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ABSTRACT: The Hudson River Estuary is a heterotrophic ecosystem with high rates of planktonic
bacterial production. We measured grazing on bacteria in monthly experiments during 1990 to deter-
mine: (1) the primary consumers of bacteria; (2) whether absolute rates of grazing on bacteria were
high relative to other systems; and (3) whether bacteria were a sufficient carbon resource for
consumers. Fluorescent minicells were used to measure the ingestion of bacteria by heterotrophic
flagellates and ciliates. Using the abundances of bacteria, rotifers and cladocerans in the river, we also
estimated zooplankton clearance rates. Total grazing of the plankton community was assessed by
measuring the disappearance of fluorescent minicells over 24 and 48 h. Heterotrophic flagellates were
the primary consumers of bacteria with ciliates and the cladoceran Bosmina longirostris also important
seasonally. Ingestion of bacteria by heterotrophic flagellates, ciliates, and B. longirostris was sufficient
at most times to satisfy estimated carbon requirements of these consumers. Large bacterial size and
relatively low consumer populations in the Hudson account for the apparent sufficiency of bacteria as
a carbon source. We conclude that grazing on bacteria in the Hudson River is similar to the levels of
grazing observed in other systems. Nevertheless, bacteria are a potentially significant resource,
because the dominant planktonic consumers are capable of ingesting bacteria at rates sufficient to
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support carbon demands.

INTRODUCTION

Depending on food web structure, bacteria may be
either a link in food webs supporting metazoan pro-
duction or largely a sink where bacterial production is
respired by microorganisms (e.g. Ducklow et al. 1986,
Pomeroy & Deibel 1986, Pace et al. 1990, Wylie &
Currie 1991). Most investigations of bacteria in aquatic
food webs have been carried out on the plankton of
lakes and marine systems where bacterial production
is typically 30 % of primary production on an areal
basis (reviewed by Cole et al. 1988). Many nearshore
marine and estuarine systems, however, are hetero-
trophic in the sense that total system respiration
exceeds primary production (Smith 1991). In these
systems allochthonous organic matter may be an espe-
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cially significant carbon source supporting bacterial
production (Coffin & Sharp 1987 Painchaud & Therriault
1989). Under these circumstances, bacteria might be a
particularly significant resource for higher consumers
presuming bacteria can grow on allochthonous carbon.

An example of such a strongly heterotrophic eco-
system is the Hudson River Estuary. Bacteria and
phytoplankton are only weakly coupled in this sys-
tem, and bacterial production exceeds primary
production by 2- to 3-fold (Findlay et al. 1991). Total
system respiration estimates are consistent with the
measurements of bacterial production and the notion
that respiration is far in excess of phytoplankton
primary production (Howarth et al. 1992). The Hudson
River Estuary, with relatively high rates of bacterial
production and low rates of primary production, repre-
sents an interesting contrast to other systems in which
the significance of bacteria in food webs has been
investigated.
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In this study we address 3 general questions about
the utilization of bacterial production in the Hudson
River Estuary. First, what organisms are the main con-
sumers of bacteria? In addition to protists, potential
consumers are rotifers and cladocerans in the pelagic
portion of the system (Pace et al. 1992). Second, are the
high rates of bacterial production in the Hudson River
Estuary coupled with comparatively high rates of
grazing? Our goal here is not to determine whether
grazing balances production, as we have previously
argued that methods of measuring bacterial processes
are probably not yet sufficient to make such evalua-
tions (Pace et al. 1990). Rather, our purpose is to deter-
mine whether grazing rates are relatively high in a
system with high bacterial production compared to
systems with lower production. In a system with high
grazing, consumers would remove a larger percentage
of the bacterial standing stock per day relative to a
system with low grazing. A third question is, are bac-
teria a carbon source capable of supporting some or all
of these consumer populations? Here, we address the
issue of whether consumption of bacteria is potentially
sufficient to support total carbon demand of bacterial
grazers in the Hudson ecosystem.

MATERIALS AND METHODS

Sampling and enumeration of bacteria, flagellates,
ciliates, rotifers and cladocerans. This study was con-
ducted in the tidal portion of the Hudson River at a
station near Kingston, New York, USA, located 158 km
north of New York City. Characteristics of this station
have been described previously (Findlay et al. 1991).
The river is ca 1 km wide at this station. Samples were
collected from a boat approximately 300 m from the
shore. Sampling was conducted every 2 wk at 0.5 m
depth from April to November 1990 with a peristaltic
pump to determine heterotrophic bacterial abundance
and production as well as the abundance of flagellates,
ciliates, rotifers and cladocerans.

The abundances of bacteria, heterotrophic flagel-
lates, and ciliates were determined by epifluorescence
microscopy. We did not take replicate samples in the
field so we have no estimate of the sampling error
Below, we present the analytical error of each method.
For bacteria we used the acridine orange direct count
method (Hobbie et al. 1977). Duplicate bacterial prepa-
rations were made with 10 random fields counted on
each filter. The coefficient of variation (CV = standard
deviation + mean) across fields averaged 13 % (range:
6 to 25 %). Heterotrophic flagellates were stained with
proflavin (Haas 1982), preserved with glutaraldehyde
(1 % final solution) and immediately filtered on 1 pym
Nuclepore filters prior to counting. Some flagellates

pass through 1 pm filters (Wikner & Hagstrom 1988) so
that our counts underestimate the actual abundance.
Random 10 mm strips (90 pm width) were counted on
each filter. The average CV across strips including
both filters was 11 % (range: 4 to 26 %). Ciliates were
stained with 4,6-diamidino-2-phenylindole (DAPI) and
preserved with glutaraldehyde (2 % final solution).
Subsamples of 10 to 20 ml were filtered on a 5 pm
Nuclepore filter. In order to count sufficient ciliates, a
single large area of 84 mm? on each filter was surveyed
at 1250x magnification by repeated transects and the
number of ciliates recorded. Ciliate counts were not
replicated because of the considerable time required
to make a single count. Triplicate samples of rotifers
and cladocerans were taken at each sampling time.
Rotifers were concentrated by passing 2 1 of water
through a 35 um sieve. These samples were preserved
in a sucrose-formalin solution and subsequently
counted with an inverted microscope at 100x mag-
nification. Cladocerans were sampled with a pump
described by Pace (1986). Samples were preserved in
a sucrose-formalin solution and enumerated with a
stereomicroscope at 25x magnification.

Measurement of production and grazing. Bacterial
production was measured with the [*H]thymidine
method following the protocol of Findlay et al. (1984,
1991). Four 10 ml subsamples were amended with
40 uCi of [*H]thymidine (specific activity: 80 Ci mmol ™)
and incubated for 30 min at in situ temperature.
Incubations were ended by adding 2 ml of 5%
formaldehyde. Time zero controls were used to correct
for non-biological uptake of the label by adding 5 %
formaldehyde to two 10 ml subsamples immediately
after label addition. After incubation, bacteria were
collected on 0.2 pm polycarbonate filters. Filters
including the edges were washed with ice cold 5 %
trichloroacetic acid. Filters were frozen and sub-
sequently extracted for DNA using acid-base hydro-
lysis (see Findlay et al. 1991). Radioactivity associated
with the DNA fraction was determined using liquid
scintillation counting. The CV for the replicate 10 ml
subsamples averaged 20 % (range: <1 to 42 %). Bac-
terial production was calculated using the average iso-
tope dilution measured in a previous study (10.1 nmol
sample™!) and using a conversion factor of 1 x 10" cells
produced nmol~' of thymidine incorporated into DNA
(Findlay et al. 1991).

Measurements of grazing by flagellates on bacteria
were carried out at approximately monthly intervals
from May to October 1990. Ciliate grazing was also
measured on 4 occasions (July to October). Triplicate
1 1 water samples were taken from the surface water
(0.5 m) and maintained at in situ temperature. Feeding
by heterotrophic flagellates and ciliates was measured
using a fluorescent minicell technique (Pace et al.
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1990) modified from the method of Wikner et al. (1986).
A minicell producing strain of Escherichia coli was cul-
tured in liquid medium, and minicells separated using
sucrose gradient centrifugation. Minicells are spheri-
cal and ca 0.5 um in diameter (volume = 0.065 um?).
Minicell size is similar to the average bacterna in the
Hudson River (ca 0.58 um diameter or 0.1 uym* volume,
see Findlay et al. 1991). Minicells were stained with 5-
(4,6-dichlorotriazin-2-yl)-aminofluorescein (DTAF) fol-
lowing the protocol of Sherr et al. (1987). Prior to use in
experiments, minicells were sonicated to aid dispersal.

Minicells were added to each replicate 1 1 sample
at approximately 10 % of bacterial concentration. Sub-
samples for protists were taken immediately and at
several times within 1 h: 0, 15, 30, and 60 min for
flagellates, and 0 and 15 min for ciliates. The length of
the incubation was set to avoid egestion and still obtain
sufficient minicells within food vacuoles for counting
(McManus & Okubo 1991). Subsamples were pre-
served with an equal volume of ice-cold 4 % glutaralde-
hyde (Sanders et al. 1989). Minicells and bacteria in
the subsamples were counted using epifluorescence
microscopy. Flagellates and ciliates were stained with
DAPI, filtered on 1 um Nuclepore filters, and frozen.
Random transects of each filter were counted at 1250x
until approximately 100 flagellates, and 20 to 50 cili-
ates were enumerated. The number of minicells within
each flagellate and ciliate was recorded.

For each replicate we determined the abundances of
minicells, bacteria, flagellates and ciliates. Ingestion
rates (bacteria protist™! d~') were calculated by multi-
plying the number of minicells ingested by the ratio of
bacteria to added minicells (see Pace et al. 1990).
Community grazing rates (bacteria }-! d~') were calcu-
lated by multiplying ingestion rates per protist by
abundance.

An alternative approach to these short-term mea-
sures of grazing is to measure the disappearance of
minicells in longer-term incubations. These experi-
ments allow one to estimate total grazing on bacteria
but do not provide information on which consumers
are responsible for the ingestion of bacteria. The
experiments have the advantage of being much less
labor intensive so that it is possible to perform more
replicate measures improving the precision of grazing
estimates. On each occasion when short-term grazing
rates were measured, we also measured the disappear-
ance of minicells at 24 and 48 h. Minicells were added
to 11 polycarbonate bottles at approximately 10 % of
the in situ bacterial concentration. A total of 9 bottles
were used in each experiment with 2 serving as killed
controls (poisoned with a 1% final solution of
formaldehyde). Subsamples of minicells were taken
from each bottle at the beginning and end of the
experiment to determine initial and final concen-

trations respectively. The DTAF-labeled minicells
were counted in a manner similar to bacteria using
epifluorescence microscopy.

In order to estimate whether bacteria would be a
sufficient carbon source for flagellates and ciliates we
needed to estimate the carbon content of cells based on
average size. To determine size, we measured the
lengths and widths of protists. Volumes were esti-
mated by assuming cells approximated spheres in the
case of flagellates. For ciliates, we considered only the
2 dominant groups assuming choreotrichs approxi-
mated spheres and scuticociliates approximated ellip-
soids. Carbon content was estimated using literature
conversion factors as follows: flagellates, 0.22 pg pm™°
(Bersheim & Bratbak 1987); ciliates, 0.15 pg um™
(DeBiase et al. 1990). For bacteria in the Hudson, we
have previously estimated a carbon content of 0.028 pg
C cell”! (Findlay et al. 1991).

Estimation of grazing by rotifers and cladocerans.
We compared our measurements of grazing by protists
to potential grazing rates by rotifers and cladocerans.
In the Hudson River the dominant cladoceran is
Bosmina longirostris (Pace et al. 1992). We assumed a
clearance rate of 1 ul ind! h™! for rotifers (Bogdan &
Gilbert 1982). For B. longirostris, we measured the
clearance rate on a single occasion. Animals were col-
lected from the river, concentrated in the laboratory,
and 50 individuals sorted into 60 ml BOD bottles. Radio-
labeled minicells were added to a final concentration
5.6 x 10° ml~! (see Pace et al. 1990 for method). Bottles
were placed in a dark incubator, at in situ temparature,
and the animals allowed to feed for 60 min. Animals
were concentrated on a 35 um net, quickly killed by
dipping the net into boiling water, and then rinsed
briefly on a GF/F filter with distilled water. The filter
was then digested with tissue solubilizer and assayed
for radioactivity. Blanks for these measurements were
B. longirostris killed immediately prior to the experi-
ment with carbonated water and otherwise treated in
the same manner as the experimental samples.

RESULTS

Seasonal patterns of heterotrophic bacteria,
flagellates, ciliates and zooplankton

Bacteria ranged from 1.9 x 10° to 7.6 x 10° bac-
teria 17!, and heterotrophic flagellates from 0.9 x 10° to
1.7 x 10° flagellates 17! Bacteria were more variable
(CV = 38 %) than flagellates (CV = 24 %) across the
sampling period (Fig. la). Typically, flagellates are
more variable than bacteria in field studies (Wright et
al. 1987, Vaqué & Pace 1992) conforming with expec-
tations from predator-prey models (Wright 1988). The
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Fig. 1 Abundance of (a) bacteria and heterotrophic flagel-
lates and (b) ciliates, rotifers and Bosmina longirostris in the
Hudson River during 1990

lower variability of flagellates in the Hudson may
suggest regulation of this group by factors other than
food resources. Ciliate abundances were only deter-
mined from July through October. Maximum densities
of 3.5 x 10* 17! were observed in July with lower and
similar values (ca 1 x 10* 171!) for the other 3 mo
(Fig. 1b). The dominant taxa were scuticociliates and
choreotrichs. Rotifer abundances ranged from 12 to
1900 ind. 17". Highest densities were observed in the
middle of the summer (Fig. 1b). The sampling error
for rotifers expressed as the CV averaged 20 % (range
7 to 50 %). The dominant rotifers were species of
Polyarthra, Keratella, and Trichocerca. Bosmina lon-
girostris was the primary cladoceran as other species
were never present at abundances >1 ind. 1”1 Two
peaks in abundance were observed, one in June of
approximately 69 ind. 17! and the other in October of
22 ind. 17! (Fig. 1b). CV's for B. longirostris samples
were often high averaging 43 % (range 2 to 100 %).

Grazing on bacteria by protists and zooplankton
Rates of grazing on bacteria were relatively low for

the first 3 experiments conducted in early and late May
and in June. Rates were considerably higher from July

through October (Fig. 2). Overall, protists were more
important than zooplankton as consumers of bacteria,
although at certain times zooplankton abundances
were sufficiently high that these organisms may also
have been significant consumers (Fig. 2).

Heterotrophic flagellates were always the most im-
portant group in terms of grazing with maximum rates
of 5.9 x 10® bacteria 1" d~! in July (Fig. 2). Most of the
flagellates were small free-living forms, and generally
over 70 % were in the size class of 1-3 pm in diameter.
Ciliates were also significant grazers. We observed
many scuticociliates {mostly 15 to 20 um maximum
diameter), and these forms were the primary con-
sumers of bacteria among the ciliates.

Rotifer densities were sufficiently high in June, July,
August and September that if our estimated grazing rate
is reasonable, bacterial consumption might have been
as great as 1.7 x 108 bacteria 1! d! (Fig. 2). Our esti-
mates for rotifers, however, are highly uncertain. We
appiied a single rate to the entire community which con-
sisted mainly of Keratella sp., Polyarthra sp., and Tricho-
cerca sp. Keratella sp. might be capable of ingesting
small planktonic bacteria, but this is not clearly estab-
lished for Polyarthra sp. (Bogdan et al. 1980, Bogdan
& Gilbert 1982). The other common rotifer, Trichocerca
sp., probably does not graze bacteria at all. Our esti-
mates for Bosmina longirostris are more certain. We
made a single laboratory estimate with a mean (= 1 SD)
of 10.4 £ 1.4 ulind: ' h~% This may be an underestimate
since the feeding time was long relative to the gut pas-
sage time (Peters 1984), but we found the longer feeding
period necessary to obtain sufficient labeling of the
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Fig. 2. Grazing on bacteria by heterotrophic flagellates, cili-
ates (July to October, no replicates), rotifers and Bosmina
longirostris in the Hudson River during 1990. Error bars =
1 SD, n = 3. When not visible, either mean values were too
small or SD <5 % of the mean. For flagellates, SD's were
determined from triplicates. For rotifers and B. longirostris,
SD's are based on triplicate estimates of abundance and a
fixed estimate of feeding rate
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animals. Nevertheless, this rate is in excellent agree-
ment with the average rate we derived from the litera-
ture of 10 plind.' h™! (Pedrés-Alié & Brock 1983, Porter
et al. 1983, Bersheim & Andersen 1987). We used a
clearance rate of 10 ul ind! h™!in all our calculations.
Grazing by B. longirostris was only significant in Octo-
ber. We estimated zooplankton grazing on bacteria only
for the times when we also conducted direct experi-
ments to measure grazing by protists. Experiments were
not conducted during the early season peak of B. lon-
girostris (Fig. 1b), and it is likely that during this time B.
longirostris was also an important consumer of bacteria.

Total grazing as estimated in minicell disappearance
experiments

In the long-term experiments minicell abundance in
poisoned controls did not change significantly over
48 h while minicells in the experimental containers
declined (Fig. 3a). In the July experiment when loss
rates were highest, minicells declined linearly for 48 h
and over 50 % were removed (Fig. 3a).

Bacterial loss rates calculated from minicell dis-
appearances were always >0 except in the initial
experiment (begining of May) where no decline was
observed for the first 24 h (data not shown). Rates were
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Fig. 3. (a) Disappearance of minicells in the July experiment
and (b) removal rates of bacteria estimated from the 24 and
48 h incubations. Error bars = 1 SD

higher if measured over 48 h in all but the October
experiment (Fig. 3b). These differences, however,
were not significant (t-test, p>0.05) except for the
October experiment (p = 0.04) where the 24 h rate was
higher than the 48 h rate. It is likely that the higher
rates of bacterial loss over 48 h in most experiments
were due to some growth of bacterial feeding protists
in the containers; however, we did not count protists in
any of these experiments to test this idea. One advan-
tage of the longer incubations was increased precision
(Fig. 3b). The average CV for the 48 h measurements
was 19 % whereas the average CV for the 24 h
measurements was 44 %. The increased precision was
possible because & greater loss of minicells was meas-
ured over 48 h so that the differences calculated for
each replicate were less affected by analytical error in
the minicell counts (similar to the error for bacterial
counts, see ‘Methods’). We use the 48 h estimates in
subsequent comparisons below, but the conclusions
we derive are independent of this choice.

Comparison of bacterial abundance and production
with grazing

As we have observed previously (Findlay et al.
1991), rates of bacterial production and the turnover
times of bacteria in the Hudson River are very high.
Average production at the time of these experiments
was 2.7 x 10° bacteria 17! d~, and the average turnover
time was 1.4 d. Bacterial standing stock and produc-
tivity were moderately high during early May and
were lowest during the subsequent 2 sampling times.
From July on, bacterial abundance exceeded 4 x
10° cells 17! and production rose to high values in
September and October (Fig. 4). Loss rates observed in
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Fig. 4. Abundance, production, disappearance of minicells
over 48 h, and grazing (sum of grazing by flagellates, ciliates,
rotifers, and Bosmina longirostris)
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the long-term experiments ranged from 4.5 x 108 to
14 x 10% cells 1! d-! (maximum in July). Our more
direct estimates of grazing fell in a similar, but slightly
lower range (0.6 x 10% to 8.9 x 10% cells 1! d°!). In
general, the 2 methods of measuring grazing com-
pared favorably and gave approximately the same
values (Fig. 4). In 4 of the 6 experiments, direct esti-
mates of grazing were 63 to 125 % of the rate meas-
ured with the minicell disappearance method. In the
late May and June experiments agreement was poor
with the direct measures of grazing being 14 and 46 %
of the minicell disappearance rate respectively. In all
cases, estimates of production were substantially
greater than either measure of grazing (minicell dis-
appearance or grazing as equal to the sum of con-
sumption by all taxa; Fig. 4).

Bacteria as a carbon source for consumers

Although the number of bacteria that predators
remove per day in the Hudson River was not parti-
cularly high (only a small percentage of bacterial
standing stock 3 to 21 %), we can estimate whether
consumption of bacteria was sufficient to supply the
carbon requirements of the various types of grazers.
We consider the case of flagellates, ciliates, and
Bosmina longirostris, because for each of these groups
we have direct estimates of grazing (as opposed to
rotifers). For this purpose we need to either measure
or assume the size, carbon content, growth rate, and
growth efficiency (production =+ ingestion) of the
respective consumers to arrive at the carbon required
in terms of ingestion. Direct measurements of the
flagellates (average volume = 16 um?) and ciliates
(average for choreotrichs plus scuticociliates, volume
= 305 pum?®) allowed us to estimate mean carbon
content using literature conversion factors (see
‘Methods'). We assume a growth efficiency of 30 %
for flagellates and ciliates. Growth efficiencies deter-
mined by several authors range widely from 2 to
82 %, but 30 % is within the range of commonly
reported values (Caron & Goldman 1990). For B. lon-
girostris the average individual is about 0.2 mm long
with a dry weight of 0.43 g (‘Methods’ in Pace et al.
1992). Assuming a carbon to dry weight ratio of 45 %
(Andersen & Hessen 1991), the carbon content is
0.195 pg C. Metazoan zooplankton growth efficien-
cies often fall in the range of 10 to 40 % (Omori &
[keda 1984). We assume an efficiency of 20 % for
B. longirostris. We further assume relatively rapid
rates of growth for protists of 1 d-' and for Bosmina
sp. of 0.2 d"1 A final step is to convert the consumer
demand in carbon units to number of bacteria (see
'Methods’) in order to compare with measured inges-

tion rates. Given these estimates and assumptions,
flagellates, ciliates and B. longirostris require 17.5,
227 and 2.90 x 10° bacteria ind."! h™! respectively.

These carbon requirements can be compared to our
actual measures of ingestion rate (Fig. 5). Flagellate
carbon requirements exceed bacterial ingestion rates
early in the season but from July to October inges-
tion rates can account for 50 to 100 % of estimated
requirements (Fig. 5a). Since the assumed growth
requirements are relatively high, it is likely that bac-
teria alone are a sufficient resource for July through
October. The difference between early and late
season in terms of whether bacteria are a sufficient
carbon resource is related primarily to differences in
flagellate ingestion. Flagellate abundances were
similar throughout the season while ingestion rates
per tlagellate were very low in May and June (1 to
3 bacteria flagellate ' h!) compared to July through
October (10 to 18 bacteria flagellate™' h7!). Ciliates
and Bosmina longirostris typically ingested enough
bacteria throughout the study to support their
assumed carbon requirements (Fig. 5b, c).
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DISCUSSION

Heterotrophic flagellates were the main grazers of
bacteria in the Hudson River Estuary as is the case in
many lakes (Sanders et al. 1989, Weisse & Miiller 1990}
and other marine systems (Coffin & Sharp 1987, Rosen-
berg et al. 1990). Ciliates are also significant bacterial
consumers in the Hudson as has been described for
turbid salt marsh creeks and adjacent waters by Sherr et
al. (1989a, b). In the Hudson the primary ciliates con-
suming bacteria were scuticociliates which had high per
cell ingestion rates relative to other forms. Choreotrichs
usually dominate planktonic communities (Carlough
& Meyer 1989, Sanders et al. 1989, Sherr et al. 1989b).
These forms are present, but not dominant in the
Hudson. While many choreotrichs ingest bacteria (Sherr
et al. 1989b), some do not as has been demonstrated in
other studies (Sanders et al. 1989, Pace et al. 1990).
Cladocerans consume bacteria generally with a lower
efficiency than larger particles, but when cladocerans
are abundant they can be important bacterial grazers
(Pace et al. 1990). This is the case in the Hudson. When
Bosmina longirostrisis abundant (typically 2 population
maxima each year; see Pace et al. 1992), grazing by this
species is similar in magnitude to grazing by protists.

Overall, grazing on bacteria in the Hudson River Is
not particularly high even given high bacterial produc-
tion rates. Grazing rates per individual consumer are
typical of values found in previous field studies. For
example, in other studies using fluorescent particles
mean ingestion rates of heterotrophic flagellates
ranged from a low of 3.2 (Simek et al. 1990) to as high
as 25 bacteria flagellate™ h™! (Pace et al. 1990). These
rates overlap with the average we found in the Hudson
River (mean = 8.5; range 1 to 19 bacteria flagellate™!
h~!). Similarly for ciliates, mean rates from prior field
studies using fluorescent bacteria range from 101
(Sherr et al. 1989a) to 683 bacteria ciliate”! h-!
(Carlough & Meyer 1990). In the Hudson we observed
an average rate of 357 bacteria ciliate™' h~! and a range
of 118 to 506 bacteria ciliate™ h™%.

Another way to evaluate whether grazing rates are
high in the Hudson relative to other systems is to com-
pare the percent of bacterial standing stock removed
per day (Table 1). In systems with high grazing, we
would expect a larger percentage removal than in
systems with low grazing. Note that this argument is
independent of the amount of production consumed by
grazers, because even in the most oligotrophic eco-
system where the total number of bacteria consumed
may be very low such consumption may represent
100 % of the productivity. We do not find strong evi-
dence that bacteria are heavily grazed, and thereby, a
proportionately more significant constituent in the food
web relative to more widely studied lentic systems (i.e.

Table 1. Comparison of the percentage of bacterial standing

stock grazed per day (bacteria grazed + bacterial abundance)

in the Hudson River and other aquatic systems in the USA.

Measurements of 'uptake’ quantify ingestion using fluores-

cently labeled particle techniques over shorter time periods

(min to 1 h) while ‘disappearance’ quantifies the removal of
particles over longer time periods (1 to 2 d)

System Uptake Disappearance Source
(Date) (Range) (Range)

% d™ Y% d7T
Hudson R., NY 10.1 20.4 .
(May-Oct) (3-16) (15-34)  1bisstudy
Paul L., Ml 3.2 Vaqueé &
(May-Aug) (2-5) Pace (1992)
Tuesday L., MI 3.4 ~ Vaqué &
(May-Aug) (1-22) Pace (1992)
Upton L., NY 20.5 17.1 Pace et al.
(Apr-0Oct) (8-67) (11-40) (1990)
Oglethorpe L., NY 5.8 - Sanders et
{Feb-Sep) (3-35) al. (1989}
Woods Hole, MA - 10.2 Marrasé et
(Dec-Jul) (3-61) al. (unpubl.)
Ogeechee R, GA 3.3 - Carlough &
(Apr-Sep) (1-100) Meyer (1991)

lakes, open water marine). For example, in the short-
term experiments the percentage of bacteria consumed
by protists per day ranges from 3 to 16 %, and the per-
centage of bacteria removed in long term experiments
(disappearance} ranged from 15 to 34 % (Table 1).
These values are comparable to percentages measured
in lakes, a nearshore marine system, and a blackwater
river using similar methods (Sanders et al. 1989, Pace et
al. 1990, Carlough & Meyer 1991, Vaque & Pace 1992,
C.Marrasé, E. L. Lim & D. A. Caron unpubl.). While the
Hudson River is a strongly heterotrophic ecosystem with
high absolute rates of bacteral production, we conclude
that these higher rates of production are not matched by
similarly high levels of grazing.

One potential problem with our work is that the
thymidine-based production rates may not be accu-
rate. Our method involves measuring the quantity of
thymidine which is incorporated into DNA based on a
chemical extraction technique (Findlay et al. 1991). We
have previously evaluated this method in the Hudson
and found that isotope dilution is signficant, and our
estimates are corrected for this effect, Further, we can
constrain the production estimates by independent
measurements of respiration on unfiltered Hudson
River water conducted at the same time as our thymi-
dine assays (Findlay et al. 1992). These respiration
measurements were done by continuous measurement
of the decline in dissolved oxygen in sealed flasks with
O, electrodes and represent total community respira-
tion. The percentage of bacterial production to total
community respiration, both in units of ug C 1! d-%,
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averaged 58 % (range: 35 to 82 %, n = 7). If bacterial
production had exceeded or been more nearly equal
to respiration, this would suggest we were overesti-
mating bacterial production given the constraints that
phytoplankton respiration must also be a component of
the total and that bacterial growth efficiencies are
unlikely to exceed 50 %. We have no basis for con-
cluding the thymidine rates are overestimates. Alter-
natively, if we accept the thymidine-based production
rates, we cannot identify the fate of bacteria except by
suggesting that benthic consumers and viruses may be
significant sources of mortality. Attempts to balance
production and grazing rate estimates are hindered by
methodological uncertainty and our incomplete knowl-
edge of the sources of bacterial mortality (Pace 1988).

When we estimated the carbon requirements of the
Hudson River bacterial grazers, we found that ingested
bacterial carbon would be sufficient in many cases to
meet carbon demand. There are several reasons why
bacteria may be a sufficient resource. First, bacterial
cells in the Hudson River, while similar in size to the
minicells we used to estimate grazing, are fairly large
when compared to bacteria from other systems. Cell
volumes average about 0.1 um? in the Hudson (Findlay
et al. 1991) while in the aerobic waters of 17 lakes,
cell volumes average about 0.02 um® using similar
methods (J. J. Cole, M. L. Pace, N. F. Caraco & G.S.
Steinhart unpubl.). Consumers, therefore, obtain more
carbon per cell when ingesting bacteria in the Hudson.
Second, while bacteria are large, consumers tended to
be small and some occurred at relatively low abun-
dances. For example, flagellates were typically 1 to
3 um. These small cells have lower carbon require-
ments per capita. Further, flagellate abundances were
typically 10° 1-' These densities are lower than found
in many other systems with bacterial abundances
similar to the Hudson (Berninger et al. 1991). Ciliates,
while moderately abundant (see Carlough & Meyer
1990 for comparisons), were also small. Bacterial in-
gestion rates were high for these consumers and nearly
sufficient to support carbon requirements (Fig 4).
Surprisingly, bacteria also appeared to be a sufficient
resource for Bosmina longirostris. While B. longirostris
may potentially meet carbon requirements by ingest-
ing bacteria, other sources of carbon {e.g. phytoplank-
ton) are also significant. Hence, we conclude that
consumption of bacteria in the Hudson ecosystem is
relatively low, but sufficient to maintain the actual
populations of consumers.

The results of this study do not allow us to make a
clear distinction between the food webs in autotrophic
vs heterotrophic ecosystems. Bacteria are not utilized
to a higher degree in the Hudson than they are in other
lake, river and marine systems (Table 1). The most par-
simonious hypothesis at this point is that pelagic food

webs in these 2 types of ecosystems operate similarly
despite the large differences in the ratio of bacterial to
primary production. Further analysis is needed of the
relative utilization of primary production and of the
differences between benthic and pelagic processes in
these 2 types of ecosystems. Making such comparisons
remains an important challenge in order to establish to
what extent differences in system metabolism and net
biogeochemical fluxes drive, or are at least coupled
with, distinct patterns of microbial production and the
utilization of this production.
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