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Factors regulating the biomass and flux of organic carbon through heterotrophic
bacterioplankton were examined monthly in the southern Bay of Biscay during
2006 and 2007. Temperature and resource supply were able to explain significantly
changes in bacterial biomass (5391389 mg C m ™~ %) and production (5.4—93 mg C
m~ % day "), although at different periods of the year. A switch between the relative
strength of both factors in the spring—summer transition seems to be a general
feature in temperate coastal waters.
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Given the importance of heterotrophic bacterioplank- regulating the biomass and productivity of bacterial com-

ton in marine biogeochemistry (Fuhrman, 1992), factors munities and the magnitude of bacterial carbon flux are
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central topics in marine microbial ecology. Control by
resource supply (bottom-up) and by mortality (top-down),
either bacterivory or viral lysis, along with temperature are
the main factors affecting bacterial biomass and produc-
tion (Ducklow and Carlson, 1992). Their relative import-
ance may vary with the time or space scale considered
(Ducklow, 1992), but these controlling processes frequently
act simultaneously on bacteria, making it difficult to isolate
a single key factor. Although substrate supply has long
been recognized as the major factor regulating biomass
and growth rates of bacterial communities in aquatic eco-
systems (Church, 2008), some studies have suggested that
temperature can play a predominant role in meso- to
eutrophic ecosystems, at least during certain seasons
(Billen et al., 1990), and their relative importance might
change seasonally (Shiah ¢/ al., 2003). A geographical com-
ponent related to the trophic state of the system has also
been shown by Shiah et al. (Shiah ez al., 1999), according to
which seasonal variations in eutrophic waters (coastal and
estuarine systems) might be primarily regulated by tem-
perature, whereas resource supply could be the main con-
trolling factor in open ocean oligotrophic waters.

After describing the temporal patterns of both biomass
(BB) and production (BP) of heterotrophic bacteria at
three stations in the central Cantabrian Sea (southern
Bay of Biscay) over a whole year, the main purpose of this
study is to identify the role of temperature and substrate
supply in controlling these patterns. Relationships with
temperature and the analysis of regression models
between BB and BP were used (Ducklow, 1992) over two
complete annual cycles (January 2006 —January 2008).

Monthly sampling was carried out during 2006 on
board of RV “Jos¢ de Rioja” at three stations (St I:
43.58°N, 5.61°W; St 2: 43.67°N, 5.58°W; St 3: 43.78°N,
5.55°W) routinely sampled within the RADIALES time-
series program off Xixon, on the southern Bay of Biscay
continental shelf (Calvo-Diaz and Moran, 2006). Water
samples were collected in 5-L Niskin bottles and processed
as detailed elsewhere (Moran and Calvo-Diaz, 2009).
Samples were taken from different depths from the surface
down to the near bottom for BB (from 4 to 9 depths) and
for BP (from 3 to 5 depths). Maximum depths were 20
(St 1), 100 (St 2) and 150 m (St 3). Chlorophyll a (chl )
concentration was measured fluorometrically in acetone
extracts. Phytoplankton biomass (phytoB) was estimated
from chl ¢ measurements assuming a constant C:chl «
ratio of 50. Total bacterial counts were estimated from
samples preserved with 1% paraformaldehyde 4 0.05%
glutaraldehyde and frozen at —80°C untl analysis in
the laboratory with an FACSCalibur flow cytometer
(Becton-Dickinson). Details of sample processing and esti-
mation of bacterial abundance can be found in Moran
and Calvo-Diaz (Moran and Calvo-Diaz, 2009).

Monthly temperature data, BB and BP collected at St
2 from February 2007 to January 2008 were added for
the analysis of controlling factors on bacterial commu-
nity. A detailed description of environmental and bio-
logical conditions during 2007 in the study area can be
found in Franco-Vidal and Moran (Franco-Vidal and
Moran, 2011).

Estimates of BB and BP both require assuming or em-
pirically determining factors for converting abundance
and radiotracer uptake rates, respectively, into carbon
units. Here, we have minimized this source of error by
using an empirical calibration between SSC and cell
diameter (Calvo-Diaz and Moran, 2006) to estimate bio-
volume which was converted into bacterial carbon
biomass by using the allometric relationship of Norland
(Norland, 1993): BB (pg C cell ') = 0.12(biovolume)® .

Leucine incorporation rate (LIR) was determined
using the [*H]leucine (Leu) incorporation method as
detailed in Calvo-Diaz and Moran (Calvo-Diaz and
Moran, 2009). Incubations were carried out inside
photosynthesis-irradiance incubators with neutral density
filters that simulated the irradiance at different depths. A
comparison between light and dark incubations was
carried out for surface (5 m depth, St 1, St 2 and St 3)
and 50 m depth (St 2 and St 3) samples (data not shown).
Light incubations of surface samples resulted on average
in 24 4+ 6% higher LIR values compared with dark incu-
bations (paired ¢-test, P < 0.001, n = 36), whereas no sig-
nificant differences were found for samples from 50-m
depth (paired t-test, P = 0.19, n = 23) (Calvo-Diaz and
Moran, pers. comm.). All values of BP appearing in the
text hereafter are from the light experiments. Differences
between i situ and experimental temperatures averaged
0.36 + 0.17°C (SE).

Empirical Leu-to-carbon CF determined at the
surface of the three stations every 2 months were used to
convert rates of Leu uptake into BP (details in Calvo-
Diaz and Moran, 2009). Given the strongly coherent
seasonal pattern of empirical CFs, linear extrapolations
between consecutive determinations were used for
months without empirical values. Due to strong stratifica-
tion, two additional CF experiments with water from
50-depth were also performed at St 2 and St 3 in August,
and used for 50- and 100-m depth. For 50- and 100-m
depth in July and September, the mean between cor-
relative surface and 50 m August CF values was used.
Monthly empirical CF were also determined at the
surface and at 50-m depth at St 2 during 2007 (see details
in Iranco-Vidal and Moran, 2011) and were used to esti-
mate BP in that period. The daily change of irradiance
on 24 h-integrated BP values was not considered.

As previously described (Calvo-Diaz and Moran,
2006) typical hydrographic conditions of temperate
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coastal zones were found in the study area, with a well-
mixed water column in autumn and winter and marked
summer stratification. Vertical and temporal distributions
of temperature (range: 11.6—22.1°C), salinity (range:
34.3-35.8) and nitrate concentrations (range: 0.1-
11.5 wmol L™") during 2006 are shown in more detail
elsewhere (Moran and Calvo-Diaz, 2009; Moran e al.,
2010). Temperature stratification in summer and the pres-
ence of low salinity waters in winter frequently induced
shallow (<20 m) upper mixed layers. Nutrient limitation
(defined as a NOg concentration <1 wmol L") charac-
terized the mixed layer during strong stratification at tem-
peratures generally warmer than 16°C (Moran e dl.,
2010). Chl ¢ maxima were found close to the surface in
March at St 8 (7.6 pg L™"), whereas St 1 and St 2
showed highest values in June (3.7 and 3.4 pg L™,
respectively).

Values of BB and BP observed in this study (Fig. 1) were
within the range of values published for coastal waters in
other southern Bay of Biscay sites (Gonzalez et al., 2003).
Changes in biomass (Fig. 1A) were mostly driven by
changes in bacterial abundance, since variations in mean
cell diameter were relatively small (0.41-0.58 pm). Yet,
the consideration of a fixed cell carbon content (e.g. 20 fg
C as commonly used, Fukuda et al, 1998) would have
yielded slightly higher values, since the annual average for
our study zone was 15.75 fg C cell ™', but there were no
changes in the seasonal pattern. Lower biomass values
were found in winter at all depths and deep in the water
column in late summer and carly autumn (<10.2 pg C 17"
with surface maxima in August at the three stations
(22.2-37.6 pg C L™") and also in May at St 2 and St 3
(Fig. 1A). Water-column (0—100 m for St 2 and 0—150 m
for St 3) integrated values of BB at the most offshore stations
ranged from 539 to 1389 mg C m™? very close to those
found at St 2 a year afterwards (5571558 mg C: m™?,
Franco-Vidal and Moran, 2011).

With the uncertainties associated with a fixed chl to C
conversion factor (Geider et al., 1997), BB apparently
only reached or exceeded phytoB in shallow, stratified
waters in summer (data not shown) remarkably coinci-
dent with a general increase in the apparent bottom-up
control (see below), and sporadically at specific depths
below the euphotic zone, agreeing with previous reports
(Calvo-Diaz and Moran, 2006). The ratio of BB to
phytoB showed a strong seasonal pattern mostly caused
by changes in phytoB (CVof 131% vs. 49% for BB), with
minima (0.03) in March and maxima (3.6) in July.
However, except in late winter and spring, values were
higher than the 0.2 ratio suggested for coastal and cu-
trophic zones (Ducklow and Carlson, 1992).

BP (Fig. 1B) was generally low throughout the annual
cycle. The three stations displayed somewhat different
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temporal patterns. Higher volumetric values were found
during all summer at St 1, whereas relative peaks were
found in March and throughout autumn at St 2 and St
3. Overall, BP followed the variability in chl «, although
the secondary peak found in September—October coin-
cided with low chl a values. Water-column (0—100 m)
integrated BP values ranged from 5.4 to 93 mg C m™?
day ™', slightly lower than those found a year later at St 2
(7-139mg C m 2 day_l, Franco-Vidal and Moran,
2011).

Billen et al. (Billen et al., 1990) proposed that at or near
steady state, the use of DOM (dissolved organic matter)
by bacteria matches substrate supply rate, which in turn
should be equivalent to LIR or BP. This was based on the
fact that a strong correlation between BP/LIR and abun-
dance/BB should be good evidence for bottom-up
control and the slope could be used as an index of the
strength of the control. Briefly, a slope >0.6 would indi-
cate strong bottom-up control, between 0.4 and 0.6 mod-
erate control, between 0.2 and 0.4 weak control and the
lack of control would be represented by slopes <0.2 or
non-significant correlation (Ducklow, 1992).

The effect of substrate supply on BB was analyzed
monthly during 2006 at the three stations (Fig. 2). In add-
ition, we calculated the same index during 2007 at St 2
(Franco-Vidal and Moran, 2011) to test for the consist-
ency in the seasonal pattern observed during the previous
year (Fig. 2). We also evaluated the role of temperature as
the slope of simple linear regression of temperature on
BP (natural log-transformed). Months with a temperature
range lower than 0.1°C (February 2006 and 2007,
December 2007) were not included in the analysis.

Weak-to-strong bottom-up control was consistently
detected in summer—early autumn, indicating that re-
source limitation of bacteria was maximal from July to
October (Fig. 2). Conversely, temperature was apparently
the main factor controlling bacteria in winter and spring
(Fig. 2), coincident with a very consistent lack of effect
of substrate supply on BB (slopes <0.2 from January to
April—May). This is evidence of excess of DOM for
bacterial uptake. Bottom-up control would integrate both
organic and inorganic substrates, without any differen-
tiation between autochthonous or allochthonous origin,
although the former tends to be stronger in periods of
low absolute bottom-up control (i.e. winter and spring,
Moran et al., 2010). Remarkably, the increase in the
strength of bottom-up control was mirrored by a decrease
in the corresponding control by temperature. Figure 3
shows a significantly negative exponential relationship
between both modes of control for the 2 vyears
(y=—0.26¢7%" " =0.62, P<0.0001,n = 19).

When compared with other studies in different regions
of the world ocean, this consistent alternation of the
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Feb Apr Jun Aug Oct Dec

Fig. 1. Vertical distribution of (A) bacterial biomass (BB, pg C L™ ") and (B) bacterial production (BE pg G L™ " day ') during 2006 in the three sampled stations. Dots mean sampling depths.
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Fig. 2. Monthly variations in the indices of bottom-up control (black symbols) and temperature control (open symbols) for the 2 years sampled
(circles for 2006 and squares for 2007). An indication of the strength of bottom-up control according to Ducklow’s (Ducklow’s, 1992) criterion is also
shown. Actual fitted values for selected months are shown as examples. Details of the calculations are given in the text.

relative importance of temperature and substrate supply
observed in 2 consecutive years in the Cantabrian sea
continental shelf strongly suggest this is a common
feature of temperate pelagic ecosystems. The earlier sug-
gestion of a switch between temperature and substrate
supply as major bacterial controlling factors was based

on a negative relationship very similar to our Fig. 3 in a
salt-marsh tidal creek (see Fig. 3 in Shiah and Ducklow,
1995). Later, Shiah et al. (Shiah et al., 2003) showed a sea-
sonal shift in the relative importance of temperature and
substrate supply as controlling factors in the East China
Sea shelf. The dominance of temperature over substrate
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Fig. 3. Relationship between the indices of bottom-up and
temperature controls for the 2 years sampled.

regulation could only occur when substrate supply is
higher than bacterial demand, as suggested for winter
and spring in our study.

Even for the narrow temperature differences found in
well-mixed waters (<0.5°C) we would conclude that
temperature plays an important role as a bacterial con-
trolling factor during cool, nutrient-sufficient months,
where the control of bacterial growth and metabolism by
phytoplankton would also be maximum (Moran et al.,
2010). However, when higher temperatures allow faster
bacterial growth, cells also require greater rates of sub-
strate supply and substrates could become limiting (Shiah
and Ducklow, 1994) as found during summer stratifica-
tion in our study region. Our results demonstrate that the
strength of both temperature and substrate supply con-
trols on bacterioplankton changed coherently among
seasons, and we suggest that this could be a general
feature of bacterial biomass and production dynamics in
temperate coastal waters.
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