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Table 1. Nutrient additions to the mesocosms.
Inorganic P
Inorganic N nitrate Organic N leucine Organic C leucine Organic C glucose phosphate

Mesocosm (mmol L 1 N) (mmol L 1 N) (mmol L 1 C) (mmol L 1 C) (mmol L 1 P)
Control 0 0 0 48 0.4
Inorganic 8 0 0 48 0.4
Organic 0 8 48 0 0.4
Mix 4 4 24 24 0.4

organic C in different treatments, with the potential for C
limitation in some and N limitation in others, we ensured
that all bags, including controls, received an equal molar
amount of organic C by making “‘balancing” additions of
glucose (CgH1,0¢) Where required (Table 1). To prevent P
limitation of bacteria masking any influence of N addition,
this nutrient was added to all mesocosms in excess (0.4
mmol L 1) as potassium dihydrogen phosphate (KH,PO,).
The use of fjord water eliminated potential micronutrient
limitation. As a result of these modifications to both C and
P concentrations, our experiments do not simulate the
influence of N perturbation on in situ nutrients. Rather,
they specifically investigate the influence of different forms
of N addition on a system known to be N limited.

Following the initial nutrient addition, the mesocosms
were operated in “batch’ mode (no further water or nutrient
additions) until day 6, allowing the populations to become
established. Subsequently, the experiments were operated
using a semicontinuous water and nutrient replacement
regime in which 20% of the volume was replaced every two
days with new fjord water, pumped from 5-m depth and
screened as before. Nutrients were added to this new water in
the same concentration as at time zero. Semicontinuous
operation prolongs active cell growth (Williams and Egge
1998), which prevents the very rapid decline in cell density
that may occur following a phytoplankton bloom in batch
growth. We have found in previous studies that an initial
period of batch growth is desirable to prevent the “‘washout”
of populations before they become established (Gilpin et al.
2004). Each mesocosm was mixed manually at least twice per
day to maintain cells in suspension and prevent any
stratification. Samples for analysis were collected immedi-
ately following mixing from 0.75-m depth using a 1-liter
Ruttner water sampler. Samples were placed in the dark and
rapidly returned to the laboratory adjacent to the meso-
cosms for analysis of chemical and biological parameters, as
outlined next.

Analytical methods—Samples for the determination of
chlorophyll a (Chl a) concentration were filtered at gentle
vacuum onto a 25-mm-diameter GF/F filter (Whatman)
and stored frozen prior to analysis by fluorometry after
extraction with 90% acetone. Particulate organic C and N
were collected by filtering onto 13-mm-diameter precom-
busted AE glass fiber filters (Gelman) and stored frozen.
Filters were oven dried at 60°C before analysis using
continuous-flow mass spectrometry with a PDZ Europa 20-
20 stable-isotope mass spectrometer and an ANCA-NT
sample preparation unit. Filtrate from the chlorophyll

analysis was used for the determination of dissolved nitrate,
nitrite and ammonium (DIN), phosphate (P), and silicate
(Si) concentration using a Lachat Quickchem 8000 FI
nutrient analyzer. Samples for the determination of DOC
and DON concentration were filtered through precom-
busted 25-mm GF/F filters (Whatman), fixed with 30 nL of
85% orthophosphoric acid, and sealed in precombusted
glass ampules prior to analysis by high-temperature
catalytic oxidation with coupled infrared and chemilumi-
nescence detection (Alvarez-Salgado and Miller 1998).

For each sample, a 100-mL subsample was fixed with 1%
final concentration glutaraldehyde for the determination of
autotrophic and heterotrophic pico- and nanoplankton
abundance and biomass by epifluorescence microscopy.
For bacterial abundance and biomass, 5 mL of each
subsample were stained for 5 min with 5 ngy mL 1 4 6-
diaminidino-2-phenylindole (DAPI), filtered onto a black
0.2 mm X 25 mm diameter polycarbonate filter (with 0.2-
mm cellulose nitrate backing filter), washed with 0.2-mm-
filtered deionized water, mounted on a slide, and stored
frozen at  20°C prior to analysis. Filters were observed at
X 1,000 magnification under fluorescence illumination
using a Zeiss Axiovert 100 microscope equipped with 09
(blue excitation) and 02 (ultraviolet [UV] excitation) filter
blocks. Thirty fields of view (FOV) were enumerated on
each filter. Bacterial C biomass was calculated from cell
abundance using a conversion factor of 30 fg C cell 1
(Fukuda et al. 1998). For cyanobacteria, 5 mL of each
subsample were filtered onto a standard 0.2-mm filter,
mounted on a slide, and observed at x1,000 magnification.
Cyanobacteria were identified by their orange fluorescence
under blue light illumination and enumerated from 30
FOV. Cyanobacterial C biomass was calculated from cell
abundance using the formula of Fagerbakke et al. (1996).
For PNAN and HNAN abundance and biomass, 15 mL of
each subsample were stained with DAPI, filtered onto
a standard 0.8-mm filter, mounted on a slide, and observed
at x1,000 magnification. Nanoplankton were identified by
their blue fluorescence observed under UV light, and
heterotrophs were distinguished from autotrophs by the
absence of Chl a autofluorescence. PNAN and HNAN
were grouped into taxonomic categories based on size,
shape, and morphology, and enumerated from 25-50 FOV.
To determine cell volume, the linear dimensions of up to 30
cells of each taxonomic category from each filter were
measured and converted to volume using standard geo-
metric configurations. Volume was converted to C biomass
using the equations of Bgrsheim and Bratbak (1987) and
Montagnes et al. (1994).



2150 Davidson et al.
Table 2. Probe sequences used to detect the bacterial groups (Kirchman et al. 2005 and references therein).
Target gene and site
Probe Specificity Sequence (5 -3 ) of probe (rRNA position™)
EUB338 Most Eubacteria GCTGCCTCCCGTAGGAGT 16S (338-355)
NON338 DNA ACTCCTACGGGAGGCAGC 16S (338-355)
ALF968 Alpha subclass of Proteobacteria GGTAAGGTTCTGCGCGTT 16S (968-986)
GAM42a Gamma subclass of Proteobacteria GCCTTCCCACATCGTTT 23S (1027-1043)
CF319a Cytophaga-Flavobacteriuntluster of the TGGTCCGTGTCTCAGTAC 16S (319-336)
CFB phylum
BET42a Beta subclass of Proteobacteria GCCTTCCCACTTCGTTT 23S (1027-1043)

* Escherichia colinumbering.

A 10-mL subsample was fixed with 2% final concentra-
tion paraformaldehyde for the determination of Eubacter-
ial community composition using fluorescent in situ
hybridization (FISH; Pernthaler et al. 2001). Five milliliters
of each subsample were concentrated onto a 0.2 mm X
25 mm diameter polycarbonate filter, washed with deio-
nized water, and stored frozen at 20°C prior to
hybridization. Each filter was sectioned to allow hybrid-
ization of subsamples with 5 Cy3 labeled oligonucleotide
probes specific for the Eubacterial groups outlined in
Table 2, including the a-proteobacteria, c-protecobacteria,
and Cytophagalike bacteria. Unlabeled competitor probes
were used with GAM42a and BET42a to prevent mis-
annealing to nontarget organisms. The probe EUB338 was
used to maximally target Eubacteria, and nonsense probe
NON338 was used to assess background fluorescence
counts. Subsamples specific for each probe were then
mounted on a slide with Vectashield mounting medium and
observed at X1,000 magnification under fluorescence
illumination using a Zeiss Axioskop2 microscope equipped
with a 20 (green excitation) filter block. Hybridized
bacterial cells were identified by their orange-red fluores-
cence and enumerated from 20 FOV on each filter section.

Two-hundred-milliliter subsamples were fixed with 1%
final concentration Lugol’s iodine solution and stored in
the dark at 4°C for the determination of microplankton
abundance and biomass by inverted microscopy (Utermohl
1931). Fifty milliliters of each subsample were concentrated
by settling for 24 h and observed at X250 to X500
magnification using a Leitz Diavert inverted microscope.
Diatoms, flagellates, and ciliates were counted from a whole
or representative portion of the settling chamber and
identified, where possible, to species level. Cell volume was
determined from the linear dimensions of 30 cells of each
taxon and converted to volume using standard geometric
configurations. Volume was converted to C biomass using
the cell volume:C relationship of Menden-Deuer and
Lessard (2000) for diatoms and dinoflagellates, and of
Putt and Stoecker (1989) for ciliates. It was not possible to
observe Chl a autofluorescence in Lugol’s fixed samples, so
autotrophic and heterotrophic microplankton were distin-
guished on the basis of taxonomy.

Daily net primary production was determined from
incorporation of radiolabeled inorganic C during 24 h
incubations. One hour before dawn, 300 mL were sampled
from all the bags and inoculated with radioactive
NaH[14C]O3 solution (60 nCi). After gentle mixing, two

0.2-mL subsamples were dispensed into scintillation vials
containing 10 mL of carbosorb cocktail for determination
of total NaH[14C]O3 concentration. Concurrently, an initial
60-mL (t,ero) Subsample was filtered through a 0.2-nm
polycarbonate filter. Four other 60-mL subsamples (two
light and two dark wrapped with aluminum foil) were
dispensed into 100-mL polycarbonate bottles. Bottles were
incubated for 24 h in a tank with flowing seawater and
under a 50% neutral density screen reproducing in situ
temperature and light attenuation. After incubation,
samples were filtered through 0.2-nm polycarbonate filters
and acidified with 12 N HCI fumes for 12 h, then placed
into scintillation vials with 5 mL of scintillation fluid
(Optiphase Supermix). The incorporation of radioactivity
was measured using a Packard Tri-Carb 1900 scintillation
counter. Total CO, concentrations were estimated from
salinity measurements. Net C uptake rates were corrected
for dark and initial fixation.

Bacterial production was determined from [3H]thymi-
dine incorporation (Fuhrman and Azam 1980). One-
hundred microliters of an aqueous stock solution of [3H-
methyl]thymidine (46 Ci mmol 1) was added to each of
four 9.9-mL subsamples from each bag to give an estimated
10 nmol L 1 final concentration, and the contents were
mixed. Ten milliliters ice-cold 10% TCA were immediately
added to one (tyero) Subsample. The remaining three
subsamples were then incubated in the dark at ambient
temperature for 1 h, after which 10 mL of TCA was added.
Each was filtered onto a 0.2 mm X 25 mm diameter
polycarbonate filter (presoaked in 10 mg mL 1 thymidine),
and washed with 0.2-nm-filtered deionized water, followed
by 95% ethanol. Each was then placed in a scintillation
vial, dried at room temperature, and mixed with 10 mL of
scintillation fluid (Ultima Gold XR). Radioactivity in the
subsamples was measured using a Wallac LKB Rackbeta
1219 Spectral Liquid Scintillation Counter, with the
efficiency of counting determined by the external standard
channels ratio method. [3H]thymidine incorporation was
calculated from counts (corrected for quenching) using
isotope-specific activity values corrected for decay.

To empirically determine a [3H]thymidine conversion
factor relating incorporation of isotope to bacterial growth,
calibration experiments were undertaken on day 2 of the
mesocosms (Kirchman and Ducklow 1993), using water
samples collected from one bag from each treatment. For
each, 50 mL was diluted 1:9 with 0.2-nm-filtered water
from the same source. Three 5-mL subsamples were then
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Fig. 1. Change in the concentration (nmol L 1) of (a) nitrate, (b) silicate, (c) phosphate, (d) ammonium, (¢) DOC, and (f) DON.

Error bars in this and subsequent figures are the standard erro
the symbol.

fixed with 1% final concentration glutaraldehyde for
enumeration of bacterial abundance. At the same time,
four 9.9-mL subsamples were removed for the determina-
tion of [3H]thymidine incorporation over one hour. The
remaining sample was then incubated in the dark at
ambient temperature for 6, 12, 18, and 24 h, after which
subsamples were removed for bacterial enumeration and
[BH]thymidine incorporation. [3H]thymidine conversion
factors were calculated from bacterial abundance and
isotope incorporation rate using the modified derivative
approach, with a mean value of 3.2 X 1018 cells mol 1 used
to calculate bacterial population growth (cells L 1d 1)
from [3H]thymidine incorporation for each sampling
occasion throughout the study. Bacterial C production
was then calculated from growth using a C conversion
factor of 30 fg C cell 1 (Fukuda et al. 1998).
Stable-isotope incubation techniques were employed to
determine the rate of N uptake using N following Bury et
al. (1995). N uptake rates were determined using 98 atom %
15N enriched sodium nitrate and ammonium chloride.
Samples of mesocosm water were transferred to 250-mL
acid-cleaned polycarbonate bottles; these were spiked with
15N-NaNO; or 15N-NH4Cl to 10% of the ambient
concentration. Samples were then incubated in situ within
the mesocosm bags for 6 h. Following incubation, samples

r; where error bars are not visible, they are smaller than the size of

were filtered through precombusted 25-mm GF/F filters
and stored frozen. Filters were oven dried at 60°C before
analysis. Particulate N and atom % enrichments of 15N
were measured using a PDZ Europa 20-20 stable-isotope
mass spectrometer and an ANCA-NT sample preparation
unit.

Results

Nutrient concentrations—norganic nutrient concentra-
tions within the fjord water prior to the start of the
experiment were low, with less than 0.05 nmol L 1 nitrate
and phosphate. Initial nutrient additions elevated the P
concentration to approximately 0.4 mmol L 1 (Fig. 1c),
preventing any potential for limitation by this nutrient. No
Si additions were made; ambient time zero Si concentra-
tions were , 0.9 mmol L 1 (Fig. 1b). Nitrate concentrations
reflected the additions made with concentrations of 8 mmol
L 1in the inorganic bags and 4 mmol L 1 in the mix bags
(Fig. 1a). No ammonium additions were made; concentra-
tions of this nutrient were similar in all bags at , 1-3 mmol
L 1 (Fig. 1d).

Nitrate concentration decreased rapidly to near zero in
both inorganic and mix bags. Subsequently, no increase in
nitrate was evident, indicating that nitrate added in the
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Fig. 3. Change in (a) primary production, (b) bacterial
production, and (c) primary:bacterial production ratio. Solid
line is 1:1 ratio.

a small percentage of the total biomass. PNAN (Fig. 2e)
were a more significant component of the biomass and
exhibited even more marked oscillations. An initial increase
in all bags peaked on day 4. This was followed by a general
decrease until day 10 in most cases, which was further
followed by a second increase. Cyanobacteria decreased
rapidly in all bags to almost zero by day 4 (data not
shown). While the population recovered to approximately
half its initial concentration, cyanobacteria did not make
a significant contribution to biomass in any of the
mesocosms and always comprised less than 5%.

Productivity and grazing by HNAN—n both the in-
organic and mix treatments, primary productivity (Fig. 3a)
remained high during the experiment (,70-120 ng C
L 1d 1). Initially, productivity in the organic and control
bags was similar and at least a factor of two less than the
other treatments. At day 8, organic treatment productivity
increased markedly to 62 ng C L 1d 1 and by day 12, it
peaked at 108 ng C L 1d 1, similar to the inorganic and
mix treatments at that time.
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Bacterial productivity (Fig. 3b) showed a sharp transient
increase on day 2 in treatments receiving inorganic N.
Subsequently, productivity in the inorganic treatment
remained relatively low; however, the mix treatment
exhibited a second, more prolonged increase coincident
with a sharp peak in productivity in the organic treatment.
Bacterial productivity exceeded primary productivity in
treatments receiving inorganic N on days 2 and 10, and
again on days 6-8, in all treatments except the inorganic
(Fig. 3c).

Estimates of bacterial production by [3H]thymidine
incorporation are often subject to errors associated with
the use of literature-derived conversion factors to translate
thymidine uptake rate. To minimize these, we derived an
empirical thymidine conversion factor from the calibration
experiments on day 2, in which dilution reduced predation
pressure. Significant growth and thymidine uptake was
only observed in the control and organic treatments
deriving respective conversion factors of 3.0 and 3.4 X
1018 cells mol 1; a mean of 3.2 X 1018 cells mol 1 was
therefore used throughout the study. Application of this
value to the inorganic and mix treatments might be
questioned. However, our value falls within the published
range from marine environments (Ducklow and Carlson
1992), and its use is preferable to literature values derived
from different bacterial assemblages.

To assess the role of HNAN as a trophic link of this
bacterial production, we plotted the logarithm of HNAN
abundance versus the logarithm of bacterial abundance
after Gasol (1994). This allows analysis of the occurrence of
top-down (grazing) or bottom-up (bacterial food) control
of HNAN abundance through comparison with a mean
realized abundance (MRA) estimated from literature. We
found (Fig. 4) that 73% of data points fell below the MRA
line of Gasol (1994), with no obvious differences between
treatments. Our data are hence characteristic of active
grazing on the HNAN generating top-down limitation of
the population, suggesting that ciliate grazing generally
limited any increase in HNAN within the mesocosms.

Bacterial community composition-Eubacteria probe
(EUB338) detected on average 67% of all prokaryotes as
determined by DAPI (Table 3). The sum of the cells
detected using the four group probes comprised on average
65% of all prokaryotes and 95% of EUB338 detected cells
during the time course of the experiment. Probe NON338
showed negligible counts.

FISH analysis indicated that changes in bacterial
abundance (Fig. 2d) were related to variability in bacterial
community within and between treatments. The initial
community was dominated by members of the a- and b-
proteobacteria (35% and 29% of the EUB338 detected
cells), with Cytophagalike and c-proteobacteria comprising
»10% of the remainder (Fig. 5). However, by day 2, all
treatments displayed shifts in community composition.
Within the control and organic treatments, the Cytophaga
like bacteria became most abundant, accounting for up to
66% of the EUB338-detected bacteria and 45% of total
prokaryotes. In contrast, the inorganic and mixed treat-
ments exhibited codominance by the c-proteobacteria and
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were derived for a range of bacterial densities by Gasol (1994).

Cytophagalike groups. The abundances of a-proteobac-
teria remained approximately the same (inorganic and mix
treatments), or were reduced (control and organic treat-
ments) compared to day O; b-proteobacteria total and
relative abundances also declined within the first two
days and were not detected in significant numbers sub-
sequently.

The peak in total bacterial abundance at day 8 in the N-
enriched treatments was, in contrast to day 2, characterized
by Cytophagalike bacteria and a-proteobacteria. In the
organic treatment, the Cytophagalike group and a-

Table 3.
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proteobacteria comprised 37% and 34% of Eubacteria,
equivalent to 27% and 24% of total prokaryotes, re-
spectively. In the inorganic and mix treatments, the
Cytophagalike group accounted for the largest fraction,
approximately 42% and 46% of EUB338-detected cells and
36% and 39% total prokaryotes, respectively. There were
no significant differences in total or relative abundance of
c-proteobacteria in the inorganic or mix treatments at this
point, but the a-proteobacteria were a larger fraction in the
mix (28% compared to 17% of total prokaryotes).

During the subsequent bacterial decline, a feature of
note is the rapid decrease in Eubacteria (both Cytophaga
like and a-proteobacteria) between days 10 and 12 in the
mix treatment. In the organic treatment, the final increase
in bacterial abundance was dominated by members of the
Cytophagalike bacteria, which accounted for up to 51% of
EUB338-detected cells and 34% total prokaryotes on day
16.

Phytoplankton community composition# all meso-
cosms, the diatom assemblage and its biomass was
dominated by species of Leptocylindrus (Fig. 6), and the
genera Skeletonema, Cylindrotheca, Thalassiosjraand
Pseudo-nitzschi@ontributed in excess of 5% of C biomass
at some point of the experiments. Diatoms in the inorganic
and mix treatments were dominated by Leptocylindrus
danicus which comprised over 80% of abundance and 90%
of diatom C biomass by day 6. In contrast, L. danicus
dominated the much less numerous diatom assemblage in
the organic treatment only at the beginning and end of the
experiment. In this case, Leptocylindrus minimuswvas most
abundant in the middle of the time course, and it was also
most prevalent in the small diatom community of the

Bacterial community composition determined by FISH. Comparisons were made between the contribution of the group-

specific probes to the Eubacterial community as determined by universal probe EUB338, and the total prokaryotic community as

determined by DAPI.

% of total bacterial abundance (EUB338)

Phylogenetic group Probe Mean S.D. Min. Max. n
a-proteobacteria ALF968 23 10 5 (T2, control) 47 (T8, mixed) 44
b-proteobacteria BET42a 3 8 0 29 (TO) 44
c-proteobacteria GAM42a 26 11 10 (T2, organic) 48 (T2, inorganic) 44
Cytophagalike CF319 39 12 11 (TO) 66 (T2, control) 44
Negative NON338 0 0 0 0 44

44
Total groups*® - 95 44

% of total prokaryotic abundance (DAPI)

Phylogenetic Group Probe Mean S.D. Min. Max. n
Bacteria EUB338 67 12 43 (T4, mixed) 89 (T10, mixed) 44
a-proteobacteria ALF968 16 8 3 (T2, control) 39 (T8, mixed) 44
b-proteobacteria BET42a 2 6 0 21 (TO) 44
c-proteobacteria GAM42a 18 8 5 (T16, control) 37 (T6, inorganic) 44
Cytophagalike CF319 27 10 11 (TO) 46 (T2, organic) 44
Negative NON338 0 0 0 0 44

44
Total groups* - 63 44

“ Total groups refers to the sum of the mean relative abundance of the ALF968, BET42a, GAM42a, and CF319 probes.
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Stacked plot of autotrophic dinoflagellate biomass species composition for those

organisms that contributed more than 5% of the biomass at any time in (a) control, (b) inorganic,
(c) organic, and (d) mix. Note the difference in scale.

the inorganic and mix treatments can be explained by its
species composition; the bloom was dominated by Lepto-
cylindrus danicugFig. 6). This species has been shown to
be prevalent in other enclosure studies in which a summer
diatom bloom developed at low Si concentrations (e.g.,
Dauvis et al. 1980; Escarvage and Prins 2002), indicating its
ability to sequester Si at low nutrient concentrations.
Indeed, Egge and Aksnes (1992) reported that L. danicus
dominated the diatom community in their mesocosms that
did not receive any nutrient fertilization. In percentage
terms, diatoms contributed in excess of 30% of total C from
day 4 onward in our inorganic and mix treatments, and
then increased slowly to over 50% by the end of the
experiment. This indicates the ability of summer diatoms to
compete successfully with flagellates and bacteria for N at
low nutrient concentrations. It also suggests that spring and
summer diatoms and their nutrient affinity should be
considered as separate functional groups in representations
and models of planktonic community dynamics.

Elevated diatom abundance was also evident in the
organic treatment in comparison to the control, despite

receiving no inorganic N. However, this increase occurred
on a slower timescale than above, and the bloom was of
much smaller magnitude. While some direct uptake of
DON may have occurred (Antia et al. 1991), the response is
indicative of the initial utilization of DON by heterotrophic
organisms and its subsequent regeneration in inorganic
form, which would then make it available to promote
diatom growth.

A further observation related to diatom growth was that
although the mix treatment only received 50% of the nitrate
supplied to the inorganic treatment, the abundance and C
biomass of diatoms were similar in both. The relatively
small diatom increase in the organic treatment indicated
that direct or regenerated fueling of diatoms by the DON
added to the mix treatments was insufficient to support the
extra diatom biomass; hence, the similarity in diatom
response in the inorganic and mix treatments could be most
readily related to Si limitation of the populations. As
discussed below, competition by bacteria and PNAN for
DIN will have influenced its availability to diatoms. This
makes it difficult to determine nutrient availability and the
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Stacked plot of heterotrophic dinoflagellate biomass species composition for those

organisms that contributed more than 5% of the biomass at any time in (a) control, (b) inorganic,
(c) organic, and (d) mix. Note the difference in scale.

limiting nutrient solely on the basis of nutrient concentra-
tions. However, the initial ratio of inorganic N:Si was
markedly in excess of 1:1 in both treatments, and, on
average, diatoms utilize N and Si in approximately equal
quantities (Brzezinski 1985). This suggests that diatom Si
limitation was likely in both inorganic and mix treatments,
generating the similar cell yield observed. Hence, while the
availability of N in inorganic or organic form can in theory
govern the size, composition, and rate of increase of
summer coastal diatom communities, low Si availability
may override this.

Bacterial community dynamics-At time zero, a-proteo-
bacteria and b-proteobacteria were dominant. The a-
proteobacteria are generally adapted for low concentra-
tions of nutrients (Alonso and Pernthaler 2006), and the
relative decrease of this group is consistent with the
findings of Pinhassi and Berman (2003), who found a-
proteobacteria to be rapidly out-competed by c-proteobac-
teria in elevated nutrient cultures. The initial presence of b-
proteobacteria implies a significant freshwater influence,
perhaps due to significant rainfall prior to the start of the

experiment. However, this group was rapidly out-competed
in all treatments and control, and total and relative
abundance was almost negligible for the majority of the
study.

The response of the c-proteobacteria in the inorganic
and mix treatments on day 2 coincided with bacterial
production that exceeded primary production, indicating
that when inorganic N is available (in the presence of
a suitable C source to meet the high energy costs of nitrate
reduction), bacteria can be the dominant producers of C
biomass, and, hence, the majority of inorganic-N-fueled
productivity may be channeled into the “microbial’ rather
than the ““classic” food web. Until recently, nitrate was not
considered to be an important bacterial N source due to the
energy demands of reducing such compounds into protein
(Vallino et al. 1996), with more reduced forms of N being
preferred. However, utilization of inorganic N by c-
proteobacteria is consistent with other studies, e.g., Kirch-
man (2000), and the fact that c-proteobacteria have well-
characterized nitrate reductase systems (Allen et al. 2001).

The relative lack of response of bacteria in the early
stages of the organic treatment might initially seem
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puzzling as marine bacterial assemblages are generally
adept in the uptake and utilization of dissolved free amino
acids, which, in the presence of alternative C and energy
sources, are preferentially incorporated directly into pro-
tein biomass (Kirchman et al. 1985). Direct amino acid
incorporation therefore has a ““sparing effect” (Goldman
and Dennett 1991), where energy required for amino acids
biosynthesis is redirected to other cell functions and
metabolism. However, as leucine is not easily converted
to other amino acids other than via degradative pathways
(Kirchman et al. 1985), and we added this as a sole amino
acid, the *‘sparing effect”” may be significantly reduced and
normal biosynthesis pathways may be required to generate
other amino acids. Hence, early in the organic treatment,
bacterial metabolism may have been constrained by
a combination of nutrient growth rate “limitation’” as well
as the influence of grazing that is discussed in more detail in
the following sections.

The second, more prolonged increase in bacterial
abundance in the three N-amended treatments (days 4-8)
coincided with increased numbers of the Cytophagalike
group and a-protecobacteria, and to a lesser extent c-

proteobacteria. This may have been due to the ability of
Cytophagalike bacteria and a-proteobacteria to utilize
exudates from primary productivity (Rooney-Varga et al.
2005). Although specific groups within these broad
phylogenetic groups were not analyzed, it is well known
that within the a-proteobacteria specific groups such as the
Roseobacteand SAR11 groups are adept at utilizing algal
derived compounds such as amino acids and DMSP (e.g.,
Zubkov et al. 2001).

The pronounced peak in bacterial abundance and
productivity on day 8 of the organic treatment followed
the increased primary productivity from day 6 onward,
which in turn is likely to be a response to NHZ
regeneration from bacterial leucine degradation (Fig. 1d).
According to the C: N stoichiometric model of Kirchman
(2000) and the energy budget model of Vallino et al. (1996),
the substrate C: N ratio (C: N;) is important in determining
bacterial NH 7 regeneration. Both models suggest that
when C: Ng is below 10 (as is the case for leucine), bacteria
are C limited and excess N is excreted as NH 7. This will
fuel phytoplankton growth, and associated DOM pro-
duction will in turn further promote bacterial growth.
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Fig. 11. Carbon biomass within (a) autotrophs, (b) hetero-
trophs, and (c) the heterotrophic : autotrophic biomass ratio.

Community interactions and grazer successiorRHNAN
are commonly important grazers of bacteria. As mean
bacterial diameter remained small (typical cell diameter 1
mm) with no large colonies observed, HNAN might have
been expected to proliferate (Epstein and Shiras 1992).
However, in all treatments, the biomass of HNAN
decreased rapidly and then remained low. Figure 4 suggests
that top-down ciliate grazing of HNAN occurred. Hence,
while HNAN will have actively grazed bacteria, their
ability to significantly affect the bacterial population was
limited by ciliate grazing pressure and implies that ciliates
may also have acted as major grazers of bacteria. This is
consistent with the large temporal changes in ciliate
abundance and C bhiomass that were closely coupled with
oscillations in bacteria.

Azam et al. (1983) proposed that the most efficient
microbial predator:prey size ratio is 10:1, a suggestion
that has been used to generate conceptual microbial food
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webs based on logarithmic size classes with the assumption
that each size class or functional group could be
represented or parameterized in models by one or few
‘‘average” organisms. Size-based grazing relationships were
reviewed by Hansen et al. (1997), who demonstrated
considerable variability in grazing response but optimal
predator : prey ratios based on ESD of 8:1 for ciliates and
1:1 for dinoflagellates. Our data are indicative of a still
greater plasticity in microbial grazer interactions with
a succession of species within a single trophic level. In
particular, a number of short-lived ciliate grazers were
evident (Fig. 9), characterized by only small increases in
mean cell size, at or below the lower predator:prey size
limit determined by Hansen et al. (1997). The results may
therefore point to a succession governed by the death and
lysis of one dominant species making available food
particles for the next. Indeed, the final dominant grazer,
the dinoflagellate Katodiniumhad an ESD smaller than the
Strombidiumspecies that preceded it in the chain of species
succession, suggesting that its success relies on, rather than
causes, the decline of the ciliate population.

Hence, while the structure of the microbial community in
terms of functional groups of bacteria, auto- and heterotro-
phic dinoflagellates and ciliates was similar in all treatments,
the constituent organisms within these groups were different
and highly dynamic with time. Such plasticity in microbial
community response may confound simple “NPZD” box
models (Anderson 2005) of pelagic ecosystems.

C Biomass and growth efficiencyAdfter subtraction of
the C-biomass growth in the control, we calculated peak
yields of 2.28 and 1.42 nmg C per ng N available in the
inorganic and organic treatments, respectively. As the
molar addition of N was the same, this is indicative of
greater community growth efficiency when fueled by
inorganic N. This response was related to the greater
proportion of autotrophic organisms when inorganic N
was available, where the C:N ratio of autotrophic
phytoplankton was, in general, higher than heterotrophic
organisms and had the potential to increase markedly in
nutrient-stressed conditions. In contrast, the organic bags
showed a greater contribution to biomass from ciliates and
heterotrophic dinoflagellates. Such organisms generally
maintain a lower C: N ratio within their biomass (David-
son et al. 2005).

One might have expected that the response of the mix
treatment, which received 50% of each form of N, would have
corresponded to the average of the two single N source
treatments. However, this treatment was much closer in
character to the inorganic treatment with a similar peak C
yield (2.07 compared to 2.28 ng C per ng N) and similar
autotroph dominance of the community from day 4 onward.
In addition, heterotrophic biomass in the mix treatment
exceeded that in the organic for most of the experiment,
suggesting that when organic N was available in combination
with inorganic N, the microbial community achieved greater
net growth efficiency on this substrate than when it was
supplied alone. While these data do not provide a definitive
answer, this was possibly due to the release and utilization of
labile organic matter from the large diatom bloom reducing
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the sparing effect discussed above. Whatever the mechanism,
the results demonstrate that community C yield was related
both to the form of inorganic : organic N substrate and also to
the relative availability of each form.

In summary, our experiments demonstrated differential
effects of individual and combined inorganic and organic N
forms on communities of bacteria, phytoplankton and
heterotrophs in large-scale in situ mesocosm experiments in
a Norwegian fjord. The form of N influenced species
composition, succession, and the efficiency of C incorpo-
ration. Our experimental design employed a batch/semi-
continuous design and involved the addition of inorganic N
as nitrate and organic N as leucine. These additions were
made in combination with glucose and phosphate to ensure
N-limited conditions. Hence, to determine the wider
applicability of our conclusions with more complete
fractions of the DON pool, we recommend further similar
experiments be conducted using a range of, in particular,
organic N substrates.
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