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ABSTRACT: Characteristics of viral ecology and the relative importance of virus- and bacterivoryinduced bacterial mortality were investigated in surface and hypoxic layers of the eutrophic Masan
Bay, Korea, in summer 1999. During the study, environmental and microbial variables changed
strongly in the bay. However, the viral to bacterial abundance ratio (VBR) mostly varied less than 3fold even in a declining phase of viruses and bacteria, indicating a tight coupling between bacterial
and viral assemblages. Comparisons of viral lysis and heterotrophic nanoflagellate (HNF) grazing
rates showed that viruses exerted a small (average 9.4%, range 1.6 to 34.4%, n = 29) but relatively
constant control on bacterial production in the bay, whereas HNF exerted a highly variable (average
41%, range 0.3 to 183.4%, n = 17) effect on the mortality of bacteria. However, the relative ratios of
virus- to HNF-induced bacterial mortality varied from 0.03 to 2.0, comparable to a range reported for
open ocean waters, except for 2 data of 17.9 and 24.5 from low-salinity conditions. Overall, virusbacteria-HNF interactions in the bay seemed to be generally regulated in a steady-state situation.
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INTRODUCTION
It is now well recognized that both viruses and heterotrophic nanoflagellates (HNF) are important agents
of bacterial mortality in the sea. This view has been
made mainly based on studies done in micro- or mesocosms (Bratbak et al. 1992, Fuhrman & Noble 1995,
Guixa-Boixereu et al. 1999, Tuomi & Kuuppo 1999,
Almeida et al. 2001). These studies in coastal environments show that viruses have a similar impact on bacterial mortality as does bacterivory (Fuhrman & Noble
1995, Tuomi & Kuuppo 1999, Almeida et al. 2001).
Other micro- or mesocosm studies show that viruses
are the dominant source of bacterial mortality (Bratbak
et al. 1992, Guixa-Boixereu et al. 1999), especially in a
non-steady-state situation, such as that during a phytoplankton bloom (Guixa-Boixereu et al. 1999). In addi-
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tion, a field study conducted in the Bering and Chukchi
Seas also suggested that the role of viruses in bacterial
mortality was similar to that of bacterivory in surface
waters (Steward et al. 1996), albeit bacterivory due to
HNF was calculated by assuming a constant clearance
rate of 10 nl HNF–1 h–1 in that study. Thus, only a few
simultaneous measurements of virus- and bacterivoryinduced bacterial mortality have been made in marine
environments. Therefore, we still lack information on
how the relative contribution of viral lysis and bacterivory to bacterial mortality varies and which factors
are important in such variations.
Virus-bacteria-HNF interactions are particularly unknown in hypoxic seawaters. Since hypoxia is widely
observed and expected to increase in coastal and estuarine waters (Seki 1991, Paerl et al. 1998), and since
virus-bacteria-HNF interactions are fundamental processes in the material flow in aquatic systems, it is necessary to investigate virus-bacteria-HNF interactions
under hypoxic conditions. To accomplish this goal, we
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first determined whether or not HNF in hypoxic zones
actively grazed on bacteria and if they were sensitive
to low oxygen conditions. This aspect is discussed in
Park & Cho (2002). Here, our main aims were to elucidate the characteristics of viral ecology in a eutrophic
bay, and to determine how the relative significance of
viral lysis and HNF bacterivory for bacterial mortality
varied in a bay in which hypoxic conditions develop
every summer.

MATERIALS AND METHODS
Study area and sample collection. The Masan Bay is
located on the southern coast of Korea and is a semienclosed inner bay with an area of 33.8 km2 and an
average depth of ca. 15 m (Park & Cho 2002). The bay
is highly eutrophic. Hypoxic conditions (< 4 mg O2 l–1,
Paerl et al. 1998) are usually found during summer
every year, and anoxia often develops at the bottom in
late summer (Jin et al. 2000, Park & Cho 2002). Seawater samples were collected with 5 l Niskin bottles. On
26 May, samples were collected at Stns B (35° 11’
55’’ N, 128° 35’ 4’’ E) and D (35° 9’ 7’’ N, 128° 36’ 26’’ E),
but later only at Stn B because variations between the
2 stations were small (see ‘Results’). To avoid introducing oxygen during handling, hypoxic water samples
were gently drained from the Niskin bottle into 2 l biochemical oxygen demand (BOD) bottles using silicon
tubing, and overflowing was allowed. Samples from
the hypoxic zone were brought to the land-based laboratory within 2 h. We checked dissolved oxygen (DO)
concentration in the bottles at the laboratory before
carrying out the experiments. The changes were small
(mean ± SD, 0.1 ± 0.2 mg l–1) in samples from May and
early August, but there were some increases (1.1 ± 0.6
mg l–1) in most samples from June and late August,
probably due to introduction of air during the handling
of samples. Although DO changed to some extent in
samples from the hypoxic zone, hypoxic conditions
seemed to be maintained during the sampling and
transportation of samples. Each sample was used for
determining abundance and production of viruses and
bacteria, and HNF abundance and grazing.
Viral abundance and production. Samples for measurements of viral abundance (VA) were fixed with
0.02 µm filtered, borate-buffered formalin (final concentration, 2%). Viruses were stained with SYBR
Green I (final dilution, 2.5 × 103 fold) and enumerated
by epifluorescence microscopy (EM) as described by
Noble & Fuhrman (1998). Samples for determination of
frequency of visibly infected bacteria (FVIB) were preserved with EM grade glutaraldehyde (final concentration, 2%), and stored in sterile polypropylene centrifuge tubes at 4°C. By centrifugation (Beckman

XL-90) using a swing bucket rotor (SW 41) at 30 000 ×
g for 30 min at 20°C, bacteria were collected onto formvar-coated, 400 mesh electron microscope grids that
were made evenly hydrophilic by floating on a drop of
1% poly-L-Lysine for 1 min (Suttle 1993). In some
cases, we diluted the samples with 0.02 µm filtered
seawater to decrease interference of the particles.
Grids were stained for 20 s with 0.5% uranyl acetate
followed by 3 sequential rinses with 0.02 µm filtered
Milli-Q® water. Air-dried grids were examined under a
JEOL 2000 EXII transmission electron microscope
(TEM) at an accelerating voltage of 100 kV. Using
TEM at 30 000 to 50 000× magnification, 300 to 500
cells per sample were examined for enumeration of
infected cells. Cells were scored as infected if they contained 3 or more intracellular viruses. Bacterial mortality due to viral lysis was estimated according to Binder
(1999), assuming that infected and uninfected bacteria
were grazed at the same rate. Viral production was
estimated by multiplying burst size, the fraction of
mortality due to viral lysis and bacterial production
(Noble & Steward 2001). Burst size was estimated as
the average number of virus-like particles observed in
all visibly infected cells.
Bacterial abundance and production. Samples for
measurements of bacterial abundance (BA) were fixed
with 0.02 µm filtered, borate-buffered formalin (final
concentration, 2%). Bacteria were stained with DAPI
(4’, 6-diamidino-2-phenylindole; final concentration,
1 µg ml–1), collected on black 0.2 µm polycarbonate filter and counted under UV excitation using an EM
(Porter & Feig 1980). Bacterial production was measured by the [3H-methyl]thymidine (TdR) incorporation method (Ducklow et al. 1992). Water samples from
the hypoxic zone were handled in a chamber in which
O2 concentration was adjusted with N2 gas to in situ
DO % saturation and monitored with an oxygen probe
(Model XO-326AL, New Cosmos Electric). Five ml of
hypoxic samples in serum vials sealed with a silicone
stopper and aluminum seal, and 5 ml of surface samples in sterile tubes, were incubated in triplicate with
160 to 200 nM of TdR (i.e. 10 nM of hot TdR and 150 to
190 nM of cold TdR). All samples were incubated in
the dark for ca. 30 min at in situ water temperature.
Formalin-killed samples (final concentration, 2%)
served as blanks. After incubation, TdR incorporation
was stopped by adding formalin. The samples were
kept cool on ice, filtered onto 25 mm, 0.22 µm cellulose
nitrate filter (Whatman), rinsed with 5% ice-cold
trichloroacetic acid and subsequently, 80% ice-cold
ethanol, after which they were radio-assayed as
according to Ducklow et al. (1992). The isotope dilution
approach (Moriarty 1990) was performed with 1 sample from the surface and the hypoxic layer to evaluate
the dilution pool of TdR. The samples were incubated
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in triplicate with [3H-methyl]TdR (final concentration,
10 nM) diluted with increasing amounts of unlabeled
TdR (0 to 190 nM), and treated as above. TdR incorporation rates were calculated by using specific activities
corrected for the isotope dilution measured in each
layer and converted to cell number produced with a
conversion factor (0.5 × 1018 cells mol–1 TdR incorporated) that would have no isotope dilution in it (Cho &
Azam 1988, Moriarty 1990). Since TdR incorporation
rates measured by the isotope dilution approach were
similar to those measured with high concentrations of
TdR (authors’ unpubl. data), the use of high concentration of TdR might not be a problem.
Abundance and grazing rates of HNF. Detailed
descriptions of the methods used to determine HNF
abundance and grazing rates can be found in Park &
Cho (2002). Briefly, primulin-stained HNF were collected (filtered volume of 10 to 15 ml) on 0.4 µm polycarbonate filters and enumerated at 1000× magnification with UV excitation using an EM (Bloem et al.
1986). HNF grazing rates on bacteria were measured
by using fluorescent-labeled bacteria (FLB) prepared
as according to Sherr et al. (1987). FLB uptake experiments were carried out in duplicate 250 ml polycarbonate bottles presoaked in 10% HCl and rinsed with
deionized water. The added FLB was between 4 and
14% of total BA. Grazing experiments were conducted
in the dark at in situ temperature. Hypoxic samples for
the measurements of HNF grazing were handled
inside a chamber in the laboratory. At 0, 10, 20 and
30 min, 30 ml subsamples were collected, fixed and
kept refrigerated until microscopic examinations. Subsamples were primulin stained and filtered, and at
least 150 microscopic fields were counted. The numbers of FLB contained within the HNF were counted
under blue excitation light. We calculated per cell
clearance rates as described in Sherr et al. (1987).
Grazing rates were calculated by multiplying the per
cell clearance rates by the total BA and the HNF abundance in the samples.
Viral contact rates. The contact rate (R) between
viruses and bacteria was calculated by formulae as
according to Murray & Jackson (1992). Briefly, R =
(Sh2πdDv)VB, where Sh is the Sherwood number of
1.06 (assuming that 10% of motile cells consist of a
bacterial community; Wilhelm et al. 1998), d is the bacterium diameter (calculated from the mean bacterial
cell volume determined for each sample (Park & Cho
2002), assuming that the cells are spheres), V and B are
the VA and the BA, respectively. Dv is the diffusivity of
viruses and Dv = kT/3πµdv, where k is the Boltzmann
constant (1.38 × 10–23 J K–1), T is the in situ temperature
(in degrees Kelvin), µ is the viscosity of seawater (in Pa
s–1; Dera 1992), and dv is the average diameter of the
viral capsid observed during the study (62 ± 31 nm, n =

11; C. Y. Hwang unpubl. data). The contact rate was
divided by BA to estimate the viral contact rate per
bacterium on a daily base.
Other analyses. Concentrations of chlorophyll a (chl
a) were measured spectrophotometrically as according
to Parsons et al. (1984). For the details of DO measurements, refer to Park & Cho (2002). Analyses of variance
(ANOVA) and Mann-Whitney U-tests were performed
using the SPSS program for Windows (version 8.0,
SPSS). Model II regression was performed using the
Model II Regression program available at www.fas.
umontreal.ca/biol/legendre.

RESULTS
Hydrography and DO concentrations
During the study period, the surface layer (1 to 4 m)
was less saline and warmer than the hypoxic bottom
layer, and hypoxic conditions (0.2 to 3.9 mg O2 l–1) persisted in the bottom layer. For more details, see Park &
Cho (2002). Briefly, temperature gradually increased
by ca. 5 to 7°C from May to late August. Salinity in the
surface layer decreased from 29.0 (May) to 23.0 psu
(June) and then to between 6.1 and 9.9 psu (early
August) due to the rainy season (120 and 268 mm rainfall on 17 June and 30 July in the study area), and then
increased to 25.0 psu in late August. Salinity in the
hypoxic zone was 31.9 to 33.1 psu in May and June,
but decreased to between 25.5 and 29.8 psu in August.

Chl a
Concentration of chl a varied widely during the
study period: on 26 May, the concentration was high in
the surface layer, but then decreased to a low level in
June (Fig. 1A). Afterwards, the chl a concentration
continually increased to the highest value in late
August. Thus, the bay was highly eutrophic in May
and late August. In the hypoxic layer, chl a was relatively low and constant throughout the investigation
period.

Abundances, abundance ratios and encounter rates
of viruses and bacteria
VA in the surface layer were either higher than or
similar to those in the hypoxic layer (Table 1). The highest VA was found at 1 m depth at Stn B in May and the
lowest at 7 m depth at Stn B on the 1 August (Table 1).
The highest and lowest BA were found at the surface at
Stn B in May and early August, respectively (Table 1).
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were higher than those in the hypoxic
zone (Fig. 1B). Burst size did not significantly (ANOVA, p = 0.13) change with
time in the 2 layers (Fig. 1B).

Bacterial production

Fig. 1. Temporal variations in Masan Bay. (A) Chlorophyll a (chl a), (B) frequency
of visibly infected bacteria (FVIB) and burst size, (C) bacterial production (BP),
and (D) turnover times of bacteria (BTT) and viruses (VTT). Open and closed
symbols represent samples from oxic and hypoxic layers, respectively. On 26
May 1999, averaged data of Stns B and D are shown; for all other dates, averaged
data of Stn B only is provided. Significant differences between 2 layers in each
investigation are marked (**p < 0.001, *p < 0.05). Error bars represent 1 SD; no
error bars denote that 1 SD is smaller than symbol size

BA were not statistically different between surface and
hypoxic layers (Mann-Whitney U-test, p > 0.05) except
in May (Table 1). The viral to bacterial abundance ratios (i.e. VBR) in surface and hypoxic layers were not
statistically different (Mann-Whitney U-test, p > 0.05)
in June and late August. However, in May and early
August, the VBRs were statistically different between
the 2 layers (Table 1). VBR mostly varied less than 3fold in the water column, except for 3 low ratios (3.3,
3.4, 4.2) found in hypoxic samples in June and early August (Table 1). Viral contact rates of bacteria were highest in the surface layer in May and lowest in the hypoxic zone in early August (Table 1). The encounter
rates in the hypoxic zone showed a tendency to become
lower in August compared to those in May and June
(Table 1).

Frequency of visibly infected bacteria and burst size
FVIB ranged from 0.5 to 3.5% in the surface layer
and 0.2 to 2.3% in the hypoxic layer. FVIB was not statistically different between the 2 layers, except in late
August (Fig. 1B). Burst size ranged from 14 to 46 and
14 to 39 in surface and hypoxic layers, respectively. In
general, burst size was not significantly different
(Mann-Whitney U-test, p > 0.05) between the 2 layers,
but in early August, the values in the surface layer

Bacterial production in the surface
layer fluctuated within a range of 1.2 to
8.8 × 109 cells l–1 d–1, whereas bacterial
production in the hypoxic layer (0.3 to
12.7 × 109 cells l–1 d–1) tended to steadily
increase during the investigation period
(Fig. 1C). Thus, in late August, bacterial
production was higher in the hypoxic
than in the surface layer (Fig. 1C).
The bacterial production rates corresponded to turnover times of bacteria
ranging from 0.2 to 7.7 d and from 0.2 to
34.2 d in surface and hypoxic layer, respectively (Fig. 1D). Turnover times of
bacteria decreased with time in the 2
layers, but increased somewhat in the
surface layer in late August.

Production of viruses
The estimated production of viruses fluctuated within
a range of 2.0 to 24.2 × 109 viruses l–1 d–1 in the surface
layer, whereas it varied within a small range of 1.3 to
7.2 × 109 viruses l–1 d–1 in the hypoxic layer from May to
early August, but increased to the highest value of 33.5
× 109 viruses l–1 d–1 in late August (Table 1). Turnover
times of viruses ranged from 2.6 to 96.3 d and 1.8 to
138.4 d in the surface and hypoxic layers, respectively
(Fig. 1D). Turnover times of viruses tended to decrease
with time in the 2 layers (Fig. 1D), but in the surface
layer, it increased again in late August.

Bacterial mortality
Bacterial mortality due to viral lysis (i.e. % of bacterial production lost due to viral lysis) ranged from 4.0 to
34.4% in the surface layer and from 1.6 to 19.8% in the
hypoxic layer (Fig. 2) with no significant differences
between the 2 layers (Mann-Whitney U-test, p > 0.05).
Viruses seemed to control only a small fraction (mean ±
SD, 9.4 ± 6.4%, n = 29) of bacterial production in both
layers. However, bacterial mortality due to HNF grazing (i.e. % of bacterial production lost due to HNF
grazing) varied greatly with time (Fig. 2). In May, it
was between 160.5 and 183.4% in the surface layer,
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indicating that HNF grazing was a predominant source
of bacterial mortality at that time. In June, when salinity significantly decreased in the surface layer (i.e.
23.0 psu), mortality due to HNF grazing decreased to
16.0%. In August, HNF grazing became a minor
source of bacterial mortality (2.7 to 6.2% in the surface
and 0.3 to 11.8% in hypoxic layer). Thus, the virus-toHNF mortality ratios were >1 in August when low
salinity was found in the water-column, and increased
to 24.5 in the hypoxic layer in late August.

Correlations
The only significant correlation observed between
bacteria and virus variables was the relationship
between BA and VA for surface samples (Fig. 3A). No
significant correlation was found between bacteria and
virus variables for the hypoxic samples. The ratios of

bacterial mortality due to viruses and to bacterivory
correlated significantly with salinity in both hypoxic
and surface layers (Fig. 3B).

DISCUSSION
Interactions among viruses, bacteria and HNF in a
non-steady state bay
In coastal waters, it is believed that steady state
would seldom be attainable (Fenchel et al. 1990). In
fact, environmental and microbial variables changed
widely in the summer in Masan Bay: salinity varied
within a range of 6.1 to 32.4 psu, and chl a concentration varied 42-fold in the surface layer. VA and BA
varied 24- and 10-fold, and turnover times of VA and
BA varied 52- and 38-fold, respectively. Thus, a nonsteady-state situation, in which a large temporal fluc-

Table 1. Abundance of viruses (VA) and bacteria (BA), the ratio of VA to BA (VBR), viral contact rates (VCR) of bacteria, abundance (HNFA) and clearance rates (CR) of heterotrophic nanoflagellate (HNF), grazing rates on viruses (GRvirus) by HNF and viral
production (VP) in Masan Bay. Numbers in bold represent data from the hypoxic layers. nd: no data
Date
Stn

VA
(×1010
viruses l–1)

BA
(×109
cells l–1)

VBR

VCR
(cell–1 d–1)

CRa
(nl HNF–1
h–1)

HNFAa
(×106
HNF l–1)

GRvirusb
(×109 viruses
l–1 d–1)

0
1
6
8
0
1
2
7
10

21.6
26.8
18.2
16.9
20.2
20.0
18.9
12.0
6.9

16.4
15.8
9.3
6.2
9.1
10.3
12.3
4.8
3.0

13.2
17.0
19.5
27.3
22.1
19.4
15.4
25.2
22.9

269
321
303
267
237
227
237
199
119

7.0
nd
nd
5.2
4.7
nd
nd
nd
5.3

4.0
4.5
0.8
0.8
3.0
3.1
2.7
0.8
0.9

5.8
nd
nd
0.7
2.7
nd
nd
nd
0.3

11.2
24.2
1.3
4.5
3.3
3.5
2.0
1.3
2.5

0.5
–
–
0.2
0.8
–
–
–
0.1

0
1
3
5
7

19.9
14.3
8.9
5.9
2.8

11.4
9.8
8.7
8.3
8.7

17.4
14.5
10.3
7.1
3.3

239
184
98
56
30

1.8
7.1
8.8
7.3
9.9

1.2
0.9
0.5
0.5
0.6

0.4
0.8
0.4
0.2
0.1

3.2
4.9
4.8
2.7
10.5

0.1
0.2
0.1
0.1
0.01

0
1
3
5
7

3.4
5.2
1.7
3.3
1.1

1.6
2.5
4.0
4.1
3.4

21.4
20.6
4.2
8.0
3.4

65
103
16
33
12

3.0
2.6
nd
10.4
7.5

1.8
1.9
0.7
0.4
0.4

0.2
0.2
nd
0.1
0.03

10.5
20.3
1.8
7.2
4.3

0.01
0.01
–
0.02
0.01

0
1
3
4
6

10.5
9.5
12.7
4.1
2.9

3.9
3.8
4.7
2.0
2.3

26.5
25.1
27.0
20.3
12.7

202
86
112
36
27

0.7
1.0
nd
2.1
2.2

1.8
1.9
0.9
0.3
0.3

0.1
0.2
nd
0.03
0.02

6.8
6.7
33.5
18.9
31.0

0.02
0.03
–
0.002
0.001

Depth
(m)

26 May 99
B

D

VP
GRvirusb
(×109 viruses VP
l–1 d–1)

19 Jun 99
B

1 Aug 99
B

25 Aug 99
B

a

Park & Cho (2002)
Assuming that CR of viruses by HNF was 4% of that for bacteria (González & Suttle 1993)

b
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Steward et al. 1996), where steady
state would be more plausible than in
bay waters. Two exceptionally high
ratios of 17.9 and 24.5 were found in
low salinity (27 psu), hypoxic waters in
late August. High ratios (ca. 5 to 9) of
lysis to bacterivory loss-rate were
observed in a non-steady-state situation during a postbloom period in a
coastal microcosm (Guixa-Boixereu et
al. 1999). Maybe low salinity conditions in the bay brought about a nonsteady-state situation in which suppressions of bacterivory (Fig. 2), and
thus, high mortality ratios were
observed (Fig. 3B). Overall, virus-bacteria-HNF interactions in the bay were
generally regulated in a steady-state
situation.
Two characteristics of viral ecology
observed in the bay were noteworthy.
Small (mostly < 3 fold) variations in VBR
despite high variations of VA and BA
Fig. 2. Depth variations of the percentage of bacterial production lost due to vi(24- and 10-fold, respectively) suggest
ral lysis (d) or to heterotrophic nanoflagellate grazing (m) in Masan Bay during
that a tight coupling between bacterial
summer in 1999 at Stns B and D. Shaded areas represent hypoxic layers. Error
and viral assemblages was maintained
bars for viral lysis represent the ranges calculated according to Binder (1999)
during the study. Such a small variation
using the low (0.73) and high (0.86) values of the fraction of the latent period
during which viral particles are not visible (Proctor et al. 1993). Error bars for
of VBR in coastal and bay waters is not
grazing represent 1 SD of duplicates
uncommon (Table 2). However, it is remarkable that the tight coupling (i.e.
small variations of VBR) was maintuation of variables occurred, seemed to have occurred
tained even in a decreasing phase of both BA and VA
during the study period. However, interestingly, the
from June to early August. In addition, viruses exerted
variations of relative importance of viral lysis to HNF
a small but relatively constant control on bacterial production in the water column in the widely changing bay
grazing in bacterial mortality in the bay were generally
environment, whereas HNF exerted highly variable
comparable (0.03 to 2.0) to those found in open seawaters in the Bering and Chukchi Seas (0.08 to 12.2;
mortality of bacteria. At high BA in May and June,
Table 2. Variations of viral abundance (VA), bacterial abundance (BA), ratios of VA to BA (VBR) and viral contact rates (VCR)
observed during summer in various coastal and estuarine waters
Location

Month

Tampa Bay
May–Auga,e
Tampa Bay
May–Auga,e
Northern Adriatic Sea
May–Augb,e
Chesapeake Bay top water
Jun–Augc,e
bottom waterd,e
Gulf of Mexico coastal water
Jun
Ria de Aveiro (tidal lagoon)
May–Sep
a

VA
BA
(×1010 viruses l–1) (×109 cells l–1)
1.0–3.0
0.3–1.7
0.5–3.8
1.7–5.1
1.0–3.2
0.5–0.7
2.4–25.0

3.1–5.6
3.5–6.6
1.5–7.6
1.9–11.7
1.7–5.9
0.6–1.0
1.9–10.6

VBR

VCR
(cell–1 d–1)

2.2–7.0
0.8–4.7
5.4–19.0
2.3–22.4
2.2–10.9

Jiang & Paul (1994)
Cochran & Paul (1998)
Weinbauer et al. (1995)
Wommack et al. (1992)
3–4

4.7–55.6

Source

Wilhelm et al. (1998)
Almeida et al. (2001)

Fig. 1 of their study
Fig. 2 of their study
c
Fig. 3 of their study (data from a range of 4.5 to 9.4 mg O2 l–1)
d
Fig. 3 of their study (data from a range of 0.6 to 3.3 mg O2 l–1)
e
Data were read 3 times from enlarged figures with a 500 µm scaled ruler, and mean values were used
b
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HNF-induced bacterial mortality was much greater
than that mediated by viruses. Similarly, Guixa-Boixereu et al. (1999) reported that bacterivory peaked immediately after a phytoplankton bloom when BA was
maximal. As bacterivory is known as a major factor regulating BA in common marine systems (Sherr et al.
1989, Pedrós-Alió et al. 2000), bacterivory might also be
responsible for controlling bacterial losses in eutrophic
bay waters. However, it could be possible that the 24 d
sampling interval between May and June might have
missed a chance for observing high viral mortalities of
bacteria, which might be expected after high HNF
grazing (Guixa-Boixereu et al. 1999). Furthermore,
when HNF grazing rate was reduced (3- to 16-fold) significantly in late August in low salinity hypoxic zone,
contributions of viruses to bacterial mortality did not increase as postulated in other studies (Weinbauer & Peduzzi 1995, Weinbauer & Höfle 1998, Fisher & Velimirov 2002). One of the reasons for this could be that
short-term changes in bacterivory are not followed immediately by an increase in viral infection rates. In ad-

Fig. 3. Correlation of (A) bacterial abundance (BA) and viral
abundance (VA), and (B) salinity and the ratios of bacterial
mortality due to viruses and to heterotrophic nanoflagellates
(HNF) grazing (virus:HNF mortality ratio). Broken and
solid lines represent significant regression lines (derived
from Model II regression analysis) for oxic (s) and hypoxic
(d) samples, respectively
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dition, other factors may be responsible for the conditions observed in the hypoxic zone in late August. The
encounter rates between bacteria and viruses in the hypoxic zone were mostly much lower (2- to 10-fold) in
late August compared to those in May and June (Table
1). Furthermore, at least 1 order of magnitude increases
in aminopeptidase activities occurring at the same time
(C. Y. Hwang unpubl. data) could have increased the
decay of viruses and thus, decreased infectivity of
viruses (Noble & Fuhrman 2000).

Comparisons with other studies and methodological
considerations
The observed VA values in Masan Bay in May
(Table 1) are among the highest observed in coastal
environments (Table 2). The high level of VA values in
Masan Bay in May and June indicate that the bay was
often highly eutrophic (Wommack et al. 1992, Weinbauer et al. 1993). This is in accordance with the high
chl a concentrations found in May, and the high BA
found in May and June. High BA and VA in May and
June consequently led to high viral contact rates of
bacteria (Table 1), which were much higher than those
observed in coastal waters (Table 2) and higher than or
similar to those observed in eutrophic lakes (49 to 180
cell–1 d–1, Weinbauer & Höfle 1998; 91 to 230 cell–1 d–1,
Fisher & Velimirov 2002). However, high encounter
rates between bacteria and viruses did not apparently
result in high bacterial mortality due to viruses during
the study (Fig. 2). The VA observed in this study could
be high enough to represent a significant food source
for HNF (González & Suttle 1993). The data suggest
that in May and June, HNF grazing on viruses could be
a significant fraction of virus turnover (Table 1). In
August, however, the role of HNF grazing in removing
viruses seemed to be negligible. HNF may play a significant role in virus turnover when HNF grazing rates
were very high (Table 1).
Discussions about interpreting the estimation of virus
production based on FVIB by using the whole cell approach are detailed in Weinbauer & Höfle (1998),
Guixa-Boixareu et al. (1996, 1999) and Steward et al.
(1996), and thus, will not be reiterated here. However,
one point will be made: Since generally 300 to 500 cells
were examined for counting the infected cells, and
since from 0.3 to 5% of examined cells were infected,
FVIB values in the lower range would be error-prone
due to the rarity of infected cells. FVIB detected in our
study were mostly comparable to those found in other
coastal waters (0.2 to 4.6%; Wommack & Colwell 2000).
As viral production rates are calculated using bacterial
production measurements, some high estimates of virus
production in our study are likely due to our high bac-
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terial production rates. Since bacterial productions
were corrected for pool size of isotope dilution measured, our estimates of bacterial production, and thus,
viral production and turnover time should be reliable.
In conclusion, high abundances of viruses and bacteria, and similar FVIB were observed in hypoxic and
surface waters in the bay during the summer. In spite
of widely changing conditions in the bay, viruses
seemed to exert a constant control on bacteria in the
water column, as indicated by < 3-fold variations of
VBR and the relatively constant mortality of bacteria
by viruses. In temperate regions, where most rainfall
occurs in summer, low salinity conditions would be
predictable in bay environments, and reduced HNF
grazing activities but steady viral loop conditions could
prevail as in Masan Bay.
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