Limnol. Oceanogr., 48(1), 2003, 129-140
© 2003, by the American Society of Limnology and Oceanography, Inc.

Silicate and labile DOC interfere in structuring the microbial food web via algal—
bacterial competition for mineral nutrients: Results of a mesocosm experiment
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Abstract

The effects of organic and inorganic nutrient enrichments on algal—bacterial competition were investigated using

mesocosms. Interactions were followed over 10 d in 12, 3-m?3 seawater mesocosms in the Isefjord, Denmark. Two
sets of four mesocosms were given the same daily addition of “‘phytoplankton nutrients” (phosphate and nitrate)
but received different amounts of glucose, and one set was kept in excess with respect to silicate. Four additional
mesocosms served as controls and received either no additions, silicate alone, or glucose alone. In the mesocosm
set where no silicate was added, enrichment with phytoplankton nutrients and glucose led to a replacement of
diatoms, not by other agae, but by heterotrophic bacteria, mainly bacteria > 2 um. In the mesocosm set where
silicate was kept replete, diatoms competed successfully with bacteria for the uptake of mineral nutrients. Even in
mesocosms enriched with high amounts of glucose, primary production increased throughout the experimental
period, while bacterial production, after an initia increase, leveled off. In addition, turnover time of glucose in-
creased in the silicate-replete mesocosm set, consistent with the idea that bacterial consumption was hampered by
diatoms competing successfully for phosphate and nitrate. The size and shape of different algal and bacterial groups
in relation to nutrient uptake and grazer avoidance are discussed. Both accumulation and consumption of dissolved

organic carbon could depend on the structure of the microbial food web.

The common view of the role of heterotrophic bacteriais
that of remineralizers, although it has long been recognized
that bacteria utilize mineral nutrients (e.g., phosphate and
ammonia). Furthermore, a large fraction of the uptake of
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mineral nutrients can be in the bacteria size fraction (Har-
rison et al. 1977; Suttle et al. 1990). Thus, the idea that
bacteria can compete with phytoplankton for mineral nutri-
ents, rather than supply them as remineralizers, has been
discussed for many years (Rhee 1972; Currie and Kalff
1984a,c; Brathak and Thingstad 1985; Pengerud et al. 1987,
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Thingstad et al. 1993). Reports of mineral nutrient limitation
of natural populations of heterotrophic bacteria (e.g., Elser
et al. 1995) suggest that algal—bacterial competition could
be an important element among mechanisms controlling the
structure of the pelagic food web.

Comparing bacteria and algae, one would expect theoret-
ically that bacteria, with their larger surface area to volume
ratio and their higher growth potentials, could outcompete
algae for dissolved inorganic nutrients such as N and P (Cur-
rie and Kalff 1984a,b,c). The trophodynamic situation is,
however, complicated by the fact that the success of a pop-
ulation is the net result of both growth and loss processes.

A population with a low summed loss to predation, viral
lysis, and sedimentation, can afford to grow slowly and still
be the successful competitor in terms of biomass established.
In this perspective, the role of large, grazer-avoiding, phy-
toplankton species such as chain-forming diatoms (e.g., Ske-
letonema), gelatinous colony-forming haptophytes (e.g.,
Phaeocystis), or filamentous cyanobacteria (e.g., Nodularia)
becomes intriguing. Such phytoplankton, without necessarily
being superior in their physiological abilities for nutrient up-
take, but subject to relatively little grazing pressure from
rapidly responding microzooplankton, could theoretically
succeed in a nutrient-limited situation.

In an experimental context, diatoms are particularly inter-
esting because their dependence on silicate permits experi-
mental manipulation of their growth rates. Diatoms have
considerably higher growth potentials than other algae when
silicate is not limiting (Furnas 1990), and silicate addition is
known often to stimulate diatom growth in natural commu-
nities (Egge and Aksnes 1992; Egge 1997).

Highly idealized representations of a food web consisting
of heterotrophic bacteria, phytoplankton, and microzoo-
plankton have proven successful in the analysis of nutrient-
manipulated micro- and mesocosms (Thingstad et al.
1999a,h). The analyses suggest that the outcome of the com-
petition between algae and heterotrophic bacteria (unlimited
by either phosphorus or nitrogen) would be in favor of di-
atoms in the presence of excess silicate and in favor of bac-
teria given excess organic carbon and no silicate. Against
this background, we present the results of a mesocosm ex-
periment designed to examine the changes in the commu-
nities and activities of phytoplankton and bacterioplankton,
subjected to different limitations.

Materials and methods

Sudy site, experimental setup, and sampling—The study
was carried out from 15 to 27 June 1998 at a field station
of Roskilde University Centre, Denmark, ** Sgminestationen,”
at the Isefjord, 10 km east of Holbak. Organic and inorganic
nutrient enrichment experiments were performed in enclo-
sures fixed to a pontoon bridge situated in the Isefjord (water
depth 3 m; position, 55°42.78'N, 11°47.65'E). Each enclo-
sure was filled with approximately 3 m? of unfiltered surface
water of the fjord during the evening of 15 June 1998.

The water column in these mesocosms was continuously
circulated using an airlift that pumped the water from the
bottom to the surface at a rate of 0.2 m?® h-*. Nutrients were

Table 1. Summary of mesocosm trestment regimes. Numbers
represent daily additions yielding final concentrations (mmol m-3).
Silicate additions began on Day 3 when ambient silicate concentra-
tions became undetectable in the mineral nutrient—enriched meso-
Cosms.

Mesocosm  Phosphate  Nitrate Glucose Silicate
G, 0.1 16 0 0
C, 0.1 16 10.6 0
C, 0.1 1.6 31.8 0
Cuo 0.1 16 106 0
C,Si 0.1 16 0 3.2-9.2
CS 0.1 1.6 10.6 3.2-9.2
C,Si 0.1 16 31.8 3.2-9.2
CSi 0.1 16 106 3292
K, 0 0 0 0
Ky 0 0 0 0
KCy 0 0 106 0
KSi 0 0 0 3.2/0

added between 2100 and 2200 h during the period 16-25
June 1998. The following nutrient manipulations, summa-
rized in Table 1, were performed: eight mesocosms, all but
four controls, theK set (i.e., K, K,, KC,,, and KSi), received
daily additions of nitrate as NaNO, and phosphate as
KH,PO, in Redfield ratio (1.6 mmol N m—2 and 0.1 mmol P
m~=3). These eight mesocosms represented two sets of in-
creasing carbon addition (C,, C,, C;, C,,) as glucose (0X,
1X, 3%, or 10X 10.6 mmol m~2). One set, the no-Si set (i.e.,
C. C,, C;, C,p), received no further additions, whereas sili-
cate was added as Na,SiO, 9H,0 to the other set, the Si set
(i.e, CSi, C,S, C,;S, C,Si) from Day 3, when the Si con-
centration in these enclosures fell below 3 mmol m~3. Si was
subsequently kept in excess in the Si set (daily additions
between 3.2 and 9.6 mmol m~3). Two controls (K, and K,)
received no additions, and one control (KC,,) received daily
additions of 106 mmol C m~2 and no other additions. In the
fourth control (KSi), Si was kept in excess without any other
additions. During the period 16-26 June 1998, water sam-
ples were collected daily from all 12 mesocosms between
0800 and 0900 h using transparent tubes (2 m long) to avoid
zooplankton escape reactions. The salinity was 21.3 psu, and
the water temperature varied between 15.3 and 17.9°C dur-
ing the period.

To assure organic carbon in excess, some mesocosms re-
ceived daily additions of 106 mmol glucose m—2 (i.e., C,,,
and C,,Si), representing 10X the Redfield ratio compared to
the added N and P In natural environments, microbial pop-
ulations might rarely encounter such high concentrations of
a simple sugar. Rather than replicating a natural system, the
high-glucose treatment was employed to help clarify the un-
derlying mechanism of the competition between algae and
bacteria when bacterial growth is not limited by organic car-
bon—for instance, after a sudden decay of a phytoplankton
bloom releasing high amounts of dissolved organic carbon
(DOC).

Nutrient analyses—Immediately after sampling, nutrient
analyses were performed using an autoanalyzer. The analy-
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ses for NO;, NO; (including NO;), NH;, POZ-, and SIO;
were performed according to Grasshoff et al. (1983).

Determination of bacterial production—Bacterial protein
synthesis rates were measured using *C-leucine by applying
the centrifugation method described by Smith and Azam
(1992). For each determination, three replicates containing
seawater only were incubated with *C-leucine (100 wmol
m-23) for 1 h in the dark at in situ temperature. Incubations
were terminated by adding concentrated trichloroacetic acid
(TCA) to a fina concentration of 5%. In addition, two rep-
licates that were treated with TCA (final concentration 5%)
before addition of **C-leucine served as blanks. After incu-
bation, all TCA-fixed samples were centrifuged, aspirated,
and washed, and after addition of scintillation cocktail
(OptiPhase **Highsafe 2, Wallac), the samples were count-
ed in a scintillation counter (LKB Wallac 1214 Rackbeta).
Incorporation rates of “C-leucine were converted to bacterial
carbon production according to Simon and Azam (1989).

Determination of primary production—Maximum prima-
ry production was determined in situ by means of the acid-
ification and bubbling procedure described by Riemann and
Jensen (1991). Around noon, 4-h incubations were carried
out using 20-ml glass vials, each containing 10-ml seawater
samples with 2 uCi NaH*CO, added (The International
Agency for “C Determination, Denmark). The glass vias
were incubated at light saturation depths (300 wmol photons
m~2 s71). The incubations were terminated by adding 500 wl
formaldehyde (24.5%). After incubations, samples were
treated with 100 ul 1 N HCI and bubbled for 24 h. Subse-
quently, 10 ml Instagel Il Plus was added, and the samples
were counted in a scintillation counter (LKB Wallac 1214
Rackbeta). Daily primary production was estimated from the
light-saturated production (P, ); the photosynthetically
available radiation at the surface, measured at hourly inter-
vals, and the light extinction measured daily in the enclo-
sures. Primary production was scaled to light intensity ap-
plying the equation P(l) = P, tan h(l/l), where | is the
depth-averaged light intensity in the depth intervals 0—1 and
1-2 m, respectively, and I, is the light saturation constant
(Jasshby and Platt 1976). I, was estimated in a separate ex-
periment at 200 wmol photons m-2 s~ and used throughout
the period.

Determination of mesozooplankton biomass—Water sam-
ples were filtered by gravity through 37-um NITEX filters,
and the filters plus the retained organisms were preserved in
4% formaldehyde buffered with hexamine. The volume fil-
tered depended on the plankton concentration, which deter-
mined the clogging of the filter, and ranged between 3.25
and 13.5 liters. The filters with the retained organisms were
gently washed and the organism suspension concentrated by
settlement. Aliquots of the samples were studied under a
stereomicroscope supplied with a CCTV camera connected
to a computer. All mesozooplankton organisms present in
the whole aliquot were included in images captured by
means of a frame-grabber installed in a Macintosh. Organ-
ism volume was calculated by transferring the silhouettes of
the organisms into surface-equivalent ellipses and calculat-

ing the volume of the resulting rotation ellipsoids. Carbon
biomass was estimated from organism volume using con-
version factors previousy calculated from simultaneous
measurements of volume (NIH-Image) and organic C (Car-
lo-Erba HNC analyzer) for coastal mesozooplankton (M. Al-
caraz unpubl. data).

Determination of ciliate biomass—For ciliate enumera-
tion, 50 ml of each water sample (preserved with acid Lu-
gol’s solution at 2% final concentration) were settled in stan-
dard settling chambers, and the entire bottom surface was
scanned at X200 with an inverted microscope equipped with
phase-contrast optics. Taxa were placed into two categories:
(1) Mesodinium rubrum (Lohmann) Jankowski and (2) oli-
gotrichs. Although M. rubrum has been reported to feed on
cryptophytes (Gustafson et a. 2000), it is regarded as mainly
phototrophic and was included in the phytoplankton com-
partment. The Lugol’s fixative precluded identification of
mixotrophic oligotrichs without distinctive gross morpholo-
gies (e.g., Srombidium spp.). Among oligotrichs, heterotro-
phic and mixotrophic oligotrichs were pooled and assigned
to four subgroups according to their size and shape. For
biovolume estimates, the average was calculated from the
dimensions of at least 100 cells of each group or subgroup.
Oligotrich biovolume estimates were converted to carbon us-
ing a factor of 0.2 pg C um=3 (Putt and Stoecker 1989).

Determination of colorless flagellate biomass—Samples
were fixed with glutaraldehyde (2% final concentration),
stained with 4'6-diamidino-2-phenylindole (DAPI), and fil-
tered onto 0.8-um black polycarbonate filters (Porter and
Feig 1980). The filters were subsequently frozen and ana-
lyzed within 6 months. Flagellates < 10 um were enumer-
ated in a Nikon Labophot-2 epifluorescence microscope at
X 1,250 magnification, whereas flagellates > 10 um were
enumerated in a Leica DM RB epifluorescence microscope
with X600 or X1,000 magnification. Between 200 and 400
cells were counted and sized per sample. Cells were assighed
to one of four size classes based on cell diameter. To cal-
culate cell volumes, dimensions of size classes dominated
by naked flagellates were multiplied by a factor of 1.1 to
compensate for shrinkage from fixation (Choi and Stoecker
1989). Cell volume (um?3) was converted to cell carbon (pg)
using a factor of 0.13 pg um=3, for classes that were dom-
inated by thecate dinoflagellates, and 0.11 pg um-2 for all
other flagellates (Mullin et al. 1966). Carbon biomass of the
different groups was calculated from the cell density of each
group and the carbon per cell content (Strathmann 1967).

Determination of diatom biomass—Samples were fixed
with formaldehyde buffered with hexamine (0.6% final con-
centration) and enumerated using an inverted light micro-
scope as described above for ciliates. For biomass estima-
tions, diatoms were assigned either to one of three
dominating species (Skeletonema costatum (Greville) Cleve,
Dactyliosolen fragilissimus (Bergon) Hasle comb. nov., or
Chaetoceros curvisetus Cleve) or to an ‘‘other diatoms”
group. One of the dominant species, S costatum, displayed
varying cell dimensions, and individual cells were assigned
to three subgroups according to their cell size (small, me-
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dium, large). At least 100 cells of each group or subgroup
were enumerated, and the dimensions of at least 20 cells
were measured. The vacuole volume was subtracted from
the cell volume (Hillebrand et al. 1999), assuming a plasma
layer thickness of 1 um (Strathmann 1967), and the remain-
ing volume (um?3) was converted to carbon content (pg) us-
ing a factor of 0.11 pg um=3 (Mullin et a. 1966). Carbon
biomass was calculated as described above.

Determination of pigmented flagellate and picocyanobac-
teria biomass—Samples were fixed with glutaraldehyde (2%
final concentration) and subsequently filtered onto black
polycarbonate filters (pore size 0.2 um for enumeration of
picocyanobacteria and 0.8 um for enumeration of pigmented
flagellates, Porter and Feig 1980). The filters were frozen on
the sampling day, stored at —30°C to preserve the chloro-
phyll autofluorescence (Porter and Feig 1980; Bloem et al.
1986; Sanders et al. 1989), and viewed within 6 months in
a Leica DM RB epifluorescence microscope with X600 or
X1,000 magnification. The organisms were assigned to 11
groups according to their size and taxonomic relationships
(Havskum and Hansen 1997). At least 100 cells of each
group in each sample were counted. Cell volume was cal-
culated from the average cell dimensions of 100 cellsin each
group. The dimensions of naked flagellates were multiplied
by afactor of 1.1 to compensate for shrinkage from fixation
(Choi and Stoecker 1989). Cell volume (um?) was converted
to cell carbon (pg) using the conversion factors of 0.22 pg
C wm=3 for picocyanobacteria (Sgndergaard et al. 1991),
0.13 pg wm=2 for thecate dinoflagellates, and 0.11 pg um—2
for all other flagellates (Mullin et a. 1966). Carbon biomass
was calculated as described above.

Determination of bacterial biomass—Samples were treat-
ed like those described for colorless flagellates, except the
filters used here had a pore size of 0.2 um. Heterotrophic
bacteria were differentiated into three groups. picobacteria
(<2 wm), colony-forming sausage-shaped bacteria (cell
length 2—4 um, colony diameter 20—60 wm), and filamen-
tous bacteria (length up to 200 um). At least 100 cells, col-
onies, or filaments of each group in each sample were count-
ed. Cell volume was calculated from the average cell
dimensions of 100 cells in each group. Cell volume was
converted to cell carbon biomass by the factor 0.35 pg C
pum-—2 (Bjgrnsen 1986).

Turnover time for glucose (T;)—T was measured in 20-
ml samples incubated with **C-glucose. *C-CO,, and partic-
ulate “C > 0.2 um were collected according to a procedure
modified after Hobbie and Crawford (1969). After incuba-
tion, the sample was split in two. Particulate uptake was
measured on 10-ml samples filtered on 0.2-um cellulose ni-
trate filters, and *CO, was absorbed on 25-mm Whatman
GF/F filters with 250 ul phenetylamine fixed inside the cap
of 20-ml polyethylene scintillation vials containing the re-
maining 10 ml. T was calculated as the inverse of the frac-
tion of added isotope consumed per hour.

DOC—DOC was measured using high-temperature cata-
lytic oxidation (Sugimura and Suzuki 1988). DOC samples

were filtered through 0.2-um filters (Gelman Supor) using
disposable syringes (Terumo) connected to filter holders
(Millipore) or by use of polycarbonate filtration units (Nal-
gene). Filtered water (7.5 ml) was transferred to polypro-
pylene test tubes (Falcon, 15 ml) and immediately acidified
with 100 ul of 1.2 umol Lt HCl and kept at +4°C until
analysis. All materials in contact with the samples, including
the filters and filtration units, were carefully acid-rinsed with
1 pwmol L-* HCI and washed with ultrapure water (Millipore
Milli-Q) before use. DOC was measured with a high-tem-
perature carbon analyzer (Shimadzu TOC 5000) using a
four-point calibration curve with potassium biphtalate stan-
dard. Standard solutions were run at each analysis to check
for instrumental shifts. Blanks were tested before each anal-
ysis by injection of ultrapure water. The total blank (Milli-
Q water + system blank) was in al cases <10 umol C L.
Samples were not corrected for this blank. Triplicate injec-
tions showed standard deviations of 0—2%. At least two in-
dividually filtered samples were analyzed and showed stan-
dard deviations of 0-1% from the mean value of triplicate
injections.

Satistical analyses—For bacterial and primary produc-
tion, values were integrated over time for each mesocosm
and then regression analyses were used to compare the no-
Si set and the Si set. For the regression analyses, background
levels of 8.5 mmol glucose m—2 were assumed, according to
reported average levels of glucose in surface seawater
(Skoog et al. 1999).

We compared the biomass parameters within and between
the no-Si set, the Si set, and the K set using analysis of
covariance (ANCOVA) with sampling times as a covariate.
Each treatment set was first tested for differences within.
When no significant differences were recorded within a set,
the mesocosms were used as replicates for the given biomass
parameter, and the sets were compared using ANCOVA.

Among the various biomass parameters, there were dif-
ferences within the sets for biomass of bacteria >2 um and
for biomass of the remaining algae (see below), thus pre-
venting grouping into the major sets. For these parameters,
as well as for the incomplete data set of ciliate biomass,
groupings were made in the following way: (1) C; and C,,,
(2) C,;S and C,Si, and (3) K, and K, Although the controls
were true replicates, C; and C,,, and C,Si and C,,Si also
were considered to be replicates, respectively, because the
pairs were treated identically except for glucose addition and
DOC accumulated in mesocosms with both 3X and 10X
10.6 mmol m~2 glucose addition (see below). In the case of
turnover time of glucose, the time series were split into two
halves (i.e., before and after Si depletion in the no-Si set),
and mesocosm pairs C, and C,Si, C, and C,Si, C; and C,Si,
and C,, and C,,Si were anadyzed separately. All statistical
analyses were done with the software package Systat.

Results

Nutrient concentrations—Initial silicate concentrations
were between 4 and 6 mmol m=2 in all mesocosms (Fig. 1).
In the no-Si and the Si sets, silicate concentrations de-
creased, reaching between 1.7 and 3 mmol m=2 on Day 3.
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Fig. 1. Silicate concentration in the two nutrient-enriched mesocosm sets and in the controls.
Upper panel, no-Si set without silicate enrichment and increasing carbon addition; middie panel, Si
set with silicate enrichment and increasing carbon addition; lower panel, K set controls.

Thereafter, silicate concentrations fell below detection
(<0.71 mmol m=3) in the no-Si set (Fig. 1). In the Si set,
concentrations remained above detection, ranging between
0.8 and 6.6 mmol m~3 (Fig. 1). In the controls (K, K,, and
KC,,) silicate stayed between 2.8 and 4.7 mmol m~3, where-
as in the Si-amended control (KSi), silicate accumulated,
reaching concentrations between 10 and 11 mmol m-2 (Fig.
1).

PO,-P and NO,-N were undetectable (<0.16 mmol m—3
and <0.36 mmol m~3 respectively) in al samples from all
mesocosms (data not shown). NO,-N (including NO,-N) was
generaly below detection (<0.36 mmol m~3), except in the
no-Si and Si sets, which on Days 1 and 2 had concentrations
ranging between 1.25 and 2.37 mmol m~2 (data not shown).
NH,-N was below detection (<0.36 mmol m~3) or just above
(0.36-0.58 mmol m=3) in all samples (data not shown).

Bacterial production—Addition of glucose aone (KC,)
increased bacteria production 3 d after the first addition
from 22 to 44 mg C m~2 d~*, about two times the level of
the controls without carbon addition (K,, K,, and KSi). The
bacterial production in mesocosm KC,, then remained about
two times as high as in the controls without carbon addition
until the end of the study period, Day 10 (Fig. 2).

In mesocosms given mineral nutrients but no carbon (me-
socosms C, and C,Si), bacterial production increased 3 d
after the first addition to about two times the level of the
controls K, and K,. Subsequently, bacterial production con-
tinued to increase, reaching 150—250 mg C m—23 d-* (about

eight times the level of the controls K, and K,) toward the
end of the study period (Fig. 2).

Addition of both mineral nutrients and carbon (meso-
cosms C,, C,, C,,, and C,Si, C,Si, C,,Si) yielded increases
in bacterial production after a lag phase of 1 d to between
140 and 390 mg C m~3 d-* (about 8-23X the level of the
controls K, and K,) on Day 2. On Day 3, bacterial produc-
tion continued to increase in all mesocosms enriched with
both mineral nutrients and carbon. Subsequently, bacterial
production decreased to the level of Day 2 and remained at
that level in these mesocosms until the end of the study
period, except for mesocosms C, and C,,, where a second
and even higher peak was observed toward the end of the
study period reaching between 740 and 840 mg C m=2 d-*
(Fig. 2). Standard deviation between internal replicates never
exceeded 5% (data not shown).

Integrated bacterial production increased significantly
with increasing glucose enrichment both with and without
Si enrichment (p < 0.01 in both cases). The increase was,
however, significantly lower in the Si set than in the no-Si
set (p < 0.05) (Fig. 3).

Primary production—Initially 70—-120 mg C m=3 d-1, pri-
mary production increased in al mesocosms during the first
day between 20 and 80% (Fig. 2). Although it subsequently
decreased or leveled off in the K set, it continued to increase
in the no-Si set and the Si set until Day 5, reaching values
between 590 and 1,200 mg C m=3 d-* (Fig. 2). Thereafter,
primary production leveled off in mesocosm C, (Fig. 2). It
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Fig. 2. Primary production (dotted line with open squares) and bacterial production (solid line
with filled triangles) in the two nutrient-enriched mesocosm sets and in the controls. Upper panel,
no-Si set without silicate enrichment and increasing carbon addition; middle panel, Si set with
silicate enrichment and increasing carbon addition; lower panel, K set controls.

declined to 170 mg C m~2 d-* in mesocosm C,, to 100 mg
C m=3d*in mesocosm C,, and to 54 mg C m3 d'in
mesocosm C,, (Fig. 2). In contrast, in the Si set, primary
production continued to increase after Day 5, reaching val-
ues between 1,900 and 2,300 mg C m-2 d* (Fig. 2). Stan-
dard deviation between internal replicates never exceeded
5% (data not shown).

In the Si set, the integrated primary production was sig-
nificantly higher than in the no-Si set (p < 0.01) (Fig. 4).
Although there was a trend for decreasing integrated primary
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Integrated bacterial production

50 x 10° | | | | | |
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Carbon addition (x 10.6 mmol glucose m'3)

Fig. 3. Logarithmic regression of bacterial production integrat-
ed over time. No-Si set, solid line; Si set, broken line.

production with increasing carbon addition (Fig. 4), it was
not statistically different for either the Si set (p = 0.169) or
the no-Si set (p = 0.061).

Biomass of mesozooplankton, ciliates, and colorless fla-
gellates—Mesozooplankton biomass increased significantly
over time in all mesocosms (p < 0.01), including the con-
trols, from an initial average of 78 mg C m~2 to, on average,
230 mg C m—2 at the end of the period. No significant dif-
ference within (p = 0.359) and between (p = 0.370) the

Fig. 4. Logarithmic regression of primary production integrated
over time. No-Si set, solid line; Si set, broken line.
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Fig. 5. Mesozooplankton biomass. Average from different treat-
ments with standard deviation. Broken line with triangles, no-Si set
(Co, C,, C,, C,p); dotted line with circles, Si set (C,Si, C,Si, C,Si,
C,Si); solid line with sguares, K set (K, K,, KC,,, KSi).

three sets (i.e., the no-Si set, the Si set, and the K set) were
observed (Fig. 5). The largest size classes were composed
of neritic copepods that were considerably smaller than oce-
anic copepods (data not shown).

Ciliate biomass peaked in the middle of the study period
in al mesocosms. Maximum values were between 27 and
76 mg C m=2 in the mineral nutrient—enriched mesocosms
and between 15 and 21 mg C m=2 in the controls (K, K,,

KC,, Fig. 6). Initial and final biomasses were similar, be-
tween 0.4 and 13 mg C m=2 in all mesocosms (Fig. 6). Be-
cause the ciliate data set was incomplete, the controls K, and
K, were compared with C; and C,,, and C,Si and C,,Si. No
significant difference in ciliate biomass between the controls
and the nutrient-enriched mesocosms with and without sili-
cate addition was found (p = 0.243).

The initial biomass of the <10-um colorless flagellates
decreased in all mesocosms during the first days from above
to below 50 mg C m=23 (Fig. 6). Subsequently, their biomass
tended to increase again at the end of the study period in
the no-Si set and the Si set, but not in the K set (Fig. 6).
Although the biomass of colorless flagellates <10 um was
similar in the no-Si and Si sets (average 53.4 and 55.9 mg
C m~3, respectively), it was significantly lower (p < 0.01)
in the K set (average 34.8 mg C m~3).

The biomass of colorless dinoflagellates and other color-
less flagellates >10 um increased in all mesocosms (Fig. 6).
In the no-Si and S sets, the biomass increased from <20
mg C m~— to between 80 and 130 mg C m~2 without a
significant difference between them (average 58.8 and 51.2
mg C m~3, respectively). In contrast, in the K set, the bio-
mass of colorless flagellates >10 um remained significantly
lower (average 189 mg C m=3, p < 0.01) and never ex-
ceeded 50 mg C m~3 (Fig. 6).

The colorless flagellates <10 um (Telonema, Leucocryp-

Fig. 6. Biomass of phagotrophic protists in the two nutrient-enriched mesocosm sets and in the
controls. Upper panel, no-Si set without silicate enrichment and increasing carbon addition; middie
panel, Si set with silicate enrichment and increasing carbon addition; lower panel, K set controls.

Ciliate biomass not determined in KSi.
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Fig. 7. Alga and bacterial biomass in the two nutrient-enriched mesocosm sets and in the
controls. Upper panel, no-Si set without silicate enrichment and increasing carbon addition; middle
panel, Si set with silicate enrichment and increasing carbon addition; lower panel, K set controls.

tos, choanoflagellates, and others) were feeding mainly on
picoplankton, whereas the colorless flagellates >10 um (di-
noflagellates and Ebria sp.) were feeding on larger organ-
isms (H. Havskum unpubl. data from uptake experiments
using fluorescently labeled prey).

Algal and bacterial biomass—Initially, the bacterial bio-
mass (between 78 and 110 mg C m~3) was approximately
three times higher than the algal biomass (between 24 and
40 mg C m~3) in all mesocosms (Fig. 7). Bacteria >2 um
(filamentous and colony-forming bacteria) accounted for
<2.3% of the bacterial biomass (Fig. 7). Diatoms accounted
for between 14 and 40% of the algal biomass (Fig. 7). In
the K set, the bacterial biomass stayed between 76 and 150
mg C m~3 and the algal biomass between 24 and 46 mg C
m~-2 throughout the study period (Fig. 7). In contrast, pro-
found changes occurred in the no-Si and Si sets.

Until Day 4, algal biomass increased in the two sets to
between 130 and 280 mg C m—2 (Fig. 7). Diatoms increased
to between 57 and 77% of the algal biomass. From Day 4
on, silicate became depleted in the no-Si set (Fig. 1). Algal
biomass leveled off in C, and decreased to <40 mg C m—3
in the mesocosms C,, C,;, and C,, (Fig. 7). Very different
trends were evident in the Si set. Algal biomass continued
to increase, reaching between 1,500 and 2,000 mg C m—3

with diatoms accounting for between 98 and 99% of agal
biomass (Fig. 7).

Diatom biomass was dominated by S costatum, D. fra-
gilissimus, and C. curvisetus, forming chains up to 1 mm in
length (data not shown). Diatom biomass was significantly
higher (p < 0.01) in the Si set (548 mg C m~3) compared
to the no-Si set (68.9 mg C m~3) and the K set (5.4 mg C
m-3).

The remaining algae were picocyanobacteria, pigmented
flagellates <10 um, and the mainly photoautotrophic ciliate
M. rubrum (Fig. 7). The biomass of the remaining algae was
not significantly different within the Si set, but within the
no-Si set, the biomass in C, (57.7 mg C m~3) was signifi-
cantly higher (p < 0.01) than in C,, C,, and C,, (average
32.3 mg C m~3). When the biomass of the remaining algae
of the controls (K, and K,) was compared with that of the
nutrient-enriched mesocosms with and without silicate ad-
dition (C; and C,,, and C,Si and C,,Si), no significant dif-
ference was found (p = 0.763).

Bacterial biomass increased dramatically in mesocosms
with carbon but no silicate additions (C,, C,, and C,,), reach-
ing maximum values between 560 and 940 mg C m—2 (Fig.
7). In mesocosm C, and in the Si set, bacterial biomass in-
creased much less, reaching maximum values between 230
and 320 mg C m~3 (Fig. 7). Bacteria >2 um accounted for
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Fig. 8. Turnover time of glucose (T;) for the no-Si and Si sets (upper panel) and for the K set

(lower panel).

a large share of the bacterial biomass in the carbon- and
mineral nutrient—enriched mesocosms without silicate en-
richment (i.e., 20% in mesocosm C,, 34% in mesocosm C,,
and 84% in mesocosm C,, at the end of the study period,
Fig. 7). Colony-forming bacteria (cell length = 3 um, cell
width = 1 uwm, and colony diameter = 20—60 wm) account-
ed for the major part of the >2-um bacteria; filamentous
bacteria (length up to 200 um) never exceeded 10% of the
biomass of >2-um bacteria (data not shown).

Because the biomass of bacteria >2 um showed interna
differences within the no-Si, the Si, and the K sets, these
mesocosms could not be grouped for statistical analyses of
this biomass parameter. In the mesocosms C, and C,,, the
biomass of bacteria >2 um (average 230 mg C m=3) was
significantly higher (p < 0.001) than in mesocosms C,Si and
C,,Si (average 56.0 mg C m=3), where the biomass in turn
was significantly higher (p < 0.001) than in mesocosms K,
and K, (average 1.67 mg C m=3) (Fig. 7).

The biomass of bacteria <2 um was not significantly dif-
ferent in the no-Si set (average 156 mg C m—3) and the Si
set (average 134 mg C m=3), but in the K set (average 114
mg C m~2), the biomass was significantly lower (p < 0.01)
(Fig. 7).

At the end of the experiment, the ratio of algal to bacterial
biomass differed considerably in the no-Si and Si sets. In
the absence of silicate additions, bacterial biomass compared
to alga biomass was ~1.3X larger in mesocosm C,, 5X
larger in mesocosm C,, 24X larger in mesocosm C,, and
35X larger in mesocosm C,,. In the Si set, algal biomass
dominated, representing between 7.5X and 12X the biomass
of bacteria (Fig. 7).

Turnover time for glucose—Low values of T, indicating
rapid turnover rates for glucose, would be expected in situ-
ations where the bacterial growth rate is carbon-limited and
glucose is therefore depleted, whereas long turnover times
would occur when bacterial growth rate is mineral nutrient
(e.g., N or P)-limited and the added glucose accumulates.
Results in mesocosm pairs that received identical treatment

until Si addition started (i.e.,, C, and C,Si, C, and C,Si, C,
and C,Si, and C,, and C,,Si, respectively), paraleled each
other closely up to Day 5 (Fig. 8, upper panel) without sig-
nificant differences. Thereafter, a consistent effect of Si was
observed with a split in each pair. In all pairs, glucose turn-
over times in the Si-replete mesocosms increased signifi-
cantly relative to their corresponding Si-depleted mesocosms
C, and C,Si (p < 0.0001), C, and C,Si (p < 0.01), C, and
C.,Si (p<0.01),and C,, and C,,;Si (p < 0.05). The observed
split was consistent with the hypothesized effect of silicate
availability on glucose utilization. The particular difference
observed from Day 2 with higher T in mesocosms without
added glucose (C, and C,Si) than in those receiving 1X Red-
field ratio in glucose-C (C, and C,S)) is interpreted by us as
indicating a C-limited bacterial growth rate in the initial wa-
ter and throughout the experiment in C, and C,Si. Addition
of glucose thus presumably increased uptake rate while con-
centration remained low, resulting in a reduced T (Fig. 8,
upper left). In the controls (K, K,, and KSi), T remained
constant, whereas it increased in KC,, after glucose addition
(Fig. 8, lower panel).

DOC—DOC accumulated only in the enclosures with 3%
and 10X glucose enrichment (C,, C,,, C,Si, C,,Si, and KC,,,
Fig. 9). At the end of the study period, DOC concentration
decreased to the initial level in C,, but not in C,Si (Fig. 9).
In C,,, the DOC concentration leveled off toward the end,
wheresas it continued to increase in C,,Si (Fig. 9).

Discussion

We found that the phytoplankton did not bloom in all
mesocosms that were nutrient (N and P)-enriched (Fig. 7).
If Si became depleted and C was added, the large diatoms
became Si-limited, and the smaller phytoplankton groups
could not compete with mineral nutrient—imited bacteria. In
these mesocosms, bacterial biomass was dominated by cells
3 um in length that formed colonies 20—60 wm in diameter.
Because of their size, these bacteria were not suitable as prey
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Fig. 9. DOC concentration in the two nutrient-enriched mesocosm sets and in the controls.
Upper panel, no-Si set without silicate enrichment and increasing carbon addition; middie panel, Si
set with silicate enrichment and increasing carbon addition; lower panel, K set controls.

for fast-growing bacterivorous nanoflagellates. Bacterial pro-
duction exceeded primary production considerably, and al-
gae were replaced by bacteria (Figs. 2, 7).

Similarly, integrated values of bacterial and primary pro-
duction showed opposite patterns in the two mesocosm sets
with increasing glucose addition: Integrated bacterial pro-
duction increased with increasing glucose addition but was
significantly higher in the no-Si set than in the Si set (Fig.
3). In contrast, integrated primary production was signifi-
cantly lower in the no-Si set than in the Si set (Fig. 4).

Considering the two sets of Si and no-Si mesocosms, it is
striking that the biomass of bacteria <2 um, colorless fla-
gellates <10 um, colorless dinoflagellates and other color-
less flagellates >10 pum, and mesozooplankton showed no
significant differences (Figs. 5-7). In addition, the biomass
of algae other than diatoms and the biomass of ciliates were
not significantly different between mesocosms with and
without silicate enrichment and additional enrichment with
phytoplankton nutrients and high amounts of glucose (C, and
C,, and C,S and C,,Si) (Figs. 6, 7). The main differences
between C; and C,,, and C,S and C,;Si at the end of the
study period were (1) the large biomass of bacteria >2 um
that was significantly higher in C, and C,, than in C,Si and
C,,Si and (2) the large diatom biomass in the Si-enriched
enclosures not found in the enclosures without Si enrichment
(Fig. 7). Consequently, a substantial part of the added phy-
toplankton nutrients were buffered in either the grazing-re-
sistant bacteria—that is, bacterial cells >2 um—or in the
grazing-resistant phytoplankton cells as diatoms. In the first
case, bacterial production exceeded primary production; in

the second case, primary production exceeded bacterial pro-
duction (Fig. 2).

Biomass accumulations fit with the pattern in turnover
time for glucose, which was significantly higher in the Si set
than in the corresponding mesocosms of the no-Si set when
silicate became depleted in the no-Si set (Figs. 1, 7, 8, upper
panel). The trend found is consistent with the idea that bac-
terial consumption of glucose was inhibited because mineral
nutrients, needed for bacterial growth, were channeled into
grazing-resistant diatoms.

The pattern with regard to the turnover time of glucose
(Tg), with rapid glucose turnover times in mesocosms C,
and C,Si after 3 d (Fig. 8, upper panel), indicates that the
system by then was able to consume the 1X Redfield ad-
dition of glucose-C, and bacteria thus returned to C-limited
growth in these mesocosms. The subsequent increase of Tg,
indicating a slower uptake rate, in C,Si suggests that bacteria
in C,Si became mineral nutrient—imited following the onset
of Si addition. Following a similar interpretation, in C,, the
rate of glucose consumption had increased sufficiently by
Day 9 to consume the added glucose (Figs. 8, 9), and bac-
teria therefore shifted back to C-limited growth in C, toward
the end of the experimental period. As expected in this sce-
nario, the increase in bacterial production in C, stopped from
Day 8 onward (Fig. 2).

In the mathematical representation analyzed by Thingstad
et al. (1997), production by mineral nutrient—-{imited bacteria
increases rapidly once the added nutrients are transferred via
phytoplankton and heterotrophic nanoflagellates into micro-
zooplankton. Within this framework of explanation, enough
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of the added minera nutrients had been transferred up the
food chain to microzooplankton to deplete the added glucose
around Day 3 in C, and around Days 8-9 in C,, whereas the
system never was able to consume all the added glucose in
C,,- The lack of a similar increase of bacterial production in
C.,Si and C,;S (Fig. 2) might then be interpreted in terms
of a food web in which nutrients remain sequestered in di-
atoms because they are not grazed by microzooplankton—a
food web in which competition for mineral nutrients there-
fore remained severe.

Our results suggest that bacterial DOC consumption might
depend not only on the degradability of DOC, but also on
the structure of the microbial food web. Accumulation of
DOC in the photic zone can thus be the result of a strong
competition for mineral nutrients because of nutrient se-
questration in grazing-resistant colony-forming algae. In the
present investigation, we did not find colony-forming algae
other than diatoms that competed successfully with bacteria.
The characteristics of colony-forming diatoms that aid their
success are cell extensions, like setae and processes that in-
crease their effective size with regard to grazers, and vacu-
oles, which yield arelatively large cell surface compared to
their plasmavolume; a surface to plasma volume ratio which
is considerably larger than that of other algae of similar size.
It should also be noted that diatoms have considerably higher
in situ growth rates than any other phytoplankton groups
(Furnas 1990; Latasa et al. 1997). We believe our data show
that because diatoms need silicate for growth, availability of
silicate will not only influence competition within the phy-
toplankton compartment, but also competition between phy-
toplankton and bacterioplankton.

We found that bacteria >2 um that form colonies 20—60
um in diameter or that filaments up to 200 um in length can
compete successfully with algae <10 wm, but not with
chain-forming diatoms. The longest diatom chains were up
to 1 mm in length and consequently not available for the
small neritic copepods present in the mesocosms of this in-
vestigation, whereas the colony-forming bacteria were suit-
able in size. Mesozooplankton feeding on bacterial aggre-
gates has been reported by Lawrence et al. (1993). However,
the lack of response in the mesozooplankton compartment
(mesozooplankton biomass increased similarly in meso-
cosms with and without mineral nutrient enrichment, Fig. 5)
could be explained by the mesozooplankton generation time
that exceeded the length of the experiment. Alternatively,
diatoms, which are known to have higher growth potentials
than other algae (Furnas 1990), could aso have higher
growth potentials than colony-forming bacteria. Bacteria >2
pmm with complex growth forms have considerably lower
growth potentials than bacteria <2 wm and only seem to be
favored when bacteria <2 um are strongly controlled by
grazers (Caron et al. 1988; Jurgens and Gude 1994; Simek
et a. 2001).

Perhaps our most significant finding was experimental
confirmation of the idea that the ability of heterotrophic bac-
teria to consume the added source of labile DOC (glucose)
can be reduced when silicate is available to diatoms. A more
detailed understanding of the underlying mechanisms appar-
ently requires a description of how mineral nutrient com-
petition (e.g., for N, B or Fe) and predation from different

classes of predators work in concert. Nonetheless, our results
support the theoretical suggestion (Thingstad and Rassoul-
zadegan 1999) that major aspects of these interactions can
be understood by simply adding diatoms and mesozooplank-
ton to the idealized food webs analyzed previously (Things-
tad et al. 1997, 1999a,b). Interestingly, this gives a theoret-
ical concept where silicate and labile DOC play opposing
roles by potentially restricting the flow of mineral nutrients
through the ““microbial”” and *classical’’ sides, respectively,
of the photic zone food web. Diatom—bacteria interactions
might be more intricate and have a more important role in
controlling the ocean’s C-cycle than appreciated so far.
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