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ABSTRACT. The uptake of bacteria-sized particles by non-pigmented nanoplankton was measured in 
late winter (February) and spring (June) in the Chesapeake Bay outflow plume. Small flagellates (11 to 
35 !1m3 average cell volume) numerically dominated the grazer community in both seasons, although 
experiments in June showed that ciliates could also be  important bacterivores. Rates of ingestion ranged 
from 1 8  to 25.0 bacteria flagellate-' h-' and were significantly correlated with bacterial abundance. 
Specific clearance rates (body volumes swept clear per hour) of these natural populat~ons of flagellates 
were similar to those of forms which have been studied in culture. Flagellate community clearance rates 
were similar to bacterial growth rates in February. In June, however, grazing was much lower than 
growth, and flagellates removed, on average, only 23 % of dally bacterial production. Reasons for this 
shortfall possibly include other sources of bacterial mortality, discrimination by grazers against the 
particles, the omission from the grazing measurement of larger, rarer bacterivores (e.g. ciliates), and 
artifacts resulting from particle egestion. 

INTRODUCTION 

Several techniques have been used to estimate 
predatory mortality of bacterioplankton, including sep- 
aration of bacteria from their predators by dilution 
(Landry et  al. 1984, Ducklow & Hill 1985) or filtration 
(Gak et  al. 1972, Wright & Coffin 1984a,b, Rassoulzade- 
gan & Sheldon 1986), and the use of radiolabelled 
bacteria as a tracer (Hollibaugh et  al. 1980, Lessard & 
Swift 1985, Wikner et al. 1986). Recently, some inves- 
tigators have used fluorescent particles (FP) and 
fluorescence microscopy to study ingestion in natural 
populations of bacterivores (Bsrsheim 1984, Bird & 
Kalff 1986, McManus & Fuhrman 1986, Pace & Bailiff 
1987). These particles can be  observed inside organ- 
isms that have ingested them, and clearance rates can 
be calculated from time courses of uptake. Fluoro- 
chrome-stained bacteria have also been used in this 
way (Sherr & Sherr 1987, Sherr et al. 1987). 

We performed a series of field experiments using the 
fluorescent particle technique to estimate grazing as 
part of the MECCAS (Microbial Exchanges and Coup- 
ling in Coastal Atlantic Systems) project, a multidisci- 
plinary investigation of microbial production processes 

in the outflow plume of Chesapeake Bay. The plume, a 
mesoscale (<2000 km2) hydrographic feature, is 
characterized by lower salinity (22 to 30 %o) and higher 
productivity than the surrounding continental shelf 
waters (Boicourt et  al. 1987). 

Uptake of fluorescent pigment particles was used to 
determine: (1) whether natural populations of hetero- 
trophic microflagellates would ingest the particles and 
how their clearance rates would compare to those of 
laboratory-studied forms; (2) whether the technique 
could provide information on the dependence of bac- 
tenvory upon temperature, bacterial concentration or 
other factors; (3) the degree to which grazing by het- 
erotrophic nanoplankton could account for bacterial 
production; and (4) whether bacterivory by other pro- 
tozoa, especially ciliates, could account for a significant 
fraction of the total bacterivory. 

MATERIALS AND METHODS 

Most of the experiments reported here were per- 
formed during drogue studies in the plume (operation- 
ally defined by the 30 YW surface isohaline) in February 
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and June 1985. One experiment was performed at an 
offshore station (Stn 157; Table 1) .  Surface samples 
( l  m depth) were taken with 30 1 PVC Niskin bottles 
which were subsequently drained into polyethylene 
carboys and used for experiments. Subsamples of 50 m1 
were poured into sterile whirlpak bags and fluorescent 
pigment particles were added from a stock suspension 
containing approximately 108 particles ml-l. This stock 
suspension was prepared as described previously 
(McManus & Fuhrman 1986) using commercially avail- 
able fluorescent pigments (Radiant Color Co.; Rich- 
mond, California, USA) added to filtered seawater and 
then passed through a 1.0 pm pore-size Nuclepore fil- 
ter to remove larger particles. For the June experiments 
the dry pigment particles were first suspended in a 
solution of bovine serum albumen to help disperse 
them (Pace & Bailiff 1987). 

To ensure that only the linear portion of the uptake 
curve was used for grazing rate calculations, the bags 
were subsampled 4 or 5 times during short incubations 
(25 to 45 min). At each sampling time l 0  m1 was 
removed with a plastic pipette and preserved in 1 % 
(final concentration) glutaraldehyde. Slides for epi- 
fluorescence microscopy were made immediately at 
the end of the experiment using 0.8 pm pore-size irga- 
lan black-stained Nuclepore filters and the fluoro- 
chrome proflavine (Haas 1982). Between 3 and 10 m1 
were stained (1.65 pg ml-' proflavine; 4 min) and 
collected on the filters, which were then mounted on 
glass slides in Cargille's type A immersion oil and 
stored frozen and dark until they could be  counted. 
Slides that were not counted immediately were stored 
at -20°C to ensure that the chlorophyll auto- 
fluorescence of photosynthetic flagellates would be 
preserved (Bloem et al. 1986). 

Subsamples of 1 or 2 m1 from each experiment were 
stained with acridine orange (Hobbie et al. 1977) for 
enumeration of bacterioplankton and pigment particles 
to determine 'specific activity' (FP/[FP + bacteria]) and 
bacterioplankton concentration. These slides were 
counted under blue light excitation (FP + bacteria) and 
under ultraviolet light excitation (FP only) because 
acridine orange fluoresces only weakly under UV light 
while the pigment particles fluoresce quite strongly. 

To count the proflavine-stained slides, blue excita- 
tion and a flat field objective were used with a total 
magnification of 1250x Cells which had a definite 
shape and a stained nucleus but did not contain fluor- 
escing chloroplasts were counted as heterotrophic 
nanoplankton (HNAN). The great majority of these 
were flagellates. Ciliate bacterivory was measured 
separately on 2 occasions. Ciliates were located on the 
filter at low magnification ( 5 0 0 ~ )  and examined at 
1250x for ingested particles. 

For the February data (T = 5 to ?"C), least squares 

regression lines used to calculate ingestion included all 
points, since uptake appeared to be linear for up to 
45 min. For the June data, (T = 20 to 24"C), points 
between t = 20 and 25 min which fell below the regres- 
sion line were omitted, as were all points beyond 25 
min. Earlier observations (McManus & Fuhrman 1986) 
had indicated that uptake would begin to depart from 
linearity after 20 to 40 min at 20°C. 

A certain amount of imprecision is unavoidable at the 
lower end of the uptake curve, when the number of 
particles ingested per flagellate may be 0.1 or less. In 
those cases examining even a very large portion of the 
filter, and counting 200 or more flagellates, can stdl 
produce anomalous uptake values because a few 
flagellates with several particles each can substantially 
alter the average. For this reason the use of a single end 
point determination for uptake was deemed insuffi- 
cient, and 3 or 4 point time courses were always used to 
estimate ingestion. 

To obtain an  ingestion rate from the regressions, the 
slopes (in units of FP ingested per HNAN per hour) 
were divided by the specific activity to give total parti- 
cles (bacteria + FP) per HNAN per hour. Ingestion rate 
was divided by the total abundance of particles (FP + 
bacteria) to calculate clearance (volume of water 
cleared of food particles per HNAN per hour). Specific 
clearance, body volumes cleared of food particles per 
HNAN per hour, was also calculated. This is a useful 
parameter for comparisons among organisms of differ- 
ent sizes and different filtering mechanisms (Fenchel 
1984). 

Separate subsamples from the same carboys were 
examined to enumerate flagellates, measure cell 
dimensions, and determine the percentage of flagel- 
lates associated with large particles or aggregates. 

Bacterioplankton production estimates were based 
on thymidine incorporation using a conversion factor of 
2 X 101* cells per mole thymidine incorporated (Fuhr- 
man & Azam 1982). 

Temperature, particle concentration, average 
flagellate cell volume, percentage of flagellates associ- 
ated with particles or aggregates, and bacterioplankton 
specific growth rate were tested for ability to predict 
the dependent variable ingestion rate using multiple 
regression analysis (Sokal & Rohlf 1969). 

RESULTS 

In Fig. 1 the results of 2 typical time courses of 
particle uptake are shown, one from February and one 
from June.  The linearity of uptake was good over the 
range of points used in the regressions. Coefficients of 
determination (r2) ranged from 0.763 to 0.996. Ingestion 
appeared to be a linear function of food particle con- 
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centration for the February cruise (Fig. 2A; r2 = 0.83; p 
< 0.01). Clearance, on the other hand, remained nearly 
constant with increased particle concentration (Fig. 
2B).  For June there was no consistent pattern of 
increase in ingestion rate at increasing food partlcle 
concentrations (Fig. 3A). At very high concentrations a 
5-fold range of ingestions, from 4.4 to 24.9 bacteria 
HNAN-' h- ' ,  was observed. Clearance was also vari- 
able at high concentrations (Fig. 3B) .  Although the 3 
lowest values for clearance for the entire study were all 
observed in June at concentrations exceeding 7.5 X 10' 
cells 1-l, several of the highest values for clearance 
were also found in this concentration range. When all 
of the ingestion data are plotted on the same axes (Flg. 
4 ) ,  the general trend for increasing ingestion rate with 
increasing concentration can be seen amid the consid- 
erable scatter at high concentrations (r2 = 0.51; p 
<0.01). 

Grazing and growth data from the 17 shipboard 

M I N U T E S  

Fig. 1. Time courses and regression lines for 2 typical particle 
uptake experiments. (A) February (Stn 38); (B) June (Stn 99) 

experiments are summarized in Table 1. During Febru- 
ary, the heterotrophic flagellate community filtered 8.2 
to 16.0 % of the water clear of bacteria on a daily basis. 
These numbers were equal to or greater than bacterial 
growth rates. In June bacterial populations and growth 
rates were higher, and flagellate populations were 
slightly lower The range of community clearance rates 
was greater, from 1.1 to 19.4 % of the water cleared per 
day. Generally, these values were lower than in Febru- 
ary, and except for Stn 49, where grazing nearly equal- 
led bacterial growth, grazing by microflagellates was 
calculated to remove only 5 to 26 O/O of measured bac- 
terial production. 

The results of the 2  experiments in which ciliate 
particle uptake was measured are shown in Fig. 5A, B. 
At Stn 215, near the mouth of the bay, ciliate ingestion 
was much higher (369 bacteria ciliate-' h-') than at Stn 
49 (66 bacteria ciliate-' h-') farther out on the shelf. 

A F e b r u a r y  

C o n c e n t r a t i o n  ( X  1 0 ~ 1 1 )  

Fig. 2. (A) Ingestion and (B) clearance as a function of concen- 
tration (FP + bacteria) during February 
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June 

C o n c e n t r a t i o n  ( X  1 0 ~ 1 1 )  

Fig. 3. Same as Fig. 2, except data from June 

s t n  2 1 5  

4 

M I N U T E S  

Fig. 5. Fluorescent particle uptake by ciliates at 2 stations in 
June. (A) Stn 49; (B) Stn 215 

Protozoan biomass, but not number, was dominated by 
oligotrichs, tintinnids, and small unidentified ciliates at 
Stn 215. Ciliates were less abundant at Stn 49, although 
they still represented a substantial portion of the proto- 
zoan biomass. When the cillate ingestion rates are 
included, the overall grazing increases by 67 O/O for Stn 
215 and only 2 O/O for Stn 49. 

DISCUSSION 

C o n c e n t r a t i o n  ( X  1 0 9 / 1 )  

Fenchel (1980a, 1982) used Michaelis-Menten kine- 
tics to describe the functional response of filter feeders 
to changes in food concentration. He reasoned that at 
low concentrations ingestion is limited by the max- 

Fig. 4 .  Ingestion vs concentration; all data. (0) February; ( 0 )  imum rate at which water can be filtered and at high 
June concentrations the uptake rate is saturated because 
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Table 1 Summary of results from 17 grazing assays using fluorescent particles 

Stn Lat. Long. T S Bacteria Sp.' Hetero- Clearance Specific Growth Grazing 
("C) (%o) ( X  10' 1-l) act. trophic (nl flag-' h-') clear- (d-l) (d-') 

flagel- ance2 
lates ( X  l o4  h- ')  

( X  106 I-') 

February 
35 36'56'N 
36 36'53'N 
38 36"46'N 
40 36"45'N 
4 1 36"44'N 
43 36"42'N 
76 36"59'N 

June 
49 36'55'N 
60 36'58'N 
99 36'52'N 

105 37'00'N 
157 36'55'N 
205 36"55'N 
215 37"04'N 
216 36'54'N 
227 36'53'N 
235 36'56'N 

' Specific activity = fluorescent particles/(fluorescent particles + bacteria) 
Body volumes of water cleared per flagellate per hour 

ingestion is limited by the time it takes the organism to 
process an individual food particle. The Michaelis- 
Menten function provides d good fit to laboratory data 
for pure cultures of ciliates and flagellates (Fenchel 
1980a, b, 1982). Data for natural populations from the 
present study do not permit discrimination between a 
saturation model and one of increasing ingestion rate 
with increasing concentration because a wide range of 
ingestion rates was observed at high bacterial concen- 
trations. Highest ingestion rates were measured at the 

Table 2. Values of K,  the Michaelis-Menten half-saturation 
concentration for ingestion, for 6 species of heterotrophic 
flagellates, compared to the range of bacterial concentrations 
from the present study. Calculated from Fenche1(1982), Table 1 

Species K 
( X  log bacteria I-') 

Monosiga sp. 13.5 
Paraphysornonas vestita 14.9 
Actlnornonas rnirabilis 1.4 
Ochrornonas sp. 19.0 
Pleurornonas jaculans 38.6 
Pseudobodo tremulans 8.4 
Range during present study 1. 1.-3. 5. (Feb) 

1. 5.-9. 9. (Jun) 

highest bacterial concentrations, however, and it may 
be that concentration determines the maximum pos- 
sible ingestion rate, with other factors controlling the 
realized rate. 

Although nearly all of the experiments were per- 
formed on 'plume' water (salinity <30 %o) during 
drogue studies, variations in species composition of the 
flagellate communities may have led to a departure 
from the kind of functional response one might find in a 
monospecific laboratory population. Kinetic parame- 
ters vary substantially from species to species, and 
mixtures of different species would probably show 
even greater variations in combined kinetic parameters 
(Williams 1973). Most of Fenchel's (1982) values for the 
Michaelis-Menten half-saturation constant are equal to 
or greater than the concentrations encountered in the 
present study (Table 2) so if the laboratory populations 
are representative of those found in nature, saturation 
of ingestion would not have been expected. 

Total particle concentration was the only variable we 
tested that explained a significant fraction of the var- 
iance in ingestion rates (0.025 < p<0.05).  Accounting 
for temperature differences did not significantly reduce 
variance, despite the fact that the range of tem- 
peratures encountered (5 to 24OC) was great, and 
temperature is a strong determinant of physiological 
rates generally. Although most low ingestion rates 
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Table 3. Comparison of ingestion and clearance data from the present study with that of Fenchel (1982), excluding data on 
Actinon~onas mirabilis, which is specialized to feed on particles larger than 1 to 2 yrn in diameter (Fenchel 1984) 

I parameter Present study Fenchel (1982) I 
Bacteria flagellate h - '  
Average flagellate volume 
Specific clearance ( X  10'' h-') 

1.8-25 
11-35 pm3 
2.2-14.0 (mean 6.1) 

27-254 (maximum) 
20-200 pm3 
5.2-11 (mean 8.1) 

were associated with the lower temperatures of the 
February cruise (Fig. 4 ) ,  bacterial concentrations were 
also lower then. In fact, for the only June experiment 
whose bacterial concentration fell into the range of the 
February experiments (Stn 157, offshore of the plume; 
see Fig. 4) the ingestion rate fell on the same line as 
that describing the colder water experiments (Fig. 2). It 
is possible that different communities of flagellates, 
adapted to different temperature regimes, can main- 
tain similar rates of ingestion. While the epifluores- 
cence technique used to enumerate them provides little 
information on the taxonomic composition of flagellate 
communities, some differences were observed between 
February and June.  For example, in February, when 
overall flagellate populations were slightly higher, 
choanoflagellates comprised 8 to 35 % of the total 
abundance (mean = 25.7; SE = 3.4; n = 7);  for the June 
experiments they were only 0 to 10 O/O (mean = 5.7; 
SE = 1.0; n = 12). These forms have a sieving mechan- 
ism that enables them to take particles as small as 
0.2 pm in size and may allow them to ingest even the 
very smallest bacteria (Fenchel 1984). Their decline 
between February and June is unexplained, but has 
also been observed in Long Island Sound, New York 
(authors' unpubl. data), where bacterial size is smaller 
in colder water (Lee & Fuhrman 1987). 

Fenchel (1982) measured ingestion and clearance 
rates for 6 species of heterotrophic flagellates feeding 
on a bacterial isolate (Pseudornonas sp.). In his study 
maximum ingestion rates varied from 27 to 254 bacteria 
flagellate-' h-' and clearance from 1.4 to 79 nl 
flagellate-' h-' Values for both ingestion and clear- 
ance obtained during the present study were at the low 
end of Fenchel's ranges (Table 3). Specific clearance, 
or body volumes cleared per time, is probably a better 
parameter for comparison of different organisms, how- 
ever, and since the flagellates in the present study were 
generally smaller (11 to 35 wm3) than the laboratory 
ones (20 to 200 specific clearance was nearly the 
same for the 2 groups. Sherr et  al. (1983). working with 
a small (30 colorless Monas sp., measured max- 
imum clearance rates of 0.95 nl flagellate-' h - '  and 3.2 
X 104 body volumes h-' in thelr laboratory study, and 
Caron et al. (1985) observed values of 3.4 nl flagellate-' 

h-' and 1.9 X 104 body volumes flagellate-' h-' for 
Paraphysomonas imperfora fa feeding on bacteria. 

In 2 experiments in Kaneohe Bay, Hawaii, where 
bacterial concentrations were approximately 1.3 X 106 
ml-' and heterotrophic flagellate abundance was about 
800 ml-l, Landry et  al. (1984) estimated ingestion as 
37.5 and 16.4 bacteria flagellate-' h-' and clearance as 
29.4 and 9.5 nl flagellate-' h-'. These numbers are 
somewhat higher than those of the present study, 
although the ingestion rates overlap, but may be  over- 
estimates because they assign 100 "/o of the grazing to 
flagellates, whereas some other organisms, such as 
ciliates, may be grazing on bacteria as well (Rivier et  al. 
1985, Sherr & Sherr 1987). 

During the February MECCAS cruise, when bac- 
terial growth was slower, and flagellate populations 
were higher, the community grazing rates (fraction of 
the water cleared of bacteria per day by all of the 
heterotrophic microflagellates) were equal to or even 
greater than bacterioplankton growth rates (Table 1). 
In June, however, HNAN grazing often could not 
balance growth; HNAN grazed 6 to 97 % (mean = 

22.7 O/O) of the daily bacterial production, as estimated 
by thymidine incorporation. Considering that thy- 
midine incorporation is commonly thought to be a con- 
servative estimate of bacterioplankton growth (Fuhr- 
man & Azam 1982, Newel1 & Fallon 1982), the shortfall 
in grazing may be even greater. 

Several possibilities may help to explain this discre- 
pancy. First, bacterial populations may not be in steady 
state in the plume, and bacterial production may 
exceed grazing. Observations of the change in abund- 
ance of bacteria downstream within the plume dunng 2 
to 3 d drogue deployments indicated no increase sub- 
stantial enough to account for the excess of production 
over grazing, however. Second, some flagellates may 
be  able to discriminate between the pigment particles 
and bacteria, preferentially ingesting the latter (Pace & 
Bailiff 1987, Sherr et al. 1987); t h ~ s  would result In an 
underestimate of the true grazing rate for the whole 
community. Third, the fluorescent particle technique 
may be accurate for the small (2 to 4 pm) heterotrophic 
flagellates most often encountered on the filters, but 
may not give a good community grazing rate because 
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larger, rarer forms are not included. These latter organ- 
isms include the smallest ciliates, which may be  low in 
abundance but high in biomass, at times exceeding 
flagellates in the fraction of the total protozoan biomass 
they comprise. Their importance as bacterivores has 
only recently been appreciated (Rivier et  al. 1985, Sherr 
et al. 1986, Sherr & Sherr 1987). Finally, it has been 
shown that some flagellates egest material from food 
vacuoles when subjected to stress, including that 
caused by glutaraldehyde fixation. Sieracki et  al. 
(1987) found that this could result in underestimates of 
particle uptake and recommended an alternative fixa- 
tive (Van der Veer 1982) to avoid this problem. This 
effect seems to vary with species; estimates of ingestion 
for a chrysomonad isolate were low by more than an 
order of magnitude, while those of mixed populations 
of flagellates were low by a factor of only 2 to 3 
(Sieracki et  al. 1987). Our own experiments (unpubl.) 
with the marine chrysomonad flagellate Pseudobodo 
tremulans gave ingestion rates that were twice as high 
when Van der Veer's (1982) fixative was used instead 
of glutaraldehyde. Possibly, part of the discrepancy 
between bacterial growth and flagellate grazing for the 
June experiments could be explained by the fixation 
problem. For some stations, however, the disparity 
would seem to be too great to be accounted for in this 
way (for example, Stn 105, grazing < 8  O/O of growth; 
Stn 235, < 5  O/O). 

The application of the fluorescent particle tracer 
technique to the n~easuren~ent  of bacterivory in natural 
communities of HIVAN has led to several conclusions: 

(1) Small non-pigmented flagellates do take up the 
particles, with body-volume specific clearance rates 
similar to those of laboratory cultures feeding on bac- 
teria. 

(2) Ingestion rate vanes with particle concentration 
in a way that suggests that even at the highest bacterial 
densities (> 10" 1-l), at least a portion of the flagellate 
population is not at saturation feeding levels, and that 
heterogeneity of populations or other factors causes 
rates to vary greatly at high particle concentrations. 

(3) In winter, flagellate grazing, as measured by 
fluorescent particle uptake, could keep bacterial popu- 
la t ion~ in steady state whereas in late spring grazing 
rates of heterotrophic flagellates were much lower than 
bacterial growth rates. 

(4) Ciliates could at times account for a significant 
portion of the total grazing, when their biomass was 
high relative to that of the flagellates. 

Overall, the technique is useful in studying bacteri- 
vory, especially in a comparative way; the disadvan- 
tage of its being time-consuming and labor-intensive 
may be lessened if alternative methods can be  applied 
to the quantification of particle uptake (Gerritsen et al. 
1987). In addition, more work needs to be done on 

laboratory isolates to determine how chemical compos- 
ition and size of particles, and method of preservation, 
affect ingestion. 
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