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ABSTRACT: Fluorescently labeled bacteria (FLB) were used to examine the long-term changes
(monthly for 8 mo) and short-term changes (daily for 10 d) of bacterial grazing in a natural plankton
community. Two preliminary experiments also were performed to evaluate the effect of sample volume,
incubation time, and light regime on the results. Experimental results indicate a 'bottle effect’ for the
3 smallest sample volumes employed (100, 200, 500 ml); lower grazing rates were always observed
during 24 h incubations than during 48 h incubations. The light regime (continuous darkness, continu-
ous light, 12L:12D) did not affect grazing rates during a 48 h experimental period. Bacterivory in the
seasonal study in Vineyard Sound, Massachusetts (USA) was highly responsive to water temperature
and was the primary factor determining grazing pressure over the winter-summer period. Samples
incubated at 20°C during winter consistently exhibited higher rates of consumption of bacteria than a
triplicate set of samples incubated at ambient water temperature or 5°C. Daily fluctuations in the rates
of bacterivory during a 10 d period in May were significant, but were ca 1/10 the magnitude of the
seasonal fluctuation. Maximal rates of bacterivory removed up to 60 % of the bacterial assemblage
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daily.

INTRODUCTION

The contribution of bacternia to the total biomass of
most aquatic communities is highly significant (Fergu-
son & Rubblee 1976, Watson et al. 1977, Holligan et al.
1984, Fuhrman et al. 1989). Because of this, quantifying
the rates of consumption of these microorganisms has
been perceived as essential for modeling energy and
nutrient flow in these ecosystems (Azam et al. 1983,
Cole et al. 1988). Numerous studies have been con-
ducted to investigate the rates of ingestion of bac-
terivorous organisms in a wide variety of planktonic
environments. Most of these studies, however, have
examined the feeding rates of the bacterivore commun-
ity at a particular time of year, and have stressed the
spatial differences in bacterivore activity rather than
temporal fluctuations in this activity. Rarely have
studies been conducted to examine the seasonal
changes in bacterivory (Pace et al. 1990). This informa-
tion is important, however, particularly in light of the
controlling role that temperature plays in the activity of
natural bacterial assemblages (Pomeroy & Wiebe
1988). Moreover, the magnitude of the short-term (day-
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to-day) changes, relative to the seasonal fluctuations in
grazing pressure, is poorly known.

The processes affecting bacterivory at these 2 tem-
poral scales, seasonal and daily, may be fundamentally
different. Seasonal changes in microbial activity in a
temperate environment would be expected to be
strongly affected by physical parameters, most notably
temperature, which could directly affect the metabolic
rates of microorganisms or result in changes in the
species composition and density of the bacteria and
bacterivore assemblages. Short-term changes in graz-
ing activity, in contrast, might be less affected by physi-
cal parameters, but may be responsive to biological
features of the community (i.e. rapid oscillations in
the abundances of bacteria and their consumers due
to predator-prey relationships within the plankton).
Transient storm events also may significantly affect
microbial processes on short time scales. The mag-
nitudes of these daily and seasonal fluctuations in bac-
terivore grazing pressure in a particular environment
are virtually unknown.

This study was designed to analyze and compare
short-term and long-term fluctuations of bacterivory
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in a coastal plankton community. Experiments were
conducted with seawater from Vineyard Sound,
Massachusetts (USA), to establish the magnitude of the
seasonal variation in bacterivore activity, and to com-
pare this variation with the daily fluctuations in the
grazing pressure occurring during a warm-water
period. For these studies we employed fluorescently
labeled bacteria (FLB) to estimate bacterivory. Most
studies of bacterial grazing to date employing FLB
have been directed at evaluating the clearance rates
of specific microorganisms in plankton assemblages
(Sherr et al. 1987, Sherr et al. 1989a, b, Gonzalez et al.
1990). These studies were based on an accurate deter-
mination of the uptake of labeled bacteria by consum-
ers. Such investigations have provided detailed and
valuable information on the species composition of
the bacterivore assemblage and the grazing rates of
specific groups but, because the entire grazer commun-
ity can rarely be examined, the results of these studies
have been difficult to extrapolate to estimates of total
bacterivory in the water sample.

We have employed a method to evaluate total bacter-
ivore grazing activity which relies on the disappear-
ance of FLB from a water sample over an extended
incubation period (24 to 48 h). Based on the rate of
disappearance of FLB and the density of natural bac-
teria, bacterial grazing was quantified monthly for an
8 mo period, and daily for a 10 d period during late
spring. Two experiments were conducted prior to the
grazing study to examine the implications of sample
volume and experimental conditions (light regime and
length of incubation time) on the results.

METHODS

Sample collection and processing. All samples
employed in this study were collected from Vineyard
Sound at the Woods Hole Oceanographic Institution
Shore Laboratory facility, Woods Hole, Massachusetts
(USA). Samples were collected from 0 to 1.0 m depth.
All samples employed for cell counts in this study were
preserved with 10 % glutaraldehyde (final concen-
tration of 1%} prepared in Vineyard Sound Seawater
and filtered through 0.22 um pore size Millipore filters.
All bacterial grazing rates were obtained by measuring
the rate of disappearance of fluorescently labeled bac-
teria (FLB) in seawater samples. FLB were prepared
from late stationary phase cultures of the bacterium
Pseudomonas halodurans according to the procedure
of Sherr et al. (1987). These starved cells were small in
size (cell volumes = 0.1 to 0.3 um?; cell lengths = 0.5 to
1.2 um) relative to bacteria from the exponential
growth stage, and more closely resembled the size of
natural bacterioplankton in this system. Labeled cells

were added to natural seawater samples at concen-
trations that were 20 to 50% of the abundance of
natural bacteria.

FLB and total bacterial abundances were determined
by epifluorescence microscopy (Leitz Laborlux) on 1 ml
subsamples stained with 4’,6-diamidino-2-phenylin-
dole (DAPI) stain and filtered onto black Nuclepore (0.2
um pore size) filters. Twenty fields were examined from
4 diametral transects on each slide. The number of
bacteria counted in each slide varied from 400 to 600.
Nanoflagellates were also enumerated by epifluores-
cence microscopy on 5 to 15 ml DAPI-stained subsam-
ples (Porter & Feig 1980j filtered onto black (0.8 um
pore size) Nuclepore filters. At least 100 flagellates
were counted in each data point examining 20 to 30
fields of 3 slides.

We calculated the grazing and net growth rates
(g and a respectively) and the number of bacteria
grazed as follows:

F, = FO e_gt
Nt = NO eat

where F, and Fy = number of FLB at time ¢ and time 0;
N; and N, = number of natural bacteria at time t and
time 0. Then,

g = —1/t (In[F/F))
a = 1/t (In[N,/Ng))

Assuming that FLB and natural bacteria are removed at
the same rate, the number G of natural bacteria grazed
during time ¢ can be calculated as follows:

G = _g/a (Nl - NO)'

and the total number TG of bacteria grazed during time
tis:

ITG=F - F+ G

Several extensive laboratory experiments were car-
ried out with natural samples prior to the long-term and
short-term bacterivory experiments in order to estab-
lish the most appropriate conditions for conducting
these grazing studies. The preliminary experiments
examined the effects of the volume of the incubated
sample (to examine the 'bottle effect’), the length of the
incubation period and the light regime on the rates of
bacterivory in Vineyard Sound seawater.

Incubation volume. Seawater was collected from the
surface waters of Vineyard Sound on August 10, 1989.
Six different volumes (100 ml], 200 ml, 500 ml, 11, 2 1,
20 1) of seawater were incubated at 19°C in continuous
light (fluorescent light at 230 to 260 uEinsteins m 2571,
All incubation vessels were composed of clear polycar-
bonate. The 100 and 200 ml volumes were incubated in
250 ml flasks, the 500 ml, 1 1 and 2 | aliquots were
incubated in 2.5 1 flasks, and the 20 ] volume was
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incubated in a 21 ] carboy. Surface:volume ratios were
0.95, 0.81, 0.55, 0.45, 0.39 and 0.17 for the 100 ml, 200
ml, 500 ml, 11, 2 1 and 20 1 volumes, respectively.
Quadruplicate containers of each volume were incu-
bated and examined. The caps were kept loose and the
containers were not stirred during the incubations.
Samples were removed initially and every 6 h over a
36 h period for the enumeration of FLB.

Incubation time and light regime. The effect of the
light regime and the sampling time on the rates of
bacterivory were examined using 20 1 aliquots of Vine-
yard Sound seawater incubated in clear polycarbonate
carboys. Seawater was collected on October 11, 1989,
and incubated at 19°C. Aliquots were incubated in
continuous darkness, continuous light (fluorescent
light at 230 to 260 uEinsteins m~2s™}), or in a 12h/12h
light/dark cycle. A set of 11 aliquots also was incubated
in the light/dark cycle. Duplicate aliquots were incu-
bated for each treatment. Samples were taken from
each container initially, and after 12, 24, 36 and 48 h of
incubation to examine the effect of incubation time on
the rates of bacterivory.

Long-term (seasonal) and short-term (day-to-day)
grazing measurements. Based on the results of the
preliminary experiments described above, an experi-
mental procedure was designed to examine the long-
term and short-term fluctuations in bacterivory in Vine-
yard Sound. Seasonal changes in the rate of bacterivory
were determined from samples collected monthly for 8
mo beginning in December 1989. Short-term changes
were determined from samples collected daily for a
10 d period beginning May 16, 1990.

All samples were 1 1 volumes incubated in 2 1 clear
polycarbonate flasks. In all experiments conducted,
we collected one sample from the field which was
divided into subsamples. Samples were incubated at 2
temperatures, ambient (or 5 °C, whichever was higher}
and 20°C. Winter samples were not incubated below
5°C because of the difficulties with maintaining an
ice-free incubation system. The light regime for all
experimental periods was a 12h/12h light/dark cycle
(fluorescent light at 230 to 260 uEinsteins m~™* s7!).
Triplicate samples were incubated at each tempera-
ture. FLB concentrations were determined from sam-
ples taken immediately following the addition of FLB
to the samples, and from samples taken after 48 h of
incubation.

Control experiments were conducted to examine the
possibility of losses of FLB that were unrelated to graz-
ing. These experiments consisted of incubating 3 vol-
umes of 11 of autoclaved sea water at 5 and 20°C. The
light intensity and regime were identical as in the long
term and short term grazing measurements. The quan-
tity of FLB introduced in each control volume was the
same as that introduced into the experimental contain-

ers. We determined the FLB concentrations from sam-
ples taken immediately following the addition of FLB,
and from samples taken after 48 h. No significant
difterences between FLB concentrations at t = 0 and at
t = 48 h were observed.

Chlorophyll concentrations for these samples were
determined from subsamples filtered onto 0.22 ym Mil-
lipore GS filters, extracted in 90 % acetone overnight at
5°C, and read on a Turner Fluorometer Model 111.

RESULTS
Investigations of the experimental design

The volume of sample incubated had a measurable
effect on the disappearance of fluorescently labeled
bacteria in our study. The most apparent effect of
incubation volume was the effect on replicability.
There was considerably more variability in the rates of
bacterivory observed among the 4 replicate flasks for
each of the 3 smallest volumes examined than for the
largest volumes. In addition, the average rates of bac-
terivory (total bacteria consumed per unit volume per
unit time), calculated from the rate of disappearance
of FLB and the abundance of the natural bacterial
assemblage, were lower for the 3 smaller volumes (100,
200, 500 ml) relative to the rates measured in the
3 larger volumes (Fig. 1). These differences were sig-
nificant {1-way ANOVA, p < 0.05), however, only
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Fig. 1. Effect of sample volume on rates of bacterivory in

Vineyard Sound seawater. Experiment conducted August 10,
1989. Error bars: = 1 SE of 4 replicate flasks at each volume

between the 500 ml volume and the 3 largest volumes
(1, 2 and 20 1). Moreover, the abundance of natural
bacteria did not change significantly in vessels with
sample volumes = 500 ml, but increased significantly
over a 36 h period in the 100 and 200 ml vessels
(increase of 1.5 X and 2.7 X, respectively).

The surface:volume ratio of the incubation vessels
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varied with the different incubation volumes in our
experiment (see ‘Methods’). We cannot, therefore, con-
clusively establish whether the effect on grazing rates
was due to sample size itself, the surface:volume ratio,
or a combination of both factors. We considered that
the incubation in a 20 | vessel was the best approxima-
tion (if not the ideal) because, due to the large volume,
the plankton assemblages were better represented and
the surface:volume ratio was the lowest. Because graz-
ing rates in the 20 1 and the 1 I volumes were not
significantly different (see below), we chose the 1 1
volumes for conducting our experiments thereafter
because of the convenience of the smaller volume.

The effect of incubation time on the grazing meas-
urements was examined in order to determine the
shortest period of time over which significant changes
in FLB density (and, thereafter, grazing rates) could be
measured. As a conservative measure we calculated
grazing rates only when the average rate of the
replicates was higher than twice the standard devia-
tion. The time period required to obtain this condition
was dependent upon the experimental conditions
(most notably temperature), but a minimum period of
24 h was generally required even during warm water
periods. Decreases in FLB concentration after 12 h of
incubation were, in general, not significant.

The length of the incubation period affected the rate
of bacterivory determined by the disappearance of FLB
(Fig. 2). Grazing rates averaged for the duplicate incu-
bation vessels in each treatment were always lower for
the 0 to 24 h period than for the 0 to 48 h period, but
these differences were significant (p < 0.05) only for
the 20 1 aliquots in continuous darkness. Because we
found much lower rates of bacterivory in Vineyard
Sound during winter, 48 h incubations were employed
in all subsequent experiments to maintain consistency.

3
B Dark (20D
0O Continuous light (20 )
Light/Dark (20 I)

2 B Light/Dark (11)

Total Bacteria Ingested
(x 106 ml "' d 1)

ol 4
0-24 0 - 48
Sampling Time Interval (hours)

Fig. 2. Effect of incubation period (0 to 24 h, or 0 to 48 h) and

light regime (continuous light, 12 h/12 h light/dark cycle, or

continuous darkness) on rates of bacterivory in Vineyard

Sound seawater. Experiment conducted October 11. 1989.
Error bars: = 1 SE of duplicate flasks

For a particular incubation period (either 24 or 48 h),
the light regime had virtually no effect on the rate of
bacterivory (Fig. 2). Samples incubated in continuous
light, continuous dark or in a 12 h/12 h light/dark cycle
showed no significant differences in the rate of disap-
pearance of FLB for a given incubation period. There
were no significant differences in the grazing rates
between 1 and 20 I incubation volumes in this experi-
ment (Fig. 2).

Grazing studies

Monthly grazing measurements were conducted in
Vineyard Sound water over a time period that spanned
the annual temperature range (= 1 to 20°C; Fig. 3A).
Water temperature remained cold (< 5°C) for the first
4 monthly samples, and then rose steadily for the next
4 mo. A large diatom bloom occurred during the study
and was apparent as a single large peak in chlorophyll
a concentration in the February sample. Bacteria and
heterotrophic nanoplankton (HNAN) also increased in
abundance during the spring, and a large peak in the
abundance of both assemblages also occurred during
the February phytoplankton bloom (Fig. 3B).

Rates of bacterial removal (bacteria consumed ml™!
d~!) during the seasonal study (Fig. 3C) ranged from ca
4 x 10% to 2 X 10° bacteria ml™! d7!, and were corre-
lated with water temperature. The correlation coeffi-
cient between temperature and the rate of bacterial
removal in incubations at ambient temperatures was
0.90, n = 8. Triplicate incubations, at 5°C (or ambient,
see 'Methods’) and 20°C, were carried out on 7 of the
8 sampling dates (water temperature in July was
= 20°C). Grazing rates for the samples at 5°C or
ambient were significantly lower than the correspond-
ing samples at 20°C in 5 of the 7 comparisons (p <
0.05). These latter 5 samples included all the samples
for which the in-situ temperature was less than 14 °C.
The largest difference between samples incubated at 5
and 20°C occurred for the December sample (= a factor
of 20x). The rates of bacterial removal observed in the
samples incubated at ambient temperatures or (5°C,
see '‘Methods’) varied by a factor of ca 25X over the
course of the study (filled squares in Fig. 3C). Lowest
values occurred in the winter (with the exception of
February during the phytoplankton bloom) and highest
values occurred in the summer. The samples collected
over the seasonal study period but incubated at 20°C,
by contrast, varied by only a factor of ca 3x, and
showed little or no relationship to the season.

Rates of bacterial removal were used to estimate the
percentage of the natural bacterial assemblage that
could be removed by grazing each day (Fig. 3D). Val-
ues ranged from 3% up to 41 % for the samples incu-
bated at 5°C or ambient temperature and increased
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Error bars: = 1 SE of triplicate flasks

steadily from winter to summer. The values for the
samples incubated at 20°C ranged from 26 % up to
65 % and showed no relationship to season. Percent-
ages of the bacterial assemblage removed per day
during the winter-spring period were always signifi-
cantly greater for the samples incubated at 20°C com-
pared to the corresponding samples incubated at 5°C
or ambient temperature. The implication of this result is
that the potential for the bacterivore assemblage to
impact significantly the bacterial community was
present in the winter samples but its activity was
restrained by the water temperature. As the water
temperature increased to 13 to 15°C this effect was no
longer apparent.

The effect of incubation temperature on the rate of
bacterial growth in the samples was qualitatively simi-
lar to its effect on the rate of bacterivory (Fig. 4).
Bacterial growth rates were estimated from changes in
the bacterial densities during the incubations corrected
for losses due to the removal of bacteria by grazers
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Fig. 4. Estimated bacterial growth rates during the seasonal

study. Growth rates were calculated from changes in bacterial

abundances between the beginning and end of each incuba-

tion, and the number of bacteria consumed during each incu-
bation (determined by FLB disappearance)
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during the incubations (estimated from FLB disappear-
ance). The growth rates of the bacterial assemblages in
all of the monthly experiments performed December to
May were greater in the samples incubated at 20°C
than in identical samples incubated at ambient temper-
ature or 5°C. The magnitude of this difference was
greatest for the winter samples.

The temperature variation during the 10 d grazing
study in May was less than 2°C for the entire period
(Fig. 5A). A small peak in chlorophyll a concentration
occurred on the 6th day of sampling following a storm
but the magnitude of this peak was quite small com-
pared to the seasonal range in chlorophyll concen-
tration (Fig. 3A). Bacterial and heterotrophic nano-
plankton abundances fluctuated significantly over the
10 d period (Fig. 5B). The largest change in these
abundances coincided with the storm event and may
have been partly a consequence of resuspension. Bac-
terial abundances were higher after the chlorophyll

peaked, and we observed coinciding with that
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(although we did not quantify it) a proliferation of
lamelibranchia larvae which may have impacted the
bacterivore populations.

The grazing activities of the bacterivores during the
10 d study at = 13 to 15°C removed = 5 X 10° bacteria
ml~! d7! on average (Fig. 5C). The daily rate, however,
varied by a factor of ca 3 over the 10 d period. A similar
degree of variability was observed in the percentage of
the bacterial assemblage removed by grazing each day
(Fig. 5D).

DISCUSSION
Experimental design
Virtually all grazing-rate methods in common use
today require the containment and incubation of water

samples for some period of time. In practice, this con-
straint has resulted in a compromise between the
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Fig. 5. Daily changes in ambient water temperature and chlorophyll concentration (A}, bacterial and heterotrophic nanoplankton
(HNAN) density (B), total number of bacteria ingested ml™' d~' (C), and calculated percentage of the natural bacterial population
grazed d™! (D). Error bars: + 1 SE of triplicate flasks
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desired accuracy of the measurement on the one hand,
and the potential for altering the community’s activity
on the other hand. In the absence of ‘ideal’ conditions,
it is imperative to try to establish the extent to which a
particular experimental protocol might introduce
artifacts into these measurements.

It is clear from the results of our study that sample size
(i.e. the volume of water incubated) and length of the
incubation period may be important considerations in
the design of microbial grazing studies. This result is not
a new finding. Only rarely, however, have the effects of
these potential artifacts been quantitatively examined.
Based on theresults of our experiment, we conclude that
the rates of bacterivory in small (< 1 1) sample volumes
may underestimate grazing rates (Fig. 1).

Probably the most important finding of the ‘bottle
effect’” experiment was the demonstration of a large
variability among replicate vessels for small incubation
volumes (< 1 1). The cause for this result is unknown
but may relate to features of the microbial community
that were not addressed by the small volumes (i.e.
patchiness, aggregates, presence or absence of some
rare organisms, etc.). The poor replicability of the mi-
crobial processes in the 3 smallest volumes is an impor-
tant consideration for experimental design because this
large variability makes it more difficult to obtain sig-
nificant differences when examining the effects of
different experimental treatments.

Increasing the incubation period from 24 to 48 h had
only a small effect on the grazing rates measured in this
study (Fig. 2). Changes in the abundance of bacteria
may have contributed to this result. Although the effect
of increasing incubation time was not significant in a
light/dark regime, it is still possible that the use of a
48 h incubation period for the seasonal and short-term
grazing measurements in the present study may have
slightly overestimated the actual rates of bacterivory.

The size of the FLB also could have affected the
observed grazing rates. Our FLB were more uniform in
size than the natural bacterial assemblages and equi-
valent to the larger bacteria in most samples. The
addition of FLB at a significant fraction of the abun-
dance of natural bacteria also could have increased
grazing rates somewhat. Although these considera-
tions would not have affected our comparisons
between treatments they may have affected the abso-
lute rates of bacterial removal calculated in this study.
Nonetheless, the rates observed in this study (= 4 x 10*
to 2 x 10° bacteria consumed ml™' d™') were well
within the range of published rates for total community
grazing (Fenchel 1982b, Landry et al. 1984, Wright et
al. 1987, Pace 1988, Bloem & Bar-Gilissen 1989, Sherr
et al. 1989a, Weisse 1989, Wikner et al. 1990).

Other studies have obtained information that indi-
cates that microbial grazing rates may exhibit diel

periodicity, although the time of maximal grazing
pressure seems to be questionable (Waterbury et al.
1986, Wikner et al. 1990). We examined in this study the
grazing rates over 24 and 48 h periods, hence we could
not elucidate any diel periodicity. Nevertheless it is
interesting that the daily rates of bacterivory were not
strongly affected by the imposed light regime (Fig 2).

Bacterivory in Vineyard Sound

Temperature dramatically affected the activity of the
bacterivore assemblage of Vineyard Sound during this
study. Day-to-day fluctuations in the grazing rate were
observed during the short-term study in May, but these
fluctuations were not of the magnitude experienced
during the seasonal study (the coefficient of variation,
CV, for ingested bacteria per day was 116 % for the
monthly data and 43 % for the daily data).

The important effect of temperature was clearly evi-
dent by comparing the results of the monthly samples
incubated at ambient water temperature {(or 5°C) and
20°C (Figs. 3C and D). The temporal variability of the
amount of bacteria removed per day was reduced
when the incubation temperature was higher (CV for
the samples incubated at ambient temperature was
116 %, and for the incubations at 20°C it was 62 %).
The grazer assemblage present during the winter
months had consistently higher rates of consumption at
the higher incubation temperature. The grazing rates
observed in the samples incubated at 20°C during
winter were comparable to the rates observed in sum-
mer samples. Moreover, we observed a significant
positive correlation between bacterial removal and
temperature for the monthly samples incubated at
ambient water temperature. We infer from these results
that the bacterivores present during winter possessed
the potential to significantly impact the bacterial
assemblage but their activities were depressed by low
temperature.

Based on the estimated percentage of the bacterial
assemblage removed each day, and considering that
bacterial growth replaced losses due to grazing, the
turnover times for the bacterial community in winter
may be as long as 3 wk, while turnover times in sum-
mer may be on the order of 2 d. These estimates are in
good agreement with a recent summary of 30 studies in
which it was concluded that the average turnover time
for planktonic bacterial assemblages was 4.5 d {Pace
1990).

Bacterial growth also was depressed by the water
temperature during winter (Fig. 4). The incubation of
winter samples at 20°C resulted in bacterial growth
rates that were more than 3X the rates at 5°C. It is
possible that the activity of the bacterivore community
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was, in part, a response to this seasonal depression in
bacterial productivity. There is evidence that bac-
terivores require a minimal bacterial abundance to
benefit from feeding (Fenchel 1980), although the
threshold at which this occurs has been a point of
discussion (Sherr & Sherr 1987).

It is possible that some of the effect of temperature
that we observed in this study was the result of an
indirect effect mediated by other components of the
microbial food web. For example, phytoplankton
growth could have been significantly affected by
increasing the water temperature which in turn may
have affected the rate of substrate supplied to the
bacterial community during the incubations. In addi-
tion, it is probable that species composition changed
somewhat during the 48 h incubations and this com-
positional shift might explain some of the differences
between samples incubated at ambient or elevated
temperature. A direct effect of temperature on bacterial
and bacterivore metabolism, however, seems to be the
most plausible explanation for our results. The evi-
dence for direct effects of temperature on both bacterial
and bacterivore activities is increasing (Caron et al.
1986, Pomeroy et al. 1991). In any event, the overall
consequence is that winter assemblages of bacteria
and their consumers are capable of rapidly (= 48 h)
responding to an elevation in the water temperature.

Finally, it should be noted that the effect of tempera-
ture on bacterial growth and grazing was probably
underestimated in this study. Winter samples were
incubated at temperatures no lower than 5°C because
of limitations of the incubators, even though in-situ
water temperatures were lower than 5°C from January
through March. Incubation at in-situ winter tem-
peratures might have resulted in lower bacterial
growth rates and lower bacterivore grazing rates than
were observed for these latter samples in our study.

In summary, our results showed that {1) of the vari-
ables associated with the experimental protocol of the
grazing rate experiments, the use of sample sizes less
than 1 I had the greatest effect on the rate estimate
(particularly on the variability between replicates); (2)
seasonal fluctuations in the rate of bacterivory were
substantially greater than the day-to-day fluctuations.
The range of the day-to-day fluctuations in the grazing
rates were comparable to the range of the seasonal
fluctuations only when the effect of temperature was
eliminated (e.g. by incubating all samples at 20°C).

Acknowledgements. This study was supported by National
Science Foundation grants OCE-8600510 and OCE-8901005
and a grant from the Florence and John Schumann Founda-
tion (to D.A.C.), and a Fulbright Fellowship (to C.M.). We
thank C. Pedrds-Alié, P. J. Wangersky and J. Salat and 3
anonymous referees for valuable comments. Woods Hole
Oceanographic Institution Contribution No. 7987.

LITERATURE CITED

Azam, F., Fenchel, T., Field, J. G., Meyer-Reil, L. A., Thing-
stad, F. (1983). The ecological role of water-column mi-
crobes in the sea. Mar. Ecol. Prog. Ser. 10: 257-263

Bloem, J., Bar-Gilissen, M. J. B. (1989). Bacterial activity and
protozoan grazing potential in a stratified lake. Limnol.
Oceanogr. 34: 297-309

Caron, D. A., Goldman, J. C., Dennett, M. R. (1986). Effect of
temperature on growth, respiration, and nutrient regener-
ation by an omnivorous microflagellate. Appl. environ.
Microbiol. 52: 1340-1347

Cole, J. J., Findlay, S., Pace, M. L. (1988). Bacterial production
in fresh and saltwater ecosystems: a cross-system over-
view. Mar. Ecol. Prog. Ser. 43: 1-10

Fenchel, T (1980). Suspension feeding in ciliated protozoa:
feeding rates and their ecological significance. Microb.
Ecol. 6: 13-25

Fenchel, T. (1982b). Ecology of heterotrophic microflagellates.
IV. Quantitative occurence and importance as bacterial
consumers. Mar Ecol. Prog. Ser. 9: 3542

Ferguson, R. L., Rublee, P. (1976). Contribution of bacteria of
standing crop of coastal plankton. Limnol. Oceanogr 21:
141-145

Fuhrman, J. A., Sleeter, T D., Carlson, C. A., Proctor, L. M.
(1989). Dominance of bacterial biomass in the Sargasso
Sea and its ecological implications. Mar Ecol. Prog. Ser
57: 207-217

Gonzalez, J. M., Sherr, E. B., Sherr, B. F. (1990). Size-selective
grazing on bacteria by natural assemblages of estuarine
flagellates and ciliates. Appl. environ. Microbiol. 56:
583-589

Holligan, P. M., Harris, R. P., Newell, R. C., Harbour, D. S,
Head, R. N., Linley, E. A. S, Lucas, M. I, Tranter, P. R. G,
Weekly, C. M. (1984). Vertical distribution and partition-
ing of organic carbon in mixed, frontal and statified waters
of the English Channel. Mar. Ecol. Prog. Ser. 14: 111-127

Landry, M. R., Haas, L. W., Fagerness, V. L. (1984). Dynamics
of microbial plankton communities: experiments in
Kaneohe Bay, Hawaii. Mar. Ecol. Prog. Ser. 16: 127-1330

Pace, M. L. (1988). Bacterial mortality and the fate of bacterial
production. Hydrobiologia 159: 4149

Pace, M. L., McManus, G. B, Findlay, S. E. G. (1990). Plank-
tonic community structure determines the fate of bacterial
production in a temperate lake. Limnol. Oceanogr. 35:
795-808

Pomeroy, L. R., Wiebe, W. J. (1988). Energetics of microbial
food webs. Hydrobiologia 159: 7-18

Pomeroy, L. R., Wiebe, W. J., Deibel, D., Thompson, R. J.,
Rowe, G. T., Pakulski, J. D. (1991). Bacterial responses to
temperature and substrate concentration during the New-
foundland spring bloom. Mar. Ecol. Prog. Ser 75: 143-159

Porter, K. G., Feig, Y S. (1980). The use of DAPI for identifying
and counting aquatic microflora. Limnol. Oceanogr. 25:
943-948

Sherr, B. F., Sherr, E. B, Fallon, R. D. (1987). Use of monodis-
persed, fluorescently labeled bacteria to estimate in situ
protozoan bacterivory. Appl. environ. Microbiol. 53:
958-965

Sherr, B. F., Sherr, E. B., Pedros-Alio, C. (1989a). Simultaneous
measurement of bacterioplankton production and proto-
zoan bacterivory in estuarine water Mar. Ecol. Prog. Ser.
54:209-219

Sherr, E. B., Rassoulzadegan, F., Sherr, B. F. (1989b}. Bacteriv-
ory by pelagic choreotrichous ciliates in coastal waters of
the NW Mediterranean Sea. Mar Ecol. Prog. Ser 55:
235-240




Marrasé et al.: Changes in bacterivory in plankton community 289

Sherr, E. B, Sherr, B. F. (1987). High rates of consumption of
bacteria by pelagic ciliates. Nature, Lond. 325: 710-711
Waterbury, J. B., Watson, S. W., Valois, F. W, Franks, D. G.
(1986). Biological and ecological characterization of the
marine unicellular cyanobacterium Synechococcus. Can.
Bull. Fish. Aquatic Sci. 214: 71-120

Watson, S. W., Novitsky, T J., Quinby, H. L., Valois, F. W.
(1977). Determination of bacterial number and biomass in
the marine environment. Appl. environ. Microbiol. 33:
940-946

This article was presented by B. & E. Sherr, Corvallis, Oregon,
USA

Weisse, T (1989). The microbial loop in the Red Sea:
dynamics of pelagic bacteria and heterotrophic nano-
flagellates. Mar Ecol. Prog. Ser. 55: 241-250

Wikner, J., Rassoulzadegan, F., Hagstrom, A. (1990). Periodic
bacterivore activity balances bacterial growth in the
marine environment. Limnol. Oceanogr. 35: 313-324

Wright, R. T., R. T., C., Lebo, M. E. (1987). Dynamics of
planktonic bacteria and heterotrophic flagellates in the
Parker estuary, northern Massachusetts. Cont. Shelf Res.
7. 1383-1397

Manuscript first received: July 23, 1991
Revised version accepted: March 27, 1992





