5 ± 0.4 2.0 ± 1.2 0.20 ± 0.03 0.11 ± 0.06 0.02 ± 0.01 0.02 ± 0.01 0.02 ± 0.01 1.17 ± 0.16
10-07-2008 89 ± 2 13 ± 1 20 ± 1 6.1 ± 0.4 2.9 ± 0.7 0.23 ± 0.03 0.17 ± 0.04 0.38 ± 0.01 0.64 ± 0.02 0.10 ± 0.01 2.35 ± 0.07
Mean ± SD 82 ± 7 9 ± 7 14 ± 6 5.7 ± 0.7 2.2 ± 0.6 0.20 ± 0.05 0.13 ± 0.05 0.34 ± 0.22 3.55 ± 3.45 0.26 ± 0.21 2.12 ± 1.28

Table 1. Initial concentrations of dissolved organic carbon (DOC0), change after 4 d (ΔDOC), total bioavailable DOC (BDOC); ini-
tial concentrations of dissolved organic nitrogen (DON0), total bioavailable DON (BDON); initial concentrations of dissolved
organic phosphorus (DOP0), total bioavailable DOP (BDOP) (Lønborg et al. 2010). Initial concentrations of dissolved inorganic
phosphate (DIP), nitrate (NO3

–), nitrite (NO2
–), and ammonium (NH4

+). Values are means of 4 replicates ±SD. nd = not 
determined

Date BP0 BP4 BA0 (×105 BA4 (×105 BB0 BB4 BG BP0/BB0 BP4/BB4

(d-mo-yr) (µM C d–1) (µM C d–1) cells ml–1) cells ml–1) (µM C) (µM C) (µM C) (d–1) (d–1)

20-09-2007 0.16 ± 0.02 0.05 ± 0.01 2.5 ± 0.2 11.4 ± 0.2 0.63 ± 0.05 2.84 ± 0.05 2.21 ± 0.10 7.8 ± 1.4 0.6 ± 0.1
27-09-2007 0.06 ± 0.02 0.03 ± 0.01 2.6 ± 0.1 11.3 ± 0.5 0.64 ± 0.02 2.81 ± 0.12 2.17 ± 0.13 3.0 ± 0.9 0.4 ± 0.1
04-10-2007 0.06 ± 0.02 0.05 ± 0.01 3.1 ± 0.1 11.4 ± 0.5 0.78 ± 0.02 2.84 ± 0.12 2.06 ± 0.13 2.3 ± 0.7 0.5 ± 0.1
31-01-2008 0.08 ± 0.01 0.05 ± 0.01 1.5 ± 0.1 6.9 ± 0.3 0.38 ± 0.01 1.71 ± 0.08 1.34 ± 0.09 6.2 ± 0.8 0.9 ± 0.2
07-02-2008 0.02 ± 0.01 0.01 ± 0.01 1.7 ± 0.1 8.9 ± 0.5 0.43 ± 0.02 2.23 ± 0.12 1.80 ± 0.14 1.5 ± 0.7 0.2 ± 0.1
14-02-2008 0.06 ± 0.01 0.02 ± 0.01 1.3 ± 0.1 7.6 ± 0.4 0.33 ± 0.01 1.89 ± 0.09 1.56 ± 0.11 5.6 ± 1.0 0.3 ± 0.1
17-04-2008 0.05 ± 0.01 0.03 ± 0.01 6.1 ± 0.3 9.9 ± 0.3 1.53 ± 0.07 2.48 ± 0.07 0.95 ± 0.14 1.1 ± 0.2 0.3 ± 0.1
24-04-2008 0.06 ± 0.01 0.04 ± 0.01 2.3 ± 0.1 9.3 ± 0.6 0.57 ± 0.03 2.32 ± 0.16 1.75 ± 0.19 3.3 ± 0.6 0.5 ± 0.1
26-06-2008 0.08 ± 0.01 0.05 ± 0.01 4.3 ± 0.4 10.9 ± 0.3 1.07 ± 0.09 2.72 ± 0.09 1.64 ± 0.18 2.3 ± 0.4 0.6 ± 0.1
03-07-2008 0.09 ± 0.01 0.03 ± 0.01 1.8 ± 0.8 9.3 ± 0.4 0.44 ± 0.03 2.33 ± 0.16 1.89 ± 0.19 6.3 ± 1.0 0.4 ± 0.1
10-07-2008 0.11 ± 0.01 0.05 ± 0.01 2.3 ± 0.6 22.7 ± 0.9 0.56 ± 0.02 5.67 ± 0.12 5.10 ± 0.14 5.7 ± 0.7 0.3 ± 0.1
Mean ± SD 0.08 ± 0.04 0.04 ± 0.01 2.7 ± 1.4 10.9 ± 4.2 0.67 ± 0.35 2.71 ± 1.05 2.04 ± 1.08 4.1 ± 2.3 0.5 ± 0.2

Table 2. Initial (BP0, BA0, BB0) and final (BP4, BA4, BB4) bacterial production (BP), abundance (BA) and biomass (BB), growth in
bacterial biomass (BG) and μ at Day 0 (BP0/BB0) and Day 4 (BP4/BB4) of the incubations. Values are means of 4 replicates ±SD
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Bacterial abundance and production

BA increased in all cultures (Fig. 1) following the
decreases in DOM (Table 1). Initial BA varied from 1.3
to 6.1 × 105 cells ml–1, reaching 6.9 to 22.7 × 105 cells
ml–1 after 4 d of incubation (Table 2), corresponding to

a BG ranging from 0.95 ± 0.14 to 5.10 ± 0.14 µM C
(Table 2). The BA samples for Days 2 and 3 of 2 sum-
mer experiments (3 and 7 July 2008) were unfortu-
nately lost. As found by Teira et al. (2009) for the same
experiments, the bacterial growth rates varied
between 0.5 to 0.8 d–1, resulting in an average turnover
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time of 29 h. No clear relationship was noted between
the obtained growth rates and environmental variables
(Teira et al. 2009).

Initial BP ranged from 0.02 ± 0.01 to 0.16 ± 0.02 µM C
d–1, with higher values during autumn and summer
(Table 2). The BP decreased in all experiments, reach-
ing values between 0.01 ± 0.01 and 0.05 ± 0.01 µM C
d–1 after 4 d of incubation (Table 2). The specific
growth rate (μ) varied initially between 1.1 ± 0.2 to
7.8 ± 1.4 d–1, declining to between 0.2 ± 0.1 and 0.9 ±
0.2 d–1 on incubation Day 4 (Table 2).

ETS activity

The respiratory ETS activity varied initially between
0.02 ± 0.01 and 0.95 ± 0.30 µM C d–1, increasing to be-
tween 0.30 ± 0.09 and 4.98 ± 0.26 µM C d–1 at incuba-
tion Day 4 (Fig. 1). Calculating the cell-specific ETS
 activity, an initial range from 0.11 ± 0.06 to 4.18 ±
1.53 fmol C cell–1 d–1 was found, reaching values be-
tween 0.83 ± 0.08 and 5.84 ± 0.62 fmol C cell–1 d–1 after
1 to 2 d of incubation and values between 0.39 ± 0.13
and 5.34 ± 0.54 fmol C cell–1 d–1 at Day 4 (Fig. 1).

Bacterial carbon demand and growth efficiency

The BCD varied initially between 0.1 ± 0.1 and 1.0 ±
0.3 µM C d–1 (mean ± SD: 0.4 ± 0.3 µM C d–1), increas-
ing to between 0.3 ± 0.1 and 5.0 ± 0.3 µM C d–1 (1.9 ±
1.7 µM C d–1) after 4 d of incubation (Table 3a). Inte-
grated BCD was highest in fall and summer, reaching
values of between 0.9 ± 0.3 and 6.6 ± 0.4 µM C d–1

(4.5 ± 2.9 µM C d–1) (Table 3a).
The instantaneous BGE showed an initial average of

29 ± 15% (range 6 to 55%), declining to 3 ± 2% (range 1
to 8%) after 4 d of incubation (Table 3b). The integrated
BGE averaged 27 ± 15%, reaching values between 8 ±
1 and 55 ± 11% (Table 3b). The availability of inorganic
nutrients and the quality of the bioavailable DOM pool
played an important role in determining the integrated
BGE, as it was positively correlated with the initial DIN
(R2 = 0.67, p < 0.003; Fig. 2a) and negatively correlated
with the C:N molar ratio of BDOM (R2 = 0.55, p < 0.01;
Fig. 2b). Furthermore, the multiple linear regression
with DIN and the C:N ratio of BDOM explained 89% of
the observed variability in the integrated BGE (R2 =
0.89, p < 0.001; Fig. 2c).

DISCUSSION

Variations in the environmental conditions of the Ría
de Vigo have previously been shown to affect biogeo-

chemical cycling and plankton community composi-
tion (e.g. Tilstone et al. 1999, Álvarez-Salgado et al.
2001, Cermeño et al. 2006, Alonso-Gutiérrez et al.
2009). The microbial parameters measured in this
study showed variations that were related to environ-
mental conditions, such as inorganic nutrient condi-
tions and quality of the BDOM (Fig. 2).

Bacterial metabolism changes during incubation

During the course of the incubations, BA, BCD,
and ETS activity increased between 1 and 75 times,
while BP and BGE decreased between 1 and 55
times. Based on the BA, ETS activity and BP, we cal-
culated the μ and cell-specific respiration rates. In
calculating these rates, we were aware of the uncer-
tainty associated with the presence of nonliving cells,
which could have caused an underestimation of the
rates. However, Teira et al. (2009) observed that after
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Date BCD0 BCD4 BCDInt

(d-mo-yr) (µM C d–1) (µM C d–1) (µM C d–1)

(a)
20-09-2007 0.3 ± 0.1 3.2 ± 0.1 6.6 ± 0.4
27-09-2007 0.2 ± 0.1 1.3 ± 0.2 2.3 ± 0.6
04-10-2007 0.2 ± 0.1 0.6 ± 0.1 1.3 ± 0.5
31-01-2008 0.2 ± 0.1 2.2 ± 0.2 0.9 ± 0.3
07-02-2008 0.1 ± 0.1 1.4 ± 0.1 1.1 ± 0.2
14-02-2008 0.2 ± 0.1 0.3 ± 0.1 1.7 ± 0.4
17-04-2008 0.4 ± 0.1 0.6 ± 0.1 1.2 ± 0.6
24-04-2008 1.0 ± 0.3 1.0 ± 0.6 1.7 ± 0.4
26-06-2008 0.6 ± 0.1 2.7 ± 0.2 2.3 ± 0.5
03-07-2008 0.5 ± 0.2 5.0 ± 0.3 2.2 ± 0.2
10-07-2008 0.3 ± 0.2 2.5 ± 0.4 2.3 ± 0.4
Mean ± SD 0.4 ± 0.3 1.9 ± 1.7 4.5 ± 2.9

Date BGE0 BGE4 BGEInt

(d-mo-yr) (%) (%) (%)

(b)
20-09-2007 48 ± 11 2 ± 1 8 ± 1
27-09-2007 38 ± 18 3 ± 1 23 ± 70
04-10-2007 28 ± 16 8 ± 2 40 ± 23
31-01-2008 32 ± 12 2 ± 1 36 ± 14
07-02-2008 55 ± 45 1 ± 1 41 ± 19
14-02-2008 27 ± 60 6 ± 4 23 ± 70
17-04-2008 14 ± 50 5 ± 2 19 ± 12
24-04-2008 6 ± 3 4 ± 3 26 ± 80
26-06-2008 14 ± 20 2 ± 1 18 ± 60
03-07-2008 20 ± 10 1 ± 1 7 ± 1
10-07-2008 32 ± 18 2 ± 1 55 ± 11
Mean ± SD 29 ± 15 3 ± 2 27 ± 15

Table 3. (a) Bacterial carbon demand (BCD) and (b) growth
efficiency (BGE) at incubation Day 0 (BCD0, BGE0) and Day 4
(BCD4, BGE4), and 4 d integrated values (BCDInt, BGEInt).

Values are means of 4 replicates ±SE



Lønborg et al.: Bacterial growth efficiency in a coastal upwelling system

24 h almost 100% of the DAPI-stained cells were
detected by fluorescence in situ hybridization with
eubacteria probes, which strongly suggests that the
percentage of non living cells in the dilution cultures
was irrelevant. The respiration rates on a per-cell
basis (Fig. 1) increased during the incubation, while
μ declined (Table 2). This result suggests that respi-
ration and BCD increase while BP and BGE decrease
as the labile DOM fraction gets depleted. A similar
decrease in the bacterial carbon conversion effi-
ciency in the stationary phase of long-lasting (weeks)
batch cultures was reported by Turley & Lochte
(1990). Therefore, as the incubations move towards
more oligotrophic conditions, more carbon is used for
energy production than for biomass production. Simi-
lar results have been obtained in natural systems
where percentage BGE values decrease from
eutrophic to oligotrophic waters (del Giorgio & Cole
1998, Alonso-Sáez et al. 2007). Choosing between
using instantaneous bacterial production and respira-
tion estimates (short-term) or DOC degradation ex -
periments (long-term) to calculate the BGE is associ-
ated with some potential problems. Short-term
methods are limited essentially by the very distinct
duration of the incubations for estimating bacterial
production (1 to 2 h) and respiration (usually 24 h)
and the need for several carbon conversion factors.
The in vivo ETS method allowed us to reduce incu-
bation time for respiration, thus solving the first
problem. On the other hand, long-term methods rely
on a single carbon conversion factor (bacterial carbon
content), but changes in DOM quality as well as in
bacterial phylogenetic composition over time may
severely affect BGE estimates. Changes in the phylo-
genetic composition of the bacteria were measured
during our incubations (Teira et al. 2009), but a
potential influence of these changes on the BGE was
not evident. The decrease observed between the ini-
tial and the final (after 4 d of incubation) instanta-
neous BGE estimates in our study indicate that long-
term experiments could actually underestimate BGE.
Nevertheless, the good agreement between our ini-
tial instantaneous (28 ± 13%) and integrated (29 ±
15%) BGE indicates that, in our study, the 4 d incu-
bation did not severely underestimate BGE. Thus,
the BGE estimated from changes in BB and DOC
concentration over a few days seems to be a good
ap proach, as it requires fewer carbon conversion
 factors than the short-term approach based on simul-
taneous BP and BR estimates. We do not know
whether or how the conversion factors may have
changed seasonally and during our incubations, but
as our BGE estimates are similar to previously
observed values, it suggests that our calculations are
within the right range.
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Fig. 2. Relationships between (a) initial dissolved inorganic
nitrogen (DIN0) concentration and (b) C:N ratio of bioavail-
able dissolved organic matter (BDOM) with 4 d integrated
bacterial growth efficiency (BGEInt); and (c) relationship
between measured and predicted BGEInt from multiple linear
regression with DIN and C:N ratio of BDOM. : data point
omitted from linear regression (10 Jul 2008). Dashed lines
represent corresponding regression, with R2 = coefficient of 

determination, p = level of significance
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Bacterial carbon cycling over an annual cycle

The energy transfer from heterotrophic bacteria to
higher trophic levels is ultimately dependent on the
BGE. The range (from 8 ± 1 to 55 ± 11%) and average
(27 ± 15%) of the integrated BGE found in this study
was comparable to values reported for marine systems
(~20%; del Giorgio & Cole 1998) and previous esti-
mates for the NW Iberian upwelling system (from 12 to
20%, Barbosa et al. 2001; from 2 to 27%, Morán et al.
2002). The wide range of BGE showed that a variable
BGE can be obtained at this site over an annual cycle
and the average indicates that the bacterial community
respired 72% of assimilated carbon, suggesting a low
bacterial carbon transfer in this upwelling system.

Previous studies have indicated that BGE varies
greatly depending on environmental factors such as
nutrient availability (Rivkin & Anderson 1997), DOM
quality (Goldman et al. 1987, Lemée et al. 2002,
Reinthaler & Herndl 2005, Apple & del Giorgio 2007)
and temperature (Rivkin & Legendre, 2001). Our data
suggest that the BGE in the Ría de Vigo is partly con-
trolled by inorganic nutrient availability and by the
quality of the BDOM substrate (Fig. 2). The relation-
ship suggests that the bacterial community requires
energy (respiration) to take up DIN when the sub-
strate has a high C:N ratio, resulting in lower BGE
(Rivkin & Anderson 1997, Kirchman 2000). Consider-
ing the values of the normalised regression slopes, β1

= 0.637 (for DIN) and β2 = –0.491 (for the C:N ratio of
BDOM), BGE depends more on DIN than on the qual-
ity of BDOM (β2

2/β1
2 = 1.68). The importance of water

temperature in regulating BGE cannot be determined
in the present study as all incubations were con-
ducted at the same constant temperature (15°C). Nev-
ertheless, some recent studies suggest that water tem-
perature plays only a minor role in controlling BGE
(Vázquez-Domínguez et al. 2007, Alonso-Sáez et al.
2008).

In summary, we have shown that the BCD and BGE
changes over short time scales in laboratory incuba-
tions, and that the BCD and BGE in the upwelling area
of the Ría de Vigo is controlled by the availability of
carbon, inorganic nutrients and the composition of the
BDOM pool. The study furthermore suggests that BGE
depends more on inorganic nitrogen concentration
than on the quality of DOM. Temporal and spatial dif-
ferences in these variables may therefore have a large
influence on the fate (new biomass vs. respiration) of
organic carbon in the Ría de Vigo.
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