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INTRODUCTION

Marine dissolved organic carbon (DOC) is among the
largest organic carbon (C) reservoirs on Earth, equal to
the size of the atmospheric CO2 pool, and a key compo-
nent in the global C cycle. The stocks and transforma-
tions of DOC are largely regulated by heterotrophic bac-
terioplankton, which use DOC to support their metabo-
lism. To the extent that it is bioavailable, bacteria convert
organic C into bacterial biomass (bacterial production,
BP) or respire it to CO2 (bacterial respiration, BR). BP and
BR make up the bacterial C demand (BCD) and repre-
sent the largest C flow in most aquatic systems (Cole
1999). Bacterial growth efficiency (BGE = BP / BP + BR)
describes the fraction of BCD used to support growth.

Because of their large bearing on C flow in marine
pelagic ecosystems, constraining BCD and BGE values
over temporal and spatial scales is imperative to better
understand and model aquatic C cycling. Likewise, re-

solving the factors governing variability in BCD and
BGE is essential to predict how aquatic ecosystems and
C biogeochemistry will respond to environmental
change. Substrate/resources and temperature are the
main factors influencing bacterial C processing, al-
though e.g. viral phages, predation, and bacterial com-
munity composition and predation may also affect bac-
terial function (del Giorgio et al. 1996, del Giorgio &
Cole 1998, Cottrell & Kirchman 2000, Fischer & Vel-
mirov 2002, Riemann & Middelboe 2002, Apple et al.
2006).

The amounts and quality of the organic matter sub-
strate as well as the availability of inorganic nutrients
have been shown to affect bacterial C processing. At
very low organic substrate concentrations, bacterial C
processing will be impaired and a larger fraction of the
available C may be used for catabolic rather than ana-
bolic processes (Eiler et al. 2003). However, most studies
suggest that the quality rather than quantity of organic
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substrates regulates bacterial C processing (Vallino et al.
1996), as total DOC pools are orders of magnitude
greater than BCDs in most aquatic ecosystems. For ex-
ample, some substrates require enzymatic hydrolysis be-
fore uptake (Middelboe & Sondergaard 1993), and dif-
ferent organic molecules exhibit different energy to C
ratios, which will pose limits to bacterial utilization and
growth efficiency (Vallino et al. 1996). Moreover, bacte-
ria may regulate the catabolism of organic substrates to
attain the correct intracellular stoichiometry with respect
to nutrients, such that substrates with high nutrient to C
ratio should be more efficiently utilized as they better
satisfy the high nutrient demand of bacteria (bacterial
C:N:P 50:10:1, Fagerbakke et al. 1996). As predicted by
ecological stoichiometric theory, BGE has been shown to
decline with increasing C:N and C:P ratios of natural
organic substrates (Kroer 1993, Lennon & Pfaff 2005).
When the nutrient content of the organic substrates is too
low, the presence of inorganic nutrients may result in
higher substrate utilization and growth efficiency (Kroer
1993, Kragh et al. 2008). On the basis of a large cross
system analysis, del Giorgio & Cole (1998) concluded
that BGE is controlled mainly by BP and is related to the
availability of nutrients and organic C, suggesting that
bacterial C processing is predominantly controlled by
resources.

Temperature is an ever-present factor affecting all
chemical and biochemical processes and influencing
bacterial C processing through e.g. regulation of cellu-
lar metabolism and substrate affinity. Rivkin & Le-
gendre (2001) derived a negative relationship between
temperature and BGE. Inherent in this model is that BR
responds more strongly to temperature than BP, i.e. for
BGE to decrease with increasing temperature, BR must
increase faster than BP. The correlation reported by
Rivkin & Legendre (2001) is based on a comparative
analysis across broad spatial scales and does not imply
a direct functional relationship between temperature
and BGE. For instance, resource availability often co-
varies with temperature in the surface ocean, and it has
been argued that in regions with higher temperature,
maintenance costs are high while substrate concentra-
tions are low, leading to low BGE. In low temperature
regions, the low metabolic rate may be compensated
for by higher substrate concentrations (Pomeroy &
Wiebe 2001). The co-variation of temperature with
other factors over geographical regions does not allow
for a functional analysis of the mechanisms that control
BGE to be derived solely from comparative analyses;
therefore, experimental approaches are needed to
mechanistically resolve these effects.

The aim of this study was to establish C flux through
bacterioplankton in a coastal oligotrophic system and
to experimentally test how the different components of
this flux (BP, BR, BGE, and BCD) are regulated. Special

emphasis was put on the role of resources and temper-
ature. We used a dual approach, combining in situ
measurements of bacterial C processing and environ-
mental variability along an annual cycle with repeated
experiments where resources and temperature were
manipulated. The study was performed in a highly
oligotrophic area of the coast of Majorca Island, west-
ern Mediterranean Sea, a region reported to be
strongly phosphorus (P) deficient (Thingstad et al.
1998, Moutin & Raimbault 2002) and where BP has
been shown to be P limited (Thingstad et al. 1998, Van
Wambeke et al. 2002, Pinhassi et al. 2006). Therefore,
experimental assessment of the regulation of bacterial
C processing by resources focused on testing the
effects of phosphate additions. We hypothesized that P
and temperature are both limiting factors for BP and
BR in this system. We further tested the hypothesis that
BP is more strongly regulated by P than is BR, while BR
is more strongly regulated by temperature than is BP.

MATERIALS AND METHODS

Water was collected from the highly oligotrophic
area (mean ± SE for 30 measurements from 2005 to
2008: 0.27 ± 0.03 µg chlorophyll a [chl a] l–1, 0.047 ±
0.001 µmol soluble reactive P [SRP] l–1, 0.64 ±
0.23 µmol NO3

– + NO2
– l–1, and 0.42 ± 0.03 µmol silicate

l–1; C. Duarte unpubl.) adjacent to the coastal station of
Cap de Ses Salines Lighthouse (39° 20’ N, 3° 03’ E)
located at the southern tip of the island of Majorca,
Spain. The depth of the sampling site varies from 1.5 to
2.5 m over the year due to shifting sand. Samples were
taken at 0.5 m depth using an acid-rinsed 10 l carboy.
A total of 19 sampling events took place between June
2006 and August 2007, including incubations for BP
and respiration BR. Concurrently with bacterial incu-
bations, water temperature was recorded and samples
taken for nutrients, DOC, and chl a. On 15 of the sam-
pling occasions, samples receiving experimental addi-
tions of phosphate (0.1 µmol P l–1 as KH2PO4) were
incubated in parallel with unamended samples, to
assess the potential effect of increased P concentra-
tions on bacterial C processing. On 2 occasions, at the
time of minimum and maximum water temperature
(27 February and 28 August), bacterial incubations
were made at 4 different temperatures (in situ, +2, +4,
and +6°C), in order to assess the potential effect of ele-
vated water temperatures on bacterial C processing.

BP and BR were measured on water that had been
filtered through 0.8 µm polycarbonate filters (Poretics)
to remove phytoplankton and bacterial grazers; addi-
tionally, in situ BP was measured on unfiltered water.
The filtration step reduced BP by 36 ± 25% (mean ±
SD). The filtered water was siphoned into 70 ml BOD
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bottles. For each treatment, 3 bottles were used to
measure BP at time 0 and after 24 h. Another 12 iden-
tical bottles for each treatment were used to estimate
BR. All bottles were kept in darkness at in situ temper-
ature, or at 2, 4, or 6°C above in situ temperature. Dur-
ing winter, the water temperature was stable over the
24 h cycle and varied by less than 0.3°C. Therefore, the
incubations in winter were made in thermostats at
fixed temperatures: in situ or 2, 4, and 6°C above in situ
temperature. During summer, the temperature varied
by up to 2.5°C over 24 h and therefore incubations
were made in situ. For the temperature manipulation
experiment carried out in summer, the incubations
were in serially coupled reservoirs fed with surface
seawater. The recirculation rate was set so that water
warmed up in its path through the system by about 2°C
from 1 reservoir to the next. This warming resulted in
temperatures in the second, third, and fourth reser-
voirs being higher by 2, 4, and 6°C than the tempera-
ture of the first reservoir receiving water at the in situ
temperature and following closely the 2.5°C variation
observed over the 24 h cycle in surface waters.

BP was estimated by measuring incorporation of 3H-
leucine following the method developed by Smith &
Azam (1992). Water samples (1.5 ml, 3 replicates and
1 killed control) were incubated with 90 nM final con-
centration of 3H-leucine (26.3 Ci mmol–l) for 60 min.
The incubation was terminated with TCA (5% final
concentration). The samples were then centrifuged at
17 000 × g (10 min) and the supernatant discarded.
Subsequently, the pellet was rinsed twice with 5%
TCA. After the supernatant was discarded, 0.5 ml of
scintillation cocktail (Optifluor, Perkin Elmer) was
added and 3H -activity measured with a Beckman scin-
tillation counter. BP was calculated according to Smith
& Azam (1992) assuming a leucine to C conversion
factor of 1.5 kg C mol–1 leucine.

BR was estimated from the consumption of dissolved
oxygen in BOD bottles assuming a respiratory quotient
of 1. Six samples were immediately fixed with Winkler
reagents and used to measure initial oxygen concen-
tration. The remaining 6 bottles were fixed after 24 h.
Oxygen concentrations were analyzed by high-preci-
sion Winkler titration using a potentiometric electrode
and automated endpoint detection (Mettler Toledo,
DL28 titrator).

BGE was estimated from measurements on the
0.8 µm filtered water and calculated as accumulated BP
over accumulated BR and accumulated BP. Since bacte-
ria typically grow during these experiments, and oxy-
gen consumption is an integrated measurement of BR
accumulated over 24 h, using the accumulated BP as an
integrated measure of BP over 24 h allows for a more
accurate estimate of BGE. To calculate the accumulated
BP over 24 h, values of BP at time 0 and 24 h were inte-

grated assuming that bacteria were growing at an
exponential rate (following Roland & Cole 1999). Since
0.8 µm filtration reduced bacterial activity, oxygen con-
sumption from the incubations underestimates the in
situ BR. Instead, in situ BR was estimated from BGE and
in situ BP, assuming that BGE derived from the filtered
samples is an accurate estimate of in situ BGE.

(1)

Whereas bacterial activity was reduced somewhat by
the retention of bacterial cells on the 0.8 µm filter, BGE
should not be affected since BGE is independent of
population size.

DOC samples (10 ml) were filtered through pre-com-
busted 0.7 µm Whatman GF/F filters (450°C for 4.5 h),
transferred to pre-combusted glass ampoules, and
kept acidified (pH: 1 to 2) until analysis on a Shimadzu
TOC-5000A. Standards of 44 to 45 and 2 µmol C l–1

(provided by D.A. Hansell and W. Chen, University of
Miami), were used to assess the accuracy of the mea-
surements. Duplicate samples of 150 ml were filtered
through 0.7 µm Whatman GF/F filters, stored frozen,
and subsequently extracted with acetone before fluo-
rometric determination of chl a concentration (Parsons
et al. 1984). Unfiltered samples for the determination of
the concentrations of SRP (including phosphate as well
as acid labile dissolved organic P, detection limit
0.01 µmol l–1), total nitrogen (TN), and total P (TP) were
kept frozen until analyzed following standard spec-
trophotometric methods (Hansen & Koroleff 1999).

Correlations were tested with Pearson correlations
and coefficients (r) are given. When necessary, data
was ln- or arcsine-transformed to meet assumptions of
normal distribution. Relationships between BGE with
and without P amendments were tested with linear
regressions (Model I), and coefficients of determina-
tion (R2) are given. The residuals were tested for nor-
mal distribution and independence of the independent
variable. The effect of treatments was tested by t-test
and paired-samples t-test between the control and
experimental treatments. All statistical analyses were
performed using SPSS 16 for Macintosh. Values of Q10

(e.g. [BPT2/BPT1]10/(T2–T1) where T1 and T2 are 2 differ-
ent in situ temperatures) were computed from the
equation of fitted lines between temperature and BP
and BR, respectively.

RESULTS

The water temperature at the sampling site varied
between 14.4°C in January and 28.2°C in July of 2007
(Table 1). There were no clear seasonal trends in TP
(range 0.11 to 0.39 µmol P l–1) or SRP (range 0 to

BR
BP

BGE
BPin situ

in situ
in situ= −
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0.27 µmol P l–1). SRP concentration was low (<0.1 µmol
P l–1) throughout the year except for 3 dates, and the P
pool was dominated by organic P (71 ± 21%) that may
not be available to bacteria. The molar TN:TP ratio was
quite high, averaging 32 (± 19) and above 21 on all but
the last date of sampling, providing indications of P de-
ficiency in the system. DOC varied from 63 to 188 µM
and was not related to any other environmental vari-
ables. Chl a was generally low and varied between
0.08 and 0.35 µg l–1, except for a single higher mea-
surement in December (2.1 µg l–1). This was shortly af-
ter a storm and coincided with the highest measure-
ments of TP and SRP (Table 1). Neither chl a nor any of
the bacterial parameters showed any significant corre-
lation with any of the nutrient concentrations.

BP varied 65-fold between 0.009 and 0.6 µg C l–1 h–1,
and BR varied 79-fold between 0.038 and 3.0 µg C l–1

h–1. BP, BR, and BCD were all positively related to tem-
perature (Table 2, Fig. 1). Q10 for BP over the in situ
temperature range was 4.3 (LnBp = LnTemp × 2.87 –
3.55, R2 = 0.41, p < 0.01), while it was 7.6 (LnBR =
LnTemp × 3.98 – 6.07, R2 = 0.52, p < 0.001) for BR.
Hence, over the sampling period BR was more strongly
affected by temperature than BP. BP and BR were well
correlated (Fig. 2, Table 2). BR showed the strongest
correlation with BGE, which decreased with increas-
ing BR, while there was no significant relationship
between BGE and BP (Table 2). BGE varied between
0.12 and 0.51 (average 0.32) and although the highest
values were recorded during winter and the lowest in

summer, the relationship between BGE and tempera-
ture was not significant. However, the BGE in P-
amended treatments showed a significant and nega-
tive relationship with temperature (Table 2). Also, the
relationship between BR and temperature was stron-
ger in P-amended treatments (r = 0.71, p < 0.01) than in
unamended samples (r = 0.63, p < 0.01).

Addition of P generally stimulated BP, BR, and BCD
(BP + BR, Table 1, Fig. 3). BP, BR, and BCD were signif-
icantly higher in P-amended treatments than in the
controls in 73% of the experiments, and by pair-wise
comparison, BP, BR and BCD were all higher in P-
amended treatments (p < 0.01, Fig. 3). BP, BR, and BCD
rates were on average 1.3 times higher (range 0.73 to
2.60) in P-amended treatments compared to controls.
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Date Temp Chl a DOC TN TP SRP Response to P addition
(°C) (µg l–1) (µM) (µM) (µM) (µM) BP BR BCD

7 Jun 06 20 0.08 63 4.6 0.16 <0.01 nd nd nd
21 Jun 06 22.6 0.11 65 4.8 0.17 <0.01 +++ +++ +++
12 Jul 06 26.6 0.19 nd 5.0 0.16 <0.01 – + +
18 Jul 06 28 0.19 nd 5.3 0.23 0.04 nd nd nd
4 Aug 06 28 0.35 67 5.2 0.20 <0.01 ++ ++ ++
30 Aug 06 26.2 0.11 69 9.2 0.36 0.18 ++ + ++
28 Sep 06 25 0.16 75 3.4 0.16 0.09 – + –
11 Nov 06 21 0.16 91 3.8 0.13 0.02 ++ +++ +++
22 Nov 06 19.5 nd 129 5.5 0.22 0.06 nd nd nd
6 Dec 06 18.3 2.10 106 8.7 0.39 0.27 +++ ++ ++
19 Dec 06 15.5 0.33 177 3.0 0.11 0.05 nd nd nd
11 Jan 07 15.5 0.32 40 3.9 0.11 0.07 +++ +++ +++
31 Jan 07 14.4 0.34 79 11.9 0.12 0.06 + + +
15 Feb 07 15.5 0.28 100 11.9 0.24 0.04 ++ ++ ++
27 Feb 07 15.3 0.23 188 5.7 0.20 0.05 – – –
14 Mar 07 15.8 0.30 74 3.9 0.16 0.03 – + –
24 May 07 20 0.13 nd 5.6 0.13 0.03 +++ – +
21 Jun 07 24 0.19 95 4.9 0.12 0.01 ++ – – – –
28 Aug 07 28.2 nd 103 1.1 0.26 0.12 ++ – +

Table 1. Environmental variables and response in bacterial C processing to P additions. nd: not determined. +/– –: average
increase/decrease by 10 to 20% compared to unamended controls; ++ and +++: average change of 20 to 50% and >50%, respec-
tively; –: average change <10%; DOC: dissolved organic carbon; TN: total nitrogen; TP: total phosphorus; SRP: soluble reactive

phosphorus; BP: bacterial production; BR: bacterial respiration; BCD: bacterial carbon demand

Variables r p n

BPin situ – temp 0.64 0.004 19
BRin situ – temp 0.71 0.001 18
BCD – temp 0.71 0.001 18
BGE – temp –0.46 0.065 18
BGE+P – temp –0.69 0.004 15
BPin situ – BRin situ 0.80 0.000 18
BP – BGE –0.11 0.660 18
BR – BGE –0.68 0.003 18

Table 2. Correlation coefficients (r), probability (p), and num-
ber of observations for bacterial variables and temperature.
BP: bacterial production; BR: bacterial respiration; BCD: 
bacterial carbon demand; BGE: bacterial growth efficiency
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Moreover, the response of BP and BR to P additions
was not completely matched in time and was variable
in relative magnitude, so that the response of BGE to P
addition was highly variable, ranging from negative to
positive. Hence, there was no difference between BGE
with and without P amendments by pair-wise com-
parison (p = 0.77). However, at relatively high in situ
BGE (>0.30), BGE was reduced upon P amendment,
whereas at relatively low in situ BGE, P additions
resulted in increasing BGE, such that the slope of the
relationship between BGE with and without P amend-
ments was significantly <1 and the intercept was sig-
nificantly >0 (p < 0.01, Fig. 3D). The response in BP,
BR, BCD, or BGE was independent of the in situ
concentrations of TP or SRP as tested by correlation
analysis (p > 0.05). It should be noted that the mea-
surements of SRP include acid labile organic P that
may not be available to bacteria. While SRP is sup-
posed to provide an indication of the readily available
fraction of P available for biological uptake, it may not
accurately represent the concentration of P actually
available to the bacterial communities (Wetzel &
Likens 2000), as this is dependent on a large number of
factors, including the nature of the DOC pool accessi-
ble to bacteria, and concentrations of other elements as
well. During the 24 h incubations, BP increased
strongly. BP after 24 h was on average 20 times higher
than at time 0, the average in situ BP was 0.25 µg l–1 h–1

and the average BP after 24 h of incubation was
1.5 µg l–1 h–1.

The temperature manipulations were made once in
wintertime at an in situ temperature of 15°C, and once
in summertime when the in situ temperature was 28°C.
There was an overall tendency that increasing the
temperature by 2°C resulted in increased BP and BR
(Fig. 4). Moreover, there was a general tendency that
BP and BR either leveled off or decreased when the
temperature was increased by more than 2°C. BGE did
not change in response to temperature in the winter
experiment, whereas it decreased at elevated temper-
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atures in the summer experiment (Table 3). At the time
of the winter experiment, neither BP nor BR was stim-
ulated by P additions, while in the summer experi-
ment, BP, but not BR, was enhanced upon P addition
(Table 1).

DISCUSSION

The aim of this study was to explore the variation
and regulation of bacterial C processing over an
annual cycle at a coastal site on the Island of Majorca,
Spain. We studied the in situ BP, BR, BGE, and C con-
sumption in relation to environmental parameters, and
tested their response to experimental manipulations of
phosphate concentration and temperature. Sampling
was made near the shore, where organic matter pools
could be affected by seagrass (Posidonia oceanica)
DOC release (cf. Barrón & Duarte 2009). Nevertheless,
nutrient concentrations, chl a, BP, and BR were all
within the range of values previously measured in
open water sites in the NW Mediterranean (Lemée et
al. 2002, Navarro et al. 2004, Alonso-Saez et al. 2008).
Moreover, the concentrations of DOC and P were fairly
stable (Table 1) and did not vary seasonally as they
typically do in open and periodically stratified sites of
the Mediterranean (Pinhassi et al. 2006).

BP, BR, and BGE varied widely over the annual
cycle. As TP and SRP concentrations were rather
invariable over the year, changes in P concentrations
could not explain the large variability in bacterial C
processing. However, the high N:P ratios at the site, as
well as the prevalence of bacterial response to P addi-
tions, suggested bacterial C processing to be P limited.
Both BP and BR were stimulated by P additions in 11
out of 15 experiments. P is a vital nutrient to bacteria,
forming compounds with structural and metabolic
functions such as protein synthesis, cell production,
and energy transport. Thus, it is expected that it limits
both growth and respiration in a P-starved system such
as the Mediterranean or Sargasso Sea (Obernosterer et
al. 2003). The finding that BP and BR were not always
stimulated by P additions implies that other factors are

involved, such as organic substrate quality and tem-
perature. In the Bay of Blanes in the western Mediter-
ranean, which is affected by urban and riverine dis-
charges and is not as oligotrophic as our study site
(Duarte et al. 2004), BP was strongly stimulated by
addition of phosphate during stratified summer condi-
tions, while there was little or no response during non-
stratified winter conditions when phosphate and chl a
levels were higher (Pinhassi et al. 2006). When BP was
not stimulated by P additions, it was stimulated by glu-
cose additions, indicating that the quality of the ambi-
ent DOC at Blanes Bay was limiting BP during this
period. These and several other studies (Thingstad et
al. 1998, Zohary & Robarts 1998) suggest that bacterial
P limitation controls the capacity of bacteria to use the
DOC pool of these systems during most of the year,
with important consequences to the biogeochemical C
processing driven by bacteria.

We tested the hypothesis that BP would be more
strongly limited by P than BR, which implies that BGE
would be limited by P. The reasoning behind this is
that as long as the C:P ratio of the substrate is higher
than that of bacterial biomass, anabolic processes will
be more strongly limited by P than will catabolic pro-
cesses, which do not represent a net sink for P. Consis-
tent with this theory, Kragh et al. (2008) observed sus-
tained bacterial activity and higher BGE on natural
organic substrates amended with phosphate. Similarly,
BGE has been demonstrated to have a positive rela-
tionship with the availability of P in lakes (Smith &
Prairie 2004). In our study, the effect of phosphate ad-
ditions on BGE was dependent on the level of BGE.
BGE was enhanced after P additions when BGE in the
control was low (<30%), but no increase in BGE upon
P additions was observed when BGE was already high
(Fig. 3D). A low BGE in the control indicates that bac-
terial C use was dominated by catabolic processes, and
the positive response upon P additions suggest that
BGE was limited by the availability of P. However,
BGE cannot increase continuously, as bacteria must
respire to be able to grow, and BR is often 2-fold higher
than BP even under resource-saturated conditions (del
Giorgio and Cole 1998, López-Urrutia & Morán 2007).
Hence, high BGE (>30%) indicates that anabolic pro-
cesses were operating near their maximum and that
bacteria were utilizing high-quality substrates with
low C:P ratio and high energy:C ratio (Vallino et al.
1996). Upon addition of phosphate, previously unavail-
able low-quality substrates with high C:P ratio and low
energy:C ratio became available and therefore BR was
stimulated more than BP. Hence, P additions should re-
sult in increased BGE when bacteria are growing on a
high energy:C ratio, but P-deficient substrate. How-
ever, the response of bacteria growing on a heteroge-
neous substrate, including both high and low energy:C
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Incubation Winter Summer
temperature C +P C +P

In situ 0.38 0.36 0.23 0.27
+2°C 0.36 0.34 0.13 0.14
+4°C 0.36 0.35 0.11 0.13
+6°C 0.37 0.34 0.11 0.12

Table 3. Values of bacterial growth efficiency in temperature
experiments during winter and summer with (+P) and without

(C) P amendments
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ratio compounds is less predictable. Other studies
point in the same direction, e.g. in 3 lakes where BGE
was stimulated by phosphate additions compared to
the control, BGE was lower in treatments where both
phosphate and glucose (low energy:C ratio) was added
than in treatments with phosphate alone (Smith &
Prairie 2004). Similarly, while BGE has been shown to
be inversely related to C:N ratios of singular organic
substrates (Goldman et al. 1987), the relationship be-
tween BGE and available C:N was considerably
weaker when bacteria had access to multiple C and N
sources (Goldman & Dennett 1991). Returning to the
hypotheses, BP, BR, and hence BCD were indeed lim-
ited by P during the major part of the year. However,
based on the response to the P additions, BP was not
more limited by P than BR, and BGE was not consis-
tently P limited.

It was further hypothesized that bacterial C process-
ing would be temperature limited. From the time series
data, both BP and BR seem to be partly regulated by
temperature, as BP and BR tended to be higher in the
summer. As much as 41 and 52% of the temporal vari-
ation in BP and BR, respectively, could be accounted
for by seasonal changes in temperature. Previous stud-
ies estimating bacterial C processing in the Mediter-
ranean over yearly cycles have found no (Lemée et al.
2002, Navarro et al. 2004) or very weak (Alonso-Sáez
et al. 2008) correlations with temperature, and sea-
sonal variations in BP and BR have not been explained
by P availability (Lemée et al. 2002, Alonso-Sáez et al.
2008). In the above studies, P was variable, and high P
availability coincided with low temperature, as P is
generally entrained from deeper waters under non-
stratified low-temperature periods. Hence, in these
cases, the effect of temperature and P on bacterial C
processing counter balance over the annual cycle lead-
ing to the observation of no patterns between bacterial
C processing and P availability or temperature. In the
current study, P concentrations remained low in winter
and could not affect the large seasonal variation in C
processing, allowing the role of temperature to
emerge. Although P is limiting during most of the year,
temperature seems to stimulate both BP and BR.
Indeed, temperature explained more of the variation in
BR in the P-amended treatments (50%) than in the
unamended controls (40%). Similarly, in another sea-
sonal study, BP was correlated to temperature after P
limitation was relieved (Fig. 2 in Pinhassi et al. 2006;
leucine incorporation in P- and CP-amended treat-
ments were higher during the warmer months of May
to October than during winter).

The experimental temperature manipulations
showed that BP and BR increased following a 2°C tem-
perature increase both in winter and summer, al-
though the response was generally modest. However,

at temperature increases higher than 2°C, BP and BR
leveled off or decreased. The response in BP and BR to
temperature manipulations was measured in experi-
ments lasting 24 h. Thus, we measured the response of
the in situ community and did not allow for succession
in response to the temperature change. It is possible
that the response of BP and BR to temperatures 4°C or
more above in situ reflected the specific temperature
optima of the bacterial communities. Temperature is
one of the factors structuring bacterial community
composition, reflecting the existence of specific tem-
perature optima for different bacterial phyla (Crump &
Hobbie 2005, Lymer et al. 2008). It is further possible
that the strong resource limitation of these particular
communities rendered them especially slow in adapt-
ing to new temperatures. The lipid composition of bac-
terial membranes is related to the ambient tempera-
ture with membrane composition being adjusted to
maintain the fluidity, optimize substrate uptake, and
minimize losses in the transmembrane proton gradi-
ent, which would increase the respiratory costs (Rus-
sell & Fukunaga 1990). Adjusting membrane composi-
tion can be achieved either by alteration of existing
lipids or de novo synthesis (Mansilla et al. 2004), both
of which require energy and substrates that may not be
at hand in highly oligotrophic environments, such as
that studied here. Finally, other studies have found
that BP and BR level off and/or decrease at tempera-
tures around 30°C and above (Roland & Cole 1999, Ap-
ple et al. 2006). As the temperature manipulation in
summer included temperatures outside the normal
range of this system, the bacterial community may not
hold members that are adapted to such high tempera-
tures. We conclude that the responses to temperature
increase in these short experiments cannot be extrapo-
lated to predict what would be the responses if the in
situ temperature would increase by 2° or more, a pro-
cess that requires days. In addition, results from 2
dates only may not be representative with regards to
the temperature effect on bacterial C processing. Nev-
ertheless, the increase in BP and BR after increasing
the temperature by 2°C is in line with the findings by
Vázquez-Domínguez et al. (2007), who found a small
but consistent increase in BP and BR after increasing
the temperature by 2.5°C along an annual cycle.

Overall, our data suggest that elevated water tem-
peratures may result in increased BP, BR, and BCD. BP
and BR were tightly coupled, although BP was less
variable. Our findings concur with the hypothesis that
under warm, oligotrophic conditions there is strong
resource limitation of BP but not BR (López-Urrutia &
Morán 2007). The larger variability in BR suggests that
more of the variability in BGE is explained by respira-
tion, as has recently been suggested to be the case in
oligotrophic surface waters (Reinthaler 2005). As a
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consequence of higher variability in BR and higher
dependence of BR on temperature, BGE would be neg-
atively related to temperature. This is in agreement
with the conclusions made by Rivkin & Legendre
(2001) based on a cross system analysis. The correla-
tion between BGE and temperature was just above the
probability threshold (p = 0.06). As suggested by
Rivkin & Legendre (2001), BR could be well predicted
from BP and temperature. However, the response of
BR to temperature was less pronounced in a model
based on our data set (4 mg C m–3 d–1 °C–1) than the
model based on their data set (11 mg C m–3 d–1 °C–1),
which is probably a result of the significantly narrower
resource gradient in our study compared to the cross
system analyses by Rivkin & Legendre (2001). In a
recent cross system analysis, BP from a compiled data
set was grouped according to the productivity of the
system as determined from chl a, and it was then found
that within oligotrophic, mesotrophic, and eutrophic
systems, BP and BR responded strongly and in a simi-
lar manner to temperature, so that BGE was indepen-
dent of temperature (López-Urrutia & Morán 2007).
The authors concluded that BP and the availability of
substrates for growth regulate the variability in BGE.
This conclusion may be valid for comparisons across
systems, but does not explain the regulation of bacter-
ial C processing within systems. Through both assess-
ment over time at periods of contrasting water temper-
ature and through experimental manipulations of
temperature, we have shown that for the coastal NW
Mediterranean site we studied, BP and BR are both
affected by temperature, but BR is more strongly
affected than BP. Moreover, both BP and BR are lim-
ited by resources (P), and the relative degree of limita-
tion is variable and probably linked to the quality of
the available organic matter.

The BGE values calculated in this study are high
compared to predictions based on the model by
Rivkin & Legendre (2001; 0.08 to 0.22) and also com-
pared to other studies from the NW Mediterranean.
For instance, Vázquez-Domínguez et al. (2007) calcu-
lated an average of 0.12, which is very similar to the
mean of 0.11 estimated by Lemée et al. (2002). The
reason for this discrepancy is probably methodologi-
cal. All 3 studies base the BGE estimates on BP mea-
sured as leucine incorporation and BR as the con-
sumption of oxygen in 0.8 µm filtered water over 24 to
48 h, and they use the same conversion factors. How-
ever, while Lemée and Vázquez-Domínguez and their
co-workers used initial measurements of BP and
assumed linear respiration throughout the incubation
to calculate BGE, we used accumulated BP calculated
from measurements made both initially and after 24 h
and assumed exponential growth to avoid making
assumptions about the linearity of respiration (Roland

& Cole 1999). While the procedure adopted by Lemée
et al. (2002) and Vázquez-Domínguez et al. (2007) is
the more common in the literature, we believe that
the constancy for BGE during the 24 h incubation is
more robust than the constancy of the respiration rate
throughout the incubation. As BP is evidently increas-
ing strongly over 24 h (by 10-fold in Vázquez-
Domínguez et al. (2007) and by 20-fold in our study),
it is not likely that BR would stay at a constant level. If
BR did stay constant, BGE would increase during the
incubation, which seems improbable as logically the
more labile substrates would be depleted during the
experiment. Indeed, if we calculate BGE in the same
way as Lemée and Vázquez-Domínguez and their co-
workers, we arrive at a very similar level, i.e. 0.11 ±
0.9 (SD).

Accurate assessment of BP requires the use of ade-
quate leucine-to-C conversion factors. This conversion
factor has been shown to vary seasonally and geo-
graphically (Murrell 2003, Alonso-Sáez et al. 2007,
2008), but was rather stable around an average of
1.7 kg C mol–1 leucine in an annual study in the NW
Mediterranean (Alonso-Sáez et al. 2008) and thus close
to the 1.5 kg C mol–1 leucine adopted in this study. To
the extent that leucine-to-C conversion factors may
vary with environmental parameters, there has been a
positive correlation with chl a and BGE (Alonso-Sáez
et al. 2007, 2008). Adopting a somewhat higher and
more variable conversion factor on this data set would
result in higher BP and BGE numbers and a stronger
relationship between BGE and temperature, while the
relationship between BP and temperature would be
weakened. The overall conclusions, however, would
remain unchanged. Assuming the double amount of C
produced per mole leucine incorporated would change
mean BP and BGE from 0.25 µg C l–1 h–1 and 0.32 to
0.50 µg C l–1 h–1 and 0.47, respectively.

Our results do not fully agree with predictions of
temperature and resource regulation of bacterial C
cycling derived from cross system comparative analy-
ses because the relationships inferred therein are
affected by covariation between resource availability
and temperature in the ocean. Hence, whereas cross
system comparative analyses are important in deriving
patterns in the ocean, manipulative experiments, such
as those conducted here, have the capacity to separate
the effects of these variables and, hence, formulate
predictions on the effect of resource or temperature
change in bacterial C cycling. Comparisons within and
across systems and experimental manipulations are
complementary approaches in understanding how
bacterial C processing is regulated by temperature and
resources. This knowledge is essential to understand
the effects of global warming and the potential feed-
back mechanisms.
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