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ABSTRACT Mlcrozooplankton (defined hereln as phagotrophs <200 pm) grazing was studied in 
northern San Francisco Bay, California, USA, from September 1993 to July 1994 using the dilution 
method The focus of the study was the estuarine tui bldity maxilnum zone of northern San Francisco 
Bay (Suisun Bay), though some experments  were also perfoimed In southern San Francisco Bay and  
Tolnales Bay Three microzooplankton prey Items were e x a m ~ n e d  phytoplankton (as chlorophyll a ) ,  
cyanobactena and bactenoplankton (l e non-chlorophyll containing bactena) Stat~stically s ~ g n i f ~ c a n t  
grazing rates were  observed in 5 of 31 northern San Francisco Bay expenments over 7 dates spanning 
10 mo Average grazing rates on phytoplankton, cyanobacteria and  bactenoplankton were 0 06, 0 00, 
and 0 22 d l respectively Grazlng rates were statistically significant In 5 of 7 southern San Franc~sco 
Bay expenments on 3 dates Average grazing lates on phytoplankton and cyanobactena were 0 41 and 
1 84 d I respectively Grazing iates were statistically significant In 4 of 4 Tomales Bay experiments per- 
formed on 1 date,  averaging 0 69 and 0 75 d.' on phytoplankton and bacterioplankton respectively The 
low grazlng ~ a t e s  in northern San Francisco Bay suggest that microzooplankton may not play a pivotal 
role in controlling pley biomass although this interpretation is coinplicated by the possibility that one 
or more 01 the dilutlon method assumptions may not hold ~n this environment We hypothesize that the 
introduced Asian clam Potamocolbula amurens~s  may be  controlling the blomass of microzooplankton, 
their prey or both A review of the literature Indicated that the ddution method regularly yields statis- 
tically non-significant grazing rates, suggesting that our results are not unique 
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INTRODUCTION 

The importance of the microbial loop (Pomeroy 1974, 
Azam et al. 1983), including the microzooplankton and 
nanozooplankton (phagotrophs <200 pm),  has been 
well established in many aquatic habitats (review: 
Sherr & Sherr 1994). Three functions which are  typi- 
cally attributed to microzooplankton and nanozoo- 
plankton are: (1) remineralizing organic matter and 
nutlients (Goldman & Caron 1985, Goldman et al. 
1985); (2) controlling biomass of bactelia and phyto- 
plankton (Fenchel 1982, McManus & Fuhrman 1988); 
and (3) providing a link to higher trophic levels (Sherr 
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et al. 1986, Stoecker & Capuzzo 1990). As a result, 
these grazers can be critically important mediators of 
matter and energy transfer in aquatic systems. 

There is tremendous taxonomic diversity within the 
functionallt. defined groupings of microzooplankton 
and nanuzooplankton. Mlcrozooplankton typically 
refers to heterotrophs from 20 to 200 pm in greatest 
dimension and includes diverse taxa from small meta- 
zoans such as copepod nauplii and rotifers, to ciliates 
(including loricate and aloricate forms) and hetero- 
trophic dinoflagellates. Microzooplankton can be 
effective consumers of prey as small as bacteria to 
organisn~s nearly as large as themselves (Lessard 1991, 
Sherr & Sherr 1994). Nanozooplankton are smaller 
grazers, from 2 to 20 pm in slze, and are  mostly flagel- 
lated protozoans. The diets of nanozooplankton tend to 
be more restricted to bacteria sized organisn~s (Sherr & 
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Sherr 1994). For simplicity we will lump these 2 cate- 
gories and refer to the entire assemblage as microzoo- 
plankton. 

There is little information on microzooplankton in 
San Francisco Bay, C A ,  USA. Ambler et al. (1985) 
reported abundances of net-collected microzooplank- 
ton and found abundance peaks of tintinnid ciliates, 
Eutintinnus neriticus, Tintinnopsis sp., of the rotifer 
Synchaeta sp. and of copepod nauplii in northern San 
Francisco Bay during the summer of 1980, coinciding 
with a phytoplankton bloom. Maximum abundance of 
most groups occurred in San Pablo Bay, and most 
were much less abundant in Suisun Bay. Combined 
abundances of these relatively large (>l00 pm) and 
robust organisms peaked at about 100 1-l. While their 
grazing impacts on bacteria and phytoplankton are 
not known, their high abundances imply potential 
significance, especially on the community of larger 
phytoplankton. No published information exists on 
abundance of small (5 to 20 pm) heterotrophic flagel- 
lates, although data from other aquatic systems sug- 
gest at least 1000 ml-' (Berninger et  al. 1991, Sanders 
et  al. 1992), and these could be an important sink for 
bacterial production. 

The focus of this study was to examine the impor- 
tance of microzooplankton grazing in northern San 
Francisco Bay (North Bay) using the dilution method 
(Landry & Hassett 1982). Additional dilution experi- 
ments were done in nearby southern San Francisco 
Bay (South Bay) and Tomales Bay to provide a contrast 
and a.s a test of our experimental method. These 3 loca- 
tions represent a gradient in primary production from 
very low in the North Bay, intermediate and highly 
episodic in South Bay, to very high in Tomales Bay. The 
dilution method has been applied in a wide variety of 
environments to measure microzooplankton grazing 
with a focus on both predator control of prey biomass 
as well as more subtle predator-prey interactions. Of 
particular interest to our study was the role of micro- 
zooplankton in controlling the biomass of their prey. 
One feature of this method, if all assumptions are satis- 
fied, is that it does not rely on abundance estimates of 
different groilps of grazers, but integrates the net graz- 
ing impact of the entire grazer community. We chose 
this method over other available methods such as 
uptake or disappearance of fluorescently labeled bac- 
teria and algae because of the difficulty of enumerat- 
ing labeled particles by microscopy in particle-rich 
environments. 

MATERIALS AND METHODS 

Dilution method theory and practice. The strength 
of the dilution method is its ability to partition a net 

change in prey abundance into 2 additive components: 
the microzooplankton grazing rate (g) and prey growth 
rate (k). The dilution method is based on 3 assumptions 
as discussed in detail by Landry & Hassett (1982): 
(1) specific growth rate of prey is not density depen- 
dent, (2)  predation is a direct linear function of prey 
abundance, and (3) prey growth can be adequately 
represented by the exponential growth equation. 
Additionally, the population growth rate of consumers 
and prey is assumed to be constant across treatments. 
The generalized exponential model is: 

where N, is the density of the prey population at time t, 
No is the density of the prey population at time zero, 
k is the prey population growth rate, and g is the prey 
population mortality rate due to grazing. 

In practice, a dilution experiment consists of a series 
of bottle incubations in which the proportions of fil- 
tered and whole water are varied to make dilution 
treatments. In bottles which have been diluted with 
filtered, cell-free water, prey populations experience 
reduced grazing (hence increased net growth) in pro- 
portion to the degree of dilution, while the specific 
growth rate of the prey is not affected. Net population 
growth rates in each bottle are measured by sampling 
before and after an incubation period (usually 24 h) 
and are calculated as the change in the natural log 
prey concentration per unit time. The positive re- 
sponse of net population growth rate due to relaxed 
grazing pressure (as a function of dilution) is a measure 
of the grazing rate. In this study, phytoplankton con- 
centration was estimated by chlorophyll a and both 
cyanobacteria and bacterioplankton (non-chlorophyll- 
containing bacteria) abundance was measured by 
direct counts using epifluorescence microscopy. 

In order to calculate apparent growth rates of prey in 
each bottle, the exponential growth equation was con- 
verted into a linear model by log transformation and 
rearrangement: 

ln(N,) = (k-  g)t  + ln(No) (2) 

in this form, apparent growth rate (k - g) was calcu- 
lated as the slope of the linear regression of natural log 
prey concentration versus time. PhytopIankton appar- 
ent growth rates were calculated from triplicate analy- 
ses of chlorophyll concentration per bottle per time 
point; bacterial apparent growth rates were calculated 
from a single sample enumeration per bottle per time 
point. This method of calculating apparent growth 
rates weights each measurement in the regression 
analysis equally and allows for variable numbers of 
replicates and time points. 

The apparent growth rate estimates (1 from each 
incubation bottle) were in turn plotted as a function of 
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dilution (X) using: 

and regression analysis of these data 
yielded slope and intercept values cor- 
responding to microzooplankton graz- 
ing (-g) and prey growth (k) respec- 
tively. The degree of dilution of each 
treatment was determined by dividing 
the measured prey concentration by the 
concentration in the undiluted treat- 
ment. A significant negative slope 
(l-tailed t-test, p < 0.05) suggested 
measurable grazer control on prey con- 
centration. The prey growth rate was 
estimated by extrapolating the regres- 
sion to the y-intercept. If the slope was 
not significantly less than zero, then 
grazing was assumed to be zero. In this 
case prey population growth rates were 
calculated only from undiluted treat- 
ments (whole water) because the undi- 
luted treatments were subjected to the 
fewest manipulations and additional 
assumptions concerning the effect of 
dilution need not be made. 

Study sites and sampling procedures. 
San Francisco Bay (Fig. 1A) is one of the 
largest estuaries on the west coast of 
the United States and is comprised of 2 
connected but physically distinct sys- 
tems. The North Bay is a net hetero- 
trophic estuarine system characterized 
by low phytoplankton production (39 g 
C m-2 yr' ' ;  Alpine & Cloern 1992) and 
bacterial production which can equal or 
exceed primary production (Hollibaugh 
& Wong 1996). Phytoplankton bloon~s 
were a normal summer-time occurrence 
in the North Bay prior to 1986, but have 
since ceased to occur (Alpine & Cloern 
1992). This shift has been strongly 
linked to the introduction and rapid 
establishment of the Asian clam Pota- 
mocorbula amurensis which has filtra- 
tion rates capable of clearing the entire 
water column on a daily basis and thus 
prevents accumulation of phytoplank- 

Fig. 1. Map of San Francisco Bay, CA, USA, 
showing station locations where dilution 
experiments were performed. (A) San Fran- 

cisco Bay, (B)  Tomales Bay 

Lagunitas Creek 
l 

l I 1 
123" 122'56' 122'52' 
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ton biomass (Alpine & Cloei-n 1992, Cole et al. 1992, 
Werner & Holltbaugh 1993). South San Francisco Bay, 
in contrast, is a lagoonal system and supports higher 
annual phytoplankton production (150 g C m-2 yr-'; 
Cole & Cloern 1987) primarily because of a strong 
spring hloom, the timing and intensity of which have 
been well studied and modeled (Cloern et al. 1985, 
Cole & Cloern 1987, Cloern 1991). Although P. 
amurensis has become established in the South Bay as 
well, it has not prevented the development of spring 
blooms. Tomales Bay is a relatively pristine, productive 
(300 g C m-' yr-'; Cole 1989) coastal embayment 
located about 50 km north of San Francisco (Fig. 1B). 
While data from the South Bay and Tomales Bay are  
included for comparison, the focus of this study was the 
North Bay. 

Dilution experiments were conducted on 12 dates 
from September 1993 to August 1994. In the North Bay, 
grazing experiments were conducted with samples 
from a station in the channel of Suisun Bay on 6 dates, 
although on 1 date experiments were conducted at  6 
stations (including Suisun Bay) along the estuarine 
gradient from the Central Bay to the Sacrament0 River. 
Grazing experiments were conducted in the South Bay 
on 3 dates at  2 stations and on 1 date at 2 stations in 
Tomales Bay. The San Francisco Bay experiments were 
conducted aboard the United States Geological Survey 
(USGS) research vessel 'Polaris', and at the Tomales 
Bay experiments were conducted at  Land Margin 
Ecosystem Research (LMER) field laboratory at Mar- 
shall, CA. 

Before each experiment, all apparatus that came in 
contact with the sample water was cleaned with labo- 
ratory detergent, rinsed with deionized water, soaked 
in 1 N HC1 for a minimum of several hours (usually 
over night), and thoroughly rinsed with deionized 
water. Before use, the bottles and filtration apparatus 
were further rinsed with sample water. All experi- 
ments were conducted with surface water collected 
using a polyethylene bucket and stored in polyethyl- 
ene  cubitainers. A portion of the water was filtered 
sequentially through acrylic filtration units (142 mm 
diameter) fitted with a 1.0 pm glass fiber filter and a 
0.2 pm pore size cellulose acetate filter in a closed sys- 
tem to minimlze exposure to airborne contaminants. 
The filtrate was mixed with unfiltered water to make 
dilution treatments targeted at 10, 30, 70 and 100% 
(whole water) which were then distributed into 1 1 
square polycarbonate bottles. Initial samples were 
taken from the remaining dilution water. Chlorophyll 
was measured for every expenment, while cyanobac- 
teria and bacterioplankton were enumerated less fre- 
quently. Bottles were screened to ca 5OuC, ambient 
light to approxtmate in situ light conditions and were 
incubated at ambient temperature using a running 

seaiuater ~ncubator whlle under way or suspended 
overboa] d in a mesh bag while docked at night Often 
1 bottle from each treatment was enclosed in a h e d ~ k  
black plastic bag as a dark control (September, Octo- 
ber, and Yovember 1993 and May 1994, 2 replicates) 
After ca 24 h a water sample MC{.; removed from each 
bottle for chlorophyll, bacteria and nutrient analysls 
From September to December 1993, incubations were 
continued for an additional 24 h ,  at which time the final 
samples were taken 

Hydrographic data were collected by the USGS 
using a Seabird CTD system which recorded tempera- 
ture, salinity, fluorescence and optical backscatter The 
latter 2 sensors were routinely calibrated against envi- 
ronmental samples to estimate chlorophyll a and sus- 
pended particulate matter, respectively Samples for 
nutnent analyses (NH,', NO2-and NO3-) were taken at 
initial and flnal t ~ m e  points and frozen immediately 
Analyses were run within 2 mo on a Technicon I1 auto- 
analyzer Ammonium was measured by the salicylate- 
hypochlorite method (Bower & Holm-Hansen 1980) as 
modified for automated analysis (Hager 1993) Nitrate 
(NO3- + NO,-) was analyzed using the automated cad- 
mium reduction method (Hager 1993) 

For chlorophyll, tnplicate water samples of 50 to 
150 m1 were filtered through Whatman GF/F filters, 
frozen and returned to the lab Filters were extracted 
at -20°C overnight in 90% acetone, centrifuged and 
the extract fluorescence was measured on a Turner 
Designs Model 10 fluorometer calibrated for chloro- 
phyll a (Stnckland & Parsons 1972) 

Samples for microscopy were preserved with either 
1 % cacodylate buffered glutaraldehyde or 2 O/o borate 
buffered formaldehyde and stored at 4°C Samples 
were stained with Acndine Orange (AO) or DAPI fil- 
tered onto black polycarbonate membrane filters, and 
enumerated using a Zeiss Axiophot epifluorescence 
microscope (Hobble et  a1 1977, Porter & Feig 1980) 

Cyanobacteria were counted within 2 wk at 630x 
using a green excitation filter (510 nm band pass) and 
a red emission filter (590 nm long pass) Cyanobacteria 
fluoresced an  intense red color and background fluo- 
rescence was very low A minimum of 5 reticule flelds 
were counted and ca 200 to 300 cells were enumer- 
ated For a few samples that had very low abundance, 
cell counts were accumulated over a mlnimum of 20 
retlcule fields 

Bacterloplankton were stained wtth etther A 0  (San 
Francisco Bay) or DAPI (Tomales Bay) and vlewed 
usmg standard blue or UV filter sets respectively 
Tomales Bay samples were counted within a few 
days, San Francisco Bay samples were counted about 
a year after the experiment For most counts, a mini- 
mum of 10 reticule fields were scanned and 300 cells 
were enumerated For a few samples with very low 
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abundance, a minimum of 20 reticule fields were 
counted. 

Samples (usually 1 ml) for total nanoflagellates 
(c20 pm) were stained with AO, filtered onto black poly- 
carbonate membrane filters, and enumerated at 500x 
under blue excitation. A minimum of 24 microscope 
fields or 50 cells were enumerated. Because of the low 
sample volumes necessitated by the high particle loads 
in Suisun Bay samples, we were not successful at enu- 
merating the larger, less abundant organisms. 

In general, it was difficult to enumerate bacterio- 
plankton and nanoflagellates by epifluorescence 
microscopy in the turbid waters of San Francisco Bay. 
Developing a reliable protocol caused delays in sample 
processing. We had better success with A 0  (50 to 
100 pg rill-l) than with DAPI and we used very small 
volumes of water (0.5 to 1 m1 distributed onto 23 mm 
diameter filter area) in order to avoid obscuring organ- 
isms with particles and also to minimize background 
fluorescence of the sediment. 

RESULTS 

Characterization of study sites 

Water quality variables for all locations and dates are 
summarized in Table 1. Temperature and salinity val- 

ues reflect normal seasonal variation. In Suisun Bay, 
chlorophyll concentration averaged 1.2 pg 1-' (range 
0.4 to 2.0 1-19 1-l) with no apparent seasonal pattern and 
dissolved inorganic nitrogen (DIN, NH, + NO3 + NO,) 
was well above 20 PM throughout the study period. 
Suspended particulate material (SPM) averaged 33 mg 
1-' and ranged from 7 to 53 mg I- ' .  Bacterioplankton 
averaged 1.8 X 10%ells ml-' (range 1.5 to 2.3), which 
may underestimate true abundance because of cell 
loss due to sample storage (Turley & Hughes 1992, 
1994, Gundersen et al. 1996). Cyanobacteria abun- 
dance averaged 64 X 103 ml-' (range 39 to 87). Total 
nanoflagellates (autotrophic plus heterotrophic) aver- 
aged 1.6 X 103 cells ml-' (range 0.53 to 2.3). Abun- 
dances of ciliates (loricate and aloricate), rotifers, and 
copepod nauplii in Suisun Bay were below our detec- 
tion limit of approximately 50 I-'. 

In the South Bay, chlorophyll concentrations were 
generally higher than in Suisun Bay, averaging 4.6 pg 
1-l ,  but were highly variable because of the spring 
bloom (range 2.8 to 16 pg I- ' ) .  DIN was also high 
except during the bloom when it dropped below 5 pM. 
SPM averaged 50 mg 1-' and ranged from 4 to 152 mg 
1-l. In Tomales Bay, on the 1 date studied, chlorophyll 
concentration averaged 6.3 pg 1-' across both stations. 
Suspended particulates averaged 15 mg 1-' and DIN 
averaged 0.3 pM, which was much lower than in San 
Francisco Bay. 

Table l. Summary of surface water hydrography coincident with dilut~on experinlents including temperature (Temp), salinity 
(Sal), suspended particulate matter (SPM), chlorophyll a (Chlor), dissolved inorganic nitrogen (DIN. NO, + NO2 + NH,), bacter- 

ial abundance (Bact), cyanobacterial abundance (Cyano) and total nanoflagellate abundance (Flag) 

Location Stn Date Temp Sal SPhl Chlor DIN Bact Cyano Flag 
( C )  (psu) (mg 1.') (pg I-') (PM) (1O6n1l-l) (10" ml-') (10hml-l) 

Suisun Bay 6 8 Sep 1993 20.8 4.7 24 0.4 27 1.7 87 1.9 
6 Oct 1993 17.8 8.2 20 0.7 37 2.3 65 2.3 
8 Nov 1993 16 7 9.2 7 1 .O 4 4 1.6 39 1.8 
7Dec1993 11.1 9.7 3 8 0.9 2 9 2.1 0.53 
17 Mar 1994 14.3 3.1 53 2.0 1.9 2.3 
19 Apr 1994 18.0 3.5 52 1.4 4 8 1.7 1.1 

l 17 May 1994 18.3 2.2 4 2 1.8 43 1.5 120 1.3 

Central Bay 18 19Apr 1994 14.9 27.7 7 3.7 24 

San Pablo Bay 13 19 Apr 1994 17.0 19.4 11  2.3 34 

Carquinez Strait 9 19 Apr 1994 17.0 10.1 47 1.5 53 

Chipps Island 3 19 Apr 1994 18.0 0.7 31 3.1 43 

I Sacrament0 River 657 19 Apr 1994 18.5 0.1 12 2.6 38 I 
South Bay 30 9 Mar 1994 14.6 26.6 4 16.0 4 

15 Apr 1994 17.3 25.5 30 3.8 47 
18 Aug 1994 21.7 31.3 21 3.3 2 1 

36 15 Apr 1994 17.7 21.7 152 6.0 140 
18 Aug 1994 22.8 29.4 45 2.8 35 

Tomales Bay 10 11 Ju1 1994 18.7 34.3 20 7.3 0.2 3.2 
14 11 Ju1 1994 20.8 35.0 9 5.3 0.3 6.5 
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k,  , * ,  1, 
Sep 93 O d  93 

May 94 

Dilution Dilution 

Fig. 2. Dllution plots showlng grazing on phytoplankton as 
measured by chlorophyll a In Suisun Bay. Open symbols and 
dashed regression lines represent data from light-exposed 
incubations. Solid symbols and solld regression lines repre- 
sent dark incubations. Error bars, which represent 1 standard 
error, do not appear on plots when smaller than the symbol. 
Lines were plotted only if the slope of the regression was sta- 
tistically significant by t-test, p < 0.05. (A) 8 September 1993, 
(B) 6 October 1993, (C) 8 November 1993, (D) 7 December 

1993, (E) 17 March 1994, and (F) 17 May 1994 

Fiy 3. Dllution plots showlng grazlng on cyanobacterla as 
measured by dlrect counts In S u ~ s u n  Bay. Other deta~ls  as in 
Fig. 2.  (A) 8 September 1993, (B) 6 October 1993, (C) 8 No- 

vember 1993, (D) 17 May 1994 (no error bars) 

Grazing experiments 

Grazing results are summanzed in Figs. 2 to 7, which 
show the relationship between the fraction of unfil- 
tered seawater (i.e. dilution) versus the apparent 

."-loI . May . 94 . . j 
0 0  0 2  0 4  0 6  0 8  1 0  

Dec 93 

0 0  0 2  0 4  0 6  0 8  1 0  

Dilution 

Dilution 

Fig. 4. Dilution plots showing grazing on bacterioplankton 
as measured by direct counts in Suisun Bay. Other detalls as 
in Flg. 2. (A) 8 November 1993, (B) 7 December 1993, and 

(C) 17 May 1994 (no error bars) 

Sln 6, Suisun Bay 

Stn657, SacrameMo RNEX 

Fig 5 Dilution plots showing grazing on phytoplankton as 
measured by chlorophyll a at 6 north San Francisco Bay sta- 
t~ons  on 19 Apnl 1994 Other details as In Fig 2. (A) Stn 18, 
Centrdl Bay, (B] Stn 13, San Pablo say ,  (C) Stn 9, Carqu~nez 
Stra~t ,  (D) Stn 6, Suisun Ray, (E) Stn 3, Chlpps Island, 

(F) Stn 657, Sacrament0 Rlver 

growth rate of the prey. In Suisun Bay, grazing on 
phytoplankton was statistically significant on 3 of the 7 
dates measured (September and October 1993, May 
1994), and in each case, only the dark treatments were 
significant (Fig 2, Table 2). Grazing rates, when signif- 
icantly greater than zero, ranged from 0.28 to 0.37 d-' 
and growth rates (based on light treatments only) 
ranged from -0.31 to 0.37 d-' (Table 2 ) .  Grazing on 
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Dilution 

0.4 0.6 0.8 

Dilution 

Stn 30 

Fig. 6. Dilution plots from south San Francisco Bay showing 
grazing on phytoplankton as measured by chlorophyll a (open 
symbols) and cyanobacteria (solid symbols, no error bars) 
at Stn 30 (e.0) and Stn 36 (&A). Other details as in Fig. 2. 

(A) 9 March 1994, (B) 15 April 1994, (C) 18 August 1994 

Table 2. Summary of growth (k) and of grazing (g) on the 
phytoplankton community. lncubations were either light (L) 
or dark (D). N: number of bottles per experiment. Growth for 
dark experiments is included here for completeness, but was 
excluded from estimates of phytoplankton growth. Grazing 
was evaluated by t-test as non-significant (ns) or significant at 
the p < 0.05 ( ' )  or p < 0.01 ( " )  level. If grazing was non-sig- 
nificant, growth was calculated from whole water treatments 

only 

Location Stn Date L/D g k N 
(d-') (cl-') 

Suisun Bay 6 8 Sep 1993 L ns 0.09 8 
8 Sep 1993 D 0.37" -0.26 4 
6 0 c t  1993 L ns 0.00 8 
6 0 c t  1993 D 0.28" 0.19 4 
8 Nov 1993 L ns -0.07 8 
8 Nov 1993 D ns -0.19 4 
7 Dec 1993 L ns 0.37 8 
7 Dec 1993 D ns 0.19 4 

17 Mar 1994 L ns 0.31 12 
19 Apr 1994 L ns 0.09 4 

17 May 1994 L ns -0.31 12 
l ?  May 1994 D 0.36" 0.14 8 

Central Bay 18 19 Apr 1994 L ns 0.44 4 

SanPablo Bay 13 19Apr 1994 L ns 0.30 4 

Carquinez Strait 9 19 Apr 1994 L ns 0.22 4 

Chipps Island 3 19 Apr 1994 L ns 0.30 4 

Sacrament0 R. 657 19 Apr 1994 L ns 0.08 4 

South Bay 30 9 Mar 1994 L 0.51" 0.22 12 
15 Apr 1994 L ns 0.43 8 
18 Aug 1994 L 0.33" 1.00 8 

36 15 Apr 1994 L ns 0.84 8 
18Aug 1994 L 1.19" 1.23 8 

Tomales Bay 10 l1 Ju1 1994 L 0.24" 0.03 12 
14 11 Ju1 1994 L 1.14" 0.43 12 

cyanobacteria was not significant on any of the 4 dates 
we measured it, whereas cyanobacteria growth ranged 
from 0.24 to 0.89 d -' (Fig. 3, Table 3).  Bacterioplankton 
grazing was significant on 2 of 3 dates measured 
(December 1993, May 94). When significant, grazing 
on bacterioplankton ranged from 0.29 to 1.02 d-l and 
growth ranged from 0.05 to 0.64 d-' (Fig. 4,  Table 4). 

One set of chlorophyll grazing experiments was con- 
ducted along a 6 station transect in northern San Fran- 
cisco Bay in the spring of 1994 to obtain a broader view 
of microzooplankton grazing dynamics along the estu- 
arine gradient. Grazing on phytoplankton was not sig- 
nificant at any stalion and growth ranged from 0.08 to 
0.44 d-' (Table 2). Phytoplankton growth rates were 

Table 3. Summary of growth (k) and of grazing (g) on the 
cyanobacteria community. Incubations were either light (L) or 
dark (D). N: number of bottles per experiment. Growth for 
dark experiments is included here for completeness, but were 
excluded from estimates of cyanobacterial growth. Grazing 
was evaluated by t-test as non-significant (ns) or significant at 
the p < 0.05 ( ' )  or p < 0.01 (") level. If grazing was non-sig- 
nificant, growth was calculated from whole water treatments 

only 

Location Stn Date L/D g k N 
(d-l) (d-l) 

Suisun Bay 6 8 Sep 1993 L ns 0.72 8 
8 Sep 1993 D ns -0.01 4 
6 0 c t  1993 L ns 0.60 8 
6 0 c t  1993 D ns 0.20 4 
8 Nov 1993 L ns 0.25 8 
8 Nov 1993 D ns 0.00 4 

17 May 1994 L ns 0.89 12 
17 May 1994 D ns 0.38 8 

South Bay 30 15 Apr 1994 L 3.11" 0 22 8 
36 15 Apr 1994 L 0.57' -1.17 8 

Table 4. Summary of growth (k) and of grazing (g) on the bac- 
terioplankton community. Incubations were either light (L) or 
dark (D). N: number of bottles per experiment. Grazing was 
evaluated by t-test as non-significant (ns) or significant at the 
p < 0.05 ( ' )  or p < 0.01 ( " )  level. If grazing was non-signifi- 
cant, growth was calculated from whole water treatments 

only 

Location Stn Date L/D g k N 
( l )  (d-l) 

SuisunBay 6 8 Nov 1993 L ns 0.07 8 
8 Nov 1993 D ns 0.05 4 
7 Dec 1993 L 0.29" 0.27 8 
7 Dec 1993 D ns 0.05 4 

17 May 1994 L ns 0.30 12 
17 May 1994 D 1.02" 0.64 8 

Tomales Bay 10 11 Ju1 1994 L 0.81 " 1.02 12 
11 11 Ju1 1994 L 0.69" 0,91 12 1 



60 Aquat Microb Ecol 15: 53-63, 1998 

Dilution Dilution 

Fig. 7 Dilution plots showing grazing at Tornales Bay at 
Stn 10 (0) and Stn 14 (A) on 11 July 1994. Other details as in 
Fig. 2. (A) Chlorophyll, (B) bacterioplankton (no error bars) 

hlghest in Central Bay and were lowest in Suisun Bay 
and the Sacrament0 River. 

In summary, in the North Bay, microzooplankton 
grazing was significant in 5 of the 31 measurements on 
all prey types. Averaging all measurements in the 
North Bay, grazing was 0.06 d-' on phytoplankton (n = 
l?) ,  0.00 d-' on cyanobacteria (n = 8), and 0.22 d-' (n = 

6) on bacterioplankton. Average prey growth rates 
were 0.15 d-' for phytoplankton (n = 12),  0.62 d-' for 
cyanobacteria (n = 4)  and 0.23 d-' for bacterioplankton 
(n = 6). 

We measured microzooplankton grazing in the 
South Bay at Stns 30 and 36 during the spring and 
summer of 1994. The first experiment (9 March, Stn 30 
only) was during the spring bloom; the later experi- 
ments (15 April and 18 August, both stations) were 
post-bloom. Grazing on phytoplankton was significant 
in March and August but not in April. When signifi- 
cant, grazing on phytoplankton ranged from 0.33 to 
1.19 d-' (Table 2). In April we also measured cyanobac- 
teria grazing, which was significant at both stations 
(Fig. 6B, solid symbols, Table 3). In summary, signifi- 
cant microzooplankton grazing was observed in 5 of 
the 7 measurements made in the South Bay and on 2 of 
3 dates. Grazing rates were generally higher than in 
the North Bay, averaging 0.41 d-' (n = 5) on phyto- 
plankton and 1.84 d-' (n = 2) on cyanobacteria. Growth 
rates averaged 0.74 d-l (n = 5) for phytoplankton and 
-0.48 d-' (n = 2)  for cyanobacteria. 

In Tomales Bay, grazj.ng was statistically sj.gnificant 
on both phytoplankton and bacterioplankton prey at 
both stations (Fig. 7). Grazing averaged 0.69 d-l on 
phytoplankton and 0.75 d-' on bacterioplankton. 
Growth averaged 0.23 d-' for phytoplankton and 
0.97 d-' for bacterioplankton. 

DISCUSSION 

While it is difficult to generalize to the North Bay sys- 
tem, taken as a whole, it is apparent that most of the 

grazing experiments were not statistically significant. 
This is especially evldent with phytoplankton and 
cyanobacteria, and less so for bacterioplankton. 
Although there are fewer data, grazing on phytoplank- 
ton and bacterioplankton was more consistent in the 
South Bay and Tomales Bay. The main usefulness of 
the results from the South Bay and Tomales Bay was to 
serve as a test of our experimental protocol. Before 
drawing conclusions of ecological significance from 
our results, it is important to evaluate potential arti- 
facts which may complicate our interpretation. 

Effect of dilution on prey growth 

The assumption that dilution does not affect prey 
specific growth may be violated if prey growth 
becomes nutrient limited during the course of an incu- 
bation. This is of particular concern in oligotrophic 
environments (E. J. Lessard & M. C. Murrell unpubl.), 
but is generally less critical in coastal environments 
which are nutrient replete. For our experiments in 
Suisun Bay, DIN was well above 20 pM (Table 1) and 
changed very little over the incubation period (data not 
shown). While we did not measure phosphate, histori- 
cal data suggest that phosphate concentrations are 
between 1 and 3 PM with no evidence of seasonal or 
spatial depletion (Peterson et al. 1985, Hager & 

Scheme1 1992). 
This assumption further implies, for photosynthetic 

prey, that light levels are constant across all treat- 
ments. This may not be valid in turbid environments 
because removal of suspended sediment may signifi- 
cantly alter the light attenuation in each treatment. In 
essence, dilute treatments will be exposed to more 
light than the less dilute (more turbid) treatments. 
Using an annual average light extinction coefficient of 
5.7 from Stn 6 in Suisun Bay (equivalent to a 1 % light 
depth of 0.8 m; Cole & Cloern 1984) and the width of 
the 1 1 square incubation bottle of 9 cm, we estimate 
that the most dilute treatments received about 22% 
more light than the undiluted treatments. These differ- 
ences in turbidity among dilution treatments may 
cause differential phytoplankton growth rates or a 
photoadaptation response and this might affect our 
results. 

This may explain why only the dark phytoplankton 
experiments from the North Bay had statistically sig- 
nificant slopes (Fig. 2A, B, F) and suggests that pho- 
toadaptation may have caused a reduction in cellular 
chlorophyll content of phytoplankton cells in the light 
treatments. If true, then we may be underestimating 
grazing in the North Bay using light incubations. Using 
only dark experiments, our grazing estimate in the 
North Bay would be revised upward from 0.06 d-' (n = 
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17) to 0.20 d-' (n = 5) which more closely balances the 
average phytoplankton growth of 0.22 d-'.  

Role of predator-prey interactions 

Predator-prey interactions such as saturated grazing 
(Gallegos 1989, Evans & Paranjape 1992) or a threshold 
grazing response (Frost 1975, Campbell & Carpenter 
1986, Lessard & Murrell unpubl.) may affect the inter- 
pretation of dilution experiment results. In the case of 
saturated grazing, predators are faced with an  over- 
abundance of prey items to consume, making it very un- 
likely that they are simultaneously responsible for con- 
trolling their abundance. This suggests at  least a 
transient decoupling of production and consumption in 
the microbial food web. In order for predators to exert a 
control on prey biomass, they have to respond to chang- 
ing prey abundance by changing either ingestion rate, 
reproductive rate or both. If prey saturation is a persis- 
tent or frequent condition in a particular environment, 
then predators are perhaps not adequately responding 
to, and hence not controlling, prey abundance. 

A weak prey growth response to dllution may also 
occur if prey abundances are so low that predators 
cease feeding, thus exhibiting a threshold feeding 
response (Frost 1975, Cainpbell & Carpenter 1986) In 
the context of a dilution experiment, data on a Landry- 
Hassett plot could have 2 shapes depending on 
whether the threshold is the ambient condition or is 
achieved as a result of experimental dilution. In the 
former case, a flat (no-slope) response would result, 
while in the latter case, a prey growth response (i.e. 
slope) would be evident in the less diluted treatments, 
stepping up to a flat response in more dilute treatments 
(see Gallegos 1989, Fig. 2B). Northern San Francisco 
Bay, while not a particularly productive estuary, sup- 
ports a plankton biomass level which makes it doubtful 
that prey abundances are below threshold levels for 
microzooplankton In predators. 

A different kind of predator-prey Interaction may be 
important in systems where a large proportion of prey 
is associated with suspended particles. If predators 
spend much of their time grazing on the surfaces of 
these particles (and relatively little time searching for a 
new particle) then dilutlon with particle-free water 
inay not reduce the grazing pressure in a direct linear 
fashion as predicted. This would result in a no-slope 
response on a Landry-Hassett plot. Because a large 
proportion of bacterioplankton in Suisun Bay appear to 
be particle associated (Hollibaugh & Wong 1996, M. C. 
Murrell, J.  T. Hollibaugh, M. W. Silver & P. S. Wong 
unpubl.), then this may cause us to underestimate the 
importance of nlicrozooplankton grazers using the 
dilution method. 

Relevance of zero grazing 

Non-significant grazing rates from dilution experi- 
mr?nts are certainly not unique to this study. Most other 
published datasets, which together cover a wide range 
of aquatic habitats, have had at least some experi- 
ments which yielded unmeasurable grazlng responses 
(Landry & Hassett 1982, Landry et al. 1984, Campbell 
& Carpenter 1986, Paranjape 1987, Gifford 1988, Mc- 
Manus & Ederington-Cantrell 1992, Neuer & Franks 
1993, Kamiyama 1994, Lessard & Murrell unpubl.) For 
example, Kamiyama (1994) has the most exhaustive 
published series of dilution experiments at  2 statlons 
and for 2 size fractions on 18 dates in Hiroshima Bay, 
Japan.  Of a total of 72 measurements, 33 (46%) yielded 
statistically non-significant grazing rates. However, in 
this and other studies, the relevance of a zero grazing 
result has rarely been explored, but may have very 
important implications. While it is conceivable that all 
non-significant grazing measurements are  artifacts, it 
is perhaps more conservative to conclude that micro- 
zooplankton are not always of primary importance in 
controlling prey biomass. Accepting and interpreting 
results of experiments which do yield measurable 
grazing perhaps forces us to accept and interpret 
results from experiments which do not yield measur- 
able grazing. If we assume, for the sake of argument, 
that the measurements made In these widely varying 
environments are representative of natural variability, 
then the frequency of a non-significant grazing exper- 
iment may indicate how frequently predators are  
decoupled from their prey. The frequency of zero graz- 
ing is usually between about 25% (Landry & Hassett 
1982, Gifford 1988) and about 45% (Kamiyama 1994). 
In the North Bay we observed non-significant grazing 
in 84 % of our experiments, suggesting that a decou- 
pled microbial loop may be a more persistent condition 
in this environment. 

Benthic grazing as a control of plankton 
biomass and production 

In simplest terms, a non-significant slope means that 
dilution of grazers did not affect growth of the prey 
community. This suggests that microzooplankton, 
within our means to measure it, were not an  important 
source of phytoplankton or bacterioplankton mortality 
and may indicate that other sources of prey mortality 
play a primary role in maintaining prey abundance. 

Perhaps the most important factor controlling plank- 
ton biomass In Suisun Bay is benthic grazing by the 
Asian clam Potamocorbula amurensis, which can have 
a cascading effect on the entire food web. There is 
strong evidence that grazing by P. amurensis has 
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caused long-term changes in biomass and composition 
of phytoplankton (Alpine & Cloern 1992) and  of macro- 
zooplankton (Kimmerer et al. 1994, Kimmerer & Orsi 
1996, Orsi & Mecum 1996) in Suisun Bay. We do not 
have long-term records of bacterioplankton biomass, 
however Werner & Hollibaugh (1993) demonstrated in 
laboratory experiments that P. amurensis can ingest 
and assimilate bacterioplankton. Their extrapolations 
to field conditions suggested that bacterioplankton 
alone may not support P. amurensis growth and repro- 
duction, however we think that P, amurensis may be a 
major sink for bacterial production. Using literature 
values of bacterial clearance rate of 45 m1 clam-' h-' 
(Werner & Hollibaugh 1993), clam abundance of 
2000 m-2 (Nichols et  al. 1990), and Suisun Bay average 
water column depth of 3.2 m (Jassby et al. 1993), we 
calculate that the P. amurensis community may clear 
68 % of the bacteria from the water column d-'. In other 
words, bacterioplankton would have to grow at  
0.68 d-l to maintain level abundances which is outside 
the range (0.05 to 0.64 d-l) which we measured with 
the dilution method. In hindsight, it is perhaps less sur- 
prising that microzooplankton may have limited 
importance in controlling phytoplankton or bacterio- 
plankton in this sort of system. 

The above indicates that Potamocorbula amurensis 
may cause decoupling of the microbial loop in north- 
ern  San Francisco Bay by directly consuming micro- 
zooplankton prey, however they may also disrupt 
coupling by directly ingesting microzooplankton. 
Whichever mechanism (or both combined) is signifi- 
cant, w e  would expect microzooplankton abundances 
to be  depressed in Suisun Bay. Unfortunately, we have 
very little microzooplankton abundance data from this 
turbid environment to support this hypothesis. If w e  
assume that roughly half of the total nanoflagellates 
were heterotrophic then we might expect 800 flagel- 
lates m1 ' (range 300 to 1200). This estimate of abun- 
dance,  while admittedly crude, is on the lower end of 
estimates from other coastal environments (Sanders et  
al. 1992). 

Microzooplankton and the microbial loop 

The relative importance of microzooplankton to 
overall food web structure and function depends on 
the characteristics of the system under study. For 
example, in the oligotrophic open ocean, microzoo- 
plankton a re  a critical source of ammonium which in 
turn supports regenerated production (Goldman & 
Caron 1985, Goldman et al. 1985). Such a source of 
ammonium is not likely critical in a system that IS 

replete with nutrients such as San Francisco Bay or it 
may only be  important at  certain times of the year, 

such as in South Bay late in a spring bloom cycle after 
nutrients have been depleted. A second critical func- 
tion attributed to microzooplankton is to control the 
biomass of prey and thus prevent their accumulation 
(Fenchel 1982, McManus & Fuhrman 1988). Our 
results lndicate a weak link between microzooplank- 
ton and their prey in the North Bay. A third function of 
microzooplankton is to serve a s  a trophic link to higher 
level consumers. Given the apparent dominance of 
benthic grazing in the North Bay, it is likely that micro- 
zooplankton production, like the macrozooplankton, is 
food litmted and  thus microzooplankton have limited 
importance a s  a conduit for carbon flow to higher 
trophic levels. 
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