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Abstract 

The larvacean Oikopleura dioica Fol was fed 3 H-labeled 
natural assemblages of marine bacterioplankton. Grazing 
rates ranged from < 1 to > 100 ml day - t  individual-' 
and were highly dependent on larvacean body size. These 
rates were combined with estimates of abundance of 
O. dioica in large floating enclosures with semi-natural 
populations (Controlled Ecosystems Populations Experi- 
ment, CEPEX) to determine the impact of the larvacean 
on the bacterial populations and to estimate the amount 
of bacteria ingested by the larvaceans. Apparently, O. 
dioiea has minimal influence on the population dynamics 
of the free-living bacteria, although bacteria may form a 
substantial portion of the larvacean's diet. 

Introduction 

Free-living bacteria, or bacterioplankton, have recently 
been shown to be far more abundant and metabolically 
active in epipelagic waters than bacteria associated with 
particles (e.g. Azam and Hodson, 1977; Watson et al., 
1977). The large microbial biomass and high metabolic 
rates suggest a high rate of bacterioplankton production. 
Although bacteria attached to particles may be readily 
consumed by herbivorous zooplankton (reviewed in 
Sorokin, 1978), similar planktonic sources of predation 
on free4iving marine bacteria have rarely been demon- 
strated (Haas and Webb, 1979). Thus, the transfer of 
bacterial production to higher trophic levels and its 
importance for the pelagic realm cannot be easily deter- 
mined. 

In order to graze successfully on the small free-living 
bacteria (generally less than 1 !am in the largest dimen- 
sion), bacteriovores must possess a very fine filtering 
apparatus. This restriction excludes not only raptorial 
copepods (e.g. the genera Corycaeus, Euchaeta); but also 
the nauplii and copepodites of suspension-feeding cope- 

pods (e.g. the genera Acartia, Calanus, Pseudocalanus; 
Nival and Nival, 1973, 1976; Corkett and McLaren, 
1978; Fern~indez, 1979) as potential predators. The 
most likely bactivorous zooplankters are feeders with 
mucous filters (larvaceans, salps, and pteropods) and the 
ciliary-feeding microzooplankton (ciliates and some 
meroplankton). Salps and ciliates, however, retain parti- 
cles greater than 3 to 5 l~m more efficiently than smaller 
particles (Spittler, 1973 ; Harbison and McAlister, 1979). 
The larvaceans, on the other hand, may possibly have a 
strong influence on coastal bacterioplankton populations. 
The feeding filter of the larvacean Oikopleura dioica Fol 
is known to have a mesh size capable of retaining free- 
living bacteria (Flood, 1978). Larvaceans may also attain 
very high population densities (Seki, 1973;King, unpub- 
lished data). However, there are few published data of 
their grazing rates on algae (Paffenh6fer, 1976), and no 
published studies of their grazing rates on bacteria. 

A further problem is that bacteriovore and bacterio- 
plankton population dynamics have not been measured 
concurrently in a natural system. These data are needed 
to estimate the impact of grazing for both populations. 
The effects ofadvection and the differences in time scales 
that encompass prey growth, predator growth, and pos- 
sible lag periods between the two make it difficult to 
determine the trophodynamics of pelagic communities. 
The CEEs (Controlled Experimental Ecosystem; 1300 m 3 
plastic enclosures moored in Saanich Inlet, Canada; 
Menzel and Case, 1977) of CEPEX (Controlled Eco- 
systems Populations Experiment) maintain populations 
of bacterioplankton and their probable predators in con- 
ditions approximating those of the ambient water 
column but which eliminate advection. Thus, the CEEs 
offer a unique opportunity to study the trophodynamics 
of the free-living bacteria and their predators in an envi- 
ronment which can be revisited and is free from advective 
noise. 

We report here estimates of the grazing rates of the 
larvacean Oikopleura dioica on radioactively labeled 
natural bacterioplankton assemblages obtained under 
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laboratory conditions. We then use these rates and esti- 
mates of the population densities of O. dioica and bac- 
teria in the CEEs to model the dynamics of trophic 
interactions of the bacterioplankton with a higher trophic 
level during a portion of a CEPEX experiment when 
the dominant bacteriovores (and herbivores) in the en- 
closures were larvaceans, ciliates, and nudibranch veligers. 
After determining that larvaceans feed on unattached 
bacteria, we assessed the quantitative importance of the 
bacterioplankton as food for the larvaceans; in addition, 
we studied the impact of predation by O. dioiea on the 
population dynamics of bacterioplankton. Finally, we 
discuss the possible impact of other predators on the 
bacterioplankton. 

Materials and Methods 

Grazing Experiments 

The rationale and technique for preparing the labeled 
bacteria for grazing experiments have been presented 
elsewhere (Hollibaugh et al., 1980). To summarize 
briefly, a subsample of seawater was filtered through a 
3 l~m pore-size Nuclepore filter (NPF) to remove colonies, 
bacteria attached to particles, and predators. The filtrate 
was incubated with 0.1 to 1 1JCi m1-1 methyl-all - 
thymidine for 2 to 20 h. About 2 h before the grazing 
experiment was to begin, the labeled bacteria were 
concentrated on a 0.2 ~m pore-size NPF and washed 
3 times with unlabeled HA (0.45 ]am) Millipore-filtered 
(HAMF) seawater. The concentrated, labeled cells were 
next resuspended in about 50 ml of HAMF seawater and 
allowed to equilibrate for 1 h. The cells were then con- 
centrated and washed as before. Finally, they were 
washed from the 0.2 !am NPF and filtered through a 
1.0 lma NPF to remove any aggregates that might have 
formed during the concentration and washing steps. 

The seawater used in the grazing experiment was 
Ntered through 10 1am Nitex screen to remove large 
particles and grazers. Unlabeled thymidine was added 
to this water (1 I~M final concentration) 1 h prior to 
the grazing experiment. The labeled bacteria were added 
to the mixture just prior to the experiment. The seawater 
was then divided amongst the beakers as follows: one 
beaker with no Oikopleura dioica Fol for determination 
of final dissolved label pools (Bact); one with a control 

larvacean(s) (CA) and house(s) (CH); and experimental 
beakers with a larvacean(s) and house(s) (Experimental). 
About 1 h prior to the experiment, the larvaceans were 
placed in HAMF seawater which contained 1 ~ un- 
labeled thymidine. For the experiment, 1 to 4 (usually 1) 
individuals in their houses were transferred to each of 
the experimental beakers; they usually remained in their 
houses for the duration of the experiment (15 min to 4 h 
depending on the size of the specimen). Control larva- 
ceans were prevented from feeding by removing them 
from their houses and gently crimping their tails with 
fine forceps without killing them. The crippled larvacean 
could not build a new house. 

At the end of the run, the larvaceans and their houses 
were rinsed in HAMF seawater, each larvacean's trunk 
length was measured, and the number of houses formed 
during the experiment was counted. Larvaceans and 
houses were placed in separate scintillation vials and dis- 
solved in Protosol (New England Nuclear). Water samples 
were taken prior to and after the experiment and assayed 
for dissolved and particulate radioactivity. For the assay, 
the particulate matter was collected on an HA Millipore 
filter and placed in a scintillation vial and fluor was 
added. One 1 ml subsample from the filtrate was placed 
in a dry scintillation vial containing fluor; a second was 
placed in a scintillation vial and lyophilized to remove 
any labeled water that might have been produced by 
catabolism of the methyl group of thymidine. Fluor was 
added to the second vial after the solutes were redis- 
solved in 1 ml of distilled water. All samples were radio- 
assayed in a Beckman LS 100C liquid scintillation spec- 
trometer using Aquasol II (New England Nuclear) fluor 
after storing overnight in the dark to allow the filters to 
clear and to prevent chemiluminescence due to Protosol 
in the cocktail. A correction for counting efficiency and 
quenching was made using the external-standard-ratios 
method and appropriately quenched standards. The self- 
absorption correction was determined with a H-glucose- 
labeled natural populations of bacteria. All radioassay 
data were converted to disintegrations per minute (DPM) 
for use in calculations. 

Particles filtered by Oikopleura dioica are either in- 
gested by the larvacean or adhere to the house. We dif- 
ferentiate between the two processes by referring to 
grazing rates (g, volume of water containing particles 
swept clear and ingested by the larvacean as ml indivi- 
dual-1 day-1 ) and clearance rates (F, volume swept clear 
by larvacean and house as ml individual -a day -a ). Thus: 

I = g  "C 

1 ~DPM(bac t ) -  [DPM(larvacean)- DPM(CA)] l 
g = ~- �9 -- in DPM(bact) �9 V 

1 .  _ ln  f-DPM(bact) - [DPM(larvacean) + DPM(house)-DPM(CA) - DPM(CH)] - ] .  
F =  

t [_ DPM(bact) 
V, 
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Fig. 1. Oikopleura dioica. Grazing rate (volume swept dear 
of particles which were ingested by larvacean) versus trunk 
length at 13.5~ Points at 160 lam are probably due to poor 
controls, and are not used in regression. Log y = 3.0828 (log x) 
- 7.4070 (r ~ = 0.937) 

in a desiccator. Elemental analyses were done with a 
Carlo Erba CHN analyzer using the dry combustion 
method of  Sharp (1974). 

Model 

Grazing rates of Oikopleura dioica, as measured in the 
laboratory, were coupled with estimates of  O. dioica 
biomass to calculate grazing pressure in an exponential 
bacterial growth model. The model is: 

N1 =No e (u - d) (tl - to) 

where N1 = bacteria biomass (mgC m -a) at time t l ,  
No = bacteria biomass (mgC m-3)  at time to, la = bacteria 
growth rate (day -1 ), and d = grazing rate (day -1 ). Graz- 
ing rate is the total population grazing rate: 

d = Ngi "Li, 

where I = ingestion (lag C larvacean -1 d a y - l ) ,  C = 
bacteria concentration (lJg C ml-X), t = duration of  
experiment (day), In = natural logarithm, DPM(bact) = 
initial bacterial DPM, DPM(larvacean) = DPM taken up 
by larvacean, DPM(CA) = DPM taken up by control 
larvacean, DPM(house) = DPM taken up by the house, 
DPM(CH) -- DPM taken up by the control house, and 
V = volume of  water in beaker (ml). 

Field Collections 

Bacteria and bacteriovore populations were collected 
from CEEs 78-2 and 78-3 of  the Food Web I (FW 2) 
CEPEX experiment (Grice et al., in press). Bacteria 
were sampled by pump in the 0 to 4, 4 to 8, 8 to 12, 
and 12 to 16 m layers. The bacteria were enumerated 
and the percentage of  the population in each of  three 
size classes was determined by the acridine orange direct- 
count method (Hobbie et  al., 1977). Microbial carbon 
concentrations were estimated by multiplying numbers 
in a size class by the average volume of  a cell in the size 
class times 125 fg Clam -a (Watson et al., 1977) (1 femto- 
gram = 10 q s  g) and summing over the three size classes. 
These estimates were then integrated over a 16 m depth 
interval. 

Larvacean populations (principally Oikopleura dioica) 
were sampled daily with duplicate vertical tows (0 to 
16 m) using a 35 cm diameter, 64 ~m mesh net (6:1 
open mesh-to-mouth area ratio). Samples were split 
with a Folsom splitter to approximately 100 to 150 
O. dioica per subsample; the larvaceans were identified, 
enumerated, and their trunk length measured to the 
nearest 20 Tan. 

Carbon analysis of Oikopleura dioica was performed 
on larvaceans from cultures and the field. Individuals 
were measured (trunk length) and then placed on pre- 
ashed Whatman GFC filters, dried at 60 ~ and stored 

where gi = larvacean size-specific grazing rate (m a 
individual -1 day -1), and L i = number of O. dioica in 
size class (number m-3). The population numbers re- 
ferred to here are daily averages. The model is com- 
puted on a daily time step (i.e., tl - to = 1 day) for 
22 days. The initial bacterial biomass (No on Day 1) 
was the biomass observed in each CEE on Sampling Day 
39 of  FW I, as were larvacean population densities. The 
model output,  bacterial biomass observed on each day 
of  the 22-day run, was adjusted to fit the measured field 
data in each enclosure by altering the daily growth rate 
of  the bacteria. 

The amount of  bacteria carbon ingested by the 
larvaceans was computed as: 

I = N . d ,  

where I = daily ingestion (mg C day -1 m -a), and JV = 
average bacterial biomass (mg C m -3). 2gis calculated as: 

- (e (~ - -  d ) ( t I  - -  t o )  - -  1) 
N = N o  �9 

(t l  - t o ) ( ~ -  d)  

Thus, our model does not predict the dynamics of  the 
enclosed bacteria populations but assesses the impact of 
larvacean grazing on them and the importance of  the 
bacteria as a food source of  the larvacean. 

Results 

Grazing Experiments 

The grazing rate ofOikopleura  dioica on bacterioplankton 
is strongly dependent on the size of  the larvacean (Fig. 
1). For example, an individual of  300 lain trunk length is 
estimated to graze 1.7 ml day -x , while a larvacean of  
1000 lain trunk length is predicted to graze 69.4 ml 
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Table 1. Oikopleura dioica. Budget of label pools for a typical grazing experiment. All results are in disintegrations min -1 . HA: parti- 
culate matter retained on HA Millipore filter, na: not applicable 

Beaker Filtrate HA Larvacean House Total Expected a % difference 

Bact 22473 268767 na na 291240 ~ +2.56 
Control 20947 266981 65 1155 289148 l +1.83 
1 22228 234882 15854 4160 277124 -2.41 
2 25811 229815 16138 10708 282482 283965 -0.52 
3 24979 206933 29155 18889 279956 -1.41 
4 26420 213380 22511 14227 276538 -2.62 
5 27875 224220 15987 4041 272123 -4.17 
6 30795 231099 15742 4593 282229 -0.61 

alnitial disintegrations min-l: direct (283965) = filtrate (15492) + HA (268473) 

day -1 . Our data show little variation in grazing rate at 
various natural concentrations of bacteria, suggesting 
that grazing rates are independent of bacterial concen- 
trations within the range in the CEEs. Furthermore, 
other work where O. dioica were grazing on nano- 
phytoplankton (King, unpublished data) indicates that 
clearance rates equivalent to those found here were also 
independent of particle concentrations (in lagC 1-1 ) 
encompassing the concentrations of bacteria and nano- 
plankton in the enclosures. 

A budget of the distribution of tritium in the various 
fractions in a grazing experiment is shown in Table 1. 
The negative difference between the expected DPM and 
the recovered DPM in beakers with feeding larvaceans is 
probably due to the method of transfer of larvaceans 
and houses. Care was taken to insure that animals were 
transferred in their houses. Water added during this 
process would slightly dilute the label; the average dilu- 
tion seen in this experiment is equivalent to 0.5 ml of 
unlabeled water (~ 1% of the experimental volume). 
The control does not show dilution because little water 
is transferred with the maimed larvacean and its house. 

Loss of label from the bacteria into the water during 
a grazing rate measurement was generally less than 5% 
(2-= 4.6%, Sx = 3.3) during the course of an experiment. 
Thus, there was little recycling of the label between the 
bacteria and water pools. Release of label in experimental 
beakers was no greater than the level of release in con- 
trols; half of the experimental beakers contained less 
dissolved label than the controls. This suggests that the 
thymidine label in the bacteria is not excreted by the 
larvacean but is incorporated into the animal or egested 
as fecal pellets. There was an indication that tritiated 
water was produced in the containers with feeding 
larvaceans at a slightly greater rate than in beakers with 
control individuals, which would suggest that a small 
portion of the labeled thymidine was being oxidized to 
volatile dissolved organics or water through the demethyl- 
ation of thymidine. These data, however, are incon- 
clusive due to variability between and within experiments. 

Fecal pellets generally remain inside the house until 
the larvacean abandons the house. The average accumu- 
lation of labeled particulate matter (bacteria and fecal 
pellets) in houses was 12.5% (s x = 14.2) of the total 
label collected by the larvacean and its house. The low 

accumulation of tritium in the houses indicates that 
egestion was a small fraction, 10% or less, of ingestion. 
We suggest that the radiotracer method we employed to 
determine the grazing rates of larvaceans on bacteria is a 
good estimate of the actual rate of ingestion. This is 
supported by the similarity between such rates and the 
clearance rates of larvaceans grazing on small flagellates, 
as determined by cell counts (King, unpublished data). 

Field Populations 

Bacterioplankton populations varied greatly in number 
(range, 0.8 to 4.2 x 106 cells ml - I )  during Days 39-60 
of the FW I experiment. The variation in numbers 
resulted in an approximately tenfold range of bacterio- 
plankton biomass (Figs. 2, 4). Although different phyto- 
plankton populations were maintained in the two CEEs 
during this period, the free-living bacteria maintained 
strikingly similar populations in both, with a large peak 
in abundance at Day 44 followed by a rapid decline in 
numbers and cell size. The bacterial population outbursts 
in FW I were typically preceded by intense phytoplank- 
ton blooms. 

Zooplankton populations in the enclosures were also 
somewhat similar during this period. Herbivorous cope- 
pods had declined in abundance in the CEEs to the point 
that Oikopleura dioica, ciliates, and nudibranch veligers 
were the numerically dominant herbivorous zooplankters. 
The greatest peaks of zooplankton abundance during 
this period were observed in CEE 78-3 with a flagellate- 
dominated community. The maximum concentration of 
O. dioica in CEE 78-3 was 13390 m -a (Fig. 2B), com- 
pared to a maximum of 6420 m -3 attained in the 
diatom-dominated CEE 78-2 at this time (Fig. 2A). 
The larvaceans appeared to respond to the increased 
bacterioplankton populations. Larvacean populations 
attained their maximum abundance within 10 days of 
the time of maximal bacterial biomass. The generation 
time of O. dioica in the CEEs was 8 to 12 days, and 
the populations typically double in number daily during 
periods of population increase (King, unpublished data). 

Numbers of Oikopleura dioica were converted to bio- 
mass (carbon) by the length-weight relationship shown 
in Fig. 3. The resulting biomass data (Fig. 4) reinforce 
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Table 2. Bacterioplankton growth rates (doublings day -1) for 
Controlled Experimental Ecosystems (CEEs) 78-2 and 78-3 from 
the model. See text for explanation 

Day CEE 78-2 CEE 78-3 

Runl  Run2 Run3 Run1 Run2 Run3 

39 .53 .54 .54 .63 .63 .63 
40 .53 .54 .54 .63 .63 .63 
41 .53 .54 .54 .63 .63 .63 
42 .52 .54 .54 .62 .63 .63 
43 .52 .54 .54 .62 .63 .63 
44 -.30 -.29 -.28 -.24 -.23 -.23 
45 -.31 -.29 -.28 -.24 -.23 -.23 
46 " -.34 -.29 -.28 -.25 -.23 -.23 
47 -.37 -.29 -.27 -.37 -.32 -~31 
48 -.20 -.15 -.14 -.40 -.32 -.31 
49 -.18 -.15 -.15 -.40 -.32 -.31 
50 -.18 -.15 -.15 -.39 -.32 -.31 
51 -.18 -.15 -.15 -.04 .00 .01 
52 -.13 -.10 -.10 -.02 .00 .00 
53 -.13 -.10 -.10 -.02 .00 .00 
54 -.13 -.10 -.10 -.02 .00 .00 
55 .43 .49 .50 .47 .49 .49 
56 .43 .49 .50 .46 .49 .49 
57 .45 .49 .49 .47 .49 .49 
58 .46 .49 .49 .46 .49 .49 
59 .45 .49 .49 .46 .49 .49 
60 .45 .49 .49 .46 .49 .49 

the apparent coupling between bacteria and larvacean 
abundance. There is a lag time between the appearance 
of  peak microbial biomass and the appearance of  two of  
the three larvacean irruptions. The decline in bacterial 
biomass would seem to be related to the increase in the 
larvacean populations. Our mathematical model will test 
this inference. 

Model 

Estimates of  daily bacterioplankton growth rates from 
the model are given in Table 2. Run 1 shows the bacte- 
rial growth rate necessary to attain the concentrations 
observed in the CEEs if grazing mortali ty (d) is assumed 
to be zero. Model Run 2 uses the grazing rate for Oiko- 
pleura dioica (Fig. 1) to compute d. The difference be- 
tween Runs 1 and 2 assesses the impact of  consumption 
of  bacteria by the larvaceans in the enclosures. Run 3 
multiplies the grazing rate by 1.2 in the computation of  
d to account for adherence of  bacteria to the house and 
egestion; in essence, the clearance rate F is used to cal- 
culate d. This run determines the effect of  removal of  
free-living bacteria from the water column via ingestion 
by larvaceans and incorporation into their houses. 
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Since bacterial biomass in the model is forced to 
specified levels, an increase in grazing pressure is re- 
sponded to through increased bacterial growth. It is 
readily apparent that larvaceans have little impact on 
the bacterioplankton. The range of  bacterial growth 
rates needed to overcome the effects of  ingestion by 
Oikopleura dioica and adherence to its houses was 0.01 
to 0.10 doublings day -1 in CEE 78-2 and 0.00 to 0.09 
doublings day -t in CEE 78-3. The CEE populations of  
larvaceans, although generally more numerous than 
those found in other field studies (Seki, 1973; Alldredge, 
1976), have so few large individuals with high clearance 
rates that the total grazing pressure is low. Thus, what 
appears to be a classic Lotka-Volterra predator-prey 
relationship between an efficient predator, O. dioica, 
and its prey, bacteria (Figs. 2, 4), is perhaps fortuitous. 
Grazing by these larvaceans cannot cause or contribute 
greatly to the decline in bacterial biomass after Day 44. 

On the other hand, bacteria are a major source of  
food for the larvaceans (Fig. 5). The population of  
Oikopleura dioica consumed up to 2.2 mgC m -a day -1 

in CEE 78-2 (Day 47) and 2.0 mgC m -a day -1 in CEE 
78-3 (Day 48). The maximum ingestion resulted in 
5.2 and 5.5% of  the bacterial biomass being consumed, 
respectively. The larvacean population consumed bac- 
terioplankton biomass equivalent to 100% of  its popu- 
lation biomass on Day 44 in both enclosures. The larva- 
ceans, on the average, ingested an amount  of  bacteria 
equivalent to about half the biomass of the larvacean 
population. 

Discussion and Conclusions 

As far as we know, this is the first report of  clearance 
rates for any zooplankter eating free-living bacterio- 
plankton. Sorokin and colleagues (reviewed in Sorokin, 
1978) measured the ingestion of  14C-labeled bacteria 
(both free-living and attached) in terms of  dally ration 
by various zooplankton species, including Oikopleura 
dioiea, but did not report the concentration of  prey 
items which is needed to calculate rates of  feeding. 
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They concluded that O. dioica may derive 25 to 50% of 
its daily ration from the aggregate and free4iving bac- 
teria, assuming that the daily ration is equivalent to 80% 
of the larvacean's weight. However, O. dioica doubles its 
weight each day in culture at 13 ~ (Paffenh6fer, 1976; 
King, unpublished data). In addition, the larvaceans 
also produce 3 to 10 houses day -~ (Lohmann, 1899; 
Paffenh6fer, 1973; King, unpublished data), each of 
which may constitute 20 to 40% of the animal's body 
carbon (Alldredge, 1976). Thus, the daily ration of a 
growing larvacean must be substantially greater than 
80% of its weight. For instance, an individual of 500 lam 
trunk length contains 0.90 lag C and may produce 5 
houses at 0.22 lag C (minimally?) while doubling its 
body weight. This represents a ration of 2 lag C and does 
not even include respiratory or excretory losses. At a 
bacterioplankton concentration of 30 lag C1-1 , this same 
individual will ingest about 0.25 lag C of bacterioplank- 
ton which represents only 12% of the minimal daily 
ration. Clearly, bacterioplankton is not "the staple diet 
of Appendicularia in nature" (Pavlova et al., 1971). 
Field populations may, in some instances, ingest 100% 
of their weight of bacterioplankton (Fig. 5) which may 
represent 25 to 50% of their daily ration. 

The grazing and clearance rates of Oikopleura dioica 
on bacteria found in this study do not agree well with 
the clearance rates of O. dioica on nanophytoplankton 
observed by Paffenh6fer (1976). He found rates more 
than twice as high as our estimates at the same tempera- 
ture. One could hypothesize that larvaceans filter bac- 
terioplankton less efficiently than they filter slightly 
larger phytoplankton. However, new experiments similar 
in design to Paffenh6fer's, i.e., measuring particle re- 
moval (King, unpublished data), give clearance rates 
equivalent to those found herein and clearly do not 
support that hypothesis. Also, a preliminary grazing 
experiment utilizing differentially labeled phytoplankton 
and bacteria (cf. Gophen et al., 1974; Lampert, 1974) 
demonstrated larvaceans grazing as efficiently on bac- 
terioplankton as on flagellates (King and Hollibaugh, 
unpublished data). The differences between the rates 
observed by Paffenh6fer (1976) and our estimates may 
lie in the uncertainty in determining the number of 
larvaceans in his experimental grazing containers. He 
used, at times, the geometric mean of larvacean num- 
bers before and after a specified period for computation 
of clearance rates (Paffenh6fer, personal communica- 
tion), while we always employed a specified number of 
individuals. An exponential decrease in numbers of indi- 
viduals in a culture may not be a proper assumption as 
it may not be in field populations (Fager, 1973). On the 
other hand, there may be real differences in grazing rates 
between O. dioica in the North Sea, Paffenh6fer's 
study area, and O. dioica in the fjords of the Northeast 
Pacific Ocean. 

Laboratory estimates of bacterial growth in CEPEX 
enclosures and in neritic waters indicate that the bac- 
terioplankton undergoes 1 to 3 divisions day -1 (la = 
0.63 to 2.08; J. A. Fuhrman and F. Azam, in prepara- 
tion). If we account for bacterial mortality due to 

grazing by larvaceans (d -- 0.10 to 0.15 at most), then a 
substantial amount of bacterial growth remains to be 
apportioned to the community. Assume, for the moment, 
that ciliates, veligers, and other microzooplankters re- 
move bacteria and small flagellates with the same 
efficiency. Then, at most, ciliates could clear 20% 
(Heinbokel and Beers, 1979) and the other micro- 
zooplankters, excluding larvaceans, could clear about 
25% of the water column (125,000 zooplankters m -3 
at 2 ml day -1 animal -1 ; Strathmann, 1971; Corkett and 
McLaren, 1978). Thus, the zooplankton could consume 
all the bacterioplankton production only if the bacteria 
were growing their slowest (one doubling day -1 ) and all 
zooplankton were efficiently grazing at their highest 
capabilities (60 to 70% of the water column per day). 
Considering the assumptions involved, one can only 
conclude that this is most likely a gross overestimate of 
the impact of the zooplankton on the dynamics of 
bacterioplankton. 

It has recently been suggested that the phagotrophic 
flagellates are major predators of the free4iving bacteria 
(Haas and Webb, 1979). At the flagellate concentrations 
found in the CEEs (about 1000 ml-1 ), they would need a 
clearance rate of 0.5 !al cell -1 day -1 to equal the above 
maximal impact of the zooplankton. The necessary data 
on clearance rates are not available; however, if one 
assumes a growth rate of one doubling per day and cal- 
culates the respiration rate from Hemmingsen (1960), a 
5 lam diameter flagellate would consume at least twice 
its body weight per day. Thus, the flagellate cells each 
could clear 0.5 to 1 ;~1 day -1 , or more, and definitely be 
the principal consumers of the bacterioplankton. 

On the other hand, the discrepancy between bac- 
terial growth rates in the laboratory, and projected 
mortality due to predation may not exist in the natural 
environment. One could hypothesize that, although pre- 
dation pressure is low but somewhat constant, bacterial 
population dynamics are rapidly influenced by the input 
of organics. If the bacteria are rapidly assimilating all the 
available food supply, then in periods of low supply one 
might expect cells to lyse (Postgate and Hunter, 1963) 
or become dormant (Novitsky and Morita, 1977; Steven- 
son, 1978; Wright, 1978). The observed rapid decline in 
bacteria biomass (Figs. 2, 4) might be explained by 
cell lysis and, most likely, by constant predation and no 
growth during periods of very low food supply. Low 
population growth rates would be maintained if only 10 
to 20% of the bacterioplankton were assimilating food 
(Meyer-Reil, 1978). If this were the case, then the pro- 
jected mortality due to zooplankton grazing could be a 
major factor in the dynamics of free-living bacteria 
populations. 

As a result of the observations and inferences, a sim- 
plified summary of a food web based on bacterioplankton 
is presented in Fig. 6. At this time, we cannot say whether 
supply of dissolved organic matter (DON) or predation 
by phagotrophs controls the dynamics of pelagic bac- 
teria. In contrast to freshwater environments where 
zooplankton may be important consumers of bacteria 
(e.g. Gophen et al., 1974; Peterson et al., 1978), we 
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Fig. 6. Simplified heterotrophic food web; thickness of arrows 
denotes relative importance of pathways. Dashed line from 
larvaceans to "herbivores" (large particle grazers) represents 
discarded houses. For clarity, feedback loops are not presented 
(e.g. loss of DOM from higher levels to DOM pool) 

would suggest that the small colorless flagellates are the 
primary predators of  marine bacterioplankton. These 
phagotrophic flagellates, in turn, will be consumed by 
microphagous zooplankton. This creates another trophic 
level with its concomitant loss of  energy between the 
recyclers of DOM, the bacteria, and the highest trophic 
levels. Larvaceans circumvent these energy losses by 
efficiently filtering both bacteria and flagellates. The 
larvaceans then transfer bacterioplankton carbon via 
their bodies to juvenile fish (Shelbourne, 1962; Manzer, 
1969) and to grazers of  large particles via their houses 
(Alldredge, 1972, 1976). 
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