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ABSTRACT

The growth and grazing mortality rates of Synechococcus were quantified in 
the lower Chesapeake Bay on four dates in the summer of 1989, using the dilution 
technique of Landry and Hassett (Mar. Biol. 67: 283-288,1984). The objectives 
were to determine the relative importance of these two factors in controlling seasonal 
abundance of Synechococcus and to discern whether their growth is dependent on 
recycled nutrients. Treatments included whole water and dilution series bottles, and 
a <1 pm size-fractionation as an independent estimate of Synechococcus gross 
growth. A parallel series was amended with excess phosphate and ammonium.
Both Synechococcus and total chlorophyll a were quantified at 0 and 24 h. 
Synechococcus reached a maximum concentration of 3.5 x 10^ cells ml-1 on 26 July 
and dominated the phototrophic biomass, accounting for 75% of the chlorophyll. 
Comparative growth rates indicated that cyanobacteria were not especially nutrient 
limited despite low to undetectable nutrient levels in the surface waters. Gross 
growth rates determined from dilution and from growth in < 1  pm size-fractionations 
were similar and ranged from 0.3 to 1.3 d-1. Grazing rates ranged from 0.1 to 0.76 
d-1. Grazing by micro- and nanoplankton was saturated at cyanobacteria densities 
much below those observed during the bloom (2.5 to 15 x 105 cells ml-1), 
demonstrating that the bloom was not controlled by grazing. With high dilution 
treatments, a grazing threshold was observed at ca. 1 0 5  cells ml-1, suggesting that a 
substantial seed population can be maintained. Growth rates determined from 
changes in chlorophyll were found to be sensitive to changes in nutrient and light 
conditions. The summer dominance of Synechococcus in the lower bay in 1989 
was most likely a result of adaptation for growth at high summer temperatures, and a 
competitive advantage over other phototrophs at low nutrient and light levels.
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INTRODUCTION

The discovery of coccoid cyanobacteria in the world's oceans (Johnson & 

Sieburth 1979, Waterbury et al. 1979) and the subsequent study of these ubiquitous 

organisms has been an important impetus in the development of a new paradigm 

concerning marine plankton processes (Azam et al. 1983). Coccoid cyanobacteria, of 

the genus Synechococcus, are now recognized as important components of marine 

phototrophic picoplankton and possibly the microbial food web (Glover 1985, 

Iturriaga & Mitchell 1986). While oceanic studies have shown Synechococcus to 

often be the most abundant photoautotrophs (Johnson & Sieburth 1979, Waterbury et 

al. 1979, Campbell et al. 1983, Murphy & Haugen 1985) much less is known about 

their role in estuaries.

The Chesapeake Bay is of interest in the study of phytoplankton processes 

due to distinct characteristics of both estuarine and oceanic environments. The highly 

productive upper estuary has pronounced seasonal and spatial patterns of nutrients 

and chlorophyll a typical of a partially mixed estuary (Prichard 1967), with riverine 

inputs of inorganic nutrients exhibiting a spring maximum and a summer minimum. 

The nutrients associated with this inflow remain high in the oligohaline region of the 

bay where turbidity is high and phytoplankton growth is limited by light (Harding et 

al. 1986). The nutrient supply is assimilated downstream of the turbidity maximum, 

in the mesohaline region of the bay, where chlorophyll a concentration and primary 

production reach their spatial maximum (Malone et al. 1988). The positioning of the 

chlorophyll maximum coincides with increased light penetration and the development 

of stratification and generally occurs in the upper bay between the mouth of the 

Potomac River and the Chesapeake Bay Bridge (Harding et al. 1986).
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In contrast to the nutrient-rich upper estuary, the polyhaline lower bay 

generally remains stratified in the summer with low standing stocks of nutrients in the 

surface mixed layer (Harding et al. 1986, Fisher et al. 1988) and picoplankton 

dominating the algal assemblage (Haas unpublished). In these regards, the lower 

bay resembles an oligotrophic system. Unlike the low biomass expected in an 

oligotrophic system, however, high standing stocks of picoplankton, particularly 

unprecedented densities of Synechococcus of > 2 million cells per ml, were observed 

in the lower Chesapeake Bay in the summer of 1988 (Haas unpublished). Densities 

of this magnitude suggest that cyanobacteria are important primary producers in the 

summer and may be trophically significant. Such high standing stocks of 

cyanobacteria concomitant with very low nutrient concentrations also suggests that 

cyanobacterial growth may be dependent upon recycled nutrients from their protozoan 

grazers.

The objectives of this study were to quantify the summertime growth rates 

and grazing mortality of Synechococcus in the lower Chesapeake Bay using the 

dilution technique of Landry and Hassett (1982). The dilution technique was used to 

determine the relative importance of these two factors in controlling the seasonal 

abundance of Synechococcus, and to discern whether their growth is dependent on 

recycled nutrients.

BACKGROUND

Direct methods to estimate grazing rates on bacteria were summarized by 

Tremaine and Mills (1987) which include 1) labeling of food particles: either radio- 

labeled bacteria or fluorescence-labeled beads or natural bacteria, and 2 ) calculation of
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grazing from the growth of the prey community when grazing pressure is relieved. 

Reduced grazing pressure can be achieved through selective chemical inhibition of 

grazers, filtration to remove grazers, or dilution to distance prey from grazers. The 

dilution technique of Landry & Hassett (1982) has the advantage that the natural prey 

items are not altered (as opposed to labeling the prey, for example, which may cause 

the grazers to discriminate against the food type) and there is minimal manipulation of 

the natural microbial assemblage. The dilution technique operates on the principle 

that when a sample is diluted with cell-free water, the encounter rate of the predator 

with the prey is reduced due to increased distance between them, and the net or 

apparent rate of growth of the prey population will increase proportionally. If the 

prey (in the present case, phytoplankton) are assumed to be growing exponentially, 

the net change in their density with time can be expressed by

Pt = P0 e(k-g)t (1)

where PG and Pt are phytoplankton densities at the beginning and end of the 

experiment, k and g are instantaneous coefficients of phytoplankton gross growth and 

mortality due to grazing, and t is time. The apparent phytoplankton growth rate (r) is

r = 1/t ln(Pj/P0) = k-g. (2 )

The apparent rate of growth of the prey over 24 hours is then plotted for undiluted 

water and each of several dilutions. A linear regression of apparent growth rate and 

dilution yields a y-intercept which is the theoretical point of 1 0 0 % dilution where 

grazing is zero and apparent growth rate equals gross growth rate. The grazing rate is 

calculated as the negative slope of the regression line (Fig. l.a.).

This method has been used successfully by a number of researchers in open 

ocean, coastal and freshwater environments. Typically, growth and grazing mortality
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of the photosynthetic community as a whole is quantified by measuring changes in 

either chlorophyll a (Landry & Hassett 1982, Paranjape 1987, Gifford 1988,

Gallegos 1989), or in a combination of pigments as measured by high performance 

liquid chromatography (Burkill et al. 1987). The dilution technique has also been 

used to estimate growth and grazing mortality of individual components of the 

microbial community from microscope counts of heterotrophic bacteria (Tremaine & 

Mills 1987, Tranvik 1989), cyanobacteria (Campbell & Carpenter 1986), or a 

combination of taxa (Landry et al. 1984, Weisse 1988).

As originally developed, the dilution technique requires three assumptions: A) 

prey growth rates are not density-dependent or otherwise affected by dilution per se, 

provided concentrations of nutrients are non-limiting; B) ingestion of prey is a direct 

function of encounter rate of the predator with the prey so that diluting the sample will 

decrease the grazing mortality by increasing the distance between predator and prey. 

This assumption of linearity implies that predator clearance rates remain constant with 

dilution and that consumers are not food-satiated at natural prey densities; C) the 

exponential growth equation describes phytoplankton growth adequately.

As the dilution technique has gained widespread acceptance, possible 

violations of the above-stated assumptions have been suggested and tested for. The 

following is a description of possible situations that can lead to violation of the key 

assumptions, the effect they may have on calculated grazing rates, and how tests for 

these violations can be incorporated into experimental design and data analysis.

Violations of assumption A: Prey not affected by dilution

Al. Phytoplankton may become nutrient-limited due to depletion of ambient nutrients 

during the experiment. While enclosed in bottles, nutrient sources are restricted to 

ambient standing stocks, recycling by grazers, and internal stores of nutrients. There
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can be no replenishment from allochthonous sources. Depletion of nutrient standing 

stocks could cause suppression of phytoplankton growth rate, particularly in the 

undiluted treatment where competition for nutrients would be maximal. This effect 

would be less in more diluted treatments as competition for nutrients declines. The 

suppression of phytoplankton growth rate in the less diluted treatments, due to 

nutrient-limitation, would distort the regression line downwards, causing an 

increased slope and therefore an overestimate of grazing (Figure l.b.). Gifford 

(1988) tested for this effect by recalculating the slope of the regression with the 

undiluted treatment omitted and observed that the grazing coefficient did not change 

significantly. Landry & Hassett (1982) tested for nutrient limitation by adding excess 

nutrients to parallel treatments and found that growth in the undiluted, unamended 

treatments was significantly lower than in the undiluted, enriched treatments. In the 

diluted treatments, there was no difference in growth between the enriched and 

unenriched treatments. Other researchers have added excess nutrients to avoid 

limitation effects (Burkill et al. 1987, Paranjape 1987, Gallegos 1989) although this 

may make extrapolation of results to in situ conditions questionable. It has been 

proposed that in the open ocean at least, nutrient additions may result in substantial 

losses of delicate organisms such as oligotrich ciliates due to the nutrient additions 

themselves or trace contaminants in the nutrient stocks (Landry & Hassett 1982, 

Gifford 1988). Some researchers have attempted to avoid nutrient limitation by 

incubating treatments in situ in dialysis bags or diffusion chambers to theoretically 

allow nutrient supply from the surrounding water (Landry & Hassett 1982, Landry et 

al. 1984, Weisse 1988).

A2. Phytoplankton dependence on nutrient recycling by grazers could cause 

suppression of growth in the more diluted treatments due to a reduction of this 

nutrient source. The supply of nutrients from grazers can be expected to be reduced
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both in direct proportion to dilution as the number of grazers is proportionally 

reduced (fewer grazers per unit volume), and on a per grazer basis as food supply 

per grazer is reduced (less recycling per grazer). This effect would distort the 

regression line downwards at the high dilution end of the plot possibly to the extent 

that grazing rate appears negative (Figure I.e.). The addition of excess nutrients to 

all dilutions would avoid this effect.

Violations of assumption B: Linear grazing response to prey density

B 1. The existence of feeding thresholds at low food levels in the most dilute 

treatments (indicative of nonlinearity of functional response) could cause higher 

apparent growth of the prey than if grazing were present as the technique assumes 

(though at reduced levels due to dilution). This density-dependent threshold is 

equivalent to a refuge level for the prey. Given enough high dilution treatments, a 

threshold would be manifested as no further increase in apparent growth with 

increased dilution, as prey concentrations dropped below the level at which they can 

be grazed. The leveling off of phytoplankton growth rates in the highly diluted 

treatments, due to a grazing threshold, would distort the regression line downwards, 

causing an underestimate of grazing due to the decreased slope (Figure l.d.).

Gifford (1988) evaluated her results to detect a possible threshold effect by 

decomposing the curves into two intersecting straight lines around the potential refuge 

level and calculated the growth and grazing coefficients from the ascending (less 

diluted) curve. She found that these new values for growth and grazing were not 

significantly different from those obtained from evaluating the entire data set, and 

deduced that no grazing threshold existed. Additional complications from the 

assumption of grazing rates decreasing in direct proportion with dilution will arise if 

grazers decrease their ingestion rate at low food concentration as has been noted with 

copepods (Frost 1975), thereby causing an overestimate of both apparent growth and
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grazing. The converse might occur if grazers increase their clearance rates at low 

food concentrations as has been observed for some oligotrich ciliates and tintinnids 

(Heinbokel 1978, Verity 1985, Stoecker 1988).

B2. The occurrence of saturated feeding at high prey densities (also indicative of 

nonlinearity of functional response) would appear as no change in apparent growth 

from the undiluted treatment until some higher dilution where grazing is effectively 

reduced (where clearance rates achieve a maximum). Grazing and growth rates could 

both be underestimated if linearity were assumed (Figure I.e.). Landry et al. (1984) 

tested for the possibility of saturated feeding by observing whether the percentage of 

grazers with ingested cyanobacteria increased proportionally with cyanobacteria 

concentration. They found that the percentage did increase proportionally, indicating 

no food satiation even at the unnaturally high concentrations of cyanobacteria (ca. 7 x 

105  m l'l for Kaneohe Bay, Hawaii) at the end of the experiments. Gallegos (1989) 

found evidence of saturated feeding on chlorophyll and calculated reasonable 

estimates of growth and grazing by only including the two highest dilutions in the 

regression analysis to determine the gross growth rate (called the three point method). 

He then calculated grazing as the difference between the true growth rate and the 

observed apparent growth rate in the undiluted treatment, including a factor to 

overcome the bias resulting from the continual reduction in clearance rates as food 

concentrations increase above saturation levels.

B3. The occurrence of grazer inhibition at high prey densities would appear as high 

apparent growth in the undiluted treatment followed by a decline with dilution as 

grazers were freed from inhibition, then with increasingly higher dilutions, apparent 

growth would increase as grazing pressure was proportionally reduced. The high 

apparent growth in the undiluted treatment would distort the regression line upwards, 

decreasing the slope of the line, thus causing grazing to be underestimated (Figure
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l.f.). To test for this phenomenon, the slope of the line can be recalculated with the 

undiluted treatment omitted to see if the grazing coefficient changes significantly from 

the rate obtained when all the treatments are analyzed together.

B4. Growth of the grazers over the duration of the experiment could cause increased 

grazing pressure so that apparent growth of the prey is depressed or negative, 

particularly in the less diluted treatments where grazing is most vigorous, 

underestimating gross growth and overestimating grazing (as in Figure l.b). This 

could occur if the predators on the grazers are decreased or removed by pre-filtering 

the whole water, or simply excluded from a particular bottle because they are rarer 

organisms. Conversely, if the predators on the predators are decreased or removed, 

there might be enhanced feeding on the grazers, decreasing their numbers so that 

phytoplankton prey become freed from grazing pressure. This would overestimate 

gross growth of the prey and underestimate grazing. Only enumeration of the 

important functional groups would elucidate the various interactions.

B5. The dilution method might be invalid if grazers can pass through the filters used 

for making dilution water (e.g. 0.2 pm filter) (Proctor & Fuhrman 1990). If viruses, 

for example, are present in the dilution water, grazing mortality (actually predation) of 

the phytoplankton could increase with increasing dilution as the predator 

concentration increased relative to the phytoplankton concentration. This 

femtoplankton predation would cause the apparent growth rate of the prey to decrease 

with increasing dilution, resulting in a downward sloping regression line (as in 

Figure I.e.). This effect could be distinguished from nutrient-limitation due to 

recycling by no difference between ambient and enriched treatments. Only 

examination by electron microscopy could definitively detect the presence of viruses. 

Preparing water for dilution with sterile artificial seawater could avoid the effect of
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viral predation, however it could also impose artificial growth conditions on the 

phytoplankton, making extrapolation to their natural environment questionable.

Violations of assumption C: Exponential growth of phytoplankton

Cl. Adverse effects on growth could be due to the experimental procedure itself such 

as bottle effects or contamination of filters, containers, etc. The use of large sample 

containers and careful technique could help to avoid these complications.

Two dilution experiments were carried out in the summer of 1988 (prior to 

this thesis research) to quantify growth of cyanobacteria and grazing pressure in the 

lower Chesapeake Bay (Haas unpublished). These experiments indicated that when 

the water was diluted with 0 . 2  |im filtered bay water, apparent cyanobacterial growth 

decreased with increasing dilution rather than showing the expected increase. Based 

on the previous discussion and the observed high cyanobacteria numbers together 

with low nutrient concentrations, the experimental results suggest either #A2, where 

growth of cyanobacteria and grazing by bacterivores may be tightly coupled, 

indicating the importance of recycling, or #B5, femtoplankton predation, as possible 

conditions.

This thesis presents the results of additional dilution experiments carried out 

in the summer of 1989 to quantify growth rates and grazing mortality of 

cyanobacteria. The experiments were planned to encompass the expected seasonal 

peak in cyanobacteria densities and to test for any expected violations of the 

assumptions of the technique. I tested for nutrient-limitation, both ambient and 

recycled, by including a parallel series of dilution treatments with added nutrients in 

the experimental design. I was not concerned about adverse effects of these additions 

on any of the organisms due to the likely tolerance of these organisms to 

contaminants normally present in an urbanized watershed such as the Chesapeake
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Bay. I did not expect to encounter any grazing thresholds at such naturally high 

densities of cyanobacteria, yet realized that saturated grazing or grazer inhibition was 

possible. I examined growth and grazing mortality of both the chlorophyll and the 

cyanobacterial component of the phytoplankton community. For an independent 

estimate of cyanobacterial gross growth rate, I included a <lpm  size-fractionated 

treatment, assuming that all grazers had been removed by the fractionation. Testing 

for the influence of predators which pass through the 0 . 2  pm filter (i.e. viruses) was 

beyond the scope of these experiments.

MATERIALS AND METHODS

Four grazing experiments were performed in the summer of 1989: June 27, 

July 26, August 30 and September 28. Water was collected in the early morning 

from a depth of 1.5 m at a station in the mainstem of the lower Chesapeake Bay 

(Figure 2). The water used for whole water (fractions used in dilution treatments as 

well as the undiluted treatments) was passed through a 73pm Nitex® sieve to remove 

larger zooplankton. Bay water for dilution was vacuum-filtered through a 0.2 pm 

pore size Nuclepore® membrane filter for the first two experiments, and through a 

0 . 2  pm pore size pleated canister filter for the last two experiments, the latter 

permitted faster filtering. Except for the first experiment, dilution water (collected 

from the same site as the whole water) was prepared the evening before the 

experiment, due to the time required to filter the 20-30 liters needed for dilution, and 

stored in a 50 liter carboy. This minimized the time between the collection of whole 

water on the morning of the experiment and the start of the incubation.

On each date, the treatments consisted of whole (undiluted) water and a 

dilution series. Three dilutions were made in the June experiment (0.7, 0.4, 0.1
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fraction unfiltered bay water) and six dilutions in the July (0.8, 0.6, 0.4, 0.2, 0.1, 

0.05), August and September (0.6, 0.2, 0.1, 0.07, 0.04, 0.01) experiments. In 

addition to the dilutions, a < 1  pm size-fractionated treatment was included as an 

independent estimate of cyanobacterial gross growth rate (except for the July 

experiment, where a <3 pm treatment was included instead). For these treatments, 

gravity pressure was used to gently push whole water up through 1 . 0  pm 

Nuclepore® filters (3 pm filters for the July experiment) so that the size fraction can 

be collected above the filter, in an effort to reduce cell breakage. This reverse- 

filtration allows most of the cyanobacteria to pass but excludes the nano- and 

microplankton, including the flagellate and ciliate grazers. Parallel whole water and 

dilution series bottles were amended with excess nutrients to achieve concentrations 

of 25pM nitrogen as NH4 CI and 5 pM phosphorus as NaH2 PC>4 . All treatments 

were duplicated in 1 liter clear polycarbonate bottles with teflon caps and incubated at 

ambient temperatures for 24 hours in a 12 x 6  ft. flowing river water bath at the end 

of the old ferry pier at Gloucester Point on the York River. The water bath was 

exposed to natural sunlight screened to approximately 50% of incident. Ambient light 

levels were continuously measured with a 2n deck cell and a 4% subaqueous sensor 

and logged on a LICOR model LI-1000 data logger.

Replicate samples for enumeration of cyanobacteria were taken at 0 and 24 h 

from every bottle. Two to 20 ml of sample were fixed with glutaraldehyde to a final 

concentration of 0.3% and stained with the fluorochromes DAPI (Porter & Feig 

1980) and proflavine (Haas 1982) so that non-autofluorescing organisms could be 

counted. The samples were then filtered at 10 cm of Hg vacuum pressure onto 0.2 

pm pre-stained black Nuclepore® filters and mounted on slides for enumeration using 

a Zeiss standard epifluorescence microscope equipped with a 50 W high pressure 

mercury lamp, 12.5x ocular and 63x plan-NEOFLUAR objective. Cyanobacteria
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were enumerated under green light excitation (510 to 560 nm) which allows both the 

phycoerythrin-containing and phycocyanin-dominant types to be easily distinguished 

and counted. The average of duplicate slides was used to determine cell density at 0 

and 24 h. Net growth rates of Synechococcus were determined for each bottle by the 

change in cell density over 24 h.

For chlorophyll analyses, samples were taken at 0 and 24 h from every 

bottle. Duplication of samples in the June experiment were so good that replicate 

samples from each bottle were not taken for subsequent experiments. Five to 100 ml 

samples were filtered onto Whatman® GF/F filters, extracted with acetone and 

dimethyl sulfoxide (Webb & Hayward unpubl.) and read on a Turner designs 

fluorometer (Ray et al. 1989). Net growth rates were determined for total 

phototrophs (measured as chlorophyll a) by changes in concentration over 24 h.

The determination of the contribution of cyanobacteria to the total 

photosynthetic biomass was possible since both Synechococcus density and 

chlorophyll concentration were measured in the < 1  fim size-fractionated treatments. 

Because cyanobacteria were essentially the only phototrophs present, the chlorophyll 

per cyanobacteria cell could be calculated. These conversion factors, determined for 

each experiment at the beginning and end of the incubation, were then multiplied by 

the density of cyanobacteria in the whole water at 0 and 24 h, respectively, to provide 

total cyanobacterial chlorophyll a. (Since the size-fractionated treatment for the July 

experiment was <3 J i m  and may have contained some phototrophs in addition to 

cyanobacteria, the chlorophyll per cyanobacteria cell conversion factors from the June 

experiment were applied to the July experiment. The June conversion factors were 

substituted rather than an average of the June and August values because the initial 

cyanobacteria density in June was comparable to the July density.) The proportion of
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cyanobacterial chlorophyll to total chlorophyll gives the percent of cyanobacterial 

chlorophyll in the sample.

In order to examine the higher phototroph response separately from the 

Synechococcus response, the chlorophyll estimated to be contained in the 

Synechococcus cells was subtracted from total chlorophyll to give the growth 

response of non-cyanobacterial phototrophs. All plots of chlorophyll are of these 

derived non-cyanobacterial values, hereafter referred to as algal chlorophyll to 

distinguish them from the procaryotic Synechococcus chlorophyll.

The concentrations of particulate and dissolved nutrients (separated by 

Whatman® GF/F filters) were determined for the August and September experiments. 

Samples for nutrients were taken at the start of the experiments (time 0) from the 

whole water and the dilution water, and from all the bottles at time 24. Duplicate 100 

ml samples were filtered onto GF/F filters and stored frozen until particulate organic 

carbon (POC) and nitrogen (PON) analyses were performed on a Perkin-Elmer 

Model 240B CHN Elemental Analyzer. 100 ml samples for dissolved nutrient 

analyses (phosphate, ammonium, nitrate and nitrite) were filtered through GF/F 

filters and the filtrate was stored frozen for later analysis on a Technicon 

Autoanalyzer.

Cyanobacterial primary productivity (PP) can be estimated using the 

relationship

PP = kCc

where the cyanobacterial growth rate (k) was derived from the dilution experiments 

(or < 1  fim size-fractionations) and Q  is the calculated cyanobacterial carbon per ml, 

determined by
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Q  = BV • /  • cyanobacteria density ml-1

where B V is the average cyanobacterial biovolume determined using computer- 

assisted image analysis (Sieracki et al. 1989a, 1989b) and f  is the volume to carbon 

conversion factor of 0.22 g C cm-3  (Bratbak & Dundas 1984).

RESULTS

Ambient Bay conditions at the start of each of the experiments are given in 

Table 1. Synechococcus occurred in extremely high numbers (> 3 million cells ml-1) 

in the June and July experiments and decreased to < 1 million cells ml' 1 in August 

and September. The chlorophyll a concentration ranged from 8  to 17 jug I-1. 

Synechococcus dominated the photosynthetic community in June and July, making 

up 57% and 75% of the chlorophyll, respectively. In August and September, 

Synechococcus comprised about one third of the photosynthetic community. Over 

the four dates, nutrients in the surface waters were generally low and in July, August 

and September NH4 + was below the level of detection. Salinity ranged from 15.1 to 

21.7 ppt. Water temperatures ranged from 22 to 28 °C.

Figure 3 shows the apparent growth rates of cyanobacteria in each of the 

dilution experiments calculated using eqn. 2. Negative apparent growth indicates that 

grazing is greater than growth while positive growth indicates that growth exceeds 

grazing. Growth in the whole water (fraction undiluted seawater =1) was negative in 

June, negative for ambient and positive for enriched treatments in July, and positive 

in August and September (see values for apparent growth in whole water in Table 2). 

The apparent growth rates in the high dilution treatments were positive in all the 

experiments except September.
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In general, there seemed to be no consistent effect of nutrient addition on the 

apparent growth rates of the cyanobacteria, except for the August experiment, where 

the enriched treatments had slightly higher growth rates. The ambient and enriched 

treatments are therefore considered together in the growth and grazing determinations.

The trends in apparent growth rate of cyanobacteria with dilution do not 

follow the linear relationship shown in Figure l.a. Saturated grazing on 

cyanobacteria was evident in the first three experiments since the apparent growth 

rates did not change with increasing dilution until the highest dilutions, where the 

apparent growth rates increased. Two regression lines were therefore calculated for 

each of these experiments: with a slope of zero where grazing was saturated, and with 

a negative slope where apparent growth increased with dilution (compare Fig. 3 to 

Fig. I.e.). For the June experiment, only the growth rates in the two highest 

dilutions were included in the regression, which is effectively the same procedure as 

the 3-point method of Gallegos (1989). The resulting gross growth rate from the y- 

intercept is 0.37 d ' 1 (Table 2). In July, the two highest dilutions were included in the 

regression giving a gross growth rate of 0.29 d"1. However, this regression line is 

not significant. There seems to be an increasing trend in apparent growth with 

dilution when looking at the four highest dilutions. Yet, considering the scatter of the 

points when the undiluted fraction is >0.5, an equally viable argument can be made 

that there is no significant trend in growth for the whole experiment. Since I was 

most interested in determining the gross growth rate and less interested in the growth 

rates in the intermediate dilutions, I chose to accept the y-intercept value. In August, 

where there seems to be a slight response to nutrient enrichment, the growth in the 

four highest enriched dilutions appeared constant at about 1.25 d"1. The growth in 

the corresponding ambient treatments peaked at about 1.17 d" 1 but declined to about 

0.85 d ' 1 in the highest dilution. Although there appears to be a nutrient response in
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this experiment, the gross growth rates determined by the y-intercepts for each 

treatment separately, were not different from the rate determined for both treatments 

together. Therefore, the gross growth rate of 1.26 day-1  is for the combined 

treatments and was determined by regressing the five highest dilutions (excluding the 

highest ambient dilution for reasons explained later). For the September experiment, 

determination of the gross growth rate by regression was impossible because the 

apparent growth was highest in the whole water treatment and declined with 

increasing dilution to -0 . 2  d"1.

For comparison to the values derived by regression, growth rates of 

cyanobacteria in the size-fractionated treatments are plotted on the y-intercept in 

Figure 3. These growth rates (Table 2) are in good agreement with the gross growth 

rates determined from the dilution series, except for September where the size- 

fractionated growth was closer to the growth in the undiluted treatment. 

Cyanobacteria in the size-fracionated treatments also showed no significant response 

to nutrient addition, except for July where growth in the ambient treatment was 

negative, while positive in the enriched treatment. Table 2 also shows the gross 

growth of cyanobacterial chlorophyll in the size-fracionated treatments. Chlorophyll 

growth was slightly higher than the corresponding Synechococcus cell growth in 

June, ca. the same in July, and 50% and roughly 85% lower in August and 

September, respectively.

As originally proposed, the grazing rate on the phytoplankton community is 

the negative slope of the regression line when grazing is linearly reduced with 

increasing dilution. Given a saturated grazing response, the slope of the line can no 

longer be used to determine grazing. Instead, the grazing rates on Synechococcus for 

each experiment were calculated as the difference between the gross growth rate 

determined by regression and the apparent growth rate in the undiluted treatment.
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Table 2 contains the grazing rates on cyanobacteria calculated using both the gross 

growth rates determined by dilution and the gross growth rates from the size- 

fractionated treatments.

Figure 4 shows the apparent growth rates calculated from algal chlorophyll a 

in each of the dilution experiments. For the first three experiments, there was, on 

average, no significant change in apparent growth rate with dilution, except for the 

ambient treatments in July which showed less negative values with increasing 

dilution. The algal chlorophyll apparent growth rates in the enriched whole water for 

June, July and August are 0.62, 0.79, and 1.34 d '1, respectively, while the growth 

rates in the ambient whole water are 0.22, -1.04, and -0.37 d_1. Algal chlorophyll 

showed a significant response to nutrient addition across nearly all dilutions, except 

in the September experiment. The July and August experiments had positive growth 

in all the enriched treatments and generally negative growth in the ambient treatments. 

The growth and grazing rates on algal chlorophyll in the September experiment can 

not be determined.

The average apparent growth rates (ambient and enriched treatments) of the 

cyanobacteria at each dilution are also included in Figure 4 for comparison to the algal 

growth. The apparent growth rates of the algal chlorophyll were generally different 

than the growth of cyanobacteria. In June and September, algal chlorophyll growth 

was generally higher than cyanobacteria growth. In July and August, the enriched 

algal chlorophyll growth was greater than that of cyanobacteria, while the ambient 

algal chlorophyll growth was less than growth of the cyanobacteria.

For the August and September experiments, particulate C:N molar ratios after 

24 h incubation were plotted against dilution (Figure 5). The whole water sample at 

the beginning of the August experiment had a C:N of 7.13. After 24 h, C:N ratios in
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all the enriched treatments dropped below the Redfield ratio of 6.62. The ratios in the 

ambient treatments were greater than 8.5 after 24 h, and showed a general increasing 

trend with dilution, reaching nearly 18 at the highest dilution. The C:N for whole 

water at the start of the September experiment was 7.59. After 24 h, the C:N ratios 

for both treatments were close to Redfield, except for the ambient whole water and 

both treatments of the highest dilutions, which were substantially greater.

Table 3 shows the concentrations of dissolved inorganic nutrients for the 

August and September experiments. The enriched concentrations for August were

4.4 and 50.3 pM PC>4 -3  and NH4 +, respectively. After 24 hours, whole water 

concentrations of phosphate decreased slightly while ammonium decreased 

dramatically, reaching 1 pM. Final concentrations of ammonium in the diluted 

treatments increased with increasing dilution from 3.8 to 6.7 pM. Ammonium was 

undetectable in all ambient bottles. The enriched PO4 ' 3  and NH4 + concentrations in 

the time zero bottles for the September experiment were 6.1 and 27.6 pM, 

respectively. After 24 h there was very little change in the nutrient concentrations in 

the enriched treatments, and the concentrations in the ambient treatments remained 

low.

Table 4 shows the chlorophyll per cyanobacteria cell and Synechococcus 

biovolume determined by image-analysis and the corresponding cell diameter. While 

the chlorophyll per cell remained relatively constant over 24 h in June and July, the 

chlorophyll per cell decreased over 24 h by nearly 50% in August and 35% in 

September in both the ambient and enriched treatments.

The Synechococcus gross growth rates in both the ambient and enriched 

treatments from all experiments (determined by regression where possible, and from 

the < 1  pm size fractionation otherwise) ranged from approximately 0 . 3  to 1 . 3  d_1
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(Table 5). Grazing rates on Synechococcus ranged from 0.1 to 0.76 d_1. The 

estimated primary production of cyanobacteria for the four experiments, calculated 

using growth rates of the ambient treatments, was 0.34, 0.55, 1.24, and 0.51 

mg C L_1 d"1 for June, July, August, and September, respectively.

A comparison of ambient light levels at the study site to those measured in the 

experimental water bath is shown in Table 6. The average daytime subaqueous 

irradiance during the experiments ranged from 341 to 477 fiE m-2 s_1 (excluding 

June). The percent surface irradiance experienced by the phytoplankton in the water 

bath was higher than they would have seen in situ.

DISCUSSION

The first objective of this study was to quantify the growth rates and grazing 

mortality of Synechococcus over the period of expected high summer densities in the 

lower Chesapeake Bay in an effort to determine the relative importance of these two 

factors in controlling the seasonal abundance of Synechococcus.

The observed densities of coccoid cyanobacteria at the start of these 

experiments are the highest naturally occurring numbers ever reported for marine 

systems. In June and July, Synechococcus dominated the phytoplankton biomass. 

The highest time zero cell density of 3.5 x 106 cells ml-1 was found on July 26th, and 

coincided with the high densities observed as the bloom approached its peak (nearly

4.5 million cells ml-1 in early August, Haas & Falkenhayn, unpubl.) (Figure 6). The 

peak bloom density occurred when the water temperature was also at a seasonal 

maximum.
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It has proven difficult to quantify the growth and grazing rates of 

Synechococcus associated with this bloom phenomenon using the dilution technique 

of Landry and Hassett (1982) due to the violation of the assumption that ingestion of 

prey is a linear function of prey density. There are nonlinearities in the results which 

are suggestive of saturated grazing in all but the September experiment, where the 

nonlinearity may have been due to contamination of the dilution water as explained 

later. Landry et al. (1984) and Gifford (1988) both discussed the potential for 

saturated grazing to violate this critical assumption of the dilution technique, but only 

Gallegos (1989) clearly showed its occurrence. He developed a model to test 

whether an alternative phenomenon -- increases in grazer density during incubation — 

could give the appearance of saturated grazing (a nonlinear feeding response). The 

dilution technique assumes that although grazing pressure varies with dilution, it 

remains constant at a particular dilution over the course of the incubation (i.e. grazers 

do not grow over 24 hrs). However, if grazing is vigorous, and especially if the 

grazers are food satiated, they should be growing during the 24 hour incubation 

period, and grazing pressure would therefore increase over time. His model showed 

that although some nonlinearity in the plots was introduced by microzooplankton 

growth, it did not suggest saturated feeding responses (see Gallegos 1989, Fig. 5a). 

Gallegos therefore determined that the nonlinearity observed in his experiments was 

not due to growth of the microzooplankton grazers, but was due to grazer satiation at 

high food levels. This situation was not unexpected given the eutrophic condition of 

the Rhode River, Maryland. He also found that while growth of grazers, and 

therefore higher grazing pressure, would decrease the apparent growth rates of 

phytoplankton in less diluted treatments, determination of gross growth rate, k, from 

the high dilutions was insensitive to changes in grazer concentration. This result 

provided increased confidence in the k values determined in the present experiments,
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despite the fact that grazers may be growing over the course of the incubations. 

Attempts were made to reanalyze the samples to quantify changes in grazer abundance 

over time. However, variability in the counts were too great to determine significant 

differences over time. This variability could be due to differential dilution of the 

grazers (Gifford 1988), or to mis- or unidentified organisms resulting from poor slide 

quality due to age and repeated exposure to epifluorescence illumination. The 

nonlinearities in these results were therefore interpreted as saturated grazing on 

cyanobacteria, which is not surprising given the extremely high concentrations found. 

Future dilution experiments should include quantification of grazers.

Once saturated grazing became apparent in the experiments, I increased the 

number of high dilutions in order to have growth rates for several treatments with 

which to determine the y-intercept. Gallegos also recommends highly diluted 

incubations (> 95%) to resolve possible nonlinearities. The August and September 

experiments consequently had four treatments > 90% diluted. Rather than helping to 

resolve nonlinearities, I observed threshold levels of cyanobacteria at these high 

dilutions, where growth rates leveled off, presumably due to the absence of grazing 

pressure. This refuge level occurred at ca. 100,000 cells ml-1 for the August 

experiment. Interestingly, cyanobacteria concentrations in the bay generally occurred 

below this level from October through April in 1988 and 1989. This suggests that a 

substantial seed population may exist which is not available to grazers during the 

winter months, providing a refuge for Synechococcus. This threshold level is similar 

to a possible threshold observed by Landry et al. (1984) for Synechococcus of 

60,000 cells m l'l in Kaneohe Bay, Hawaii. Although an apparent threshold existed 

in the August experiment, all the treatments below the 0.2 undiluted fraction were 

included in the regression to determine k. This is because the k determined from a 

regression which excluded all of the growth rates at the threshold level except for the
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highest dilution, was nearly the same as that determined from the inclusive 

regression.

In September, although there appears to be a threshold of ca. 50,000 cells 

ml"1, the growth rates of cyanobacteria in all the diluted treatments were negative, 

indicating that the apparent threshold may be an artifact of contaminated dilution 

water. I included a 90% diluted treatment of the <1 pm size-fractionation in the 

September experiment to determine whether dilution itself had any effect on the 

growth of cyanobacteria (first assumption of the technique). I found that 

cyanobacteria in both ambient and enriched treatments of this dilution decreased over 

24 hours (data not shown). Since the undiluted treatments (including the <1 |im size- 

fraction) all showed positive growth, I concluded that this effect could not have been 

from grazers and that instead there must have been something wrong with the dilution 

water. Possibilities might include that the pleated canister filter used to prepare the 

dilution water was not clean, the carboy used to store the dilution water overnight 

may have contained chemical residues, etc. that possibly inhibited growth. Growth 

rates in the <1 jam fraction are therefore used as the gross growth rate for September.

The growth and grazing rates on Synechococcus determined from these 

experiments are within the ranges reported from other dilution experiments (Landry et 

al. 1984, Campbell & Carpenter 1986, Weisse 1988). It appears that grazing on 

cyanobacteria was quite vigorous and capable of removing 25 to 183% of potential 

production (Table 6). Indeed, although grazing was saturated, the net growth of 

cyanobacteria was negative in June and on average, was ca. zero in July. For the 

August and September experiments, net growth in the undiluted treatments was 

positive.
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When comparing the relative magnitudes of the measured growth and grazing 

rates to the seasonal cyanobacterial cycle in the bay (Figure 6), the opposite of what 

might be expected is observed: grazing in excess of gross growth when the bloom 

was on the rise, and gross growth in excess of grazing when the bloom was 

declining. To reconcile these differences, it is important to consider the major caveat 

for this study: the difference in temporal and spatial scales between these experiments 

and the Chesapeake Bay. There are inherent difficulties in trying to characterize a 

seasonal cycle using 24 hour incubations, once a month, of a small water sample 

under unnatural conditions. This limitation aside, these experiments showed that 

grazing was saturated in June, July and August, implying that growth of 

cyanobacteria was not grazer controlled. Given saturated grazing, growth is expected 

to exceed grazing in all of the experiments. In an effort to explain why gross growth 

did not exceed grazing in June, it is necessary to consider how experimental 

manipulations might affect the natural structure of the microbial community and 

therefore distort the balance of processes. It is possible that the predators on the 

cyanobacteria grazers were excluded, or at least decreased, by either the simple act of 

putting a water sample in a bottle or by pre-screening the water. This could allow the 

grazers to grow and graze more vigorously, as explained below.

The purported advantage of the dilution technique is minimal manipulation of 

the plankton assemblage and therefore the derived growth and grazing rates should 

accurately reflect processes in situ. The only manipulation imposed on the organisms 

in these experiments besides diluting, was pre-screening through a 73|im Nitex®. If 

there is any effect from pre-screening the undiluted water to remove larger organisms, 

it would be to either inhibit or enhance growth of the microzooplankton grazers 

depending on how many trophic levels are present in the bottles. If pre-screening 

reduces or eliminates predators on the grazers, then the latter may be expected to
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increase. If predators on the predators are eliminated, then the grazers on the 

cyanobacteria may be expected to decrease. Gifford (1988), recognizing that pre­

screening could eliminate predators on phytoplankton grazers, designed her 

experiments with an interest towards examining grazing by a particular size fraction 

of the zooplankton (<102|im) in the absence of their predators and some of their 

possible competitors. Her results demonstrated that the potential impact of 

microzooplankton can be considerable: as much as 100% of potential chlorophyll 

production may be consumed. Gallegos (1989), noting that growth of zooplankton 

may be influenced by pre-screening, modelled how the presence or absence of 

predation on the grazers (i.e. mortality) would subsequently influence phytoplankton 

growth rates. He stated that grazer mortality would be constant if only dependent 

upon the age structure of the grazer community, or would be proportional to dilution 

if the predator's feeding rate were also lessened by dilution. Mortality would be zero 

if predators on the grazers were absent, damaged, or removed by screening. Gifford 

(1988) for example, has shown that screening can cause damage to aloricate ciliates. 

As discussed earlier, growth of grazers causes depressed apparent growth of prey in 

less diluted treatments. This effect is greatest when grazer mortality is zero (such as 

when the predators on the grazers are removed by screening) and can drive apparent 

growth rates of the prey below zero. It is therefore possible that in the June 

experiment, cyanobacteria apparent growth rates below zero on the saturated part of 

Figure 3 might be due to enhanced grazing resulting from removal of predators on the 

cyanobacteria grazers.

In order to determine the prey density at which grazing became saturated, a 

functional response curve was plotted as the difference between gross growth rate 

and the average apparent growth rate at each dilution for the June, July and August 

experiments (Figure 7). The prey density at which saturation was relieved was
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relatively constant despite 3-fold differences in initial cyanobacteria density. This 

level was approximately 250,000 cells ml-1 in July and August, and fell somewhere 

between 250,000 and 1,400,000 cells ml-1 for the June experiment, where fewer 

dilution treatments made determination of the upper limit of the saturating prey 

density difficult. The ecological implications for a relatively constant saturating prey 

density is that once Synechococcus surpass this level due to some slight 

environmental advantage, they are removed from direct grazer feeding control, and 

can proceed toward bloom proportions if other conditions are favorable. In contrast, 

Gallegos (1989) found that the half-saturation dilution fraction was a consistent 

proportion (-0.1 to 0.2) of initial prey (chlorophyll) concentration.

In Figure 8 the grazing threshold and saturating prey densities are 

superimposed on the seasonal cycle of cyanobacterial abundance for 1988 and 1989. 

It is apparent that Synechococcus may only be controlled by grazing in a narrow 

range of cell densities. During the winter months, the densities of Synechococcus are 

below a threshold value that preserves a substantial seed population to fuel the 

summer bloom. The high summer densities easily surpass the saturating prey 

density, indicating that cyanobacteria are not grazer controlled and must be limited by 

some other factors.

Given the incidence of saturated grazing in the experiments and bloom 

concentrations of cyanobacteria in the bay, the indication is that the cycle of the bloom 

is controlled by some factor other than grazing. Other potential factors include 

nutrient and light availability.

The second objective of this study was to discern whether the summertime 

growth of Synechococcus is dependent on nutrients recycled by grazers. Nutrients 

were added to a parallel series of dilution bottles to test for potential nutrient
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limitation. Synechococcus growth was probably not nutrient-limited in June and 

September because there was no difference in apparent growth rates between the 

ambient and enriched treatments. There were slightly higher apparent growth rates in 

the enriched treatments in the July and August experiments, but not nearly as great a 

difference as in the non-cyanobacterial chlorophyll (discussed further below). 

Cyanobacteria are capable of utilizing extremely low levels of nutrients. Garside 

(1990) has shown that cyanobacteria have a half-saturation of 40 - 50 nM for nitrate, 

which is well below our level of detection. The difference between the enriched and 

ambient growth rates of cyanobacteria in the <1 |im size fractions (where grazers are 

absent) paralleled the differences in the dilution experiments (see Figure 3), 

supporting the idea that this difference is indeed due to differential growth rates rather 

than selective grazing. There is a big difference between ambient and enriched 

growth rates in the size-fractionated treatments in July. Although it is a <3 Jim size 

fraction which likely contains grazers, it is unknown why this nutrient effect is 

greater in the size-fractionated treatment than in the dilution treatments. The 

abundance of Synechococcus in bloom proportion in the Bay may be partly due to 

their ability to outcompete other phototrophs at low nutrient levels.

The ambient light levels in the water bath where the bottles were incubated 

were higher than what the phytoplankton were estimated to have experienced in the 

Bay (Table 6). Kana & Glibert (1987) documented several studies that show 

apparently vigorous populations of Synechococcus in surface mixed layers in contrast 

to the prevailing view that they are adapted to low light intensities. In experiments to 

determine the irradiance response of Synechococcus strain WH7803, Kana & Glibert 

(1987) found that they can grow maximally at high light intensities (200 to 2,000 jllE 

m-2 s"1) when acclimated and showed saturated growth from 200 pE n r2 s-1. The 

average irradiances during the incubations were within this range. Olson et al. (1990)
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have shown that Synechococcus WH7803 can fully adapt to a 10-fold increase in 

light intensity (33 to 315 (IE m-2 s"1) over a period of 30 hours. It is possible that 

growth rates in the bottles were reduced because the cyanobacteria had not yet 

adapted to the higher light levels. Higher light levels in the water bath over average 

levels in the surface mixed layer of the Bay may have caused the decrease in 

chlorophyll per cell after 24 h observed in the <1 fim treatments in the August and 

September experiments. The cyanobacteria in the Bay may dominate the 

phytoplankton assemblage in the summer partly due to their ability to tolerate low 

light levels, yet not be photoinhibited by high light when circulated up into the surface 

water.

Temperature can also have a significant effect on growth rate. The high water 

temperatures in the Bay in the summer are not expected to inhibit cyanobacteria, and 

in fact many researchers have found that the seasonal maxima of cyanobacteria 

densities occur when water temperatures peak (Caron 1985, El Hag & Fogg 1986, 

Campbell & Carpenter 1987, Carpenter & Campbell 1988).

The dominance of cyanobacteria in the Chesapeake Bay in summer is most 

likely due to a combination of factors: a demonstrated ability to achieve high densities 

at seasonal maxima in water temperature, an ability to utilize nutrients at low 

concentrations, an ability to grow at low as well as high light levels, and an ability to 

minimize grazer control due to threshold and saturating phenomenon.

Also included in these experiments were growth rates of phytoplankton 

measured as chlorophyll a (subtracting out cyanobacterial chlorophyll provides a 

measure of algal chlorophyll) as a means of comparison to the Synechococcus 

component. In contrast to the response of Synechococcus, algal chlorophyll showed 

a significant response to nutrient additions, showed almost no change in apparent
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growth rate and hence grazing rate with dilution, and suggested a sensitivity to 

changes in light.

Algal chlorophyll nearly always showed an increased growth response to 

added nutrients, indicating nutrient limitation. In fact, the apparent growth rates in 

the ambient treatments for the July and August experiments were nearly all below 

zero. Further evidence for nutrient limitation of the algae appeared in the August 

experiment, when apparent growth across all dilutions was negative and 

concentrations of dissolved nitrogen species after 24 hours were nearly all below the 

limit of detection. Additionally, the particulate C:N ratios of these treatments after 24 

hours indicate that the community was probably nitrogen-limited, particularly in the 

highest dilution because these ratios were greater than Redfield. These are admittedly 

crude indications of phytoplankton nutrient limitation, given that any particulate 

matter caught on the filter is included in the determination (organic flocculant material, 

zooplankton, heterotrophic bacteria, etc., as well as phytoplankton). Had these 

experiments been designed to precisely define the nutritional status of the 

phytoplankton assemblage, some combination of nutrient uptake experiments would 

have been included as suggested by Glibert (1988).

Changes in algal chlorophyll growth rate with dilution were generally zero 

and were difficult to interpret. For the first three experiments, grazing rates on the 

algal chlorophyll were unobtainable because there was no significant change in 

apparent growth with dilution (except for the ambient treatments in July which will be 

addressed later). No change in apparent growth could indicate either no grazing on 

chlorophyll or constant grazing (no change in grazing rate with dilution). The 

evidence, though weak, suggests that there was no grazing on this fraction of the 

chlorophyll. Since cyanobacteria constitute the majority of the phototrophs in June 

and July, and one third in August, we would expect a grazer population to be present
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that could utilize this food source, and perhaps a grazer that could utilize the larger, 

rarer phytoplankton had not developed. In addition, all treatments were pre-screened 

through a 73|im Nitex® screen, so the larger predators such as rotifers, copepodites 

and other zooplankton that could consume the larger algae might have been removed. 

However, if there was no grazing on these algae, we would expect that the apparent 

growth rates of the nutrient-limited treatments would be very low or zero rather than 

negative, as in the July and August experiments. A possible explanation is that these 

potentially severely nutrient-limited organisms are scavenging their pigments for 

nitrogen resulting in less chlorophyll per cell after 24 h, which appears as a decrease 

in the number of organisms when growth is measured as changes in chlorophyll. 

Another confounding observation is that the apparent growth rates of the ambient 

algal chlorophyll in the July and August experiments were less negative in the highest 

dilutions which might indicate a decrease in grazing pressure with increasing dilution. 

However, given the other evidence for no grazing on these organisms, this 

observation could be explained by a lessening of the effects of nutrient-limitation on 

these highly diluted treatments where there are fewer organisms depleting the 

standing stock of nutrients. Indeed in the August experiment, there were small 

amounts of nitrate detectable after 24 h in the two most diluted treatments while the 

less diluted treatments had undetectable levels of nitrate and ammonium. An 

additional problem with using measures of chlorophyll as an indicator of growth is 

the potential sensitivity to light. The light levels in the incubation tanks were high 

compared to the levels in the Bay and could have resulted in less chlorophyll per cell 

over time as the phytoplankton adapted by decreasing their cellular chlorophyll. This 

effect was observed for the Synechococcus cells as mentioned previously. Further 

evidence for the light effect on chlorophyll can also be seen in the differential growth 

rates in the <1 (im size-fraction between chlorophyll (assumed to be all cyanobacteria) 

and cyanobacteria (Table 2). In the August and September experiments, growth of
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chlorophyll was less than half that of cyanobacteria. Since these were the only cells 

present, this difference is obviously due to a decrease in chlorophyll per cell, and had 

chlorophyll been the only parameter measured, growth rates in the size-ffaction 

would have been severely underestimated.

In conclusion, the dilution technique assumes a simple predator-prey 

relationship so that when a water sample is diluted, grazing pressure is 

simultaneously reduced. This study reveals that the microbial trophic structure in the 

lower Chesapeake Bay may be considerably more complex with a number of trophic 

levels. Within this trophic structure are controls and interactions, such as nutrient and 

light limitation, temperature tolerances, prey refuge levels, the potential for saturating 

prey concentrations, and physical processes such as advection, which ultimately 

determine the structure of the microbial community. Despite the fact that the growth 

of Synechococcus does not appear to be nutrient limited during the summer in the 

lower Chesapeake Bay, quantification of the growth and grazing processes on 

cyanobacteria provides only one piece of the puzzle in the effort to determine the 

factors controlling their seasonal abundance.



y « gx + k

1.0o 0.5

nu t r ie n t
l i m i t a t i o n

1.00 0.5

(0
"O

<D
CO

DC n u t r ie n t
l i m i t a t i o n

-C
5o
I .
o
c
ok- 1.00 0.5

t h r e s h o l d

1.00 0.5
Q.
Q.<

s a t u r a t e d  g r a z i n g

1.00 0.5

g r a z e r
i n h i b i t i o n

1.00 0.5

Fraction Undiluted Seawater

Figure 1. Possible results of dilution experiments,. (------- ) Regression of data points; ( ..........)
Observed trend in data points. (A) All assumptions of technique met, k= gross growth rate 
determined from the y-intercept of the regression and g= grazing rate (negative slope of 
regression); (B) Nutrient limitation due to depletion of ambient nutrients; (C) Nutrient 
limitation due to phytoplankton dependence on recycled nutrients from grazers; (D) Grazing 
threshold at high dilutions; (E) Saturated grazing at low dilutions; (F) Grazer inhibition at high 
prey concentrations. Adapted from Gifford (1988).



B A L T IM O R E

W A S H IN G T O N

R IC H M O N D

S tu d y  Si te

NAU TICAL M IL E S

N O R F O L K

Figure 2. Study site in lower Chesapeake Bay, Virginia.



Apparent Cyanobacteria Growth Rate (day-1)

3 9 S’S-3 S 3g 8 o B og 
O C  rr  S3 re s .  E

^ 3

ft

S-a ~ b-o e  
* r* sf a g. o*njtz . c 3*3

T1-t
05
O
o’
o

C
3
Q.

CD
a

CD
0)
'C

€
0)
(D

♦

COo

CO

O

"orr o ♦<>♦

o o

♦ ♦  o

c/j(DTJ
CD

3ar
CD

[• •

♦  ♦

♦o

i o

IO

♦ O

roo
c_
c_

“<



A p p a r e n t  G row th  R ate  (day-1)

a  s

-T. CD

Crq O  c3 o

t :  o E p-m JLh ,___ps h;™ o

ST-g
S a - S ' i
p  ^  to a CD P 4̂  p

»  *-r 5
g P - o S -
§ *< ® < S K w o '•• 3^  O  53 fa  

' o '  o *  2  crqw  p  3 0
EL §  cl$

uw i—* r j
£ -& § .§  
g r & g f  
2 s p §o* a—  O ^  p .  

t* CD coM ^“B-’S 3v? sr 52., .
3 2 

5 * 8  § 
• £ * «

L ^
CTQ
e.

O * M V— B ’-«
O ' ~sra

i  v
<D
Q.

CD
03
v<

S
03
#■+
(D

o cx

ro

cn

oo

C O

O

X)

oo

ro

«D

0*  •  O

•  •  CD O OCT>

cr



30 Aug
16n

14-

12 -

c
<13o> 10-
9
2
c
o
■e03O

1.6.40
Fraction Undiluted

28 Sept

10-

ct

Fraction Undiluted

Figure 5. Particulate C:N ratios in N and P enriched (o) and ambient (♦) dilution bottles after 24 
h incubations. Dotted line indicates Redfield ratio (6.62). Time zero ratios were 7.13 and 7.59 
for the 30 Aug. and 28 Sept. experiments, respectively.



Figure 
6. 

Cyanobacteria concentration 
and 

tem
perature 

from 
3 

meters at lower Chesapeake 
Bay 

Station.

oo
o  01 o  cn o

CD
00
00

cr

CO
00
CD

COro

X 10® cells ml' 1



. 8

. 6
i

> *03

0
"c3
c c
CD
c

’n

O

4

2

0

6

27 June

26 July

30 Aug

Cyanobacteria Concentration (x10 “cells ml ' 1)

Figure 7. Functional response curves of grazing on cyanobacteria extracted from measurements 
of k and g using data in Figure 3. Arrows represent the prey concentration at which saturated 
grazing begins. In June, the shading represents the range of prey concentrations where 
saturated grazing might begin.



Figure 
8. 

Grazing 
threshold 

level and 
range 

of saturating 
prey 

concentrations, determ
ined 

from
 

dilution 
experim

ents, superim
posed 

on 
seasonal cycle 

of Synechococcus 
abundance 

at low
er 

Chesapeake 
Bay 

station.

co
o

ro
ocn ono

*D

CO
00
00

XT

CO
00
CO

r o

X 106 cells ml* 1



Table 
1. 

A
m

bient physical conditions and 
concentrations of nutrients, chlorophyll a, and 

cyanobacteria 
at the 

study 
site 

for each 
experim

ent.



COorooo roro
o>

x> <o

c ro ’ cr
5? sT ©<  ©  3
IQ CL ^CO (O (Ocr

ro
CD

o  ui co cn

p o o
bi bi bi ro co —^

p o p  ro ro ro
O )  O O  4 k

o
COro

o  o^  o  ro ro co co co cn oocn
o> oo

o  o
C O  4 k .oo ro

o CL
s  <o O)

^  o>

o
4k. co  cn
C D  O O  - k

rooo co

o p o p
0) 0) 0)  cn ui cn

ocn cn cn
o  4»

Table 
2. 

Growth 
and 

grazing 
m

ortality 
rates of Synechococcus 

in 
both 

am
bient and 

nutrient 
enriched 

treatm
ents. 

Gross growth 
rates determ

ined 
from 

both 
dilution 

technique 
(y-intercept of 

regression) and 
<1 

pm 
size-fractionations (growth 

in 
the 

absence 
of grazers). 

Gross growth 
of 

cyanobacteria 
chlorophyll determ

ined 
from 

changes in 
chlorophyll in 

<1 
p,m 

size-fraction 
Grazing 

rate 
determ

ined 
as the 

difference 
between 

gross and 
apparent grow

th.



o
II
3
o
CL
CD
CD
O
PCT
CD

'S.
CD
CD
O
o'rj
CD*
<

c/>

"Do
-uIIo
o
H -
O
bco

O
COIIo
b•vj
TPo

ODOII
O
•sj

H-
O

CO
CO

1+o
o*sj

A  -  I IN) c n
^  o  o  o
0 s- 0 s  sP  sP  Sp

oo

ro4*.

ro-*• coo  ip co 
^  <0 TJ

o o o o o o o o
b b b b CO 4*> ro
cn cn cn cn cn O "si 4*-

ro o o o o O o
b b b ro b L l b b
4^ 4*> 's i 's i 4̂ o 's i

4*. 4>> 4* 4^ ro CO _L o>
b ro 4*. ro b b b b
"4 CO co CO o •sj cn 's i

z z z z z z Z zo o O o o o o o

03 cr> cn cn Ul cn cn o>
ro b b ro b ro b b
CO 03 cn CO cx> 4^ ro 03

O o o o o o
b Ll b b CO CO b
o —L 4* 's i ro CO 's i

oo

ro4*.

o  -j- 
b  b
's j  *vl D O O O O

o  o  o  
Z  2  Z  Z  o  L l l i
o  a  o  o  5  ^  ^

Z  2  2  Z  Z  Z  2  O O D O O O O

z  z  z  z ro

CO-*■ o o  «
9  >  ^ c<a

o o o o o o o o
o bo> o b03 bCO b

03
b03 it

ro
co

cn•vl

ro ro ro ro ro ro ro 4*
b
4^

b
"4

b
'si

b
4*

ŝl
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