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ABSTRACT: We studied the effect of nutrient supply rate (resources) and concentrations of copepods
(top predator) on picocyanbacteria (PCY) in experimental ecosystems (mesocosms) using gradients of
both nutrients and predators. The biomass and production of PCY, and the biomass and predation
rates of their predators were determined by epifluorescence microscopy, X-ray microanalysis
(XRMA), the 14C method, and cell counting by microscopy. PCY biomass did not change significantly
with increased supply of nutrients, but it was positively correlated with copepod biomass. A lack of
variation in PCY growth rates, and nutrient saturation of cells as suggested by nutrient analysis and
XRMA measurements, indicate that PCY grew close to their maximum growth rate during the experiment. Appendicularia and ciliates were the main predators on PCY when copepod biomass was normal or low, whereas heterotrophic nanoflagellates were significant predators on PCY when copepod
biomass was high. Based on a negative effect of copepod biomass on the biomass of PCY predators,
we conclude that predation had a stronger effect on the development of PCY than did nutrient supply rate. The only effect of nutrient supply was negative and indirect, implemented through stimulation of predatory ciliates. Copepods had a profound effect by structuring the food web, and thus
directly and indirectly regulating the abundances of predators of PCY (top-down control). Therefore,
copepods indirectly controlled the abundance of PCY through trophic cascades.
KEY WORDS: Trophic cascade · Resource limitation · Nutrients · Ciliates · Appendicularia ·
Top-down · Bottom-up
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Picocyanobacteria (PCY) are ubiquitous prokaryotic
autotrophic organisms that often represent a major
fraction of the phytoplankton biomass (Johnson &
Sieburth 1979, Waterbury et al. 1979) and are major
contributors to primary production in both marine and
freshwater communities (Stockner 1988, Olsen et al.
2006). Extensive research efforts have been made to

study PCY biomass and their seasonal variations in
marine and freshwater systems. However, few studies
report the production and fate of PCY in their natural
environments, including their role in the microbial
loop and the food web in general. Because of their high
surface-to-volume ratio, PCY are assumed to be efficient in nutrient uptake at low nutrient concentrations.
It has been suggested that nutrient concentrations in
natural waters are in excess of what is required by PCY
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to maintain maximum growth rates (Raven 1986,
Moutin et al. 2002).
Fig. 1 illustrates factors believed to regulate the specific growth (μ) and mortality rates (m) of PCY. The
specific changes in a PCY population can be described
by:
dN 1
= r =μ−m
dt N

(1)

dN

where dt is the change in biomass (N ) over time (t),
and r is the specific net rate of change (all rates in d–1).
Based on current knowledge, the overall mortality rate
(m) of PCY can be split into 3 components: predation
(P), viral lysis (V ) and sedimentation (S). The main
predators on PCY in marine systems are assumed to be
heterotrophic nanoflagellates (HNF) (PH), ciliates (PC),
and appendicularia (PA).
HNF have generally been assumed to be the major
consumers of autotrophic picoplankton (Weisse 1993),
and studies have demonstrated that PCY, in addition to
heterotrophic bacteria, make up the majority of the
diet of HNF (Dolan & 2imek 1999). Studies from both
freshwater and marine environments suggest that
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small ciliates are also important predators of PCY
(2imek et al. 1996, Christaki et al. 1999). A compilation
carried out by Hansen et al. (1994) showed that the
optimum size ratio (based on equivalent spherical
diameter, ESD) between ciliates and their prey was
8:1, and with 50% efficiencies at ratios of 6:1 and 13:1.
PCY are typically 1 µm in size; therefore, only smaller
ciliates fit this optimal predator-prey size ratio. Also,
appendicularia have been shown to feed on heterotrophic bacteria and PCY (Nakamura et al. 1997), despite
the fact that appendicularia are several orders of magnitude larger in size. The food-concentrating filter of
appendicularia is capable of retaining both pico- and
nanoplankton (Flood 1978). Sedimentation rates (S) of
single cells of PCY can be assumed to be negligible
(S ≈ 0) because the cells are so small (Weisse 1993).
However, picoplankton can associate on organic
aggregates and sink below the euphotic zone (Waite et
al. 2000). Studies have suggested that viral infection
may be an important factor of the mortality of PCY
(Ortmann et al. 2002). Recent studies suggested that
lytic viral infections removed approximately 27% of
the production of heterotrophic bacteria in seawater,
but as little as 1% of PCY production (Ortmann et al.
2002). Lu et al. (2001) estimated m in the range of 5 to
14% as a result of viral infection of Synechococcus spp.
The main goal of this study was to examine how the
structure and function of a planktonic food web were
affected by variable nutrient supply rates and concentrations of copepods in experimental ecosystems
(Fig. 1). Previous research has shown how these 2
experimental variables determine population dynamics of the appendicularian Oikopleura dioica (Stibor
et al. 2004a) and the interaction between phytoplankton and ciliates (Vadstein et al. 2004). The present
study focuses on the production and fate of PCY. Nutrient addition may directly affect growth and biomass
of PCY, whereas a potential effect of variable copepod
concentration will be indirect through trophic cascades. We aimed to determine how these 2 factors in
concert affect the limiting factors, biomass, growth
and mortality of PCY. We constructed 6 mesocosms
that included 2 levels of nutrient addition and 3 levels
of copepod concentration, and ran the experiment for
10 d.

DIC

MATERIALS AND METHODS

Nutrients
Fig. 1. Food web structure with main focus on carbon sources
and sinks of picocyanobacteria (PCY) biomass. Dashed lines
enclose factors that have not been studied. μc: specific growth
rate of PCY; V = mortality due to viral infection; S = mortality
due to sedimentation; PX = mortality due to predation by
ciliates (C), appendicularia (A) and heterotrophic nanoflagellates (H)

Experimental design and general characteristics.
Details of mesocosm operation and nutrient addition
regime were presented by Vadstein et al. (2004). The
mesocosm experiment consisted of 6 bags, with nutrient supply rate (N, P, Si) as one experimental factor
and copepod biomass as the other. The experiment
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was carried out in Hopavågen, Norway (63° 36’ N,
9° 33’ E) in mesocosms of ca. 4 m3. Copepods were
maintained at 3 concentration levels: low (removal of
copepods), ambient (in situ concentration), and enhanced (addition of copepods). To each copepod concentration, 2 different nutrient addition regimes were
applied: normal (0.5 mg P m– 3 d–1) and high (2.5 mg P
m– 3 d–1 ). The normal dose was comparable to the natural nutrient input rate (authors’ unpubl. data). Inorganic nutrients were added in atomic ratios of: 16:16:1
for Si:N:P, and 1:1 for nitrate and ammonia. Nutrients
were added daily. The 6 mesocosms were denoted: LN
(low copepod concentration, normal dose of nutrients),
AN (ambient copepod concentration, normal dose of
nutrients), EN (enhanced copepod concentration, normal dose of nutrients), LH (low copepod concentration,
high dose of nutrients), AH (ambient copepod concentration, high dose of nutrients), and EH (enhanced
copepod concentration, high dose of nutrients).
Integrated water samples from 0 to 6 m were collected daily at 07:00 to 08:00 h from each mesocosm
using a 2 m long Ramberg tube sampler, and transferred to 25 l low-transparency bottles that were used
for sub-sampling. Samples (100 ml) for counts of PCY
and HNF were fixed with EDTA solution and glutaraldehyde (final conc. 0.45 mM and 1%, respectively), whereas samples for determination of the biomass of ciliates were fixed with acid Lugols solution
(1% final conc.). Average temperature and salinity
throughout the experiment were 12°C and 30 PSU,
respectively. The intensity of photosynthetically active
radiation (PAR) above the water surface was measured
with a LI-COR quantum sensor (400 to 700 nm). PAR
was averaged every 10 min and used for the calculation of daily primary production.
Analytical methods. Samples for analysis of dissolved inorganic nutrients were filtered through a
combusted and acid-washed 47 mm Whatman GF/F
glass fibre filter. The dissolved inorganic nutrients
were analysed according to Grasshoff et al. (1999).
Samples for the analysis of chl a were collected on
Whatman GF/F glass fibre filters, extracted in
methanol, and quantified in a Turner design fluorometer. Chl a < 2 µm was prepared by filtration by
gravity through a 2 µm polycarbonate filter before
filtration through GF/F filters. All analyses were
conducted in triplicate.
To count and size PCY and HNF, fixed samples were
filtered onto black polycarbonate filters (Millipore,
25 mm diameter, 0.2 µm pore size). A Zeiss Axioplan 2
epifluorescence microscope was used for enumeration
and sizing. The epifluorescence microscope was connected to a Power Macintosh computer, and an image
processing program (IP Lab) was used for enumeration
and sizing of PCY and HNF. When counting PCY, a
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green waveband excitation filter (520 to 560 nm) was
used and a minimum of 4 pictures and 200 cells in total
were analysed per sample. Frequency of dividing PCY
cells (FDC) was counted separately, and a large number of fields were screened to count > 30 dividing cells.
Samples for enumeration of HNF were stained with
DAPI (Verity & Sieracki 1993). HNF were counted by
switching between UV and blue excitation to differentiate between autotrophic flagellates and HNF based
on autofluorescence. Carbon biomass was calculated
using a conversion factor of 0.21 (pg C µm– 3) for PCY
(Booth 1993) and 0.22 (pg C µm– 3) for HNF (Børsheim
& Bratbak 1987). Estimation of μ from FDC was conducted according to Campbell & Carpenter (1986). As
the generation times (=ln 2/μ) were long compared to
day-lengths, no circadian rhythms should be expected,
and μ was estimated based on 1 sample per day. Mesozooplankton biomass was estimated according to Vadstein et al. (2004).
Primary production was measured using the 14C
technique. For each of the 6 mesocosms, radioactive
bicarbonate (H14CO3–) was added to 2 light and 1 dark
bottle filled with water from the integrated samples.
The bottles were incubated outside the mesocosms at
2 m depth for 4 h. After termination of the incubation,
water samples were filtered successively through 20, 2,
0.8 and 0.2 µm filters. Radioactivity on the filters was
measured in a scintillation counter (Pacard Tri-Carb
1900). Carbon fixation was converted to daily rates
using a light factor: insolation of PAR per day divided
by insolation during the incubation period. The majority of PCY were found in the size fraction 0.8 to 2 µm,
as verified by direct counts of the 3 size fractions (104 ±
22% SE, n = 6). A comparison of primary production
based on 24 and 4 h incubations showed no significant
difference (slope: 0.82 ± 0.31 SE). For each mesocosm,
depth profiles of primary production were obtained
with the aim of comparing average primary production
of the water column from 0 to 6 m with primary production at 2 m depth. Average primary production was
17 ± 11% SE higher at 2 m than that from 0 to 6 m.
These comparative experiments revealed that daily
primary production could be estimated based on measurements made during 4 h as described above, and
that primary production at 2 m was representative of
the water column from 0 to 6 m. μ was calculated based
on primary production (PP) and biomass of PCY (B):
μ = ln[(PP + B)B –1]

(2)

The grids used to harvest PCY for X-ray microanalyses (XRMA) were prepared with a formvar solution
and stabilized by a light carbon coating (Heldal 1993).
Water samples were pre-fractionated by filtration
through an 8 µm polycarbonate filter before cells were
harvested directly onto grids by centrifugation (Heldal
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1993). Centrifugation tubes were filled with 15 ml of
water samples, and centrifuged at 3940 × g for 20 min
at 6°C. XRMA were carried out on a JEOL 100 CX
electron microscope equipped with a scanned image
display and a Tractor Z-MAX 30 energy dispersive
spectroscope, supported with a SI (Li) crystal detector
and a Norwar window for light-element detection. The
microscope was operated in scanning transmission
mode at a tilt angle of 38° and accelerating voltage of
80 kV (Norland et al. 1995). Elements reported here
are C, N, and P (all elements except hydrogen can be
detected when XRMA is executed with the transmission electron microscope [TEM] in scanning mode).
PCY cells were identified in the TEM based on shape
and size. Subsequently, XRMA data were processed
based on a criterion of volume, i.e. cells of volume
within the range 0.27 to 4.2 µm3 were considered to be
PCY. This corresponds to the size spectrum used for
chemical analysis and the primary production determination of PCY (0.8 to 2 µm), and is in agreement with
the size of the majority of cells measured in the epifluorescence microscope.
Calculations and statistical methods. Specific community predation rates (P) on PCY by HNF, ciliates,
and appendicularia were calculated according to
Eq. (3), which contains 3 parameters/variables: the
selection coefficient (SC), clearance rate (CR), and biomass of the predator (Bpred):
P = SC × CR × Bpred

(3)

Predation rates by HNF and appendicularia were
estimated using a maximum CR of 0.011 l (µg C d)–1
(Fenchel 1984) and 0.058 l (µg C d)–1 (H. Stibor unpubl.
data) and a SC of 1 and 0.95 (H. Stibor unpubl. data),
respectively. The predation rate of ciliates was estimated assuming a Type I functional response, using
variables SC and CR. SC was calculated from a sizeselectivity spectrum (Hansen et al. 1994) using a PCY
ESD of 1.05 µm, and calculated individually for 3 sizeclasses of ciliates for each sample. CR was determined
for each sample based on the availability of food (F; chl
a < 20 µm converted to carbon assuming a C:chl a ratio
of 64:1, authors’ unpubl. data) and assuming a maximum ingestion rate (Imax) of 3.8 d–1 (Gismervik et al.
1996). If ingestion rates (I) of ciliates were lower than
Imax, then CR was assumed to be equal to CRmax. If
the ingestion rate was at Imax, then CR was estimated
as Imax divided by the concentration of available food
for ciliates (F ). Independent calculation of ingestion for
the 3 size groups was chosen for the ciliates because
ciliate size distribution varied considerably during the
experiment (Vadstein et al. 2004).
In our experimental design, each nutrient addition
regime was run with 3 replicates and each copepod
concentration with 2 replicates. The factorial design

gave more robust conclusions than a design with only
1 experimental factor and traditional replication (Box
et al. 1978). The effect of the 2 experimental factors on
various variables was tested with 2-factor ANOVA.
When noted, sampling day was used as a covariate to
improve power in the analysis. In some cases, 1-way
ANOVA was performed, and when appropriate multiple comparison was conducted using the Bonferroni
procedure. Unless stated otherwise, p < 0.05 was considered significant. All statistical analyses were conducted using SYSTAT version 10.

RESULTS
Copepod concentration
The initial copepod concentration gradient spanned a
range of 14 to 74 µg C l–1. This range was within the
normal range of the system. Copepod concentration,
determined from weekly sampling during summer
(June to September) for the period 1996 to 2000, was
normally in the range of 10 to 115 µg C l–1, with yearly
summer averages of 30 to 70 µg C l–1 (I. Gismervik et al.
unpubl. data). The calanoid copepod community consisted of Temora longicornis, Centropages sp., Pseudocalanus elongatus and Acartia longiremis. More than
two-thirds of the biomass comprised the genera Temora
and Pseudocalanus, which were fairly equal in biomass. In mesocosms with ambient copepod concentrations, the densities of calanoid copepods averaged
16 ind. l–1. The cyclopoid copepod Oithona similis was
present at densities of < 5 ind. l–1, and non-crustacean
zooplankton (mainly bivalve veliger larvae and the
polychaete Tomopteris sp.) never exceeded 4 ind. l–1.

Dissolved nutrients
From Day 2, clear differences in concentrations of
dissolved inorganic nitrogen (DIN: NO3– + NH4+) and
phosphorus (DIP) were observed between the N- and
H-mesocosms, but initial copepod concentration had no
effect (Fig. 2). ANOVA, with time as covariate for DIN
and DIP, revealed p < 0.0001 and p > 0.27 for nutrient
addition and initial copepod concentration, respectively. DIN and DIP were stable and averaged 11 ± 1 µg
N l–1 and 1.9 ± 0.2 µg P l–1 in the N-mesocosms (comparable to the detection limit of DIP). In contrast, there
was a tendency for increasing DIN and DIP over time in
the H-mesocosms, with average concentrations of 38 ±
3 µg N l–1 and 5.8 ± 0.4 µg P l–1, respectively. The concentration of dissolved silicate (DSi) in the N-mesocosms showed a weak tendency of accumulation, and
increased by a factor of 5 throughout the experiment in
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the H-mesocosms. The rate of increase was 20 µg Si l–1
d–1, which corresponded to 56% of the daily dose.
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PCY cells were analysed by XRMA throughout the
experiment. As no consistent trends in elemental composition of cells were observed over time, only the
average values from the 5 sampling days are presented (Table 1). Average carbon content was in the
range of 52 to 115 fg C cell–1, with no tendencies with
respect to experimental variables (2-factor ANOVA p =
0.20 and p = 0.69 for copepod concentration and nutrient addition, respectively). The average P:C ratio for
each mesocosm varied from 13 to 16 µg P mg–1 C
(Table 1). The P:C ratio was slightly lower in the Amesocosms compared with other mesocosms (ANOVA
p = 0.025 and p = 0.75 for copepod concentration and
nutrient addition, respectively); a multiple comparison
test confirmed the P:C ratio in the A-mesocosms to be
significantly lower. The average N:C ratio varied from
83 to 102 µg N mg–1 C during the experiment. The N:C
ratio tended to be higher in the H-mesocosms (p = 0.12
and p = 0.045 for copepod concentration and nutrient
addition, respectively), but multiple comparison revealed no significant differences. The average values
of the N:P ratio varied from 7.6 to 14.4 µg N µg–1 P,
and a considerably higher cell-to-cell variation was
observed for this ratio (Table 1); no significant differences were observed (p = 0.24 and p = 0.49 for copepod
concentration and nutrient addition, respectively).
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Total chl a (reported by Vadstein et al. 2004) in the
N-mesocosms remained relatively constant throughout
Fig. 2. Time course of concentrations of dissolved (a) inthe experiment (1.5 to 3 µg chl a l–1), whereas that in the
organic nitrogen (DIN), (b) inorganic phosphorus (DIP) and
H-mesocosms showed a steady increase (9 to 12 µg chl a
(c) silicate (DSi). Mesocosm identity: initial copepod concenl–1 at Day 10). The concentration of copepods did not
tration, L = low, A = ambient, E = enriched; nutrient addition,
N = normal, H = high
have any influence on the total chl a concentration (2factor ANOVA p < 0.001 vs. p = 0.244 for
Table 1. Mean (± SE) C content, P:C, N:C, and N:P ratios of picocyanobacteria
nutrient addition and copepod concen(PCY) determined from X-ray-microanalysis. Mesocosm identity as in Fig. 2;
tration, respectively).
n = no. of analysed cells
Most measurements of chl a in the
< 2 µm size fraction were in the range of
Mesocosm
C
P:C
N:C
N:P
n
0.7 to 2.0 µg chl a l–1 (data not shown),
(fg cell–1) (µg P mg–1 C) (µg N mg–1 C) (µg N µg–1 P)
with averages in the range of 1.0 to
LN
101 ± 28
15 ± 1
87 ± 17
7.6 ± 1.5
32
1.6 µg chl a l–1 (Table 2). The only
AN
78 ± 12
13 ± 1
96 ± 6
10.8 ± 1.7
44
exception was the EH-mesocosm,
EN
57 ± 5
16 ± 1
83 ± 5
8.3 ± 1.1
59
where chl a concentrations were
LH
52 ± 4
15 ± 1
102 ± 7
11.3 ± 2.6
38
AH
71 ± 5
13 ± 1
96 ± 6
14.4 ± 2.7
61
slightly higher (1.8 to 2.7 µg chl a l–1).
EH
115 ± 8
16 ± 2
86 ± 3
9.8 ± 1.8
70
The concentration of chl a in the < 2 µm
Overall avg. 79 ± 4
15 ± 1
90 ± 3
8.9 ± 0.6
304
size fraction showed a significant posi-

Day
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Table 2. Mean (± SE) PCY biomass, chl a and primary production in the < 2 µm size fraction (based on 14C-method), specific
net rate of change (r), and specific growth rate (μ) of PCY; 2 estimates of μ based on frequency of dividing cells (μFDC) and a
combination of primary production and biomass (μPP; see ‘Materials and methods’). Mesocosm identity as in Fig. 2
Biomass
(µg C l–1)

LN
AN
EN
LH
AH
EH

12.0 ± 1.5
17.8 ± 1.4
17.0 ± 1.4
12.7 ± 1.6
17.3 ± 1.7
20.3 ± 1.2

Chl a < 2 µm
(µg l–1) (% of total)
1.04 ± 0.11
1.17 ± 0.08
1.39 ± 0.08
1.36 ± 0.14
1.58 ± 0.15
2.27 ± 0.18

r
(d–1)

μFDC
(d–1)

μPP
(d–1)

0.02 ± 0.19
0.02 ± 0.11
0.07 ± 0.10
–0.16 ± 0.10
–0.05 ± 0.12
–0.00 ± 0.10

0.40 ± 0.26
0.35 ± 0.14
0.32 ± 0.10
0.34 ± 0.07
0.30 ± 0.12
0.33 ± 0.19

0.44 ± 0.09
0.45 ± 0.09
0.52 ± 0.09
0.63 ± 0.14
0.67 ± 0.12
0.74 ± 0.09

Primary production < 2 µm
(µg C l–1 d–1) (% of total)

37 ± 4
38 ± 2
36 ± 2
20 ± 3
29 ± 4
31 ± 3

6.4 ± 1.2
8.5 ± 1.5
12.6 ± 2.7
11.7 ± 2.4
17.0 ± 4.6
28.6 ± 9.6

tive response to both the dose of nutrients added and
initial copepod concentration (ANOVA with Day as
covariate, p < 0.0001 for both). For all N-mesocosms
and the LH-mesocosm, there was a significant reduction in chl a in the < 2 µm size fraction over time (p <
0.02), whereas no trends were observed in the other Hmesocosms (p > 0.18). The picoplankton (< 2 µm) contributed a larger percentage to total chl a in the Nmesocosms than in the H-mesocosms (Table 2).

Biomass and population growth of picocyanobacteria
The cell numbers of PCY varied from 6.0 to 18 × 107
cells l–1 during the experiment, and showed trends
similar to those of carbon biomass (Fig. 3). PCY biomass decreased throughout the experiment to ~10 µg
C l–1 in the L-mesocosms (low copepod concentration).
In the other mesocosms, PCY biomass showed some
fluctuations, but remained relatively stable within the
range 15 to 25 µg C l–1. The average carbon biomass
in both the H- and N-mesocosms increased with an
increase in copepod concentration, but nutrient addition had no effect (ANOVA p = 0.0001 and p = 0.237,
respectively; Table 2). Multiple comparison via 1-way
ANOVA confirmed that PCY biomass was significantly
lower in L-mesocosms under both nutrient regimes.
The specific net rate of change of PCY (r, Eq. 1) was
not statistically different from zero in N-mesocosms
(Table 2). In H-mesocosms, r was negative, but again
values were not statistically different from zero except
in the case of the LH-mesocosm, which showed a significant decrease in PCY biomass.

Primary production and specific growth rate
The 14C-based autotrophic picoplankton production
in N-mesocosms was at a relatively constant level,
whereas production was clearly higher in H-mesocosms, and there was a tendency for an increase on
Day 10 (data not shown). The average autotrophic

23 ± 2
27 ± 2
32 ± 5
17 ± 3
22 ± 4
29 ± 5
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5
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5
0
0
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Fig. 3. Time course of carbon biomass of PCY. Mesocosm
identity as in Fig. 2

picoplankton production for the 10 d period ranged
from 6.4 to 12.6 and 11.7 to 28.6 µg C l–1 d–1 for N- and
H-mesocosms, respectively (Table 2), and the effect
of nutrient addition on primary production of picoplankton was statistically significant (p = 0.013). However, the response was considerably higher for phytoplankton in the > 2 µm size fraction. For both N- and
H-mesocoms, picoplankton production increased with
increasing initial copepod concentration, and this difference was marginally significant (p = 0.052). Picoplankton production constituted a larger part of total
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Specific growth rate (d–1)

primary production in N-mesocosms
LN
LH
1.5
(23 to 32%) than in H-mesocosms (17 to
FDC
29%; Table 2).
PP
PCY μ was calculated from primary
1.0
production and biomass measurements
(μPP), and the frequency of dividing
0.5
cells (FDC; μFDC) (Fig. 4). FDC values
were in the range of 2 to 8% during
0.0
the beginning of the experiment, but
AH
AN
stabilized around 4 to 5% in the sec1.5
ond half of the experiment (data not
shown). Mean μPP was always higher
1.0
than mean μFDC (Table 2), but the 2
estimates of μ tended to show a similar
0.5
trend over time (Fig. 4). Average μFDC
–1
ranged from 0.30 to 0.40 d , whereas
0.0
average μPP ranged from 0.44 to
0.74 d–1 (Table 2). The μPP was someEN
EH
1.5
what higher in H-mesocosms than in
N-mesocosms. The E-mesocosms had
1.0
higher μPP than did A-mesocosms.
However, as the day-to-day variation
was large, μPP did not differ signifi0.5
cantly among mesocosms, with the
exception of the EH-mesocosm. The
0.0
calculated μFDC values were neither
0
2
4
6
8
10 12 0
2
4
6
8
10 12
affected by nutrient supply rate nor
Day
by copepod concentration (p > 0.46;
Fig. 4. Specific growth rate (μ) of PCY estimated from frequency of dividing cells
Table 2). In addition to PCY, eukary(μFDC) and a combination of primary production and biomass (μPP). Data are
otic picoplankton also contributed to
means for each day and mesocosm. Mesocosm identity as in Fig. 2
the 14C-based primary production in
the 0.8 to 2 µm size fraction; thus, PCY
Table 3. Mean (± SE) carbon biomass (µg C l–1) of heteroactivity was overestimated to a variable extent. A
trophic
nanoflagellates (HNF), ciliates, and appendicularia
clear increase (not quantified) in eukaryotic
picoplankton was observed towards the end of the
Mesocosm
HNF
Ciliates
Appendicularia
experiment in several of the mesocosms.

Predators and predation
Average biomass of ciliates and appendicularia
exhibited an inverse relationship with initial copepod
concentration and a positive relationship with nutrient
addition (Table 3). The average biomass of HNF
showed an opposite trend: it increased slightly with
increasing initial copepod concentration, but did not
respond to enhanced nutrient supply. Statistical analysis revealed significant differences only for ciliates (p =
0.006 and 0.001 for nutrients and initial copepod concentration, respectively). The effects on appendicularia were statistically significant over a longer time
scale (Stibor et al. 2004a). Vadstein et al. (2004) and
Stibor et al. (2004a) discussed in more detail (respectively) ciliate and appendicularia development during
the experiment.

LN
AN
EN
LH
AH
EH

4.3 ± 1.8
6.5 ± 2.5
7.7 ± 2.6
4.7 ± 1.7
4.6 ± 1.2
6.2 ± 1.5

28 ± 6
15 ± 2
14 ± 2
38 ± 8
33 ± 7
16 ± 4

42.3 ± 35.7
11.0 ± 7.0
1.8 ± 1.0
21.0 ± 15.7
4.3 ± 1.1
2.5 ± 1.7

The predation rate of HNF on PCY decreased
steadily throughout the mesocosm experiment (Fig. 5),
with the exception of the E-mesocosms: in these mesocosms, HNF exhibited the highest predation rates on
PCY towards the end of the experiment. The predation
rates of ciliates on PCY increased in all mesocosms
during the experiment, but rates were lower in Emesocosms than in L- and A-mesocosms. Generally,
the largest size group of ciliates did not contribute to
estimated predation rates. The predation rates of
appendicularia on PCY reached the highest levels in Lmesocosms and in the AN-mesocosm, but stayed low
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Fig. 5. Time course of predation rates by heterotrophic nanoflagellates (HNF),
ciliates, and appendicularia on PCY. Mesocosm identity as in Fig. 2

in the remainder. The predation rate of ciliates and
appendicularia on PCY showed an overall increase
during the experiment in all mesocosms, and predation
rates were highest in L-mesocosms (Fig. 5). On Day 10,
the predation rates of appendicularia reached maximum values of 1.9 and 0.8 d–1 in the LN- and LHmesocosms, respectively.
Total average predation pressure on PCY was highest in L-mesocosms and lowest in E-mesocosms

(Table 4). Accordingly, total predation
pressure on PCY decreased with
increasing initial copepod concentration for both nutrient addition regimes.
Furthermore, total predation pressure
on PCY was 25 to 38% lower in Hmesocosms compared with N-mesocosms. Thus, nutrient addition resulted
in slightly lower predation pressure on
PCY. ANOVA, with time as covariate,
confirmed a significant negative effect
of copepod concentration (p = 0.0001)
and nutrient addition (p = 0.048) on
predation rates.
Estimated mortality rates (m = μ – r;
Eq. 1) were higher than predation rates
in all mesocosms except the LN-mesocosm (Table 4). However, in most cases,
overall mortality and predation were
not significantly different, i.e. residual
mortality (µ
H– r – p = m – p, where p is sum
=
Ë
–Ì
μ
of predation) was not significantly different from zero. Therefore, sources of
PCY mortality other than predation are
not strictly required to account for our
observations. However, the fact that
average mortality was higher than predation in 5 out of 6 mesocosms (positive
residual mortality) and that errors are
large in residual mortality (Table 4)
suggest that other processes may have
caused mortality of PCY.

Synthesis of effects of nutrient supply and predation
on picocyanobacteria

Results averaged over time tend to lead to conservative conclusions about the effects of experimental factors, as some time was required for the plankton communities to adapt to the gradients of experimental
factors. Fig. 6 summarizes the average
effects of nutrient supply and copepod
Table 4. Mean (± SE) predation rate (d–1) by HNF, ciliates, and appendicularia,
concentration on biomass and growth
and residual mortality of PCY. Residual mortality is calculated as μ – r – p = m – p,
rate of PCY from Days 6 to 10, in addiwhere r is specific net rate of change, p is sum predation and m is total mortality
tion to interactions with predators feeding on PCY. A 2-factor ANOVA with
Mesocosm
HNF
Ciliates Appendicularia
Sum
Residual
time as covariate revealed that PCY
predation
mortality
biomass responded positively to an
increase in initial copepod concentraLN
0.05 ± 0.02 0.16 ± 0.03 0.68 ± 0.19
0.60 ± 0.01 –0.27 ± 0.22
AN
0.07 ± 0.03 0.11 ± 0.02 0.18 ± 0.04
0.30 ± 0.02 0.08 ± 0.07
tion (p < 0.0001), whereas neither nutriEN
0.08 ± 0.03 0.07 ± 0.01 0.03 ± 0.01
0.17 ± 0.02 0.07 ± 0.09
ent addition (p = 0.695) nor time as
LH
0.06 ± 0.02 0.11 ± 0.02 0.34 ± 0.08
0.37 ± 0.05 0.08 ± 0.13
covariate (p = 0.515) had any effect
AH
0.05 ± 0.01 0.09 ± 0.01 0.07 ± 0.01
0.20 ± 0.01 0.16 ± 0.13
(Fig. 6A). In total, a 2× variation in averEH
0.07 ± 0.02 0.03 ± 0.01 0.04 ± 0.01
0.13 ± 0.02 0.20 ± 0.09
age biomass was observed. During this
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Biomass and growth rates of
picocyanobacteria

Mean pred. biom. (µg C l–1)

Very few data on picoplankton biomass from northern temperate marine
P added
P added
waters are published (Hopavågen is
0.1
0.5
0.5
63° 36’ N). In a previous study con5
2.5
2.5
ducted in Hopavågen (Olsen et al.
0
0.0
2006), PCY biomass was recorded to be
2 to 4 times higher than the average
100
1.0
C
D
biomasses observed in the present
0.5
Small ciliates
study. However, typical biomass of PCY
P added
80
0.8
Medium ciliates
0.5
in Hopavågen is 20 to 50 µg C l–1 in
HNF
2.5
2.5
August/September, and lower earlier in
Appendicularia 60
0.6
summer (O. Vadstein unpubl. data).
2.5
Net rates of change (r; Eq. 1) of PCY
40
0.4
0.5
were not statistically different from
2.5
0.5
zero (Table 2). Net changes in PCY bio20
0.2
mass were also found by others to be
0
0.0
low, despite growth rates in the order of
20
40
60
80
0
20
40
60
80 0
1 division per day (Liu et al. 1995,
Initial copepod biomass (µg C l–1)
Olsen et al. 2006).
μ in our study were lower than those
Fig. 6. (A) mean PCY biomass, (B) mean μ of PCY, (C) mean predation rates on
reported by Affronti & Marshall (1994),
PCY, and (D) mean biomass of predators feeding on PCY plotted against initial
but in agreement with the average specopepod concentration from Days 6 to 10. Nutrient addition regime (0.5 and
– 3 –1
cific growth rate of 0.41 d–1 found by
2.5 mg P m d ) indicated in each panel (see top of bars in panel D). (D) Largest
size-group of ciliates not included (see ‘Results’); initial copepod concentration
Lavallée & Pick (2002). Most literature
adjusted for the 2 intermediate copepod densities to avoid overlap of bars
values of μ are from temperate and subtropical regions, where average sea
temperatures are higher than 12°C (amperiod, mean μ of PCY was not affected by the experibient temperature during the present study). In our exmental variables (Fig. 6B; ANOVA p > 0.63).
periment, values of μ fall within the typical range comThe mean predation rate on PCY (Fig. 6C) was
piled by Agawin et al. (1998) for similar temperatures.
strongly and inversely related to initial copepod concentration (ANOVA, p = 0.0001 and p = 0.063 for initial copepod concentration and nutrient addition,
Growth limiting factors — bottom-up control
respectively). Time was a significant covariate (p =
0.003), which is evident from the time-course of prePotential factors limiting growth of PCY were evaludation (Fig. 5). In both L-mesocosms, predation
ated based on the concentration of DIP and DIN and
increased by a factor of 4 over time. Average predathe elemental composition (P, N, and C) of PCY cells.
tion estimates for the period varied by a factor of 6.
DIN and DIP accumulated, and were clearly in excess
Our predation estimates were based on determinain H-mesocosms. Concentrations in N-mesocosms
were more difficult to judge, as the DIP concentrations of predator biomass and literature values on
clearance rates, and therefore entail some uncertions were close to the detection limit of our methods.
tainty. However, the strong negative effect of copePCY can grow at high rates with DIN concentrations
pod concentration on the biomass of predators of
<14 µg N l–1 (<1 µM; Agawin et al. 2000), and ambiPCY (Fig. 6D) revealed that the effect of predation
ent phosphate levels as low as 0.5 nM (0.16 µg P l–1)
must have been lessened with increasing initial
could support growth of Synechococcus spp. at a rate
copepod biomass. However, although increasing
of 1 division per day (Ikeya et al. 1997). Some expericopepod concentration resulted in decreases in the
ments indicated that Synechococcus spp. primarily
biomass of appendicularia and ciliates by factors of
uses regenerated nitrogen (Lindell & Post 2001). How10 and 2, respectively, a 10-fold increase in HNF was
ever, there are strong indications that Synechococcus
observed.
spp. (as opposed to Prochlorococcus spp.) can utilise
0.2

10
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nitrate as a sole source of N (Scanlan & West 2002).
Moreover, half of the added N was in the form of
ammonia, and average ammonium concentrations
during the period from Days 5 to 10 ranged from 9 to
10 and 14 to 22 µg N l–1 in N- and H-mesocosms,
respectively (data not shown). Thus, even ammonia
levels were high enough to support high growth rates,
at least in H-mesocoms.
Cell quotas based on XRMA showed that the average N:C ratio did not vary significantly among mesocosms, and averaged 90 ± 3 µg N mg–1 C (Table 1).
The average P:C ratio was 15 ± 1 µg P mg–1 C.
Although a significantly lower P content was
observed in A-mesocosms, this 15% difference was so
small that it must have been of limited biological significance. This limited significance is due to the fact
that P content was high compared with the minimum
P content required for growth, and also because of the
asymptotic relationship between μ and cell quota proposed by the Droop model (Vadstein 2000). The fact
that no significant differences were observed between
N- and H-mesocosms in neither elemental composition (N:C and P:C) nor in μ strongly indicates (1) similar PCY physiology among mesocosms, and (2) sufficient DIN and DIP in all mesocosms throughout the
experiment. Recent culture studies on N and P content of Synechococcus spp. indicate that N:C and P:C
ratios of exponentially growing cells are in the range
of 120 to 236 (mean 160 ± 40) µg N mg C–1 and 16 to
24 (mean 23 ± 7) µg P mg C–1, respectively (excluding
one low P:C ratio; Bertilsson et al. 2003, Heldal et al.
2003). The averages observed in our study were 35 to
45% lower than those cited above. However, temperatures used in these previous culture studies were 5 to
10°C above temperatures used in our experiments,
which results in higher maximum growth rates. Both
the N and especially the P content should increase
with increasing growth rates due to higher RNA
content.
We conclude that our data on concentrations of inorganic nutrients, elemental composition of cells, and μ
were consistent among all experimental units. These
data indicate that physiology of PCY was similar
among all mesocosms. Moreover, as μ did not differ
significantly among mesocosms, we conclude that μ of
PCY were at, or close to, their μmax (0.34 d–1) during the
experiment. As a consequence, PCY did not experience more than very moderate nutrient limitation (bottom-up control).

Loss rates — top-down control
As the μ of PCY was high in all mesocosms and net
growth rate (r) did not differ significantly from zero

(Table 2), substantial losses must have occurred. We
did not observe aggregation of PCY or attachment to
particles, thus predation and virus infections are the
two most likely processes (Fig. 1). In contrast to the biomass of PCY, the biomass of appendicularia and ciliates decreased with increasing initial copepod concentration (Table 3). As a consequence, the predation rates
of these 2 groups on PCY were inversely related to
copepod concentration (Fig. 6, Table 4).
Our results suggest that ciliates and appendicularia
were the main predators of PCY, especially in L-mesocosms. In mesocosms with a high initial copepod concentration (H-mesocosms), HNF exhibited a slightly
higher predation rate on PCY than did appendicularia
or ciliates (Table 4). The reason for this shift was most
likely the difference in predation pressure exerted by
copepods on the different groups of organisms preying
on PCY. Although ciliates are directly preyed upon by
copepods (cf. Gismervik et al. 1996), the most significant predators of HNF (2 to 6 µm) are ciliates and
appendicularia (Hansen et al. 1994). The relationship
between appendicularia and copepods is not clear, and
there is little literature on the subject. However, the
biomass of appendicularia was very low in mesocosms
with an abundant biomass of copepods, which could
have been due to predation on young stages of appendicularia by copepods (Stibor et al. 2004a). The
decrease in HNF biomass in all mesocosms suggests
that they were heavily preyed upon by ciliates and
appendicularia. Jürgens et al. (1999) reported similar
results, with low predation rates on HNF by copepods,
and reduced total predation pressure on HNF owing to
efficient predation of copepods on ciliates. Therefore,
we conclude that predation was the most important
process controlling PCY biomass. Furthermore, we
postulate that as PCY are preyed upon by organisms
that differ considerably in size (ciliates vs. HNF), it is
unlikely that they escape heavy predation due to
changes in the structure at higher trophic levels and
thus strength in the trophic cascade mediated down to
PCY.
Our data suggest that predation could account for a
large proportion of the mortality required to balance
the PCY budget (Eq. 2). In fact, residual mortality (see
Table 4) was not significantly different from zero.
However, residual mortality was positive in 5 out of 6
mesocosms, and ranged between 22 and 61% of μ
(average 37%) (Tables 2 & 4). Thus, it is reasonable to
assume that, e.g., viral-induced mortality of PCY could
have been significant, even though our data are clearly
not conclusive. Previous studies suggested a variable
significance of cyanophage-induced mortality of PCY
(Ortman et al. 2002), and that PCY communities may
be dominated by cells resistant to co-occurring phages
(Waterbury & Valois 1993).
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CONCLUSIONS
We conclude that PCY biomass in the mesocosms
was regulated by top-down control. The top predators
in this planktonic food web — the copepods — exerted
a cascading effect by limiting abundances of the dominant predators of PCY (Carpenter et al. 1985). Thus,
copepods indirectly controlled abundances of PCY.
We will not generalize our conclusions on top-down
control, because the dominant predators of PCY interact in other ways than competition for prey. For example, both ciliates and appendicularia feed on HNF, and
the size of predatory copepods structure the ciliate
community and consequently influence the fraction of
ciliates able to prey on PCY. Moreover, copepods may
act as a switch between alternating trophic cascades
(Stibor et al. 2004b), and the strength of the trophic
cascade down to PCY will therefore depend on the
structure of the food web and the species inventory of
copepods (Gismervik 2006). The addition of nutrients
did not have a noticeable direct affect on PYC; thus,
there were no bottom-up effects. However, the supply
of nutrients had an indirect effect through the build-up
of predator biomass (ciliates), owing to an increase in
the food supply available to these predators.
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