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Protists have a key role in pelagic systems, both as the main

bacterivores and major nutrient regenerators. Thus, knowledge of

protistan bacterivory rates and nutrient regeneration efficiencies is

essential for studies concerning the structure and function of

pelagic food webs. Current methods for the estimation of protistan

bacterivory have methodological artifacts, especially when applied

to open ocean communities. Also, measurements of regeneration

rates for pelagic protists have been mainly limited to organisms in

culture. Therefore, new methods should be developed for the

measurement of protistan bacterivory and nutrient regeneration

rates.

I developed a method for simultaneous estimation of protistan

bacterivory and regeneration efficiencies, based on a new approach

for the study of microbial communities: the product release assays

(PRAs). PRAs estimate grazing rates from the rate of excretion of

labeled products resulting from the digestion of added pre-labeled

prey. The product regeneration efficiency, which is assumed to be
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constant, can also be estimated as an index of trophic complexity in

food webs origination with the prey of interest.

I chose ammonium as the excretory product, since nitrogen is a

major structural component of bacterial cells and 1 5N, a stable

isotope of nitrogen can be used as tracer. The problems associated

with the use of 15NH4 include the difficulty of extracting

ammonium from seawater, as well as the requirement of reasonably

large sample sizes for the isotopic analysis. These problems limited

the use of the method for open ocean samples.

In those cases where bacterial and protists abundances were

high, I was able to calculate grazing rates and regeneration

efficiencies that agreed with previously published values. In two of

the experiments, protists and bacterial abundances varied during the

incubation period, violating the assumption required for the

calculation of rates as a simple negative exponential model, i.e.,

grazing rates are constant. Deterministic computer models designed

to calculate rates which used bacteria and protist numbers as

variables estimated grazing rates and nitrogen regeneration

efficiencies in the range of previous reported values.

The use of different tracers, as well as different prey types is

recommended as the direction for future studies using the product

release assay approach.
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The ARM Assay for the Measurement of Protistan

Bacterivory Rates and Ammonium Regeneration Efficiency

INTRODUCTION

Microbial food webs

Two decades have passed since the publication of Pomeroy's

classic paper suggesting a change of the paradigm of pelagic food

webs (Pomeroy 1 974). Ten years have passed since the concept of

the microbial loop was introduced to marine ecology (Azam et al

1 983). During those twenty years, the results of studies on

microbial food webs have allowed a more detailed view of trophic

relations as well as the cycling of materials in aquatic systems.

The new paradigm proposed by Pomeroy, in which bacteria and

heterotrophic protists played a greater role in marine trophic webs,

has been supported by these studies. Epifluorescence microscopy

technology showed that bacterial abundances were orders of

magnitude higher than previously estimated by traditional plating

methods (Francisco 1 975, Hobbie et al. 1 979). The same technology

led to the discoveries that the numbers of organisms in the

nanoplankton (2-20 pm Sieburth et al. 1 978) size class was higher

than previously thought, that a high proportion of nanoplanktonic

organisms were aplastidic and phagotrophic (Haas and Webb 1 979),

and that there were ubiquitous bacterial sized primary producers

(pico-planktonic phytoplankton; Waterbury et al 1 979, Johnson and

Sieburth 1979).

In the early eighties new methods were developed and applied

for measuring bacterial production (Fuhrman and Azam 1 981, Karl
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1 981) and protist phagotrophy (Hollibaugh et al. 1 980, Landry and

Hassett 1 982). The results of those studies led to the formulation of

the microbial ioop hypothesis in which bacteria utilize a high

fraction of primary productivity and are consumed by phagotrophic

protists, making available part of the carbon that otherwise would

have been unavailable to macrozooplankton. (Azam et al. 1 983).

The extent of such transfer of carbon through the microbial

loop was tested by Ducklow et al. (1986), who concluded that only a

very small fraction of the dissolved organic matter would be

transferred to metazoans via the microbial loop. Their results

suggested that the microbial loop should be important for the

recycling of inorganic nitrogen and phosphorus. This was not an

original finding as former work had shown that phagotrophic

protists excreted inorganic nutrients (Johannes 1 965).

The current view of microbial trophic relations in pelagic

systems is of a trophic web (Figure 1), instead of a linear food loop.

This concept is based on the findings that many plastidic organisms

have also been shown to be phagotrophic (Porter, 1988), some

phagotrophic organisms sequester functional plastids from their

prey (Stoecker et al 1 987), and that trophic links are a function of

prey-predator size relationships. (Wikner and Hagstrom 1 989).

A new compartment may need to be added to current foodweb

models, based on the discovery of high abundances of viral particles

in seawater (Bergh et al. 1 990, Proctor and Fuhrman 1 991). Although

there are few measurements of the impact of viruses on microbial

communities to date, viruses are a potential source of bacterial and

protistan mortality
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Trophic interactions within the microbial food web, which is separated here into phytoplankton and
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Figure 1. Diagram of the structure of microbial food webs. From Sherr & Sherr 1 988
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At the present stage of understanding, the general structure of

microbial food webs has been delineated, and quantitative

assessments have been done for many systems. In general, bacterial

production has been found to be a considerable fraction (20-50 %) of

phytoplankton production (Cole et al. 1 988). Also, the fraction of

total primary production by the nano-picoplankton is much higher

than previously thought (Li et al. 1 983). Protistan grazing has been

found to be a major source of mortality for bacteria (McManus and

Fuhrman 1 988, Pace 1 988, Sherr et al. 1 987) as well as for pico-

and nano-phytoplankton (Gallegos et al. 1988, Sherr et al. 1 991). The

quantitative importance of viral lysis of bacterioplankton or pico-

and nanophytoplankton is still unknown.

The role of protists as remineralizers of inorganic nutrients

has been tested mainly using cultured organisms (Goldman at al.

1 985,1 987, Goldman and Caron 1 985, Goldman and Dennett 1 992).

The results of such experiments showed that the relative

importance of protists for nutrient regeneration compared to that of

bacteria is dependent on the C:N:P ratios of the bacterial substrates,

bacteria and protists (Caron and Goldman 1 990).

In summary, most the primary production and recycling of

major elements in pelagic systems is now known to be performed by

microbes. Thus, if we want to understand biogeochemical cycles in

marine pelagic ecosystems, and its effects in the biosphere, the

knowledge of the magnitudes of the fluxes between different

compartments of microbial food webs is essential.
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Protistan bacterivory rate measurements

Diverse methods have been developed for measuring protistan

bacterivory or bacterioplankton mortality rates. None of the methods

is free of methodological artifacts, especially because most of them

require in vivo incubations that can alter the in situ conditions of

the microbial assemblage. Another problem, common to many of the

methods, is the potential for selective grazing behavior by the

protists. Protists may reject added bacterial analogs, or may

increase their ingestion rates when growing or motile bacteria are a

significant component of the bacterial community (Gonzalez et al.

1 990, 1994; Simek and Chrzanowski,1 993). A summary of commonly

used methods to assess rates of protistan bacterivory or of

bacterial mortality is shown in Table 1.

Protistan nutrient regeneration measurements

For many years the role of bacterivorous protists in nutrient

regeneration has been a subject of discussion (Johannes 1 965), and

several reviews have been written on the topic (e.g. Caron and

Goldman 1 988, 1 990). Size fractionation studies of ammonium

regeneration (Harrison 1 978, GIlbert et al. 1 982) have shown that

most of the regeneration is performed by the size fraction smaller

than 35 pm and in some cases smaller than 5 pm. However, size

fractionation can decrease mortality of certain size classes (Wikner

& Hagstrom 1 988) and complicates the interpretation of size



Table 1. Summary of current techniques to measure bacterivory rates (From Sherr & Sherr 1 992,
modified)

Particle uptake: fluorescent
micro-spheres,
fluorescently labeled
bacteria (FLB).

Particle uptake:
radiolabeled prey, dual-label
approach,3H for bacteria,
14C for phytoplankton.

Disappearance of labeled
particles: radiolabeled
natural bacterioplankton or
E. co/i minicells.

Size fractionation to
segregate bacteria from
bacterivores.

ADVANT
Direct measure of ingestion,
cell specific rates, identify
which types of prey, short
incubation times.

Direct measure of ingestion,
cell specific rates, uses live
natural prey, short incubation
times.

Measure of total prey
mortality, minimal
manipulation of in situ
microbial community.

Quantitative, determines what
size classes of protists have
the greatest impact on the
prey studied

DISADVANTAGES
Discrimination for or against
added bacterial analogs, other
sources of prey mortality are
not assessed.

Works best with large
protists, which can be easily
separated from labeled prey,
other sources of prey
mortality are not assessed.

3H labeled bacteria methods
requires long incubation times
and may underestimate
mortality, E. co/i minicell
method is complex.

Uncouples predator prey
feedback processes (e.g.
nutrient recycling), may
change prey growth rates,
incomplete separation of prey
and predator may occur, long
incubation times.

Sherr et al. 1 987, Gonzalez et
al. 1 990, Simek &
Straskrabova 1 992,
Børsheim 1 984, McManus &
Fuhrman 1 986. Sanders et al
1989.

Hollibaugh et al. 1 980,
Lessard & Swift 1 985.
Nygaard & Hessen 1 990

Servais et al. 1 985, Wikner
et at. 1 986, 1 990, Vaqué et
at. 1992

Wright & Coffin 1 984,Kuupo-
Leinikki & Kuosa 1 990,
Weisse & Scheffel Moser
1991.



Table 1. Continued

METHOD
Selective metabolic
inhibitors to minimize
bacterial growth or protistan
grazing.

Range of dilution of whole
water to proportionally
decrease bacterivory rates

Acid Lysozyme assay (Lacjd):
Quantification of protistan
digestive enzyme activity

Product release assays
(PRA's) Ammonium release
method (ARM):
Release of 1 5NH4 from
digested 1 5N-pre-labeled
bacteria.

ADVANTAGES
Quantitative, uses the intact
microbial community

Quantitative,
Straightforward, gives
estimates of rates of prey
growth as well mortality,
widely used.

Quick measurements, avoid
incubation of samples, avoid
system disruption or prey
selection, measures past
feeding history of
bacterivores.

Minimal manipulation of the
system, avoid use of
radioisotopes, measures
turnover of specific prey,
allows estimation of N-
regeneration efficiencies for

DISADVANTAGES
Inhibitors may affect non
target organisms, or may not
completely inhibit targeted
organisms, eukaryotic
inhibitors uncouples
feedback processes, long
incubation time.

may uncouple predator-prey
feedback, may uncouple
bacteria-phytoplankton,
protist grazing may change
with decrease in prey
density, long incubation
times.

Requires calibration with
other methods, some high
background fluorescence in
coastal waters.

Recycling of ammonium is a
problem, difficult to apply in
oligotrophic systems,
ammonium extraction is
tedious, long incubation
times.

Sherr et al. 1 986, Tremaine
& Mills 1 987, Weisse 1 989.

Tremaine & MIlls 1 987
Weisse 1 990,

Gonzalez et al. 1 993.

This thesis.



fractionation studies of ammonium regeneration (Gilbert et al.

1992).

Phagotrophic protists are known to have high gross growth

efficiencies for carbon, in the range of 30-60% (Caron et aL 1 990).

Growth efficiencies rate measurements for nitrogen or phosphorus

are more rare, but they are also high, often higher than 50%, and are

known to be dependent on the C:N:P ratios of the ingested prey (Caron

and Goldman 1990). A hypothesis to explain the contradiction

between high values of ammonium regeneration and high nutrient

conversion efficiencies by organisms in the small size fraction is

the presence of multiple trophic links within this size fraction

(Wikner and Hagstrom 1 989, Glibert et al. 1992, Goldman & Dennett,

1992).

Product release assays

Product release assays (PRAs) are a new approach to the

estimation of grazing rates of heterotrophic protistan assemblages

(Sherr & Sherr 1 992). Essentially PRAs estimate grazing rates by

measuring the rate of excretion of dissolved labeled products

resulting from the digestion of added pre-labeled prey particles.

In theory the main advantages of the PRAs are:

a) The relatively small manipulation of the water sample.

PRAs do not separate bacteria from bacterivorous protists, and

therefore normal feedbacks e.g. production of ammonium and

dissolved organic carbon from the bacterivores to the bacteria, are

maintained.



b) The possibility of adding prey analogous in low trace

concentrations, since the sensitivity for the detection of isotopes is

higher than the sensitivity for counting fluorescent labeled analogs

in protistan food vacuoles.

c) PRAs allow simultaneous measurement of community

nutrient regeneration efficiencies, and from the latter, one can

infer the complexity (in terms of numbers of trophic steps) of the

microbial community.

The calculation of grazing rates from excretion rates

requires as a major assumption that the growth efficiency of

protists for the 'abeled element is constant throughout the course

of the assay. This means that:

If:

PR = Amount of label in ingested prey

PB = Amount of label in protist biomass

P1 = Amount of label in product of interest

OP = Amount of label in other products

PR = PB + P1+ OP

If we define Re (regeneration efficiency) as the fraction of the

total ingested prey released in the

form of the inorganic product excreted by the bacterivore, we have:

Re P1/PB+Pl+OP



The main assumption implies that Re is a constant. If this

assumption is true, then one should be able to calculate protistan

grazing rates from excretion rates.

Product release assays: Case 1: One Trophic Step

By analyzing the simplest case, i.e. one with a single protist-

prey interaction in which the protist grazing rates are constant one

can show that:

g (1/Re).e

Where:

g = grazing rate (h-1)

e = excretion rate (h1)

Re = Regeneration efficiency = 1 assimilation efficiency

The kinetics of uptake of prey by phagotrophic protists has

been discussed by Fenchel (1 980a, 1 982c). Basically, the uptake of

prey is a function of two processes: a) processing/clearance of

water and b) phagocytosis per Se.

At saturation concentrations of prey, the uptake rate of

protists is only dependent on the phagocytosis rate, and is thus

independent of the prey abundance (zero order kinetics), If one

assumes that the rate of phagocytosis of labeled prey does not

change in the course of a PRA, the excreted product would show a

linear increase with time as:

ID

(1)

D(t)= D0+et (2)



Where:

D(t) = Dissolved product concentration.

D0 = Initial Dissolved product concentration.

e = Excretion Rate.

e= UmRe

Where:

Urn = Maximum Uptake Rates (phagocytosis)

Re = Regeneration efficiency = 1 assimilation efficiency

In a PRA, the addition of prey in saturating concentrations has

two drawbacks: a) There may be potential stimulation of the

11

(3)

protistan grazing and growth rates by increased food concentrations.

b) The calculation of uptake (grazing) rates as shown by equation (3)

is dependent on the knowledge of the regeneration efficiency, which

cannot be measured by the same assay. A solution for both problems

is addition of the labeled prey in trace amounts.

In this case, uptake rates (and associated product excretion) of

labeled prey are a function of the concentration of labeled prey.

Protistan clearance rates, on the other hand, are a function of total

bacterial numbers and therefore, if the numbers of bacteria during

the assay are constant, so will be the clearance rates. Since the

labeled prey is heat killed, both its concentration and its uptake rate

bythe protists should decrease with time. Therefore the labeled

prey should disappear in a negative exponential fashion (Figure 2)

The equations describing the disappearance of labeled prey

added in tracer amounts are:



Se:

12

(4)

Where:

N(t) = Abundance of Labeled Prey (Nb/mi)

N0 = Initial Abundance of Labeled Prey (Nb/mi)

t =time

Conversely, one can write the same equations for the label per

C(t)=C0 ......g.t

Where:

C(t) = Concentration of label (counts/mi or moi/i) at time=t

C0 = initial concentration of label (counts/mi or mol/l)

t =time

The equations above show that if one follows the decrease of

label in the particulate (greater than 0.2 pm) fraction with time,

one can estimate g, the grazing rate.

An alternative procedure is to measure the production of

labeled excretory products instead of the decrease of label in the

particulate fraction. If the main assumption is true, the fraction of

the label ingested by the protists that is transformed in labeled

excretory products is constant and, by the time most of the prey is

(5)

consumed (the curve in Figure 2 goes to zero), the amount of labeled

excretory products should approximate Dmax, the maximum

concentration of label that can be excreted by the bacterivores.

Dmax is the product of the regeneration efficiency and the

total amount of labeled prey added at the start of the experiment
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Dmax C0Re (6)

So, the amount of label in the dissolved fraction at time t,

(D(t)) should be equal to:

D(t) (C0 C(t)) Re (7)

D(t) C0 Re C(t) Re (8)
From equation (5):

C(t)Re =(C0.e_t).R (9)

Substituting (6) and (9) in equation (8)

D(t) Dmax D (10)max

or:

D(t)Dmax .(__g.t) (11)

The time course of excretory products during a PRA is depicted

in Figure 3. The sensitivity of the curve to variations in g and Re 15

shown in Figures 4 and 5.

Equation 11 can then be used to calculate both Dmax and g by

nonlinear regression using the Marquard algorithm, available in most

statistics software packages.
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The grazing rates can be decomposed into different

components:

g=M= (12)

Where:

M = Bacterial mortality

dB/dt= Number of Bacteria ingested during period ôt

B = Average bacteria abundance

CR=g/i (13)

Where

CR = Clearance rate

P = Average protist abundance

and

IR=t
(14)

P

IR = Ingestion rate

Conversely:

CR=Lat/B (15)P/
The equations show that a change in the grazer or bacterial

abundance during the assay would modify the grazing rates. One way

to circumvent this problem is to use deterministic models to

calculate CR or IR using the time series of organisms as input

parameters and so doing, experimental results of PRAs which can

not be explained by equation 11 can be compared with model
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predictions assuming that either CR or IR instead of g were

constant throughout the incubation.

Product release assays: Case 2: Multiple Trophic Steps

More complex cases are the ones in which the labeled bacteria

are added to natural samples of water with multiple predator-prey

steps present. The regeneration efficiency then becomes a product of

the efficiencies of two or more trophic steps

In these cases, if one assumes positive regeneration

efficiencies for each step, the more trophic steps, the higher the

total regeneration efficiency. Thus the complexity of the trophic

web can be checked by manipulating of the number of trophic steps

in the community and comparing regeneration efficiencies.

Testing the PRAs: The ARM assay

The ARM (Ammonium Release Method) assay measures the

release of 15N ammonium by phagotrophic protists feeding on added

trace amounts of 15N pre-labeled prey. The method resembles the

ammonium dilution assay (Glibert, 1 982), since the isotopic

enrichment of ammonium is measured. However, while the

ammonium dilution assay measures the dilution of added '5N

ammonium by 14N ammonium excreted by all organisms in the

community, the ARM assay measures the increase of 15N enrichment

as a resu't of excretion of 1N ammonium, specifically by the

organisms grazing the labeled prey.
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The main advantages of using 15N ammonium are:

a) 15N is a stable isotope, which avoids the hazards and

inconveniences of working with radioactive materials, which are

especially difficult at sea.

b) Nitrogen is present mainly in proteins, which are major

structural components of cells. Therefore, the release of ammonium

requires both ingestion and digestion of the labeled prey.

However, the use of ammonium as the product of interest also

entails several problems:

a) Ammonium is a major source of nitrogen for both bacteria

and phytoplankton and therefore recycling of labeled ammonium can

complicate interpretation of the results. To avoid recycling of the

labeled ammonium, unlabeled ammonium is added at the beginning of

the experiment and the bottles are incubated in the dark to avoid

stimulation of phytoplankton uptake. However, since protists

inhabiting oligotrophic waters are usually not exposed to high

ammonium concentrations, they may be adversely affected by the

added ammonium.

b) The protocol for extraction of ammonium from seawater for

nitrogen isotope analysis is tedious. Existing procedures for

ammonium extraction require specialized equipment, which

complicates the application of the ARM on ship board. In this thesis

a procedure in which samples for ammonium extraction were frozen

and stored for later analysis on shore is described and tested.

c) Stable isotope analyzers capable of measuring nitrogen

isotope enrichments require a minimum amount of total nitrogen for

the analysis (10 jig). In order to assure a sufficiently large sample



21

size, a certain amount of unlabeled carrier nitrogen has to be added

to the sample prior to the analysis, which decreases the final

enrichment and thus the sensitivity of the method. Thus, the addition

of prey has to be low enough to avoid the problem of stimulation of

protist or zero order kinetics, but high enough to produce measurable

1N enrichments. While this requirement can be satisfied when

working with coastal and eutrophic waters, it is a drawback for use

of the method in oceanic and oligotrophic waters.

Finally, a problem inherent to all methods using prey analogs

is the discrimination by grazers for or against the added analog prey.

Several authors have reported discrimination based on size

(Gonzalez et al. 1 990; Simek and Chrzanowski,1 993; Epstein and

Shiaris 1 992), motility and metabolic state of bacteria (Gonzalez et

al. 1 994). Againthis problem is aggravated in oligotrophic waters

where the bacteria are usually much smaller compared to cultured

bacteria (Simon & Azam 1 989).

Nitrogen Isotope Analysis of Ammonium:
The Effects of Freezing and Storage of the Indophenol-blue Complex

The extraction of ammonium from sea water and subsequent

nitrogen isotope analysis are steps of the dilution assay for both

ammonium regeneration (Glibert 1 982), and ammonium release

method (ARM, this study). Different methods have been described for

the extraction of ammonium from sea water: a) steam distillation of

ammonium, b) absorption of ammonium diffused from the samples or

c) conversion of ammonium to indophenol blue followed by solid
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phase extraction. The advantages of the last method is that

indophenol blue is a colored substance, making it possible to check

the efficiency of ammonium recovery. Also, since the ammonium-

nitrogen is complexed as indophenol, possible contamination by

external ammonium is avoided. However, since both the formation of

indophenol and the solid phase extraction process require a large

fume hood, the use of the method at sea is difficult.

As part of this study I checked the effects of freezing and

storing the indophenol blue samples on the results of the subsequent

nitrogen isotope analysis.

Using the ARM : Culture Study

The ARM assay was tested under culture conditions using the

bacterivorous flagellate Cafeteria sp. isolated from Oregon coastal

waters (Gonzalez et al 1 993) as the sole bacterivore. The Cafeteria

species used ("E4") was a 3-5 pm diameter micromonad, with two

flagellae of same length. Using The ARM : Flagellate enrichment

study

Using the ARM : Flagellate Enrichment Experiment

In this experiment I tested the ARM assay using a sample of coastal

water which had been prescreened to increase the standing stock of

protists ( by eliminating their predators). The idea was to produce a semi-

natural system with only one trophic link (bacteria flagellates).
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Using The ARM : Charleston Natural Community

In this experiment I tested the ARM assay using a sample of

natural water from the Oregon coast, comparing the grazing and

ammonium regeneration in an untreated sample with a prescreened

sample to produce a system with only one trophic step (bacteria

flagellates).

Using the ARM : Other studies

In addition to the experiments above, other assays were

performed in natural oceanic waters, off the coast of Oregon and at

the Central Equatorial Pacific during the NOAA EPOCS 1 992 spring

cruise. Also, some ARMs designed to measure phytoplankton grazing

were tried in the Equatorial Pacific cruise.
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MATERIAL AND METHODS

Testing the PRAs: The ARM assay

A detailed description of a general ARM assay is presented in

Appendix I. Here I describe the specific aspects of experimental

design used for the three studies described in the introduction.

The bacterial strain used for isotopic labeling was isolated

from Oregon coastal waters (Y-isolate). Y isolate is an aerobic rod-

shaped bacterium about 0.6-0.8 pm long, which forms yellow

colonies when grown on marine broth agar and is capable of growing

on minimal media.

The labeling of the bacteria used in the ARM assays was done

by growing the bacteria on minimal medium where 15NH4 was the

sole nitrogen source. After 48 h the cultures were heat killed at 60

°C in a water bath and harvested by centrifugation in a Braun®

benchtop centrifuge at 1 0000rng.

The experiments were started imediatelly after water samples

were taken. The samples were then poured into 41 black

polycarbonate bottles, labeled bacteria and unlabeled ammonium

added and the samples incubated at 1 5 °C. At a series of time points

20 ml samples were taken from each of the replicate bottles to

estimate bacteria and protist numbers. Then, 250-300 ml samples

were filtered through cellulose acetate filters and samples for

initial ammonium concentration taken. To the remaining filtrate

unlabeled carrier ammonium was added and samples for final

ammonium concentration and ammonium isotopic enrichment taken.
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Flagellates and bacteria were counted via epifluorescence

microscopy. DAPI was used to stain the flagellates and acridine

orange to stain the bacteria (Sherr et al. 1 993, Turley 1 993). The

slides were stored frozen (-20 °C) until microscopic inspection

using a Zeiss® Universal microscope.

Ammonium concentration was measured spectrophoto-

metrically by standard methods (Strickland and Parsons 1 972,

Koroleff 1 980). and the extraction of ammonium for isotopic

analysis was done by solid phase extraction (Wheeler et al 1 989),

except that the indophenol red eluted in acetone was evaporated for

a longer period and spotted onto small (-5 mm) glass fiber filter

discs that were placed in mass spectrometry tin capsules, dried at

80°C and folded.

The filters containing the particulate fraction were

subsampled using a hand punch-maker and four 5 mm discs placed

into a tin capsule. Then, 70 p1 of a 20 mM 14NH4C1 solution was

pipetted onto three 5 mm glass fiber filter discs, inside the tin

capsule, to assure that there was enough nitrogen for an accurate

isotopic analysis. The tin capsules were dried at 80 °C and folded.

All tin capsules were placed into small Eppendorf tubes which

were stored in a desiccator. The 1 5N enrichment and total nitrogen

content of each of the samples were determined via mass

spectrometry, using an Europa® mass spectrometer located in the

Department of Soil Science Oregon State University

The controls consisted of a 1 liter sample that was treated

essentially the same way, except that the flagellates were excluded

by filtering the whole sample three times through a 0.8 pm



polycarbonate membrane before the addition of the pre-labeled

bacteria and the unlabeled ammonium. Only initial and final time

measurements were taken for the controls.

All calculations were done as described in the Appendix I. To

estimate the curve parameters (Dmax and g) the data were tabulated

in a spreadsheet and analyzed by the Marquard non linear regression

procedure using the statistical software Statgraphics©.

Freezing and Storage of the Indophenol-blue Complex

Six liters of coastal water were filtered through glass fiber

filters, and the ammonium content was measured using the

procedure described in Strickland and Parsons (1 967). A known

amount of 5% 15N-NH4CI solution was added to produce 4 pM final

NH4 concentration and 4% 15N enrichment. The water was then split

into 1 2 x 500 ml sub samples and the ammonium transformed to

indophenol using the procedure of Dudek et al. (1 986).

After a 24 hour development of indophenol blue, three of the

subsamples were extracted by solid phase extraction following the

procedure of Wheeler et al. (1989). The remaining samples were

frozen and stored at -20 °C. Triplicate subsamples were thawed and

extracted after 7 and 1 4 days storage time.

The extracted indophenol samples spotted onto glass fiber

filters were ground to a powder, combusted in evacuated tubes

(Wheeler and Kirchman 1 986) and the 15N-N2 enrichment of all

samples measured by emission spectrometry using a JASCO®

emission spectrometer.
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The different treatments were compared by one way analysis

of variance using Statgraphics© software.

Culture Study

This experiment followed the basic protocol with some

modifications: A dense culture of the bacterivorous flagellate

Cafeteria sp. was diluted with autoclaved artificial seawater (AW

Harrison 1 980), and split into two 41 carboys, each containing 2500

ml, with a final flagellate abundance of 1 0 cellsm11.

Unlabeled heat-killed bacteria (Y-isolate) were then added to

obtain a final concentration of 1 O cellsml-1. The cultures were

kept in the dark at 1 5 °C and the growth of the flagellates monitored

until their abundance reached about 1 0 cellsmh1, when the ARM

assay was started.

1SN.pre-labeled bacteria were added to yield 51 06 cellsmF1

and 1 0 mM 14NH4C1 was added for a final concentration of 1 0 pM

The samples for the time series were taken at 0,8,1 2,1 8,24,3 6 and

48h.

Flagellate enrichment study

In this experiment the general ARM protocol was followed, with the

following modifications: A sample of water was collected on 2/2/9 2 at

the mouth of Coos Bay, Charleston OR (43°21 'N 1 24°N20'W), screened

through a 1 OpM Nitex® mesh and left in a 20 liter carboy at room

temperature for two days. Flagellate abundance was periodically



monitored and when it reached about 1 xl Q4 flagellatesml-1, the ARM

assay was started.

The 15Nprelabeled bacteria and unlabeled ammonium were

added to 5x1 0 and 1 .0 pmolNl-1 respectively. The samples for the

time series were taken at 1, 6, 9, 1 2, 24, 36 and 48 h.

Charleston Study

Again, for this experiment the general ARM protocol was followed,

but with some modifications: A sample of water was collected at the

mouth of Coos Bay, Charleston OR (43°21 'N 1 24°N20'W), on 3/25/92.

Duplicate dark bottles, were filled with either 2.5 I of untreated water or

2.5 I of water prefiltered through 5 pm Gelman® large acrodiscs. The 1N-

pre-labeled bacteria and unlabeled ammonium were added to yield 5x1 0

ceIlsml1 and 1 .0 pmolNf1. The samples for the time series were taken

at 1, 6, 9, 1 2, 24, 36 and 48 h.

Other studies

All other studies were performed as the Charleston

experiment, except that in some of them the incubation times were

longer (up to 60 h). The phytoplankton ARMs were performed using a

3 pm diameter prasinophyte, Pycnococcus provasolii, grown with

1N-NO3 as nitrogen source, heat killed, stored frozen in 1 0% DMSO

and added at a final concentration of 2x1 0 cells mi-1.



Simulation Models

After an initial analysis of the experiments, it was clear that

changes in the abundance of bacteria and protists during the

experiments probably violated the assumption that grazing rates

were constant throughout the experiment. Therefore I developed

models using the software Stella© to simulate the time course of

the released ammonium. The main assumption that the regeneration

efficiency was constant throughout the experiments was kept in the

models, and the abundance of protists and bacteria were included as

time series.

Model I Clearance Rates are constant.

This model (Figure 6) assumes that protistan cell-specific

clearance rate are constant throughout the experiment, and

therefore ingestion rates are dependent on the protist and bacterial

abundance during the course of an experiment. The equations

produced by StelIa© were (assuming that 41 06 bacteria were added):

a) Bacteria 15N

Bacteria 15N(t) = Bacteria 15N(t dt) Grazing dt

Initial Bacteria 15N(t) = 3.1 2 pM

OUTFLOWS:

Grazing = Bacteria 15N . Grazing Rate

b) Dissolved 15N

Dissolved 15N(t) = Dissolved 15N(t -dt) + Excretion dt

Initial Dissolved 15N(t) = 0.00 pM
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INFLOWS:

Excretion = Efficiency Grazing

c) Protist 1N

Protist '5N(t) = Protist 15N(t-dt)+(Grazing -Excretion) dt
Initial Protist 15N(t) = 0.00 pM

INFLOWS:

Grazing = Bacterial 15N Grazing Rate

OUTFLOWS:

Excretion = Efficiency Grazing

d) Input variables:

Clearance Rate =
Efficiency =

Protist Numbers = observed time series
Grazing Rate = Protist Numbers Clearance Rate

The same equations were used in a FORTRAN routine that

simulated the time course of the excreted ammonium, compared the

output of the model with the observed time series and calculated the

residual mean of squares (RMS) between the model and the data for

different values of clearance rates and ammonium regeneration

efficiencies.

Model II Ingestion rates are constant

This model (Figure 7) assumes that protists modulate cell

specific clearance rates as bacterial abundance varies, so as to keep

their ingestion rates constant. This implies that protists change
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Figure 6. Schematic diagram of StelIa© Model I.
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their feeding behavior in order to adapt themselves to conditions of

limiting food concentrations. The equations produced by StelIa©

were (assuming that 5x1 O bacteria were added):

a) Bacteria 1N

Bacteria 15N(t) = Bacteria 15N(t dt) Grazing. dt

Initial Bacteria 15N(t) = 0.40 pM
OUTFLOWS:

Grazing = Bacteria 15N Grazing Rate

b) Dissolved 15N

Dissolved 15N(t) = Dissolved 15N(t-dt)+Excretion dt
Initial Dissolved 15N(t) = 0.00 pM
INFLOWS:

Excretion = Efficiency Grazing

c) Protist 15N

Protist 15N(t) = Protist 15N(t-dt)+(Grazing -Excretion) dt
Initial Protist 15N(t) = 0.00 pM
INFLOWS:

Grazing = Bacterial 15N Grazing Rate

OUTFLOWS:

Excretion = Efficiency Grazing

d) Input Variables:

Clearance Rate = Ingestion Rate! Bacterial Numbers

Efficiency =

Ingestion Rate=

Protist Numbers = observed time series

Bacteria Numbers = observed time series
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Grazing Rate = Protist Numbers Clearance Rate

Again the equations were used to write a FORTRAN routine that

simulated the time course of the excreted ammonium, compared the

output of the model with the observed time series and calculated the

RMS between the model and the data for different values of

ingestion rates and ammonium regeneration efficiencies.
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RESULTS

Freezing and storage of the indophenol-blue complex:

The 1 5N enrichments of the extracted indophenol are shown in

Table 2 and the results of the one-way analysis of variance in Table

3. The results of the ANOVA showed no significant difference of 15N

enrichments among sub-samples extracted after 24h and those

stored for at least two weeks. I concluded that freezing and

subsequent storage of the indophenol blue complex for at least two

weeks does not affect the measurement of 15N-ammonium extracted

using the solid phase extraction protocol.

Culture study.

The data obtained in this experiment are presented in Table 4.

The initial numbers of flagellates was about 1 O m1' and dropped 1 0

fold just after the experiment setup to about 1 0 mM. This led to an

unexpected growth of the flagellates during the course of the

experiment (Figure 8). The most likely explanation was that the

added unlabeled ammonium chloride had a negative effect on the

flagellates. Since almost all the bacteria in the carboys were heat

killed, bacterial numbers steadily decreased (Figure 9).

The nonlinear regression of the data (Table 5 and 6), produced

curves (Figures 1 0 and 11) that were nearly straight lines. They

overestimated Dmax (as Re is> 1) and also underestimated g , thus

predicting values of flagellate clearance and ingestion rates lower

than those previously reported (Capriulo 1 990). Since the time
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Table 2. 15N enrichment of 1 2 replicate samples of indophenol
blue developed from ammonium for 24 h. Initial triplicates were
extracted just after development of the indophenol. The remaining
triplicates were extracted after freezing and storage for 24 h, 7
days and 14 days.

Storage time

inital 24 h 7 days 14 days

a 3.367 3.818 3.785 3.758
b 3.841 3.870 3.809 3.81 2
c 3.830 3.709 3.729 3.773

average 3.679 3.799 3.774 3.781



Table 3. Freezing and storage test : Analysis of variance for the 15N enrichment
of indophenol after different storage times.

One-Way Analysis of Variance
Data: Freezing test: 1N..enrichment

Level codes: Freezing test: time

Labels:

Means plot: Scheffe Confidence level: 95 Range test: Scheffe

Analysis of Variance
Source of variation Sum of Squares df Mean square F-ratio Sig. level
Between groups 0.026 3 0.009 0.42 1 0.743 3
Within groups 0.1 65 8 0.021
Total (corrected) 0.1 91 11

Table of Means for 15N enrichment by time
Stnd. Error Stnd. Error 95 Percent Scheffe

Level Count Average (internal) (pooled s) intervals for mean
0 3 3.679 0.156 0.083 3.475 3.884
1 3 3.799 0.047 0.083 3.594 4.004
7 3 3.774 0.024 0.083 3.570 3.979
14 3 3.781 0.016 0.083 3.576 3.986

Total 12 3.758 0.041 0.041 3.656 3.861
(A)



Table 4. Culture Study: General data.

CULTURE STUDY - DATA

TIME NH4 -A 15NH4 BACT-A STD-A FLA-A STD-A

h pmoi/I jima!!! nb/mi nb/mi nb/mi nb/mi

0 14.6 0.006 8.30E+06 1.20E+06 898 693

7 10.1 0.037 7.39E+06 8.66E05 653 347

11 12.8 0.082 7.01 E+06 3.08E+05 1225 462

1 5 1 4.7 0.1 39 6.77E06 8.66E+05 11 84 1 73

23 14.6 0.263 5.13E+06 4.33E+05 3226 751

35 15.8 0.582 1.90E06 6.61E+04 13518 2946

48 17 0.739 1.17E+06 3.30E+05 6330 866

TIME NH4 -B 15NH4 BACT-B STD-B FLA-B STD-B

h pmoi/I pmol/I nb/rn! nb/mi nb/mi nb/mi

0 13.8 0.009 6.21E+06 1.47E+06 1184 404

7 13 0.122 5.12E+06 1.39E+06 1389 924

11 11.5 0.162 4.81E06 1.1OE+06 3961 1213

15 14.4 0.276 3.66E+06 3.45E+05 7024 1617

23 15.3 0.499 1.79E06 3.23E+05 6044 4274

35 15.6 0.833 8.56E+05 1.39E+05 7841 1155

48 15.6 0.895 7.42E+05 2.57E+05 2246 173

TIME NH4 -c 15NH4 BACT-C STD-C FLA-C STD-C

h pmoi/I pmoi/i nb/mi nb/mi nb/mi nb/mi
0 1 5.6 0.008 6.08E+06 2.02E+06 0 0

48 16.3 0.081 8.11E+06 1.31E+06 0 0
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Table 5. Culture Study : Results of the nonlinear regression fit to the time
course of excreted 15NH4 (bottle-a).

Nonlinear Regression
Dep. variable: Culture Study 15NH4 + A bottle

Parameter vector: 0.80 0.04

Function: Amax (1 - (EXP - (g time)))

Maximum iterations: 1 00
Maximum function calls: 400
Stopping cond. on res. ss: 1 O
Stopping cond. on estimates: 1 0

Initial Marquardt parameter: 0.01
Initial scaling factor: 20
Max. value of Marquardt parm.: 1 20

Model Fitting Results
estimate stnd. error ratio

Amax 4.988 19.680 0.253
0.003 0.013 0.237

Total iterations = 83 Total function evaluations = 332

Analysis of Variance for the Full Regression
source sum of squares df mean square ratio
Model 0.948 2 0.474 70.567
Error 0.034 5 0.007

Total
Total (corr.)

R-squared = 0.932

0.983 7

0.494 6



Table 6. Culture Study: Results of the nonlinear regression fit to the time
course of excreted 15NH4 (bottle-b).

Nonlinear Regression
Dep. variable: Culture Study 15NH4 + B bottle

Parametervector: 1.20 0.04

Function: Amax (1 -(EXP -(g time)))

Maximum iterations: 1 00
Maximum function calls: 400
Stopping cond. on res. ss: 1 0-
Stopping cond. on estimates: 1 O-

Initial Marquardt parameter: 0.01
Initial scaling factor: 20
Max. value of Marquardt parm.: 1 20

Model Fitting Results
estimate stnd.,error ratio

Amax 2.147 1.518 1.415

0.011 0.102 1.132

Total iterations = 29 Total function evaluations = 116

Analysis of Variance for the Full Regression
source sum of squares df mean square ratio
Model 1.830 2 0.915 153.39

Error 0.030 5 0.006
Total 1.860 7

Total (corr.) 0.744 6

R-squared = 0.960
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course of labeled ammonium did not fit Equation 11 (page 11), I

decided not to analyze the particulate samples for 1 5N content

The effect of the variation of the protists and bacterial

numbers was tested with Model I, which assumes that CR was

constant throughout the experiment. Since there were no data for the

initial enrichment of the particulate, the initial amount of label in

the bacteria included in the model was estimated using the ratio of

added bacteria : particulate nitrogen for the one trophic step study.

The model produced a curve which closely fit the data for both

replicates (Figure 1 2 and 1 3). A sensitivity analysis was performed

using Stella© to obtain first estimates of the parameters Re and CR

(Figure 1 4 and 1 5). Model II, which assumed constant IR, was also

tested, but the generated curve showed a worse fit (Figure 1 6 and

1 7).

The output of the FORTRAN routine was a table of the RMS

calculated under different clearance rates and ammonium

regeneration efficiencies. The parameters that produce the least

RMS are highlighted in Tables 14 and 1 5 (Appendix II). The pair of

clearance rate and efficiency that produce the lowest RMS for both

bottles was 8 nl.flagellateh1 and 0.30; the resulting curves are

shown in Figures 1 8 and 1 9.

The clearance rate obtained by Model I was consistent with

rates previously published in the literature (Capriulo 1 990). The

assumption that the clearance rate was constant is logical, since

the amount of bacteria available to the flagellates was high

throughout most of the experiment. This was mainly due to the high

mortality of the flagellates during the experiment setup. Thus the
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flagellates may have had a constant clearance rate, and therefore

the time course of excreted ammonium would have reflected a

combined effect of the increase of protist numbers and the decrease

of bacteria numbers. Under those conditions ammonium excretion

rates increased initially as the numbers of flagellates increased,

and then decreased as the number of bacteria decreased.

Finally, problems caused by reabsorption of excreted

ammonium were probably small since most of the bacteria were heat

killed. It is also unlikely that discrimination by the flagellates

between labeled and unlabeled bacteria would have occurred.

Flagellate enrichment study.

The data obtained in this study are shown in Table 7. The

numbers of flagellates and bacteria throughout the experiment were

relatively constant (Figures 20 and 21), and therefore one would

expect that the assumption of constant grazing rates was correct.

The parameters Dmax and g resulting from the nonlinear

regression of the time course of labeled ammonium to equation 11

(Table 8 and 9) produced curves (Figures 22 and 23) that fit the data

with high correlation coefficients using a low number of iterations

(Tables 8 and 9). Both replicates showed similar results.

Values of Dmax and g from the nonlinear regression of the time

course of the total excreted label, estimated from the disappearance

from the particulate label, to equation 11 (Tables 1 0 and 11) also fit

the data but with lower correlation coefficients (Figure 24 and 25)
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Table 7. Flagellate Enrichment Study: General data.

Flagellate Enrichment Study - DATA

TIME NH4 -A 15NH4 ' N-PN EXC1 N BACT-A STD-A FLA-A

h 1timol/I pmol/I pmol/I pmol/i nb/mi nb/mi nb/mi
1 11.8 0.012 0.441 0.000 1.22E+06 3.83E05 5214

6 13.1 0.022 0.424 0.016 1.18E+06 3.18E+05

9 10.0 0.024 0.401 0.039 1.16E+06 2.59E+05 5695

12 12.9 0.044 0.389 0.051 1.05E+06 3.1OE+05

24 14.5 0.070 0.356 0.085 8.46E+05 2.22E+05 7139

36 14.4 0.098 0.355 0.085 1.07E+06 2.52E+05

48 14.2 0.095 9.76E05 2.50E+05 4171

TIME NH4-B 1 5NH4 s N-PN EKC N BACT-B STD-B FLA-B

h pmol/i pmoi/I pmoi/i pmoi/i nb/mi nb/mi nb/mi
1 10.9 0.008 0.397 0.000 1.18E+06 2.93E05 6016

6 14.4 0.027 0.337 0.060 9.91E05 1.98E+05

9 9.2 0.023 0.360 0.037 1.11E06 3.14E05 5775

12 13.3 0.042 0.324 0.072 1.08E+06 2.46E+05

24 14.6 0.071 0.334 0.063 8.82E05 2.77E+05 7700
36 15.4 0.121 0.283 0.114 9.91E+05 1.61E05
48 14.8 0.098 1.04E06 2.81E05 3449

TIME NH4-B '3NH4 BACT-C STD-C FLA-C

h pmoi/I pmoi/I nb/mi nb/mi nb/mi
1 13.0 0.013 1.22E+06 3.20E05 0

48 14.8 0.021 3.07E+06 7.67E+05 0
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Table 8. Flagellate enrichment study : Results of the nonlinear regression fit to
the time course of excreted 15NH4 (bottle-a).

Nonlinear Regression
Dep. variable: Flagellates Study 15NH4 A bottle

Parameter vector: 0.12 0.03

Function: Amax (1 (EXP (g time)))

Maximum iterations: 25
Maximum function calls: 200
Stopping cond. on res. ss: 1 0-
Stopping cond. on estimates: 1 0-

Amax

Initial Marquardt parameter: 0.01
Initial scaling factor: 20
Max. value of Marquardt parm.: 1 20

Model Fitting Results
estimate stnd.error ratio

0.125 0.022
0.034 0.011 3.230

Total iterations = 3 Total function evaluations = 10

Analysis of Variance for the Full Regression
source sum of squares df mean square ratio
Model 0.026 2 0.013 235.26
Error [1111111] 5 0.000

Total 0.027 7
Total (corr.) 0.007 6

fl-squared = 0.963



Table 09. Flagellate enrichment study : Results of the nonlinear regression fit to
the time course of excreted 15NH4 (bottle-b).

Nonlinear Regression
Dep. variable: Flagellates Study 15NH4 + - B bottle

Parameter vector: 0.12 0.03

Function: Amax (1 - (EXP (g time)))

Maximum iterations: 25
Maximum function calls: 200
Stopping cond. on res. ss: 1 0
Stopping cond. on estimates: 1 0

Amax

Initial Marquardt parameter: 0.01
Initial scaling factor: 20
Max. value of Marquardt parm.: 1 20

Model Fitting Results
estimate stnd.error ratio

0.145 0.046 3.091
0.031 0.017 1.790

Total iterations = 4 Total function evaluations = 13

Analysis of Variance for the Full Regression
source sum of squares df mean square ratio
Model 0.031 2 0.016 83.455
Error 0.001 5 0.000

Total 0.027 7
Total (corr.) 0.007 6

c-nR-sguared = 0.911
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Figure 22. Flagellates study: Time course of 15NH4, and nonlinear regression fit using the
parameters Amax and g from table 1 0 (bottle a).
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and less agreement between replicates. I did not have the last (48 h)

value of particulate nitrogen enrichment, since I used Gelman

METRICEL® membranes, which contain nitrogen and so yielded too

high a background in the isotopic analysis.

The regeneration efficiencies calculated using equation (6)

were low (average 0.30). A likely explanation is that there was only

one trophic step (bacterivores-bacteria) present. Low regeneration

efficiencies also mean that the protists had about 70 % growth

efficiency for nitrogen, value that is in the higher end of the range

of previously reported values (Caron and Goldman 1 990). Grazing

rates and calculated clearance rates and ingestion rates are also in

the range of values previously reported (Table 1 2).

Charleston Study.

The data obtained in this experiment are presented in Table 1 3.

The initial numbers of flagellates were about 1 .51 0 mi-1 in the

whole water sample and approximately a third of that in the 5 pm

prescreened sample. The flagellated bacterivores grew in both

samples to a maximum concentration of about 2.5 1 0 mi-i (Figure

26). This growth was earlier in the whole water sample than in the

prescreened sample. Also the bacterial numbers decreased with time

in the whole water sample, and to a lesser extent in the prescreened

water after an initial increase. (Figure 27).

Growth of flagellates and decrease in bacterial abundance

resulted in a variation in the grazing rate during the course of the

experiment. Thus, one would not expect the curve to fit equation



Table 1 0. Flagellate enrichment study: Results of the nonlinear regression
the time course of 15N disappearance from particulate (bottle-a)

Nonlinear Regression
Dep. variable: Flagellates Study - Excreted 15N A bottle

Parameter vector: 0.1 2 0.03

Function: Amax (1 (EXP (g time)))

Maximum iterations: 25
Maximum function calls: 200
Stopping cond. on res. ss: 1 0"
Stopping cond. on estimates: 1 O-

Amax

Initial Marquardt parameter: 0.01
Initial scaling factor: 20
Max. value of Marquardt parm.: 1

Model Fitting Results
estimate stnd.error ratio

0.111 0.023
0.048 0.018 2.679

Total iterations = 4 Total function evaluations = 13

Analysis of Variance for the Full Regression
source sum of squares df mean square ratio
Model 0.019 2 0.009 132.75
Error 'Isis',] 4 0.000

Total 0.019 6

Total (corr.) 0.006 5

C.)

R-sguared = 0.954



Table 11. Flagellate enrichment study: Results of the nonlinear regression fit to
the time course of 15N disappearance from particulate (bottle-b).

Nonlinear Regression
Dep. variable: Flagellates Study Excreted 15N B bottle

Parameter vector: 0.1 2 0.03

Function: Amax . (1 (EXP (g time)))

Maximum iterations: 25
Maximum function calls: 200
Stopping cond. on res. ss: 1 0-
Stopping cond. on estimates: 1 O

Amax

Initial Marquardt parameter: 0.01
Initial scaling factor: 20
Max. value of Marquardt parm.: 1 20

Model Fitting Results
estimate stnd.,error ratio

0.107 0.031

0.071 0.045 1.572

Total iterations = 4 Total function evaluations = 13

Analysis of Variance for the Full Regression
source sum of squares df mean square ratio
Model 0.026 2 0.012 29.875
Error 0.002

Total 0.027 6
Total (corr.) 0.007 5

R-squared = 0.762

1111S11]
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Table 1 2. Summary of some values of IR, CR and g from studies employing different techniques.

METHOD Type of Prey Bacterivore Clearance
Rate
(nil

bactvh)

Ingestion
Rate

(bacterial
bactvh)

Grazing
rate
(h')

REFERENCES

Particle uptake:
fluorescent bacterial analogs fluorescent pigmented Natural nanopl. assemblage 0.62-2.30 1.8-25 0.00045- McManus & Fuhrman 1986.

particles 0.2-lpni Chesapeake Bay plume 0.0054

carboylated fluorescent Flagellates species 0.1-20 2-53 Sanders et al 1989.
microspheres (0.57pm) from Lake Oglethorphe (GA)

Monodispersed latex beads Flagellates assemblege from 0.4-7.0 Nyygard et al.1 988
(0.57 pm) Masfjorden, So. Norway

fluorescently labeled bacteria (FLB). Estuar. Bacteriopl. 0.08 pm3 Flagelates from a salt marsh0.32-2.58 Gonzalez et at. 1990,
E. Coil, E. faecalis .-0.68pm3 tidal creek. 1.23-5.01

Reservoir bacteria Nanoflagellates from Rimov 2.0-17.4 4-44 Simek & Straskrabova 1992
Reservoir (Chzekoslovakia)

Particle uptake: 3H labeled natural bacteria Helicostomella subullata (cii.) 41 Hollibaugh et al. 1980,
radiolabeled prey, dual-label
approach,3H for bacteria, 14C for 4C labeled natural bacteria Cultured flagellates 14-1 56 36-156 Nygaard & Hessen 1990
phytoplankton. Nat.water from Oslo fjord 130-188 130-188

3H labeled natural bacteria
Dinoflagellates 500-5200 Lessard & Swift 1985.
Tintinids 1300-11100
Alloricate dIlates 700-7600

Disappearance of labeled particles: 3H labeled natural bacteria NA 0.005-0.02 1 Servais et al. 1985,
radiolabeled natural bacterioplankton or
E. coil minicells. E coli minicells Baltic eutrophic bag- 32-61 238-454 Wikner et at. 1986,

experiment

Baltic Proper water 255-614 997-2199
Mediterranean Seawater 86 82

Size fractionation to segregate bacteria Surface water from the Gulf Flagellates 0.8-6.1 2.6-21.7 Kuupo-Leinikki & Kuosal 990
from bactivores. of Finland

Central Northern Atlantic Heterotrophic nanoflagellates 3-30 9-36 Weisse & Scheffel Moser
1991.



Table 1 2. Continued

METHOD Type of Prey Bacterivore Clearance
Rate
(nil

bactvh)

Ingestion
Rate

(bacterial
bactvh)

Grazing
rate
(h1)

REFERENCES

Selective metabolic inhibitors to Natural Georgia coastal water Heterotrophic nanoplankton 2-10 20-80 Sherr et al. 1986
minimize bacterial growth or protistan from same assemblege
grazing.

Gulf of Aden (Red Sea) water Heterotrophic nanoflagellates 39-94 21-58 Weisse 1 989.
from same water

Range of dilution of whole water to Lake Anna (VA) water Phagotrophic Protists 20 37.2 0.109-0.009 Tremaine & MIlls 1987
proportionally decrease bacterivory
rates. Lake Constance (So. Heterotrophic nanoflagellates 0.2-122.8 10-100 Weisse 1990,

Germany) waters

Product release assays (PRAs) 15N Labeled Bacterial Isolate Cafeteria sp Culture 8 60-70 0.005-0.108 This thesis.
Ammonium release method (ARM): from Oregon Coastal waters
Release of 15NH4 from disgested 15N- 10pm Prescreened Natural 4.75-8.90 4-9 0.03 10.034
pre-Iabeled bacteria. Asseblage from Coos Bay

(OR) Calculated from labeled
ammonium appearance

Same as above but 0.045-0.072
calculated from labeled 7.85-20.85 5-22
particulate disappearance

0.003-0.017
Unscreened Water from Coos
Bay (OR) 2.19-1 0.4 8

0.001-0.011
5 pm Prescreened water
from Coos bay (OR) 2.29-4.44 8



Table 1 3. Charleston Natural Community: General data

Charleston Natural Community - Data
TIME NH4 -W 15NH4 -w BACT-A STD-A FLA-A

h pmol/l pmol/l nb/mi nb/mi nb/mi
1 13.6 0.01062 1.22E+06 3.83E+05 5214
4 12.9 0.01 291 1.18E+06 3.18E05
7 14.1 0.01597 1.16E06 2.59E05 5695

12 15.1 0.02439 1.05E+06 3.1OE+05
24 14.7 0.04553 8.46E+05 2.22E+05 7139
35 14.8 0.08863 1.07E06 2.52E+05
48 16.8 0.15076

TiME NH4 <5pm 15NH4 <5pm BACT-B STD-B FLA-B
h pmol/I pmoi/I nb/mi nb/mi nb/mi
1 12.7 0.01066 1.18E+06 2.93E+05 6016
4 12.2 0.00887 9.91E+05 1.98E+05
7 14.7 0.01036 1.11E+06 3.14E+05 5775

12 14.7 0.01241 1.08E+06 2.46E+05
24 13.8 0.01417 8.82E+05 2.77E05 7700
35 12.9 0.01849 9.91E+05 1.61E+05
48 15.5 0.05 378

TIME NH4 -c 15NH4 -c BACT-C STD-C FLA-C
0 14.2 0.01487 1.22E+06 3.20E05 0

48 13.2 0.00762 3.07E+06 7.67E05 0
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(11). This is evident as the time courses of labeled ammonium do not

resemble curves resulting from equation (11). I did not try the

nonlinear regression for this data. Also, since the time course of

dissolved ammonium did not fit equation 11, I did not send the

particulate samples for isotopic analysis.

The effects of the variation on the protists and bacteria

numbers was tested with Model I, which assumes that CR was

constant throughout the experiment. The initial amount of label in

the bacteria that was put into the model was calculated using the

ratio between added bacteria : initial particulate nitrogen

enrichment for the one trophic step study.

The output of the model showed a curve shape that

approximately fit the data for both replicates (Figure 28 and 29) but

that overestimated the ammonium excretion for the whole water and

for the prescreened samples. A sensitivity analysis was performed

using Stella to obtain first estimates of the parameters CR and Re

(data not shown). The best fits obtained are shown in Figures 30 and

31.

When I tested Model II, which assumed a constant IR, the fit

was better (Figure 32 and 33). A FORTRAN version of Model II was

deve'oped to find the IR and Re that produced the best fit. The output

of the FORTRAN routine was a table of the RMS calculated under

different ingestion rates and ammonium regeneration efficiencies.

The parameters that produced the least RMS are highlighted in

Tables 1 6 and 1 7 (Appendix II). The pairs of clearance rates

efficiency rate that produced the lowest RMS were 8

bacteriaflagellate1 -h1 and 0.90 for the whole water sample and
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were 8 bacteriaflagellate-1 h1 and 0.60 for the prescreened sample.

The curves produced using the parameters are shown in Figures 34

and 35.

The ingestion rate obtained by Model I was consistent with

rates previously published in the literature (Table 1 4). The constant

ingestion rates can be explained by changes in the feeding behavior

of the bacterivores under conditions of limiting food concentration

to keep food intake constant . Increases of clearance rates under

food limiting conditions have been previously reported (Sherr et at

1983), although Fenchel (Fenchel 1980,1982, 1989) considered

clearance rates to be inherent properties of bacterivores which are

independent of food concentration.

Another possible explanation for the variation of the clearance

rates of labeled bacteria is discrimination against the heat-killed

labeled bacteria. The protists could increase the clearance rate of

the labeled bacteria as the number of unlabeled bacteria decreased

with time. This could not tested by Model II, but the apparent effect

would be the same.

As expected, the regeneration efficiencies that produced the

best fit were higher for the whole water sample (the best fit was at

a Re of 0.90) when compared with the 5 pm prescreened water

sample (the best fit was a with a Re of 0.60). The ingestion rates

that produced the best fit were the same for both treatments (8

bactflagellate1 .h-1). This strongly suggests that there was at least

one additional trophic step in the whole water, one that consumed

the bacterivores and increased the total community nitrogen

regeneration. This observation agrees with the hypothesis of



Goldman and Caron (1 990), that more than one trophic step should be

required to produce sufficient regenerated nitrogen to sustain the

requirements of the phytoplankton and bacterial communities.

Other studies

In the experiments conducted in oligotrophic waters, the 1 5N

ammonium enrichments of bacterivory ARMs studies were close to

the natural abundance and the difference between different time

point enrichments close to the limit of the precision of the mass

spectrometer (0.367±0.0 1 %). In the experiments conducted at the

central equatorial Pacific ocean during the NOAA EPOCS 1 992 spring

cruise and also in Oregon nearshore and offshore waters the labeled

nitrogen excreted after 48-60h of grazing on 21 0 bacteriaml1 was

diluted with the unlabeled carrier N, producing an excess final

enrichment of in the 1 0-2 % range. This fact precluded the

calculation of grazing rates and ammonium regeneration

efficiencies. Even when there was an increase on 1 5NH4 with time,

replicate experiments did not agree.

The phytoplankton grazing ARMs showed problems during the

formation of indophenol blue from ammonium. Since the same

problem did not occur during the bacterivory assays, it is possible

that the 1 0% DMSO solution used to freeze the phytoplankton cells

interfered with the reaction of indophenol formation.



DISCUSSION

In this study I attempted to test the product release assay

approach using ammonium as the excretory product. Results of three

experiments showed that it is possible to use the ARM to estimate

bacterivory rates and ammonium regeneration efficiencies. However,

the ammonium isotopic enrichments of several assays conducted in

oligotrophic waters were too low estimate grazing rates or

regeneration efficiencies. This discourages the use of the ARM assay

protocol described in this thesis in oligotrophic systems.

In the culture study, the unexpected disappearance of the

flagellates and the decrease in total bacteria numbers complicated

the calculations. The disappearance of flagellates was possibly

caused by a negative effect of NH4 added to restrict recycling of

labeled ammonium. In future experiments less NH4 should be added.

Also, addition of non-labeled bacteria throughout the course of the

experiment could be a way to maintain g constant.

The flagellates enrichment experiment provided the best

support for the use of ARM assays in cultures and eutrophic

conditions. The numbers of bacteria and flagellates were steady and

this contributed to the good fit of the data with the simple equation.

Counting bacteria and bacterivores during ARM assays is therefore

strongly recommended

The Charleston community experiment showed that in certain

circumstances it is possible to use the method in natural waters.

Main problems observed in these experiment were variations in the

community due to treatment and confinement of the samples. Again,
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a way to compensate these variations is monitoring changes in

organisms' abundance.

The rationale for testing the ARM in oligotrophic systems was

the expectation that it would perform better than currently used

methods. Methods estimating uptake of fluorescently labeled analogs

are limited by low standings stocks of bacteria and bacterivores

(Gonzalez et al. 1 993). Alternative methods estimate bacterivory

rates from bacterial growth rates under reduced bacterivory

pressure. This reduction can be accomplished by: a) Physically

separating bacteria from bacterivores via size fractionation; b)

Selectively inhibiting the bacterivores using specific metabolic

inhibitors, and c) The dilution of protists and bacteria as a way to

decrease their encounter rates. These methods can underestimate

bacterivory rates since a decrease in nutrient excretion by

bacterivores may limit bacterial growth rates. This is especially

true for oligotrophic regions that have characteristically low

nutrient concentrations and tight nutrient feedback between

bacterivores and bacteria.

The requirement of a minimum sample size (1 0-20 pg-N) for

the mass spectrometer was the main reason ARM assays did not

work in oligotrophic regions. As previously explained, labeled prey

had to be added in trace concentrations to avoid zero order grazing

kinetics and stimulation of the protists. However, the excreted

ammonium had a final 1 5NH4 isotopic enrichment that was near the

precision limit of mass spectrometers. In a theoretical simulation, I

calculated how much 1NH4 would be excreted by protists feeding

for 1 2 h on 21 0 labeled bacteria per ml with g=0.01 h-i and ReO.30.



The simulation shows that 1 5NH4-'- released in 250 ml would

accurately measure increases in OI 5N . After a dilution with one

pmol (1 5pg) of non-labeled nitrogen, ô15N would still be at least an

order of magnitude higher than the precision limit of a mass

spectrometer. The fact that I did not have sufficient enrichment in

my oligotrophic water samples suggests that: a) Grazing on labeled

bacteria may have been lower than 0.01 h-1. One order of magnitude

lower g would produce a final 1N enrichment close to the precision

limit of the mass spectrometer. Low grazing rates could have been

an artifact of protistan discrimination against labeled cells. b)

Regeneration efficiency could be lower than 0.3. However, 0.3 is in

the lower limit of Re'S reported in the literature (Caron &

Goldman,1 990).

There are some possible ways to improve the sensitivity of

ARM assays for oligotrophic regions in future work. The use of larger

incubation bottles (1 0-20 I) would allow the extraction of more

ammonium, and decrease the carrier addition required. Emission

spectrometry requires smaller sample sizes and has an analytical

precision comparable to mass spectrometry for atom enrichments

greater than 1 %. Therefore, if an enriched carrier is used, emission

spectrometry could be substituted for mass spectrometry. Finally,

the use of live labeled bacteria may also improve the sensitivity of

the method, but complicates the use of the assay ate sea.

The use of ammonium as excretory product has the advantage

that a non-radioactive isotope can be used avoiding the problems

associated with the use of radioactive isotopes. The extraction of

ammonium for isotopic analysis on the other hand is tedious and



time consuming. This limits the number of samples that can be taken

and the application of the method on board. Freezing the samples for

later analysis on shore is a solution to this problem.

The manipulation of water samples, and resulting impacts on

the community bacterivory may affect the results of PRA's. In the

ARM assays, sample manipulation was restricted to the addition of

pre-labeled prey and non-labeled ammonium and incubation in dark

bottles. However, the incubation times were long (minimum of 48

h ) and the community changed during the experiments. This was

evident in the culture and Charleston studies. The use of a more

sensitive tracer method would allow shorter incubation times since

less labeled prey would have to be added. Tritium is a possible

isotope, but its use is complicated by the fact that 3H is released by

several metabolic pathways as a proton or as H2O. This happens

especially because it is difficult to label a specific macromolecule

class in the prey. Since such metabolic pathways are not necessarily

related to feeding or digestion of prey, estimates of grazing rates

from released tritium are dubious. 14C has the disadvantage of being

release as CO2 which can be lost from the solution. 32 is in my

opinion the best alternative tracer since its high specific activity

improves the sensitivity of a PRA. It also allows the measurement

of the isotope released to the dissolved phase, avoiding the

extraction step of the ARM. However since it has a shorter half life,

its use is limited at sea.

The assumptions made for the use of the simple negative

exponential model to calculate g and Re are that both parameters are

constant throughout the assay. If one of the parameters is not



constant, it is possible to estimate it using a PRA approach provided

that the other parameter is estimated independently. Goldman et al.

(1985, 1987) followed a time course of regeneration efficiencies of

the nanoflagellate Paraphysomonas imperforata and reported that

the Re of the flagellate feeding on diatoms and bacteria was not

constant over the growth cycle. Their approach was to measure the

ratio between the increase on dissolved ammonium and urea and the

decrease on the prey numbers with time in batch cultures. Since the

experiments were conducted in the dark, they assumed that the

phytoplankton growth and uptake of ammonium and urea were small.

In the case of phytoplankton this may have been true, although in the

second paper they reported high rates of dark uptake ammonium by

phytoplankton. The use of the same technique to measure

regeneration efficiencies of bacterivores is further complicated

since bacteria can grow and take up ammonium and urea in the dark.

Since there is not a good method to estimate regeneration

efficiencies of bacterivores and since the ARM assay was designed

for steady state conditions, I considered the assumption of constant

regeneration efficiency valid for my experiments. However, future

work with PRA's should include tests of this assumption.

The violation of the assumption of constant grazing rates is

more amenable to testing. The abundance of both protists and

bacteria can be monitored during an experiment. Also, the use of

mathematical models in which variations on organisms abundance

are included can help to explain PRA results. Such models are

especially useful when the simple exponential negative function

does not fit the data. The evaluation of PRAs as methods for the



measurement of protistan herbivory rates remains as a subject for

future work. The ARM assays for protistan herbivory performed in

the Equatorial Pacific did not work since I could not extract the

ammonium for isotope analysis. As previously discussed, the 1 0%

DMSO solution in which I froze the phytoplankton prey to avoid cell

lysis probably interfered in the indophenol formation. In the future,

an alternate technique (i.e., ammonium diffusion) to the solid phase

extraction may be used for the recovery of ammonium. The use of 32p

labeled phytoplankton is also an alternative for future tries of PRA's

as a herbivory assay.

The recycling of labeled ammonium may have been a problem in

the experiments. Total ammonium concentrations decreased in some

experiments, but ammonium was never completely depleted. Values

of 15NH4 often decreased between 36 and 48 h strongly suggesting

that there was recycling of the labeled ammonium. Since I did not

know the value of ammonium turnover I could not quantify the

amount of ammonium taken up. A simulation was done to test the

effect of ammonium uptake by the bacteria, using the following

hypothetical microbial population: 1 06 bacteria that divided once a

day, using ammonium for 50% of their nitrogen requirement and

which were consumed by protists grazing at 0.01 h-1 with a Re of

0.3. In the simulated ARM 21 0 labeled bacteria and 5 pM were

added at the initial time. The results of the simulation show that

after 48 hours, Dmax would be 0.0288 instead of 0.0480 pM, and so Re

would be underestimated as 0.1 8 when compared to the assumed

0.30. In other hand g would be overestimated as 0.01 7 h1 instead of

the assumed value of 0.01 h1.



[III

Selective discrimination against the heat-killed labeled

bacteria may also have been a problem. Gonzalez et al. (1 994) have

shown that the feeding rate of phagotrophic protists is affected by

size, motility and metabolic activity of prey. It is possible that

some discrimination against heat killed bacteria occurred in my

experiments. Discriminatory feeding was probably unimportant in

the culture experiment since the protists were grown on heat killed

bacteria, but it may have been important in the other experiments.

As commented in the results, the increased clearance rate with time

in the Charleston community experiment can be used as an example:

Bacterivores could have selected for natural bacteria in the first

hours of the assay, and started ingesting more labeled bacteria as

natural bacteria became rare.

In summary, the results presented in this thesis showed that

the ARM is a promising method for eutrophic systems and cells in

culture. I also pointed to some problems and to possible solutions

for future studies applying the PRA approach.



BIBLIOGRAPHY

Azam, F.,T, Fenchel, J.G. Field, F.S. Gray, L.A. Meyer-ReiI & F.
Thingstad, 1983. The ecological role of water-column microbes in
the sea. Mar. Ecol. Progr. Ser. 10:257-263.

Bergh, 0., K.Y. Børsheim & M. HeIdal, 1 989. High abundances of viruses
found in aquatic environments. Nature (London). 340:467-468.

Børsheim, K.Y. 1 984. Clearance rates of bacterial-sized particles by
freshwater ciliates, measured with monodispersed fluorescent
latex beads. Qecologia (Berlin) 63:286-288.

Capriulo, G.M., 1 990. Feeding related ecology of marine protozoa. In
Capriulo, G.M. (ed.) Ecology of marine protozoa. Oxford, NY, pp.
283-306.

Caron, D.A. & J.C. Goldman., 1 988. Dynamics of protistan carbon and
nutrient cycling. J. Protozool. 35:247-249.

Caron, D. A. & J.C. Goldman., 1 990. Protozoan nutrient regeneration.
In Capriulo, G.M. (ed.) Ecology of marine protozoa. Oxford, NY, pp.
283-306.

Caron, D.A., J.C. Goldman & T. Fenchel, 1 990 Protozoan respiration
and metabolism. In Capriulo, G.M. (ed.) Ecology of marine protozoa.
Oxford, NY, pp. 307-322.

Cole, J.J., S. Findlay & M.L. Pace, 1988. Bacterial production in fresh
and saltwater ecosystems: a cross-system overview. Mar. Ecol.
Progr. Ser. 43:1-10.

Ducklow, H.W., D. Purdie, P.J. LeB. Williams & J.M. Davies, 1986.
Bacterioplankton: a sink for carbon in a coastal marine plankton
community. Science. 232:865-867.

Dudek, N., M.A. Brzezinski & P.A. Wheeler, 1986. Recovery of
ammonium nitrogen by solved extraction for the determination of
relative 15N abundances in regeneration experiments. Mar.
Chemistry 1 8:59-68.



Epstein, S.S. & M.P Shiaris, 1 992. Size selective grazing of costal
bacterioplankton by natural assemblages of pigmented
flagellates, colorless flagellates and ciliates. Microb. Ecol.

23:21 1-225.

Fenchel, T., 1 982. Ecology of heterotrophic microflagellates. II
Bioenergetics and growth. Mar. Ecol. Progr. Ser. 8:225-231.

Francisco, D.E., R.A. Mah & A.C. Rabin, 1 973. Acridine Orange
epifluorescence technique for counting bacteria in natural
waters. Trans. Amer. Microsc. Soc. 92:41 6-421.

Fuhrman, J.A. & F. Azam, 1981. Thymidine incorporation as a measure
of heterotrophic bacterioplankton production in marine surface
waters: evaluation and field results. Mar. Biol. (NY) 66:1 09-1 20.

Gallegos, C.L., 1 989. Microzooplankton grazing on phytoplankton in
the Rhode River, Maryland: non linear feeding kinetics. Mar. Ecol.
Progr. Ser. 57:23-33.

Glibert, P.M., 1 982. Regioanl studies of daily, seasonal, and size
fraction variability in ammonium remineralization. Mar. Biol.
70:209-222

Glibert, P.M., C.A. Miller, C. Garside, M.R. Roman & G.B. McManus,1 992.
NH4-'- regeneration and grazing: Interdependent processes in size-
fractionated 15NH4-'- experiments. Mar. Ecol. Progr. Ser. 82:65-74.

Goldman, J.C. & D.A. Caron, 1 985. Experimental studies on an
omnivorous microflagellate: implication for grazing and nutrient
regeneration in the marine microbial food chain. Deep. Sea. Res:
32:899-915.

Goldman, J.C., D.A. Caron, O.K. Andersen & M.R. Dennett, 1 985.
Nutrient cycling in a microflagellate food chain. I. Nitrogen
dynamics. Mar. Ecol. Progr. Ser. 24:231-242.

Goldman, J.C., D.A. Caron & M.R. Dennett, 1987. Regulation of gross
growth efficiency and ammonium regeneration in bacteria by
substrate C:N ratios. Limnol. & Oceanogr. 32:1 239-1 252.



Goldman, J.C., D.A. Caron & M.R. Dennett, 1 987. Butrient cycling in a
microflagellate food chain: IV. Phytoplankton-microflagellate
interactions.Mar. Ecol. Progr. Ser. 38:78-87.

Goldman, J.C. & M.R. Dennett, 1992. Phagotrophy and NH4
regeneration in a three member microbial food loop. J. Plankton
res. 14:649-663.

Gonzalez, J.M., B. F. Sherr & E.B. Sherr., 1 993. Digestive enzyme
activity as a quantitative measure of protistan grazing: the acid
lysozyme assay for bacterivory. Mar. Ecol. Progr. Ser. 100:1 97-
206.

Gonzalez, J.M., E.B. Sherr. & B. F. Sherr, 1 990. Size selective grazing
of bacteria by natural assemblages of estuarine flagellates and
ciliates. App!. environ. Microbiol. 51:583-589

Haas, L.W. & K.W. Webb, 1 979. Nutritional mode of several non-
pigmented microflagellates from the York river estuary, Virginia.
J. exp. Mar. Biol. Ecol. 39:1 25-1 34.

Harrison, P.J., R.E. Waters & F.R.J. Taylor, 1 980. A broad spectrum
artificial seawater medium for coastal and open ocean
phytoplankton J. Phycol. 1 6:28-3 5.

Harrison, W.G., 1 978. Experimental measurements of nitrogen
remineralization in coastal waters. LimnoL Oceanogr. 23:684-
694.

Hobbie, J.E., R.J. Daley & S. Jasper, 1 977. Use of nucleopore filters
for counting bacteria by epifluorescence microscopy. AppL
environ. Microbiol. 33:1225-1 228.

Hollibaugh, J.T., J.A. Fuhrman & F. Azam, 1980. Radloactivelly labeled
of natural bacterioplankton for use in trophic studies. LimnoL &
Oceanogr. 25:1 72-1 81.

Johannes R.E., 1 965. Influence of marine protozoa on nutrient
regeneration. Limnol. & Oceanogr. 10:434-442.

Johnson, P.W. & J. McN. Sieburth 1979, Chroococcoid cyanobacteria in
thesea: a ubiquitous diverse phototrophic biomass.Limno/. &
Oceanogr. 24:928-935.



Karl, D.M., 1 981. Simultaneous rates of ribonucleic acid and
deoxyribonucleic acid synthesis for estimating growth and cell
division of aquatic microbial communities. Appi. environ.

Micro biol. 42:802-810.

Kemp, P., B.F. Sherr, E.B. Sherr & J.J. Cole (eds.) Handbook of methods
in aquatic microbial ecology. Lewis, Boca Raton pp. 143-148.

Koroleff, F., 1 983. Determination of ammonium. in Grasshoff, K. M.
Ehrhardt & K. Kremling Methods of seawater analysis, Verlag
Chemie, pp. 1 50-1 57.

Kuupo-Leinikki, P. & H. Kuosa, 1 990. Estimation of flagellate grazing
on bacteria by size fractionation in the Northern Baltic Sea. Arch.
Hydrobiol. Beih. Ergebn. Limnol. 34:283-2 90.

Landry, M.R. & R.P. Hassett, 1 982. Estimating the grazing impact of
marine microzooplankton. Mar. Biol. (NY) 67:683-688.

Lessard, E. & E. Swift, 1 985. Species specific grazing rates of
heterotrophic dinoflagellates in oceanic waters, measured with a
dual-label radioisotope technique. Mar. Biol. (NY) 87:289-296.

Li, W.K.W., D. Subba Rao, W. Harris, J. Smith, J. Cullen, B. Irwin & T.
Platt, 1 983. Autotrophic picoplankton in the tropical ocean.
Science. 21 9:292-295.

McManus, G.B. & J. A. Fuhrman, 1 986. Bacterivory in seawater studied
with the use of inert fluorescent particles. LimnoL & Qceanogr.
31:420-426.

McManus, G.B. & J. A. Fuhrman, 1 988. Control of marine
bacterioplankton populations: measurement and significance of
grazing. Hydrobiologia 159:51-62.

Nygaard, K. & D.O Hessen, 1990. Use of '4C-protein-labeled bacteria
for estimating clearance rates by heterotrophic and mixotrophic
flagellates. Mar. Ecol. Progr. Ser. 44:1 59-1 65.

Pace, M.L., 1 988. Bacterial mortality and the fate of bacterial
production. Hydrobiologia 1 59:41-49.



92

Pomeroy, L.R. 1 974 The ocean's food web, a changing paradigm.
Bioscience 24:499-504.

Proctor, L.M. & J.A. Fuhrman, 1 990. Viral mortality of marine
bacteria and cyanobacteria. Nature (London). 343:60-62

Sanders, R.W. & K.G. Porter, 1 988. Phagotrophic phytoflagellates. In
Marshall, K.C. (ed.).Advances in Microbial Ecology. vol. 10, NY
Plenum.

Sanders, R.W., K.G. Porter, S.J. Bennett & A.E DeBiase, 1 989. Seasonal
patters of bacterivory by flagellates, ciliates, rotifers and
cladocerans in a freshwater planktonic community. Limnol. &
Oceanogr. 34:673-687.

Servais, P., G.BiIIen & J. Vives Rego, 1 985 Rate of bacterial
mortality in aquatic environments. Appl. environ. Microbiol.
49:1448-1454.

Sherr, B.F., E.B. Sherr, T.L. Andrew, R.D. Fallon & S.Y. Newell, 1 986.
Trophic interactions between heterotrophic protozoa and
bacterioplankton in estuarine water analyzed with selective
metabolic inhibitors. Mar. EcoL Progr. Ser. 32:1 69-1 79.

Sherr, B.F, E.B. Sherr and T. Berman, 1 983. Grazing, growth and
ammonium excretion rates of a heterotrophic microflagellate fed
with four species of bacteria. App!. environ. Microbiol. 45:11 96-
1202.

Sherr, B.F., E.B. Sherr & R.D. FaJIon, 1 987. Use of monodispersed,
fluorescently labeled bacteria to estimate in situ protozoan
bacte rivory. App!. environ. Microbio!. 53:958-965.

Sherr, B.F., E.B. Sherr & J. McDaniel, 1 991. Clearance rates of < 6pm
labeled algae (FLA) by estuarine protozoa: potential impact of
flagellates and ciliates. Mar. Eco!. Progr. Ser. 69:81-92

Sherr, E.B., D.A. Caron & B.F. Sherr, 1 993. Staining of heterotrophic
protists for visualization via epifluorescence microscopy. In

Sherr, E.B. & B.F. Sherr, 1 992. Trophic roles of pelagic protists:
phagotrophic flagellates as herbivores. Arch. Hydrobio!. Beih.
Ergebn. Limno!. 37: 1 65-172.



Sherr, E.B. & B.F. Sherr, 1 988. Role of microbes in pelagic food webs:
A revised concept Limnol. & Oceanogr. 33:1 225-1 227.

Sherr, E.B. & B.F. Sherr, 1 992. Determination of phagotrophic proUst
feeding rates in situ. In J.J. Lee & A.T. Soldo (eds.) Protocols in
Protozoology. Soc. Protozoologists, Lawrence. pp. B-i 3.1 -Bi 3.8.

Sieburth, J. McN., V. Smetacek & J. Lenz, 1 978. Pelagic ecosystem
structure: heterotrophic compartments of the plankton and their
relationship to plankton size fractions. Limnol. & Oceanogr. 23:
1256-1 263.

Simek K. & V. Straskrabová, 1 992. Bacterioplankton production and
protozoan bacterivory in a mesotrophic reservoir. J. Plankton res.
14:773-787.

Simon, M. & F. Azam, 1989. Protein content and protein synthesis
rates of planktonic marine bacteria. Mar. EcoI.-Progr. Ser. 51:201
213.

Stoecker, D.K. A.M. Michaels & L.H. Davis, 1987. Large proportion of
marine planktonic ciliates found to contain functional
chloroplasts. Nature (London). 326:762-792.

Strickland, J.H.D. & T.R. Parsons, 1972. A pratical handbook of
seawater analysis, Fisheries Res. Board of Canada, Ottawa, 310

pp.

Turley, C.M., 1 993. Direct estimates of bacterial abundances in
seawater samples without having cell loss due to sample
storage. In Kemp, P., B.F. Sherr, E.B. Sherr & J.J. Cole (eds.)
Handbook of methods in aquatic microbial ecology. Lewis, Boca
Raton pp. 143-1 48.

Vaqué, D., M.L. Pace, S. Findlay & D. Lints. 1 992. Fate of bacterial
production in a heterotrophic ecosystem: grazing by protists and
metazoans in the Hudson Estuary. Mar. Ecol. Progr. Ser. 89:1 55-
163.

Waterbury, J.B., S.W. Watson, R.R.L. Guillard & L.E. Brand, 1979.
Widespread occurrence of a unicellular marine planktonic
cyanobacterium. Nature (London). 277:293-294.



Weisse, 1., 1 989. The microbial loop in the Red Sea: dynamics of
pelagic bacteria and nanoflagellates. Mar. EcoL Progr. Ser.
55:241-250.

Weisse, 1., 1 990. Trophic interaction among heterotrophic
microplankton, nanoplankton and bacteria in Lake Constance.
Hydrobiologia 191:111-1 22.

Weisse, T. & U. Scheffel-Moser, 1 990. Uncoupling the microbial loop:
growth and grazing loss of bacteria and heterotrophic
nanoflagellates in the North Atlantic. Mar. Ecol. Progr. Ser.
71:195-205.

Wheeler, P.A. & D.L. Kirchman, 1 986. Utilization of inorganic and
organic form of nitrogen by bacteria in marine systems. Limnol. &
Oceanogr. 31:998-1 009.

Wheeler, P.A., D.L. Kirchman, M.R. Landry & S. Kokkinakis, 1 989. Diel
periodicity in ammonium uptake and regeneration in the oceanic
subartic Pacific: implications for interactions in microbial food
webs. Limnol. & Oceanogr. 34:1025-1033.

Wikner, J., A. Andersson, S. Normark & A Hagstrom, 1 986. Use of
genetically marked minicells as a probe in measurements of
predation on bacteria in aquatic environments. AppL environ.
Micro biol. 52:4-8.

Wikner, J. & A Hagstrom, 1 988. Evidence for a tightly coupled
nanoplanktonic pradator-prey link regulationg the bacterivores in
the marine environment.Mar. EcoL Progr. Ser. 50:1 37-145.

Wikner, F. Rassoulzadegan & A Hagstrom, 1 990. Periodic bacterivory
activity balances bacterial growth in the marine environment.
Limnol. & Oceanogr. 35:31 3-324.

Wright, R.T. & R.B. Coffin, 1 984. Measuring microzooplankton grazing
on planktonic marine bacteria by its impact on bacterial
production. Microbial Ecol. 10:137-149.



95

APPENDICES



Appendix I

The Ammonium Release assay Protocol

Step A. Labeling the bacteria.

Rationale:

Bacterial isolates or seawater cultures are grown in minimal

medium using 15N-NH4CI as nitrogen source. the bacteria are heat

killed and, harvested via centrifugation, washed, counted and stored

frozen.

Procedure:

1. Inoculate the isolate of choice (to produce a final

concentration of about 1 0 cells /ml) to a liter of a minimal

medium made as:

200 ml Artificial Seawater (AW Harrison 1 980)

250 mg Dextrose (D-Glucose)

1.25 mM final concentration 15N-NH4CI (98% enrichment)

0.40 mM final concentration KH2PO4

Microwave sterilize.

The C:N Ratio of the medium is 5.6

2) Grow for about a week up to the point when the turbidity of

the culture is visible.

3) Heat Kill the bacteria for 2 h at 60 °C
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4) Centrifuge at 1 0,000 g and 4 °C for 20 mm., pour

supernatant and wash with 0.2 pm filtered AW. repeat this at least

three times.

5) Resuspend in 3 ml of AW.

6) Dilute an aliquot of the bacterial concentrate sonicate and

estimate concentration of the concentrate.

Step B. Setup.

Rationale:

The labeled bacteria are added to triplicate subsamples of the

bacterivore culture or natural sample in question. An excess (5pM)

14N-NH4 is added to reduce reuptake of released ammonium and the

incubation is done in dark bottles to avoid phytoplankton uptake of

ammonium in the case of natural samples, A filtered control is run

to estimate the ammonium regeneration by the bacteria.

Procedure:

1) Pour triplicate 4 I subsamples of culture or natural water

into 4 I polycarbonate darkened bottles.

2) Add the labeled bacteria to a trace concentration (about

1 0% of natural bacteria. A minimum of about 2x1 0 mi-1 is required

to produce enough 1 5N for the mass spectrometry).



3) Add 8 ml of a 2.5 mM 14N-NH4CI solution.

4) Make a control of 2 I total volume using waters double

filtered trough a 0.8 pm polycarbonate filter. Add the bacteria and

14N-NH4CI solution at the same concentrations.

5) Incubate at constant temperature for up to 48 h in coastal

waters or culture studies, or 60 h in case of natural oligotrophic

waters.

Step C. Time Series.

Rationale:

At 5-7 time-points, aliquots for ammonium concentration,

ammonium extraction and microbe counts are taken. samples from

the control are taken only at time zero and at the end of the

experiment

Procedure:

1) Collect 500 ml samples from each of the experimental

bottles at 5-7 time points for the experimental bottles, and at time

zero and final for the control bottle.

2) Separate 1 00 ml from each of the samples and fixate and

prepare duplicate slides for protist and bacteria counts (Turley

1993)

3) Filter 250 ml from each of the samples trough a 0.47 pm

pure cellulose acetate filter (I used MSI® acetate plus filters).



4) Oven dry the filters at 80 °C for 2 hours. fold the filter in

half and punch with a hand punch hole maker five holes to obtain 1 0

even sized samples of the filter. Put the small circles into Mass

Spectrometry tin capsules. along with a couple of glass fiber filter

circles. Add 1 00 p1 of a 1 0 mM KNO3 solution. Oven dry for 2 h at

80°C and fold the tin capsule to produce a spheres small as possible

and estimate the total nitrogen and %1 5N atom enrichment using by

Mass spectrometry ( I sent my samples to be analyzed in an

EUROPA® mass spectrometer)

5) Collect duplicate 1 0 ml samples for ammonium

concentration measurements. (I used the procedure by Solorzano,

modified by Strickland and Parsons,1 967).

6) To the remaining 230 ml add 3 ml of a 500pm 14N-NH4CI

carrier solution, take duplicate 1 0 ml samples for ammonium

concentration measurements (as in 5) and then add the reagents for

extraction of ammonium. (I used the procedure by Wheeler and

Kokkinakis. P. Wheeler personal communication.).

7) After the development of the indophenol blue, in a fume hood

extract the ammonium via solid phase extraction (the only

modification to Wheeler and Kokkinakis' technique was the use of

smaller sized glass fiber filters (about 1 cm diameter) for spotting

the indophenol red), In the case it is not possible to extract at sea,

the samples can be frozen and extracted when back to the laboratory.
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8) Fold the glass fiber filters into mass spectrometry tin

capsules, fold the tin capsules to produce a spheres small as

possible and estimate the %1 5N atom enrichment using by Mass

spectrometry (I send my samples to be analyzed in an EUROPA®

mass spectrometer).

Step D. Calculation.

The calculation of the amount of 1 5N appearing in the dissolved

ammonium pool or disappearing from the particulate pool is a simple

mass balance where:

for the particulate:

[15 PN] ((Af/1 0 A) PN % 5N)/(1 5 Vf)

where:

[15 PN] = Particulate 15N concentration (jimol/l)

A1 = Filtration area (mm2 )

A = Punch area (mm2)

PN = Total Particulate Nitrogen in the tin capsule (pg)

%'5N = 15N atom percent in the tin capsule

Vf = Filtered volume

for the ammonium:



[15NH4J={ NH4].%15N

where:

[ 5NH] = 15N ammonium concentration (pmol/l)

{ NH4] = Total ammonium concentration after carrier

addition (pmol/l)

%15N = 15N atom percent in the tin capsule

Grazing and Ammonium Regeneration Efficiency.

If the assumption that both Grazing and Ammonium

Regeneration Efficiency are constant throughout the experiment is

true, the model described by equation (9) should be used to fit the

time series of 15N ammonium production. One way to calculate

Re is to use a Non Linear Regression with the Marquard Algorithm,

that is an option in some of the standard computer statistic

packages (Like SAS©and Statgraphics©)
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PAGE
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Table 14. Culture Study: Residual means of squares (RMS) data FORTRAN model I (bottle-a)

Culture Study - Bottle A - RMS (data-model)
under simulated CR and Re

AMMONIUM REGENERA77ON EFFICIENCY

clear, rate

lIflxh 0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9

1.OE-09 5.380 4.350 3.570 2.960 2.480 2.090 1.770 1.510 1.290 1.100 0.948 0.818 0.709
3.OE-09 0.893 0.578 0.380 0.259 0.195 0.171 0.178 0.209 0.259 0.324 0.402 0.490 0.587
5.OE-09 0.209 0.113 0.099 0.140 0.220 0.329 0.458 0.605 0.764 0.935 1.110 1.300 1.490
7.OE-09 0.053 0.075 0.163 0.297 0.462 0.650 0.855 1.070 1.300 1.540 1.790 2.040 2.290
9.OE-09 0.042 0.140 0.297 0.493 0.717 0.960 1.220 1.490 1.770 2.050 2.350 2.650 2.950
1.1E-08 0.081 0.235 0.441 0.683 0.950 1.240 1.530 1.840 2.160 2.490 2.820 3.150 3.490
1.3E-08 0.140 0.335 0.580 0.858 1.160 1.480 1.810 2.150 2.500 2.850 3.210 3.580 3.940
1.5E-08 0.205 0.434 0.710 1.020 1.350 1.690 2.050 2.420 2.790 3.170 3,560 3.940 4.340
1.7E-08 0.273 0.529 0.831 1.160 1.520 1.880 2.260 2.650 3.050 3.450 3.860 4.270 4.680
1.9E-08 0.340 0.620 0.944 1.300 1.670 2.060 2.460 2.870 3.280 3.710 4.130 4.560 4.990
2.1E-08 0.406 0.707 1.050 1.420 1.810 2.220 2.640 3.060 3.500 3.940 4.380 4.820 5.270
2.3E-08 0.470 0.789 1.150 1.540 1.950 2.370 2.800 3.250 3.700 4.150 4.610 5.070 5.530
2.5E-08 0.532 0.868 1.240 1.650 2.070 2.510 2.960 3.420 3.880 4.350 4.820 5.300 5.770
2.7E-08 0.593 0.944 1.330 1.750 2.190 2.640 3.100 3.580 4.050 4.530 5.020 5.510 6.000
2.9E-08 0.651 1.020 1.420 1.850 2.300 2.770 3.240 3.730 4.210 4.710 5.210 5.710 6.210

0
(A)



Table 1 5. Culture Study: Residual means of squares (RMS) data FORTRAN model I (bottle-b)

Culture Study - Bottle B - RMS (data-model)
under simulated CR and Re

AMNIUMREGENERA17ONEFFICIENCY
clear, rate

l/flxh 0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9
1.OE-09 8.820 7.150 5.880 4.890 4.090 3.450 2.920 2.480 2.110 1.790 1.530 1.300 1.100
3.OE-09 1.570 1.010 0.632 0.385 0.229 0.138 0.098 0.097 0.126 0.181 0.255 0.347 0.452
5.OE-09 0.401 0.166 0.066 0.057 0.111 0.213 0.350 0.515 0.701 0.905 1.120 1.350 1.590
7.OE-09 0.094 0.033 0.083 0.208 0.385 0.601 0.846 1.110 1.400 1.700 2.010 2.330 2.660
9.OE-09 0.033 0.083 0.231 0.445 0.705 1.000 1.320 1.660 2.010 2.380 2.760 3.150 3.540
1.1E-08 0.058 0.187 0.405 0.684 1.010 1.360 1.730 2.130 2.540 2.960 3.380 3.820 4.260
1.3E-08 0.118 0.304 0.575 0.904 1.270 1.670 2.090 2.530 2.980 3.440 3.910 4.380 4.860
1.5E-08 0.190 0.421 0.734 1.100 1.510 1.940 2.400 2.870 3.350 3.840 4.350 4.860 5.370
1.7E-08 0.265 0.533 0.879 1.280 1.720 2.180 2.660 3.160 3.670 4.200 4.730 5.260 5.810
1.9E-08 0.339 0.637 1.010 1.440 1.900 2.390 2.900 3.420 3.960 4.500 5.060 5.620 6.180
2.1E-08 0.411 0.734 1.130 1.580 2.070 2.580 3.110 3.650 4.210 4.780 5.350 5.930 6.510
2.3E-08 0.480 0.825 1.240 1.710 2.220 2.750 3.300 3.860 4.430 5.020 5.610 6.210 6.810
2.5E-08 0.545 0.909 1.350 1.830 2.350 2.900 3.470 4.050 4.640 5.240 5.850 6.460 7.080
2.7E-08 0.607 0.988 1.440 1.940 2.480 3.040 3.620 4.220 4.820 5.440 6.060 6.690 7.320
2.9E-08 0.665 1.060 1.5302.050 2.600 3.170 3.760 4.370 4.990 5.620 6.260 6.900 7.540

-
0



Table 1 6. Charleston Natural Community: Residual means of squares (RMS) data FORTRAN model II
(<5pm sample)

Charleston Study - 5tm prescreened sample - RMS (data-model)
Under simulated IR and Re

AMMONIUM REGENERATION EFFICIENCY

ing. rate

bac/flxh 0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9

2 0.1000 0.0913 0.0834 0.0763 0.0698 0.0640 0.0586 0.0538 0.0493 0.0452 0.0415 0.0381 0.0349

4 0.0598 0.0505 0.0426 0.0360 0.0304 0.0256 0.0215 0.0181 0.0152 0.0128 0.0107 0.0090 0.0077

6 0.0370 0.0289 0.0224 0.0174 0.0135 0.0105 0.0082 0.0066 0.0055 0.0048 0.0046 0.0047 0.0051

8 0.0233 0.0167 0.0120 0.0087 0.0065 0.0053 0.0048 0.0049 0.0055 0.0065 0.0079 0.0097 0.0117

10 0.0149 0.0100 0.0070 0.0054 0.0049 0.0053 0.0064 0.0081 0.0103 0.0129 0.0159 0.0192 0.0227

12 0.0098 0.0066 0.0052 0.0052 0.0063 0.0083 0.0109 0.0141 0.0178 0.0219 0.0263 0.0310 0.0359

14 0.0070 0.0053 0.0055 0.0071 0.0097 0.0131 0.0172 0.0218 0.0269 0.0324 0.0381 0.0442 0.0505

16 0.0057 0.0056 0.0072 0.0102 0.0143 0.0191 0.0246 0.0305 0.0370 0.0437 0.0508 0.0581 0.0657

18 0.0055 0.0068 0.0099 0.0143 0.0197 0.0259 0.0327 0.0399 0.0476 0.0556 0.0639 0.0725 0.0813

20 0.0062 0.0089 0.0134 0.0191 0.0258 0.0332 0.0412 0.0497 0.0586 0.0678 0.0773 0.0871 0.0970

22 0.0075 0.0115 0.0173 0.0243 0.0322 0.0408 0.0500 0.0597 0.0698 0.0802 0.0908 0.1020 0.1130

24 0.0092 0.0146 0.0216 0.0297 0.0389 0.0487 0.0591 0.0699 0.0811 0.0926 0.1040 0.1160 0.1290

26 0.0113 0.0179 0.0261 0.0355 0.0457 0.0567 0.0682 0.0801 0.0924 0.1050 0.1180 0.1310 0.1440

28 0.0137 0.0215 0.0308 0.0413 0.0527 0.0647 0.0773 0.0903 0.1040 0.1170 0.1310 0.1450 0.1600

30 0.0163 0.0252 0.0357 0.0473 0.0597 0.0728 0.0864 0.1000 0.1150 0.1290 0.1440 0.1590 0.1750

32 0.0191 0.0291 0.0406 0.0532 0.0667 0.0808 0.0955 0.1110 0.1260 0.1420 0.1570 0.1730 0.1900

34 0.0220 0.0330 0.0456 0.0593 0.0737 0.0889 0.1040 0.1200 0.1370 0.1530 0.1700 0.1870 0.2040

36 0.0250 0.0370 0.0506 0.0653 0.0807 0.0968 0.1130 0.1300 0.1480 0.1650 0.1830 0.2010 0.2190

38 0.0280 0.0411 0.0556 0.0712 0.0877 0.1050 0.1220 0.1400 0.1580 0.1770 0.1950 0.2140 0.2330

40 0.0311 0.0451 0.0606 0.0772 0.0945 0.1120 0.1310 0.1500 0.1690 0.1880 0.2080 0.2270 0.2470

-
0
C),



Table 1 7. Charleston Natural Community: Residual means of squares (RMS) data FORTRAN model II
(Untreated sample)

Charleston Study - Unscreened sample - RMS (data-model)
Under simulated PR and Re

AMMONIUMREGENERATIONEFFICIENCY

ing. rate
bac/f!xh 0.3 0.35 0.4 0.45 0.5 0.55 0.6 0.65 0.7 0.75 0.8 0.85 0.9

2 1.0500 0.9350 0.8400 0.7580 0.6860 0.6240 0.5680 0.5190 0.4750 0.4350 0.3990 0.3670 0.3370

4 0.5970 0.5020 0.4240 0.3600 0.3070 0.2620 0.2240 0.1910 0.1630 0.1390 0.1180 0.1000 0.0838

6 0.3840 0.3050 0.2430 0.1940 0.1540 0.1220 0.0957 0.0743 0.0568 0.0427 0.0312 0.0221 0.0150
8 0.2620 0.1960 0.1460 0.1080 0.0788 0.0561 0.0387 0.0256 0.0159 0.0091 0.0047 0.0023 0.0017
10 0.1860 0.1310 0.0901 0.0606 0.0391 0.0238 0.0133 0.0067 0.0032 0.0023 0.0036 0.0066 0.0112
12 0.1350 0.0883 0.0557 0.0332 0.0183 0.0091 0.0043 0.0031 0.0047 0.0087 0.0147 0.0223 0.0313
14 0.1000 0.0604 0.0343 0.0178 0.0084 0.0043 0.0044 0.0078 0.0138 0.0220 0.0321 0.0437 0.0565
16 0.0750 0.0417 0.0213 0.0099 0.0052 0.0056 0.0098 0.0173 0.0272 0.0391 0.0528 0.0679 0.0842
18 0.0572 0.0293 0.0137 0.0068 0.0062 0.0105 0.0186 0.0295 0.0429 0.0582 0.0751 0.0933 0.1130
20 0.0443 0.0211 0.0098 0.0069 0.0101 0.0179 0.0292 0.0434 0.0599 0.0782 0.0980 0.1190 0.1410
22 0.0351 0.0161 0.0086 0.0092 0.0157 0.0267 0.0411 0.0582 0.0774 0.0985 0.1210 0.1450 0.1690
24 0.0285 0.0133 0.0092 0.0130 0.0226 0.0364 0.0535 0.0733 0.0951 0.1190 0.1440 0.1700 0.1970

26 0.0239 0.0121 0.0112 0.0179 0.0302 0.0466 0.0663 0.0885 0.1130 0.1390 0.1660 0.1940 0.2240

28 0.0209 0.0122 0.0141 0.0235 0.0383 0.0571 0.0791 0.1040 0.1300 0.1580 0.1870 0.2180 0.2490
30 0.0191 0.0132 0.0177 0.0295 0.0466 0.0677 0.0918 0.1180 0.1470 0.1770 0.2080 0.2400 0.2740
32 0.0182 0.0148 0.0218 0.0358 0.0551 0.0782 0.1040 0.1330 0.1630 0.1950 0.2280 0.2620 0.2970
34 0.0180 0.0171 0.0262 0.0423 0.0636 0.0886 0.1170 0.1470 0.1790 0.2130 0.2470 0.2830 0.3200

36 0.0184 0.0197 0.0308 0.0489 0.0720 0.0989 0.1290 0.1610 0.1940 0.2300 0.2660 0.3040 0.3420
38 0.0193 0.0226 0.0357 0.0556 0.0804 0.1090 0.1400 0.1740 0.2090 0.2460 0.2840 0.3230 0.3630

40 0.0205 0.0257 0.0406 0.0622 0.0886 0.1190 0.1520 0.1870 0.2230 0.2620 0.3010 0.3410 0.3830

0
C.)




