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ABSTRACT: Bacterial abundance, production, and environmental parameters were investigated to
study the distribution of bacterial variables and interrelationships between bacteria and phytoplankton
along a transect from the southwestern tip of the Korean Peninsula to the axis of the Yellow Sea in April
1991 The study area showed a tidally induced turbidity maximum in the middle region of the transect.
The turbidity maximum had lower phytoplankton abundance, primary production, and bacterial pro-
duction than the adjacent waters. Diatom blooms were observed in the inner bay and in waters outside
of the turbidity maximum. Bacterial abundance and production showed relatively large variations
along the transect from 3 to 32 x 10817" and from undetectable to 11.9 pg C1-1 d-!, respectively. Bacte-
rial and phytoplankton variables did not correlate significantly (p > 0.12). Further, depth-integrated
bacterial production over the euphotic zone comprised less than 4 % of primary production, suggesting
that bacteria and phytoplankton were not closely coupled during the study period. The uncoupling
seemed to be unrelated to phytoplankton community structure. Strong tidal mixing, which would mix
the organic matter produced in the euphotic zone into the deeper water column, possibly coupled with
mass sinking of phytoplankton to the bottom seemed to cause low substrates level and unbalanced
growth for bacteria in the euphotic zone and thereby the observed uncoupling of bacteria from phyto-
plankton. Further, strong tidal mixing seemed to facilitate the bacterial use of sinking carbon in the

aphotic zone.
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INTRODUCTION

Bacteria are a significant component in microbial
food webs and biogeochemical cycles in marine
ecosystems (Azam et al. 1983, Sherr & Sherr 1988,
Azam & Smith 1991, Ducklow & Carlson 1992). Bacter-
ial abundance correlates positively with phytoplank-
ton biomass (Bird & Kalff 1984, Ducklow & Carlson
1992), and bacterial production with phytoplankton
production (Fuhrman & Azam 1982, Cole et al. 1988,
Billen et al. 1990) for large scales of space and time.
However, these close relationships have not been often
reported for small scales of space and time (Pomeroy &
Deibel 1986, Andersen 1988). Major causes for the
uncoupled relationships are thought to be low water
temperature (Pomeroy & Deibel 1986), low substrate
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(Pomeroy et al. 1991), or food web structure (Andersen
1988).

Recently, hydrodynamic conditions have been pro-
posed to determine the energy flow and material cycle
in the sea (Legendre & Fevre 1989). In stratified water
a 'microbial loop’ type of food web appeared, while a
shorter ‘classical’ type of food web appeared to domi-
nate along the deep mixed layer (Kiorboe et al. 1990).
Different food chains developed as a result of differ-
ences in tidal mixing in the English Channel (Holligan
et al. 1984). In our study area (along a transect from the
southwestern tip of the Korean Peninsula to the axis of
the Yellow Sea) tidal current is strong. Due to the dissi-
pation of the tidal energy (tidal range of 3 to 5 m), a
high concentration of suspended particulate matter is
maintained in the shallow region throughout the year.
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The width of the tidally induced turbidity zone is about
50 km in the mouth of the Yellow Sea (Hong 1991).
Thus, various hydrodynamic environments are ex-
pected to occur (i.e. turbidity front, stratified and
mixed zones). In this study, we attempted to determine
(1) whether and how bacterial abundance and produc-
tion varied in the various hydrodynamic environments
along the transect, (2) whether relationships between
bacteria and phytoplankton for biomass and produc-
tion varied depending on hydrodynamic conditions
along the transect, and (3) whether variations of the
relationships between bacteria and phytoplankton
are related to phytoplankton community structure in
the various hydrodynamic environments. Our results
showed that bacterial abundance did not correlate
with chl a content, and bacterial production was <4 %
of primary production in the euphotic zone during a
spring bloom in the mouth of the Yellow Sea where
mixing was dominant. The work reported here
describes a possible role of strong tidal mixing in caus-
ing uncoupling of bacteria from phytoplankton.

MATERIALS AND METHODS

Sampling area and sample collection. A transect
from the southwestern tip of the Korean Peninsula to
the axis of the Yellow Sea was occupied between April
8 and 18, 1991 (Fig. 1), where a tidally induced turbid
zone is known to exist (Hong 1991). Seawater was col-
lected with a Niskin bottle (10 1) from 4 to 6 depths in
the water column.
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Bacterial variables. Samples for bacterial abun-
dance were fixed with 3 % of 0.22 pm filtered, buffered
formalin. Bacterial abundance was measured by epi-
fluorescence microscopy after staining bacteria with
acridine orange (Hobbie et al. 1977). Bacterial pro-
duction was measured basically by the method of
Fuhrman & Azam (1982). Briefly, [*H|thymidine
(Amersham Inc., specific activity = 25 Ci mmol ') was
added to 5 ml seawater to give a final concentration of
10 nM. The treated samples were incubated in the
dark at in situ temperature for 1 h. After incubation,
thymidine incorporation was stopped by adding NaOH
and putting samples on ice. The radiolabelled DNA
was extracted according to Robarts et al. (1986). Within
3 h, trichloroacetic acid (TCA) was added to the
samples, which were then filtered through 0.22 ym
Millipore filters. The filters were then washed with
phenol:chloroform (50% wt/vol) solution and 80%
ethanol (vol/vol). This procedure was more convenient
for use in the field than extraction with hot-TCA. The
incorporated radioactivity was converted to the num-
ber of cells produced using a conversion factor of 1.1 x
10'® cells per mole of thymidine incorporated into DNA
(Riemann et al. 1987). To estimate bacterial biomass
and production, 20 fg C cell”! (Lee & Fuhrman 1987)
was used. Bacterial doubling time was calculated by
dividing bacterial biomass with bacterial production
rate.

Phytoplankton parameters. Primary production was
measured by the *C-bicarbonate method (Parsons et
al. 1984): Water samples, collected by Niskin bottles at
6 different depths (100, 50, 25, 13, 5, 0% of incident
light), were treated with 'C-bicarbonate
(2 pCi, Amersham, Inc.) and incubated at
in situ temperature on deck at the corre-
sponding light intensities, achieved using
black nylon screen, for 2 h under natural illu-
mination. Incubations were terminated by fil-
tration of samples on Whatman GF/F glass
fiber filters. Since picoplankton comprises a
minor fraction (<5 %) of primary production in
the coastal zone of the Yellow Sea in April
(Shim et al. 1993), GE/F filters were used to
expedite filtration. Filters were kept frozen in
a dry ice box until radioassaying by liquid
scintillation counting. Instagel (Packard Co.}
was used as scintillation cocktail. Chloro-
phyll @ (chl a) was measured according to
Parsons et al. (1984). Samples for the quanti-
—34'N  tative study of phytoplankton were fixed with

Lugol's solution. Identification of phytoplank-

Fig. 1 Sampling stations along a transect from the southwestern tip
of the Korean Peninsula to the axis of the Yellow Sea. April 1991.

T, denotes the location of a moored sediment trap

ton was done after Histedt (1927-66), Cupp
(1943), and Abe (1967).

Environmental parameters. Water temper-
ature was measured by placing a calibrated
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thermometer into a Niskin bottle, immediately after
samples for measurements of bacterial and phyto-
plankton parameters were withdrawn. Salinity was
determined using an inductive salinometer. Sus-
pended particulate matter (SPM) in dry weight was
measured by filtering known volumes of seawater on a
combusted {550°C; 3 h) GF/F filter and drying the filter
in an oven (105°C; 2 h). Sinking fluxes of carbon and
nitrogen were determined by mooring a time-series
sediment trap (Parflux Mark 7G-13, McLane, Inc.),
which was deployed at 30 m depth at a station located
between Stns 6 and 7 (Hong 1991). Regression analy-
ses were performed using the ‘Systat’.

RESULTS

Hydrographic observations

Suspended particulate matter (SPM)

The dominant feature of the SPM distribution was a
remarkable increase (2- to 7-fold) with depth, except at
Stn 5 where almost uniform concentrations of SPM
were found in the water column (14.6 to 21.3 mg 17},
Fig. 3). The highest concentration of SPM was found at
Stn 6 at 30 m depth (56.8 mg 17'). The high SPM zone
{>30 mg 17') was located close to the bottom between
Stns 6 and 9. At the surface, the turbidity maximum
was found at Stn 5, which was located in the strongly
mixed zone (Fig. 2C). Another noteworthy observation
was that SPM concentrations at the surface were
always substantial (>2.5 mg 17!) throughout the tran-
sect, even at 150 km offshore (4.1 mg 17!). Conse-
quently, the euphotic depth determined by Secchi

The mouth of the Yellow Sea was
characterized by the presence of rela-
tively cold water (ca 2°C lower com-
pared to surrounding waters) located
between Stns 6 and 9 (Fig. 2A).
Between Stns 6 and 13 seawater tem-
perature increased with depth. How-
ever, throughout the study area top-
to-bottom (up to 110 m depth) and
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depth was shallow throughout the

study area (Fig. 3). The shallowest
euphotic depth (2.7 m) was found at
Stn 5, where a surface turbidity maxi-
mum existed.
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Fig. 3. Isopleth diagram of suspended particulate matter (SPM). () Depth at

which sample was taken

0 Concentrations of chl a ranged from
0.8 to 6.0 ug 17!, with the highest value
at the coastal Stn 1 at 10 m (6.0 ug 17,
Fig. 4). At most stations maximum con-
centrations of chl a were found at the
bottom of the euphotic zone. However,

at some stations (Stns 6, 8 and 11) chl a
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concentration increased with depth.
At Stns 3 and 10 the chl a maximum
was found at the surface, a typical
characteristic of fronts and consistent
with hydrographic features (Fig. 2C).

1'° Phytoplankton community structure

Fig. 4. Isopleth diagram of chlorophyll a. (¢) Depth at which sample was taken
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At stations near fronts with phyto-
plankton blooms (Stns 2, 3, and 10),
phytoplankton cell numbers at the sur-
face exceeded 10° [! (Table 1). How-
ever, at strongly mixed stations (Stns 5
and 8) with high concentrations of SPM com-
pared to the adjacent waters, phytoplankton cell
numbers were markedly decreased (10° 171,
Chain-forming or large diatoms (Skeletonema
costatum, Thalassiosira decipiens, Chaetoceros
densus, and Paralia sulcata) were the dominant
species along the transect (Table 1) except at
Stns 6 and 7 where a mixed and a weakly strati-
fied water column existed, respectively. At both
Stns 6 and 7, flagellates (Prorocentrum micans
and P triestinum) and nanophytoplankton (un-
identified) were dominant (>83 %). In the study
area, phytoplankton community structures were
similar within the shallow euphotic zone (data
not shown).

Distribution of bacterial abundance and
production

Bacterial abundance of the coastal region was
higher than that of offshore regions. The highest
bacterial abundance (31.9 x 10®1-'} occurred at
the inner Stn 1 (Fig. 5A). Bacterial abundance at
the surface decreased to 4.1 x 10% 17! at Stn 3
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Table 1 Dominant species of phytoplankton at the surface as
percentage of total cell numbers

Stn  Dominant species Cell numbers (I7'}) %
2 Skeletonema costatum 1787411 62
Thalassiosira decipiens 182413 6
Nanoplankton 613571 21

3 S. costatum 988 500 66
T. decipiens 123000 8
Nanoplankton 243000 16

4 S. costatim 38669 19
Chaetaceros densus 30528 15
Prorocentrum micans 30528 15

P triestinum 38669 19
Nanoplankton 40704 20

5 Paralia sulcata 23331 21
Plagiogramma vanheureckii 9999 9
Nanoplankton 49995 45

6 S. costatum 14140 7
P micans 30300 14

P. triestirum 56 560 26
Nanoplankton 92900 43

7 P. micans 14 586 21
P triestinum 8976 13
Nanoplankton 34782 50
Gonyaulax polygramma 4488 6

8 Grammatophora undulata 7315 8
S. costatum 13585 14

P. sulcata 9405 10
Nanoplankton 47025 48

9 S. costaium 365742 73
T. decipiens 56392 11

10 S. costalurn 2474712 79
T. decipiens 328320 10

11 Nitzschia sigma 8610 6
P. micans 15068 10

S. costatum 55965 38

T. decipiens 27983 19
Nanoplankton 23678 16

(12.6 km offshore), and then varied within a narrow
range (3.2 to 4.8 x 108171} in the water column beyond
Stn 3.

Bacterial production ranged from undetectable to
11.9 pg C 17" d°! and varied greatly in the water col-
umn along the transect (Fig. 5B). In general, a thin
layer (ca 5 m) of moderately low bacterial production
(>0.5pg C 171 d"") floated on the bottom layer of much
lower bacterial production. The water bodies with
undetectable bacterial production were interspersed at
a 3 to 30 m depth interval along the transect. The iso-
pleth of 0.5 ng C1°! d~! deepened at the inner Stns 1 to
3 where relatively high bacterial production was found
and at Stn 8 where mixing was suggested (Fig. 2C). At
the stations with high SPM concentrations (Stns 5, 6,
and 8) bacterial production in the euphotic zone was
much lower than in the adjacent waters (Table 2). The
gross features of distributions of bacterial abundance
and production did not reflect that of hydrography.

Based on bacterial production and biomass data,
bacterial doubling times in the euphotic zone were
estimated to vary from 1.2 d to infinity with an average
doubling time of 23.8 + 27.4 d (n = 26, without includ-
ing values of infinity). The fastest bacterial growth was
found at the surface of inner Stns 1 and 2.

Interrelationships between bacteria and phytoplankton

Bacterial abundance did not significantly correlate
with chl a (r> = 0.04, p = 0.28) or primary production
(r?=0.15, p = 0.27). Bacterial production did not signif-
icantly correlate with chl a (r? = 0.09, p = 0.12) or pri-
mary production (r? = 0.07, p = 0.35), indicating weak
response of bacteria to a spring bloom. Bacterial pro-
duction did not significantly correlate with bacterial
abundance (r? = 0.01, p = 0.57) in the euphotic zone.
Depth-integrated bacterial abundance over the eu-
photic zone correlated significantly with the depth of
the euphotic zone (r* = 0.77, p = 0.001), indicating a
relatively homogeneous distribution of bacteria in the
euphotic zone. Depth-integrated bacterial abundance

Table 2. Compearison of depth-integrated bacterial production over the euphotic depth (BPg) and whole water column (BPy) with
depth-integrated primary production (PP) along a transect in the Yellow Sea from April 8 to 18, 1991. The surface turbidity max-
imum was found at Stn 5. Production given in mg C m~2d-!

2 3 4 5
PP 1048 913 140 92
BP: 28.2 3.3 2.7 1.4
BPy, 33.7 5.5 5.5 6.4
BP&/PP (%) 2.6 0.3 1.9 1.5
BP./PP (%) 3.2 0.6 3.9 7.0

Station
6 7 8 9 10 11
144 500 84 499 3175 723
0.7 7.6 2.8 4.2 4.5 2.3
15.7 12.8 318 24.5 8.5 11.5
0.4 1.5 3.3 0.8 0.1 0.3
10.9 2.6 379 4.9 0.3 1.6
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Fig. 6. Bacteria and phytoplankton in the Yellow Sea in April, 1991.
(A) Depth-integrated bacterial abundance and chla over the
euphotic zone, and the euphotic depth (Zg). (B) Primary production
(PP), and net phytoplankton production (NPP). (C) Bacterial produc-
tion integrated over the euphotic zone (BPg) and bacterial production
integrated (BP) over the depth of the mixed layer or the euphotic
depth, whichever was deeper. The depth of the mixed layer (Z) was
defined as the depth where Ac, from surface ¢, was 0.25. (D) Values

of BP/NPP and Z, along the transect

over the euphotic zone correlated significantly with
depth-integrated chl a over the euphotic zone (r* =
0.45, p = 0.034), but depth-integrated chl a over the
euphotic zone did not correlate significantly with the
depth of the euphotic zone (p = 0.18). Depth-integrated
chl a over the euphotic zone correlated significantly
with the euphotic depth only when data of inner and
outer stations (Stns 2, 3, 10, and 11) with elevated pri-
mary production and chl a (Figs. 6A, B) were excluded.
These results again indicate different distributions of
bacteria and chl a in the euphotic zone and different
responses of bacteria and phytoplankton to changing

Mar. Ecol. Prog. Ser 115: 181-190, 1994

& depth of the euphotic zone during the study
f,‘ period. Depth-integrated bacterial production
5 for the euphotic zone did not correlate with the
g depth-integrated primary production (r* = 0.04,
- p = 0.59) and comprised a very small portion of it
& (1.3 + 1.1%, n = 10, Table 2, Fig. 6). Depth-inte-
(': grated bacterial production for the whole water
column did not correlate with primary produc-
tion (r?2 = 0.02, p = 0.68) and also comprised a
_ small portion of it (7.3 + 11.2%, n = 10, Table 2}.
o Temperature correlated weakly, but signifi-
Ve cantly, with chl a (r* = 0.27, p = 0.01), bacterial
9 abundance (r? = 0.37, p = 0.003), and bacterial
£ production (r? = 0.23, p = 0.02). This seemed to
g be related to a weak stratification in Stn 2; when
o data from Stn 2 were excluded, temperature
barely correlated only with bacterial abundance
. (r*=0.21, p = 0.05).
'e
© DISCUSSION
€
© A dominant physical characteristic of the
° study area was the strong activity of tidal mixing
as indicated by the fact that the whole study
area differed in temperatures by <4°C over
150 km distance and up to 110 m deep. Espe-
€ cially the top 30 m layer showed <1°C tempera-
e ture difference in most of the study area. As a
: consequence of the tidal mixing, surface waters

were turbid and rich with nutrients. High nutri-
ent concentrations in the euphotic zone (ammo-
nium ranged from ca 0.1 to 0.5 pM; nitrate 2.0 to
10.7 uM; phosphate 0.7 to 1.9 uM; Hong 1991)
were favorable to phytoplankton growth.
Assimilation numbers of phytoplankton in the
study area ranged from 6 to 20 mg C mg ' chl a
h~! with an exception at Stn 6 of 1.4 mg C mg~!
chl a h~! (Hong 1991), indicating an active state
of phytoplankton. The high phytoplankton cell
numbers and chl a indicated an ongoing spring
phytoplankton bloom in coastal stations and off-
shore stations. The dominance of tidal action
also caused high SPM concentrations in the water col-
umn (Fig. 3), which resulted in light-limiting condi-
tions (Secchi depth usually <4 m) in surface waters.
Thus, organic matter production was restricted within
a thin layer (<10 m), which in turn restricted bacterial
production in most stations to <10 m depth (Fig. 5).
Bacterial abundance and production during the study
period were generally low (mostly in the ranges of 3 to
9x10%171,0to 1 ug C1-'d"!) considering the observed
values of chl a and primary production (Fuhrman &
Azam 1982, Bird & Kalff 1984, Cho & Azam 1990).
Interestingly, the ranges of bacterial and phytoplank-
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ton variables, water temperature, nutrient concentra-
tions, and well-mixed conditions in our study area
were similar to those found in the North Sea during a
spring bloom (Nielsen & Richardson 1989). Nielsen &
Richardson (1989) also found that a minor fraction of
primary production flowed through the 'microbial
loop’ in the euphotic zone during a spring bloom as in
our study. Below, we will discuss strong tidal mixing as
a possible cause of the uncoupling of bacteria and
phytoplankton in our study.

For the uncoupling of bacterial abundance and
chlorophyll in the New York Bight, where freshwaters
of the Hudson River outflow in the plume, Ducklow &
Kirchman (1983) explained it as being due to alloch-
thonous inputs of dissolved organic matter on which
bacteria grew. Within the warm-core ring, Ducklow
(1984) found an uncoupling of bacterial abundance
and chlorophyll due to different vertical distributions
of bacteria and chlorophyll. In our study, however,
allochthonous inputs of dissolved organic matter
would not account for the insignificant correlation
between bacterial abundance and chl a or primary
production because bacterial production in the
euphotic zone comprised only <4 % of primary produc-
tion throughout the study region. Since tidal mixing is
strong in our area, depth-integrated bacterial produc-
tion over the whole water column was compared with
primary production (Table 2). Again, bacterial produc-
tion was a small portion {mean of 7.3 %) of primary pro-
duction. Different spatial distributions of bacteria and
chlorophyll (Figs. 4 & 5) would in part explain the
insignificant correlations during the study. Also, this
may be partly due to low bacterial growth rates com-
pared to healthy phytoplankton growth in this study.

Probably the first report on the uncoupling between
bacterial and phytoplankton growth was from a
northern polar marine environment, Newfoundland
(Pomeroy & Deibel 1986). Pomeroy & Deibel (1986)
found that very low seawater temperature was the
cause of the uncoupling. At about 0°C seawater tem-
perature, bacterial growth was inhibited but phyto-
plankton growth was not. Thus, the phytoplankton
production and its sinking could support the high ben-
thic and fish productions. Further, low substrate level
is recognized to be another important factor for the
uncoupling at such a low ambient temperature
(Pomeroy et al. 1991). Off central Chile, McManus &
Peterson (1988) reported that bacteria at a nearshore
station were uncoupled from phytoplankton in newly
upwelled water. This was mainly due to advected
allochthonous organic matter from offshore. The
uncoupling found for the bacterial and primary pro-
duction in our study was not apparently due to very
low temperature or to inputs of allochthonous organic
matter into the study area.

Another cause of the uncoupling has been reported:
in the North Bering/Chukchi Seas at a relatively stable
diatom dominated station, Andersen (1988) observed
that only 5% of primary production entered the micro-
bial loop. Here, sinking and benthic consumption of
primary production and grazing let planktonic bacteria
use only a small fraction of primary production. A sim-
ilar observation was found in the North Sea during a
spring bloom (Nielsen & Richardson 1989), and sinking
of the bulk of primary production was suggested as the
cause. Possibly, in our study area much of primary pro-
duction by large diatoms was not used by bacteria and
lost to the bottom via sinking. High chl a concentra-
tions below the euphotic zone, and sediment trap data
suggest such a possibility. Sinking carbon flux at 30 m
depth (far below the euphotic zone) at a trap station
(96 mg C m~? d~! and 9.9 mg N m~* d~}; Hong 1991)
represented 67 % and 19 % of primary production at
the adjacent Stns 6 and 7, respectively. Since our sedi-
ment trap was moored in a very high SPM environ-
ment, we may have collected a substantial portion of
resuspended materials as indicated by an observation
that organic carbon comprised only 0.97 % of the sink-
ing particulate matter (Hong 1991). This data itself
might not be robust enough to conclude high sinking
of primary production as an explanation of the ob-
served uncoupling in our study. In addition, phyto-
plankton community structure was thought to be
responsible for the uncoupled relationship between
bacterial production and primary production (Ander-
sen 1988). In most stations in our study region, large
diatoms or chain-forming diatoms (Thalassiosira decip-
iens, Skeletonema costatum, Paralia sulcata, Chaeto-
ceros densus) were the dominant phytoplankton taxa
(Table 1). At Stns 6 and 7, flagellates and nanophyto-
plankton were the major taxa. Comparison of phyto-
plankton community structure with the ratios of depth-
integrated bacterial production to primary production
was interesting; the ratios for Stns 6 and 7 were not
substantially different from the ratios for the other
stations (Table 2). Thus, the variation in the ratios of
depth-integrated bacterial production to primary pro-
duction (i.e. variation in the uncoupling between bac-
terial production and primary production) in our study
area might not be explained by community structure of
phytoplankton along the transect. Further, since net
production of organic matter begins in the middle of
March near the study area (Chung & Yang 1991) and
time lag in bacterial response to a spring bloom is
reported to be only 10 d (Lancelot & Billen 1984), the
time lag in bacterioplankton response to the spring
bloom would not explain the observed uncoupling.

We propose a scenario to explain the observed
uncoupling of bacterial and phytoplankton produc-
tions as follows: our study area is subject to strong tidal
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mixing, and thus is highly turbid and light-limited.
This physical environmental condition would restrict
organic matter production within the thin euphotic
layer (<10 m), while the depth of the mixed layer is
mostly similar to or much deeper than the euphotic
zone (Fig. 6A, D). The strong tidal mixing is expected
to have a few direct effects on bacterial utilization of
organic matter and consequently on carbon flow
through bacteria. As mixing deepens in the water col-
umn, phytoplankton production would be increasingly
respired by the biological communities until the mixed
depth approaches the critical depth. Since bacteria are
recognized as a major agent of pelagic respiration
(Williams 1984, Griffith et al. 1990), we expect that
bacterial production would comprise a major fraction
of net phytoplankton production in strongly mixed sta-
tions and a small fraction in weakly mixed stations.
This is tested by correlating the ratios of depth-inte-
grated bacterial production (BP) to net phytoplankton
production (NPP) with mixed layer depth (Fig. 6D).
Here, BP was defined as bacterial production inte-
grated over the depth of the mixed layer or the
euphotic depth, whichever was deeper. Mixed layer
depth (Z,) was defined as the depth where the differ-
ence from surface 6, is equivalent to A, of 0.25, which
gave a better correlation than other values of As, (not
shown). Net phytoplankton production was calculated
by correcting for phytoplankton respiration conserva-
tively by substracting 5% of maximum photosynthetic
rate from gross phytoplankton production (Cole et al.
1992). As expected, the result shows a highly signifi-
cant positive relationship [BP/NPP (%) = -4.83 +
0.86Z,; r* = 0.78, p = 0.001, see Fig. 6D]. This result
indicates that in a strongly mixed water column most of
phytoplankton production would be channeled to the
microbial loop. This is consistent with the observation
that net water column production is negative when
photic depth is less than ca 20% of the mixed depth
(Cloern 198%7). Possibly, in the deep mixed layer (ca
100 m) of the North Sea where direct transfer of the
bulk of primary production to the aphotic zone was
suggested (Nielsen & Richardson 1989), the trans-
ported primary production might be substantially used
up by bacteria.

Also, the values of BP/PP (%), percentage ratios of
depth-integrated bacterial production over the water-
column to primary production, were high at stations
with a deep mixed layer (7.0 to 37.9% at Stns 5, 6, and
8; Table 2). However, these stations showed similarly
low values of BPg/PP (%) when compared to other sta-
tions (Table 2), suggesting that bacterial utilization of
phytoplankton production below the euphotic zone
was greatly enhanced in strongly mixed stations. For
example, we can compare Stns 4 and 6 where primary
production values were quite similar to each other

(Table 2), but the depth of the mixed layer was 3.9 and
30 m, respectively. At Stn 4, where mixing was weak,
BPy/PP was only 2-fold higher than BPp/PP, whereas
enhanced (27-fold) bacterial utilization of primary pro-
duction was found in the aphotic zone in the strongly
mixed Stn 6. An intriguing question then is, why was
enhanced bacterial utilization of primary production
not found in the aphotic zone in weakly mixed sta-
tions? We believe that strong mixing somehow facili-
tated conversion of sinking phytoplankton production
into dissolved organic matter in the aphotic zone.
Thus, water-column bacterial utilization of primary
production was enhanced in strongly mixed waters. In
fact, BPw/PP correlated positively and significantly
with the depth of the mixed layer (r? = 0.78, p = 0.001).
This mechanism might explain the wide variations
(126-fold) in BP./PP during the study period.

Next, strong tidal mixing would force the bacteria to
experience periodically changing environments and
therefore unbalanced growth (Chin-Leo & Kirchman
1990). Bacteria with slow growth rates (mostly with
doubling times >5 d), living in continually mixed envi-
ronments, would not adapt effectively to shift-up con-
ditions afforded by photosynthesis. This seems to be
consistent with the result that bacterial abundance
insignificantly correlated (p = 0.57) with bacterial pro-
duction. However, the reasons for slow bacterial
growth rates during the study period are not clear.
Such slow growth rates of bacteria (doubling times of
24 + 27 d, n = 26) are not found in the other coastal
region of the Yellow Sea in April (Cho & Shim 1992);
the bacterial doubling times ranged from 2 to 21 d (7 +
5d, n = 22) in the euphotic zone. Also, in the mideast
part of the Yellow Sea bacterial doubling time is
reported tobe 0.6 + 0.3 d (n =6) in the euphotic zone in
April (Son 1989). Our slow growth rates might be due
partly to physical mixing which dilutes the newly
photosynthesized organic matter into the deep mixed
layer causing low substrate levels for bacteria in the
euphotic zone. Possibly, major loss of phytoplankton
production to the aphotic zone would occur, as BP,,/PP
data in strongly mixed waters and sediment trap data
suggested. All these possibilities combined with
unbalanced growth would cause the observed uncou-
pling of bacteria from phytoplankton in the euphotic
zone. Further, the uncoupling of bacterial and phyto-
plankton productions would be exaggerated if the car-
bon assimilation efficiency of bacteria was low during
the study.

Our conclusion on the uncoupling between bacterial
production and primary production would be biased if
attached bacteria were dominant and their biovolumes
were large. Except for samples near the bottom,
attached bacteria were a small fraction of total bacteria
(<15%; S. S. Yoon pers. comm.}. Although we did not
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measure biovolumes of the attached bacteria, they did
not seem to be much larger than free-living bacteria
under microscopic examinations. This is consistent
with recent findings that free-living bacteria were
dominant even in turbid estuarine samples (Kirchman
et al. 1989, Griffith et al. 1990). The other factor to be
considered is a conversion factor for thymidine incor-
poration in attached bacteria. Iriberri et al. (1990)
reported that conversion factors for the attached and
free-living bacteria were similar. Thus, even if large
biovolume (e.g. 0.2 um?®) and a higher conversion factor
of biovolume to carbon (0.175 g C mi~!; Simon & Azam
1989) are employed to account for the attached bacte-
ria in our samples, our conclusion of the uncoupled
bacterial production from primary production will not
be affected. Finally, the use of 10 nM thymidine as
employed here has been assumed to saturate uptake of
thymidine (Fuhrman & Azam 1982). Logan & Fleury
(1993) recently suggested that thymidine incorporation
was non-saturable even at mM concentrations. It thus
remains to be confirmed whether the use of 10 to
20 nM thymidine with a current conversion factor is
appropriate to quantitatively measure bacterial pro-
duction.

In conclusion, strong tidal mixing might cause
uncoupling between bacteria and phytoplankton dur-
iIng a spring bloom. Further studies on respiration
activity in bacteria and growth status are needed to
elucidate how such physiological conditions could
influence the carbon flux through bacteria in continu-
ously mixed environments.
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