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Phagotrophic protists play a major role in the trophic

interactions of the oceans but virtually nothing is known about

their quantitative importance in coastal upwelling regions.

I investigated the role of phagotrophic protists in the Oregon

upwelling system over a two year period. Off Oregon, coastal

upwelling occurs predominantly during the summer months as

episodic upwelling events that give rise to phytoplankton blooms.

Abundance of phagotrophic protists, grouped into ciliates,

dinoflagellates (thecate and gymnodinoid forms) and heterotrophic

nanoflagellates was lowest in freshly upwelled water and highest

during the late stages of phytoplankton blooms. Generally,

dinoflagellates were most abundant during the upwelling season

and ciliates were most conspicuous during the winter months.

Protist grazing rates were measured applying the seawater

dilution method and ranged from 0.18 to 0.5 d1 during

phytoplankton bloom periods in the upwelling season. This is
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equivalent to a grazing impact of 26 to 50% of potential primary

production. During the non-upwelung season, grazing rates ranged

from 0 to 0.16 d-1 (0 to 82% of potential primary production).

A method was developed to determine rates of uptake and

regeneration based on the dilution technique. Ammonium uptake

and regeneration rates were tightly linked and ranged from 0.5 to

3 p.mol l- d-1 and 0.2 to 2.9 p.mol I-i d-1, respectively. Grazing

was closely coupled with ammonium regeneration, illustrating the

importance of protists grazing as source of regenerated nutrients.

To assess cell specific clearance rates and food selectivity

of ciliates and dinoflageUates, I applied a dual-label isotope

method in which 14C-bicarbonate and tritiated thymidine were

used to label phototrophic and heterotrophic food sources.

Giliates had the highest specific clearance rate on heterotrophic

food sources with an average of 6.6 x 1 O (body volumes) h1.

Gymnodinoids had the highest specific clearance on phototrophic

food sources (average of 2.1 x 1O (body volumes) h-I). Ciliates

showed a high degree of specialization for either phototrophic or

heterotroph ic food sources, whereas dinoflageltates selected

phototrophic food. Estimates of community clearance rates

indicated that gymnodinoids were the major grazers on both

phototrophic and heterotrophic food sources.
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ROLE OF PROuST GRAZING IN THE OREGON UPWELLING SYSTEM

CHAPTER 1

INTRODUCTION

Coastal upwelling systems belong to the most productive

regions in the world oceans and their economic importance for the

fish industry is well known. Ryther (1969) estimated that coastal

regions where upwelling occurs account for 50% of the fish

production even though they only occupy 0.1% of total ocean area.

His estimate was based on the assumption of a short food chain in

which phytoplankton production was efficiently utilized by

pelagic fish such as anchovy and sardine, either directly or via

herbivorous macrozooplankton. In the past 20 years we have

learned much about the complexity of trophic interactions in

aquatic ecosystems, especially with respect to the importance of

phagotrophic protists (e.g. Sherr and Sherr 1988, see below).

Phagotrophic protists are unicellular eukaryotic grazers of

bacterial and phytoplankton production, and, as such, also

important sources of regenerated nutrients (Azam et al. 1983,

Caron and Goldman 1990). Even though the importance of

phagotrophic protists in the ecology of the ocean has been well

established, virtually nothing is known about their quantitative

role in coastal upwelling systems. The only studies that have

been published on herbivorous zooplankton in the Oregon upwelling

were those investigating copepod populations (e.g. Peterson et at.



1979). We have known for some time, however, that phagotrophic

protists occur and can at times be abundant in coastal upwelling

regions (Beers and Stewart 1967, Chester 1978, Kimor 1981,

Heinbockel 1978, Sorokin 1978, Landry and Hassett 1982).

However, a systematic, long term investigation of the

quantitative impact of these grazers in a coastal upwelling

ecosystem is lacking.

Grazing of phytoplankton production by phagotrophic protists

also influences the proportion of primary production that is

exported from the mixed layer. The magnitude of exported

production is an important factor in quantifying the role of the

oceans as regulators of the increased anthropogenic release of

fossil CO2 into the atmosphere. Due to the production of small

fecal debris, protist grazing contributes to recycling and

increased residence time of particulate organic carbon in the

mixed layer (Welschmeyer and Lorenzen 1985, Landry and Lorenzen

1989). The phytoplankton biomass removed from the mixed layer

in coastal regions is buried in slope sediments, thereby providing

a long term sink for CO2 from the atmosphere (Walsh 1981). Thus,

especially in the highly productive coastal upwelling regions, it is

important to investigate grazing processes to determine the

ultimate fate of phytoplankton production.

In this study, I have evaluated the role of phagotrophic

protists in the Oregon upwelling system during a two-year

investigation at a coastal site west of Newport, OR (Fig. Li). The
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study was conducted during upwelling and non-upwelling seasons

at monthly to biweekly intervals. This research was part of a

group effort to study the coastal ecosystem of Oregon which also

involved the investigation of nitrogen dynamics (Dickson and

Wheeler 1992) as well as macrozooplankton abundance and grazing

(Fessenden and Cowles 1992).

The results are presented and discussed in the following

three chapters. Chapter 2 deals with the abundance and

composition of phagotrophic protists and their quantitative role

as grazers of primary production. In chapter 3, I compare cell-

specific grazing rates and community grazing rates of ciliates and

dinoflagellates, and in Chapter 4, I present the results of a newly

developed method to measure rates of ammonium uptake and

regeneration.

In the following sections I will introduce briefly the

physical and biological aspects of the Oregon upwelling system, as

well as give a brief historical sketch of the development of our

current understanding of trophic interactions in marine

ecosystems. The results of two of the chapters, Chapter 2 and 4,

are based on the application of the dilution technique as a method

to determine grazing rates as well as phytoplankton growth rates.

Because of the importance of this method and its underlying

assumptions, I will also give a short overview about its potentials

and limitations in the last section of this introductory chapter.



Figure 1.1. Study site located in the Oregon coastal region west of
Newport. The two stations, NH5 and NH1O, are part of the
"Newport Hydroline" transect (Small and Menzies 1981). Map
insert taken from Fig. 1 in Small and Menzies (1981), the large
map from Neshyba (1987).
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The Oregon upwelling system

The Oregon upwelling system is part of the coastal

upwelling that occurs along the entire west coast of North

America and Baja California. Upwelling along the coast of Oregon

is not continuous but restricted to the summer months, from May

to late August, when winds from the north, as part of the North

Pacific high pressure cell, cause Ekman transport of surface

water away from the shore (Smith 1968). This surface water is

replaced by water upwelled from depth. During the summer

upwelling season, winds are not consistently upwelling favorable,

but fluctuate with periods of several days (Huyer 1983, Small and

Menzies 1981). Small and Menzies (1981) identified steady states

of strong upwelling on an event time scale of several days

interrupted by transient states of decreased wind stress or wind

reversals, lasting on the order of 1 day. During the upwelling

events, offshore Ekmari transport causes the permanent

pycnocline, characterized by the 25.5-26 sigma t interval, to

slope upwards and intersect the surface waters to form the

upwelling front within 15 km of the shore (Fig. 1.2, Huyer 1983).

Water also upwells seaward and shoreward of the permanent

pycnocline, in which case it has either a shallower (lower sigma-

t) or a deeper origin (higher sigma-t) (e.g. Peterson et al.1979). In

summer, the Columbia river plume, characterized by warm and low

salinity water, is carried southward along with the California

Current and can influence hydrographic patterns close to shore.

The shoreward edge of the plume, characterized by sigma-t of
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Figure 1.2. A schematic overview of the hydrography in the
upwelling zone off Oregon depicting the position of the permanent
pycnocline (Fig. 4a in Small and Menzies 1981). During a strong
upwelling event in summer, the pycnocline slopes upward and
transects the surface to form the upwelling front. During winter,
winds are predominantly from the south, causing down-welling
and the pycnocline slopes downward .



23.5 (Small and Ramberg 1971), oftentimes determines the

seaward edge of the upwelling front, especially in June when the

discharge of the river is greatest (Huyer 1983).

As the nutrient rich upwelled water is advected offshore, it

stabilizes due to solar heating, providing optimal growth

conditions for the phytoplankton seed cells transported along with

it. The biological importance of upwelling systems can be

summarized by a statement made by Barber and Smith (1981,

p.33): "Coastal upwelling is a circulation pattern that overrides

both the nutrient limitation of stratified waters and the light

limitation of well mixed waters ..". As many as 5 major upwelling

events occur during an upwelling season (Huyer 1976), each giving

rise to phytoplankton production events comparable to the spring

bloom of temperate latitudes. For the upwelling region off

Oregon, phytoplankton biomass and primary production was

investigated by Small and Menzies (1981) in several transects

crossing the upwelling region. They studied phytoplankton

development in different upwelling stages and showed that during

upwelling high phytoplankton biomass and primary productivity

develop in a single or several bands parallel to the coast. During

weak upwelling events (characterized by a Bakun index < 50, see

Chapter 2), biomass and production are greater than during stages

of strong upwelling, presumably because phytoplankton cells have

a longer residence time in the photic zone and can more

effectively utilize nutrients. By measuring nitrogen uptake rates,

Kokkinakis and Wheeler (1987) showed that in the upwelled water



(nitrate concentration 20 j.tM), new production accounts for 83 %

of total production. In waters in which the phytoplankton had

utilized the "new" nitrogen, 71 % of primary production was

supported by regenerated nitrogen.

Role of phagotrophic protists

Our view of trophic interactions in aquatic ecosystems has

changed drastically over the past 20 years (Table 1.1). The

classical linear food chain consisted from 3 to 6 trophic levels,

channeling phytoplankton production through herbivorous or

carnivorous metazooplankton to fish (and ultimately to man).

This trophic cascade was depicted in Lindeman's (1942) classical

pyramid, with phytoplankton (mainly diatoms, "net-

phytoplankton"), utilizing "new nutrients" (sensu Dugdale and

Goering 1967) as the base, and higher trophic levels (herbivores,

carnivores), atop. The shape of the pyramid was determined by

loss of carbon (and energy) due to respiration and other losses as

biomass was transferred from one trophic level to the next.

During the seventies and eighties, epifluorescence microscopy

revealed that bacteria constitute an important component of the

biomass in the ocean (Hobble et al.1977). Bacteria were later found

to equal or even exceed phytoplankton biomass in oligotrophic open

ocean areas (Cho and Azam 1990). Utilizing dissolved organic matter

from phytoplankton or the decomposition of detritus, bacteria could

have production rates up to 30 % of primary production (Andrews and
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Table 1.1. Comparison of different concepts of trophic interactions In aquatic ecosystems.

Food chain Microbial Loop Revised Concept
of the Nineties

Carbon Source net- detritus (POM) POM, DOM from
phytoplankton DOM from phytoplankton

phytoplankton and feeding processes,
fecal material, nano-
phytoplankton

Nutrient Source "new" regenerated ("new") regenerated ("new")
(regenerated) mainly bet. nanofl. variable, function of

GGE, C/N ratios of
food and grazers

Trophic Levels 3 - 6 at least 3 additional trophic level concept
uncertain, mixotrophy
protozoa - protist

Trophic transfer linear (semi)circular "loop" (semi)circular
"loop" weak link to strong link to

metazoans metazoans

DOM Utilization none het. bacteria het. bacteria, het.
nanoflagellates

BOC Utilization none het. nanoflagellates het. nanoflagellates
link of carbon ciliates, het.

dinoflagellates

Food Selection by size by size by size, but also
selectivity, feeding
behavior

DOM = Dissolved organic matter, POM = Particulate organic matter, BOC = Bacterial
carbon, C/N = Carbon to nitrogen ratio, het. = heterotrophic, GGE = gross growth
efficiency
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Williams 1971). Bacterial biomass was grazed by heterotrophic

nanoflagellates and nanoflagellates were, in turn, grazed by

microzooplankton (20-200 p.m in size). In this process, nutrients

were regenerated due to remineralization and would again be

available to the primary producers ("regenerated nutrients" sensu

Dugdale and Goering 1967). This bacteria-flagellate-

microzooplankton food chain was named the "microbial loop" by

Azam et at. (1983) and was thought to coexist next to the main

food chain with a weak link of matter and energy between them.

Results obtained in the years following Azam's et al. (1983)

classical summary of microbial loop processes have added

considerably to our understanding of the complexity of the

microbial loop and its interaction to higher trophic levels (see

Table Li. the "revised concept of the nineties"). Research on the

trophic roles of protozoa has revealed that many are not only

phagotrophic, but mixotrophic. For example, many choreotrich

ciliates can sequester chioroplasts from prey and conduct

photosynthesis as well as phagotrophy (Stoecker et al 1988).

Many phytoflagellates also are found to be phagotrophic (Sanders

and Porter 1988). It has become common practice, therefore, to

use the expression "phagotrophic protists", instead of protozoa, to

acknowledge the uncertain trophic role of some of the grazers of

the microbial loop. The magnitude of nutrient regeneration is now

known to be related to growth efficiency of the phagotrophs, and

to the carbon to nitrogen ratios of both protist and prey (see Caron

and Goldman 1990 for a review). Further development in the study
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of the microbial loop entailed the discovery of the importance of

pico (0.2-2 jim) and nano (2-20 j.tm) phytoplankton (including

phototrophic procaryotes) not only as primary producers in the sea

(e.g. Waterbury et al. 1986., Chisholm et al. 1988) but also as food

for the phagotrophic protists (lturriaga and Mitchell 1986, Sherr

et al. 1991). Additionally, it was found that not only

heterotrophic nanoflagellates but also ciliates could feed on

bacteria (Sherr et al. 1987). The concept of prey selection simply

on the basis of size (e.g. Fenchel 1986) was replaced by the

knowledge of more complex feeding behaviors. Selective ingestion

of certain kinds of prey from the available food spectrum was

found to be based upon the ability to recognize chemical cues (see

Verity 1991 for a review). It is now hypothesized that a strong

link exists between the phagotrophic protists and metazoa (see

Stoecker and McDowell Capuzzo 1990 for a review). This newly

discovered diversity of interactions was summarized by Sherr and

Sherr (1988) in a revised concept of trophic interactions in which

the dichotomy between the classical food chain and the microbial

loop was replaced by a microbial food web.
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Dilution technique

The dilution technique was first described by Landry and

Hassett (1982), and is considered the least manipulative of all

currently used methods to determine microzooplankton grazing

rates (see Gifford 1988 for a review of methods to estimate

grazing impact of microzooplankton). The method is based on

comparing rates of population change of the prey (in most cases

phytoplankton) in natural water versus rates in water which has

been diluted with particle free water in different proportions. In

the diluted water, grazing rate is reduced because of reduced

grazer abundance and reduced amount of prey. On the other hand,

the growth rate of prey is assumed to be unaffected by dilution

(see below). By measuring the apparent rates of population change

of the prey in each dilution, and regressing the apparent growth

rates versus dilution factor, one can determine both the growth

rate of the prey as wetl as the grazing rate on the prey. The

differential equation describing the rate of change of the prey is

shown in Chapter 4. The solution is an equation for a straight line:

k=z-fg (1)

where k is the apparent growth rate of the prey, ji, the

instantaneous growth rate, g the grazing rate and f the dilution

factor. Thus, the rate of change of prey is linearly related to

dilution factor (solid line in Fig. 1.3). It follows that the

instantaneous prey growth rate p is given by the intercept of the
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straight line to a hypothetical infinite dilution, f = 0, while the

grazing rate g is given by the slope of the line.

The dilution method contains the following implicit

assumptions (Landry and Hassett 1982):

1. Growth and mortality of the prey can be described as an

exponential function of time. This is a general assumption of

most growth models. However, as I have outlined in Chapter 2,

there are cases when the rate of change of the prey (in this case

phytoplankton) cannot be described by an exponential function and

the method can therefore not be applied.

2. Growth rate of the prey is not density dependent, i.e. p is

constant in all dilutions. The most likely case of a violation of

this assumption is nutrient limitation. I have outlined two

different effects of nutrient limitation on the slope (g) and the

intercept (p) of the straight line relationship in Fig. 1.3. In the

first case, nutrients are limiting in the natural environment, and,

as the phytoplankton is diluted, this nutrient limitation is

increasingly relaxed because less phytoplankton biomass is

competing for the same resource. Consequently, g and p are

overestimated (p "and g" in Fig. 1.3). This case was outlined in

Landry and Hassett (1982) and Gifford (1988). To circumvent this

case of nutrient limitation, it has become common practice to add

nutrients to the incubations. However, not only will phytoplankton

growth rates be overestimated, but also grazers could die
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Figure 1.3. The dilution model under conditions of nutrient
limitation. The solid line is the case when nutrients are not
limited and g (grazing rate, d-1) is given by the slope of the
regression line of apparent phytoplankton growth rate against
dilution factor, and p (phytoplankton growth rate, dl) by the
intercept with the y-axis at a hypothetical (=0. In case of
nutrient limitation in the natural environment, slope and intercept
are overestimated (p" and g"). If regenerated nutrients become
limiting for phytoplankton growth in the higher dilutions, both
rates are underestimated (p' and g).



because of nutrient poisoning (Landry and Hassett 1982, Gifford

1988). Alternatively, nutrients can be added to a control set of

dilutions, as was done in this study. I can show that nutrient

limitation rarely occurred in the Oregon upwelling system. Thus,

for almost all experiments, the results from the untreated

incubations could be used, knowing from a comparison with

nutrient enriched dilutions that the assumption of a constant j

was justified. A second case of nutrient limitation has been

investigated in this study, that of the limitation of a regenerated

nutrient. Nutrient regeneration, along with grazing pressure is

reduced in the dilutions. This second case of nutrient limitation

is likely to occur if the phytoplankton is growing on regenerated

nutrients, which is the case for most of the open ocean. The

dilution technique would give rates for g and ji (g' and ji' in Fig.

1.3) that would be underestimated.

3. Grazing rate g is a linear function of dilution. This assumption

implies that the grazing impact is reduced in direct proportion

with dilution factor. This holds in the range of prey density for

which ingestion rate is linear (between prey densities A and B in

Fig. 1.4). If prey density is greater than B, feeding rate is satiated

and the apparent growth rate of the prey remains unchanged.

Conversely, if prey density is lower than than A (threshold

concentration), ingestion rate is zero and the linear function of

apparent growth rate with dilution factor departs again from

linearity. While threshold effects are common in filter feeding

metazoans (e.g. Lam and Frost 1978), it is questionable if they
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Figure 1.4. An illustration of non-linear feeding kinetics in the
dilution method. The solid line depicts the regression of prey
growth rate versus dilution factor (as prey density) as shown in
Fig. 1.3. The broken line shows ingestion rate of a grazer as a
function of prey density on the same scale as for the solid line. In
the shaded region, between prey densities A and B, ingestion rate
is linear with prey density. In this region, grazing rate is a linear
function of dilution factor and the assumption of linear feeding
kinetics holds. At prey densities < A, threshold effects reduce
ingestion rate to zero. At these prey densities, further dilution
does no cause a reduction of grazing mortality and apparent
growth rate of the prey remains unchanged. Above prey density B,
ingestion rate is saturated. Equally, above this saturation level of
prey density, apparent prey growth rate would not change with
dilution since grazing pressure on the prey remained the same.
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occur in phagotrophic protists (e.g. Heinbockel 1978b, but see

Stoecker 1988 and Strom 1991). Gallegos (1989) investigated the

problem of non-linear feeding kinetics and recommended the use

of many high dilutions to accurately determine phytoplankton

growth rate u. Grazing rate is then simply calculated by

subtracting j from k (see above). This alternative calculation of g

and u is recommended for situations with low ambient prey

biomass. In the Oregon upwelling system, one dilution experiment

might have displayed threshold effects when phytoplankton

biomass was very low (around 1 pgl-1, see Chapter 2), but not

enough high dilutions were performed to accurately resolve the

presence of a threshold. Saturation effects in dilution

experiments are more commonly observed (e.g. Gifford 1988,

Gallegos 1989) and can easily be accounted for: Only those

dilutions that display linearity are used in the regression of

apparent growth rate against dilution factor. Saturation feeding

was not encountered in the dilution experiments conducted in this

study.

4. Microzooplankton density does not change during the incubation

This assumption implies that g determined in the dilution

experiments is an estimate of the grazing impact of the grazer

population in the field. If grazers increase during the incubation,

g will overestimate the true rate in the field at the time the

water was sampled. Landry (in press) and Gallegos (1989)

emphasize the implications of this assumption and recommend
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that the net growth of the grazer population during the incubation

be determined. Landry (in press) modified equation 1 accordingly

to give

k=p-g (2)

where g is the grazing rate determined in the experiment, D is

the natural initial grazer density and <D> is the mean logarithmic

grazer density according to Frost (1972)

lnDt- mOo (3)

where Dt and D0 are final and initial grazer abundances,

respectively. In some of the dilution experiments reported in this

study I found a net increase of grazer density and corrected g

according to equation 2 (Chapter 2).

Thus, by carrying out the proper controls to determine if

assumptions 1-4 hold, one will also gain insights into the nutrient

status of the prey populations (see Andersen et al. 1989) as well

as feeding kinetics and growth rates of the grazers. In addition, a

novel use of the dilution technique is presented in Chapter 4,

which is the application of the method to determine rates of

ammonium uptake and utilization.
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CHAPTER 2

PROTIST HERBIVORY IN THE UPWELLING REGION OFF OREGON

SUSANNE NEUER AND TIMOTHY J. COWLES

INTRODUCTION

We have refined our knowledge about the functioning of food

webs by gaining more information on the diverse functional role of

protists and their trophic interactions (e.g. Azam et al. 1983,

Ducklow 1983, Wheeler and Kirchman 1986, Burkill et at. 1987,

Stoecker et at. 1988, Sanders and Porter 1988, Caron and Goldman

1990, Sherr and Sherr 1988, 1991). However, in our conceptual

view of trophic interactions in some regions with a high input of

new nutrients (Dugdale and Goering 1967), the traditional diatom-

copepod-fish food chain has prevailed. For example, the classic

grazing food chain of the Antarctic is only now beginning to be

revised after protozoa were found to graze a large fraction of

primary and bacterial production (see Garrison 1991 for a review).

On the other hand, our view of upwefling systems is still strongly

influenced by Ryther's (1969) classical study in which he assigned

the fewest trophic levels and highest trophic efficiency to

upwelling regions when estimating fish production in open ocean,

coastal and upwelling environments.
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To date, no systematic study of the importance of protist

grazing in upwelling regions is available. We know from the few

point studies that have estimated protozooplankton abundance in

upwelling regions along the west coast of the Americas (off

Washington, Chester 1978, Landry and Hassett 1982, Landry and

Lorenzen 1989; off California, Beers and Stewart 1967, 1970,

Kimor 1981, Heinbokel 1978 and off Peru, Sorokin 1978, Beers et

al. 1971) that phagotrophic protists can be an important

component of the plankton community in these regions. In

addition, Landry and Hassett (1982) found microzooplankton

(zoopfankton <200 pm, mostly phagotrophic protists) grazing to be

of considerable importance on the Washington shelf.

The flux of organic matter out of the euphotic zone is

determined by the community structure of the food web and the

proportion of the primary production being grazed by

protozooplankton herbivores (Eppley and Peterson 1979,

Welschmeyer and Lorenzen 1985, Michaels and Silver 1988).

Because of the high productivity of upwelling regions and their

importance for carbon flux from continental shelves to slopes

(Walsh 1981), more knowledge on the magnitude and variability of

protist herbivory in upwelling regions is needed.

The upwelling system off the coast of Oregon is part of the

North American eastern boundary current system. Upwelling

favorable (equatorward) winds cause offshore Ekman transport of

surface water during the summer upwelling season (Smith 1968).



22

Upwelling is not continuous during this season, but occurs during

"upwelling-events" when the along-shore wind stress is strong

enough to cause significant offshore transport (Huyer 1976).

During each upwelling event, deep water replete with new

nutrients is advected offshore and stabilizes due to solar heating,

providing phytoplankton with ideal growth conditions (Barber and

Smith 1981). As many as five major upwelling events can occur

during an upwelling season (Huyer 1976), each giving rise to

phytoplankton blooms that have been compared to spring blooms

due to their large biomass, primary production and export of

organic material (Barber and Smith 1981).

This two-year study is a systematic investigation of

protozooplankton abundance and herbivory in the upwelling region

of Oregon during upwelling and non-upwelling seasons. We

combined data on protist community structure with grazing and

phytoplankton growth rates to quantify the grazing impact of the

protists on the primary production as well as determine the

importance of different taxonomic groups of grazers.

METHODS

Dilution technique

We determined grazing and phytoplankton growth rates by

applying the dilution technique (Landry and Hassett 1982, Landry

et al. 1984). By diluting planktonic populations in the seawater
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successively with organism-free seawater from the same site, it

is possible to separate autotrophic and heterotrophic processes

and determine both phytoplankton growth and zooplankton grazing

rates in the same experiment. The apparent phytoplankton growth

rate k (d-l) in each dilution during the incubation period is plotted

versus dilution factor (proportion of initial undiluted chlorophyll).

The slope of the linear regression is the grazing rate, g (d-1) and

the intercept with the y-axis at a hypothetical maximal dilution

is the instantaneous phytoplankton growth rate p (d1) (examples

see Fig. 11.1). Four major assumptions are implicit in the method

(see also Chapter 1): a) Phytoplankton growth and grazing can be

expressed by an exponential function, b) phytoplankton growth

rate is constant regardless of the amount of dilution, C) grazing is

linear within the range of biomass in the different dilutions, i.e.

clearance rates are unaffected by the dilutions, and d)

microzooplankton density does not change during the incubation

period. The second assumption likely is violated by nutrient

limitation in two ways: As grazing pressure is reduced with

increasing dilution, the supply of regenerated nutrients is also

diminished (Neuer and Franks, in press, Chapter 4). If the growth

of the phytoplankton community is supplied by regenerated

nutrients and ambient nutrient levels are low, phytoplankton

growth in the highest dilutions can be limited. Subsequently, p

and g would be underestimated (Fig. 1.3). If, however, the

phytoplankton community as a whole is nutrient limited, the

dilutions that contain a higher fraction of undiluted seawater will

be limited more than the dilutions that contain a lower
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Figure 11.1. Selected dilution experiments. Apparent phytoplankton
growth rate is plotted against the proportion of undiluted initial
chlorophyll. The intercept of the straight line regression with the
y-axis is the instantaneous phytoplankton growth rate p (d1) and
the slope the grazing rate g (d-1). a) July 10, 1990. The highest
dilutions are indicating that a feeding threshold occurred (see
text for further explanation) b) Sept. 5, 1990. Nitrogen limitation.
A replicate dilution series with 2 p.M ammonium (closed circles)
and without added ammonium (open circles). The phytoplankton
community in this experiment was likely nitrogen-limited
according to criteria outlined in the text. C) July 23, 1991. No
nitrogen limitation. Symbols as in b).
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phytoplankton standing stock. In this case, phytoplankton growth

and grazing rates will be overestimated (see also Gifford 1988,

Fig. 1.3). We addressed both types of limitations for the specific

case of ammonium limitation by adding ammonium to a replicate

set of dilutions. Ammonium is the primary regenerated nitrogen

source excreted by protozooplankton (Caron and Goldman 1990)

and is often the preferred nitrogen source for phytoplankton even

if nitrate is available (Wheeler and Kokkinakis 1990, Price et al.

1991). We assign "ammonium limitation" to the experiment when

the phytoplankton growth rates of the dilutions with and without

added ammonium differed by more than the range given by the

standard error.

Sampling and experimental design

Dilution experiments were carried out monthly to bimonthly

with water collected during upwelling and non-upwelling seasons

in 1990 and 1991 in the coastal waters of Oregon, U.S.A..

Experimental water was collected using 5 I Niskin bottles from a

7 - 9 m depth interval at two stations 9 (NH-5) and 18 km (NH-b)

west of Newport (NH-5, 440 39.1' N, 124° 10.6' W, and NH-b, 440

39.1' N, 124° 17.1' W, respectively). NH-bO was sampled on Feb.

25, 1990 through May 8, 1990, on Oct. 11, 1990 and on January 22,

1991. NH-5 was sampled on all other dates. The water from the

Niskin botfies was prefiltered through a 200 j.tm mesh to exclude

large zooplankton and brought back to shore where the dilution

experiments were set up in a 10° C environmental chamber. For
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details of sampling and handling of the water see Neuer and Franks

(in press, Chapter 4). Populations of plankton were diluted in

replicate 1 I polycarbonate bottles with 0.2 j.tm filtered seawater

to achieve 10%, 40%, 70% and 100% of the original seawater.

Experiments from April 12, 1990 through July 10, 1990 had an

additional 25% dilution step. The dilutions were incubated for 24

h on a plankton wheel that was rotated at about 1 RPM before

April 13, 1991 and from then at around 0.2 RPM. The light

intensity (PAR, fluorescent tubes) of incubation was around 30

prnoles photons rn-2 s-1 before August 7, 1990, then between

100-150 p.moles photons rn-2 s-1 for the rest of the experiments.

This light intensity was chosen to represent an average light

intensity in the euphotic zone (see "RESULTS"). Below we present

control experiments to determine if the incubation light intensity

was a true representation of the illumination to which the

phytoplankton was adapted in situ. The light period was adjusted

to in situ day length.

In adddition to the regular dilutions, several control

procedures were conducted: A replicate set of dilutions was

inoculated with 1 or 2 tM NH4CI to test for nitrogen limitation in

the experiments (see above) in all experiments from August 7,

1990 on. On December 13, 1990, the bottles of a replicate set of

dilutions was screened with one layer of neutral density screen to

determine if the incubation light intensity was light limiting

compared to in situ light levels. From April 13, 1991, two

replicate bottles with undiluted water were screened in the same



manner. A further control testing if choreotrich ciliates

experienced mortality when coming into contact with the airspace

in the bottles was carried out from August 21, 1990 on. A

replicate set of bottles with undiluted seawater was incubated

without any airspace using parafllm to seal the bottles before

closing them (D. Gifford, pers. comm.).

All incubation bottles were sampled at the beginning and the

end of the incubation period in triplicate for chlorophyll a (chl a).

Ambient levels of ch a were also determined and size fractioned

using a 20 jim Nitex mesh. Water samples were filtered onto

Whatman GF/F filters with some MgCO3, the chlorophyll in the

particulate fraction was extracted in 90% acetone for 24 h at 40 C

and measured with a Turner 10 designs fluorometer. The first

replicates of the undiluted seawater were sampled for nitrate and

initial and final subsamples for microscopy were drawn. For

details of the nitrate analysis see Neuer and Franks (in press,

Chapter 4). The microscopy samples were preserved in 2%

glutaraldehyde, and, for most experiments conducted in 1991, a

replicate sample was preserved with 10% acid Lugol's solution

(see Throndsen 1978). The glutaraldehyde samples were filtered

at around 100 mm Hg onto black 0.2 jim polycarbonate filters

(Poretics Corporation), stained with DAPI (end concentration 0.2

mg/I ) (Porter and Feig 1980) and processed according to Booth

(1987). The slides were kept frozen at -80 °C until analysis.



We used the Bakun upweHing index (Bakun 1973) from 45° N,

125° W (made available by the NOANNMFS Pacific Fisheries

Environmental group, Monterey, California, U.S.A.) as a measure of

the strength of the wind-induced coastal upwelling. This index

determines the Ekman transport directed off shore and has the

units of cubic meter per second and 100 m of coastline. A

positive upwelling index is an indication of how much water is

driven off shore to be replaced by deeper water. Analogously, a

negative Bakun index implies downwelling. The Bakun indices are

presented as weekly averages. Compared to local wind data, the

Bakun index is computed over larger spatial and temporal scales

and gives a more damped estimation of local upwelling phenomena

(Small and Menzies 1981). On most cruises, a portable CTD (OS-

100) was deployed to determine water column profiles of

temperature, salinity and sigma-t. Light depths were determined

using a Secchi-disk.

Counting and statistical analysis

Protists of the following functional/taxonomic categories

were counted: heterotrophic gymnodinoid and thecate

dinoflagellates (Dodge 1982), autotrophic dinoflagellates

including thecate and gymnodoid forms, choreotrich mixotrophic

and heterotrophic ciliates (Montagnes 1991), heterotrophic

nanoflagellates and the autotrophic ciliate Mesodinium rubrum

(Table 11.2). All groups were counted in the glutaraldehyde

samples using a ZEISS epifluorescence microscope with blue-light
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(ZEISS filter set # 487701) and UV (# 487709) - excitation. The

different groups were distinguished by the autofluorescence of

their respective photosynthetic pigments under blue-tight

excitation, along with the greenish autofluorescence of

glutaraldehyde-fixed cells when excited with blue-light, and the

blue fluorescence of the DAPI-stained nuclei under UV-light

excitation. The greenish autofluorescence of glutaraldehyde fixed

cells is not to be confused with the green-fluorescing

dinoflagellates reported by Shapiro et at. (1989), even though

these cells were also present in the coastal waters off Oregon and

counted within the gymnodinoid dinoflageuates. Choreotrich

ciliates and thecate dinoflageuates were also counted in the Lugol

samples on a WILD inverted microscope. The diameter of the cells

was' measured and converted to biovolume using appropriate

geometrical shapes (Edler 1979). The biovolume of the individual

groups (with the exception of thecate dinoflagellates) was then

corrected for shrinkage with the following factors: Gymnodinoids

x 1.25, choreotrich ciliates x 1.54 and nanoflagellates x 2.2 (Choi

and Stoecker 1989, Jerome et at. unpubL). Biovolume was

converted to carbon units using a ratio of 0.11 (Strathmann 1967).

According to Lund (1958) and Venrick (1978), confidence

intervals can be calculated around single counts based on a

Poisson distribution of randomly distributed organisms. This

should be the case for the dilution bottles which were also

carefully mixed before sampling. JuhI (1991) also concludes that

if at least 30 organisms are counted, replicate slides are
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unnecessary to improve the accuracy of the abundance estimate.

When replicate slides were counted, the biomass estimates

always were within the 95% confidence interval calculated

assuming the Poisson distribution.

No consistent significant difference was found for the

counts of choreotrich dIlates in glutaraldehyde versus Lugol

samples. Thecate dinoflagellates, on the other hand, apparently

were underestimated by up to a factor of 2-3 in the

glutaraldehyde samples. This may be due to a better visibility of

thecate forms in the Lugol samples. Subsequently, thecate

dinoflagellate counts and biomass estimates were taken from the

Lugol counts when available.

Counts of choreotrich ciliates were also compared from

final samples of bottles with and without airspace. The

comparison showed that in some cases ciliates in the bottles

without an airspace increased in abundance, and the ciliate

population in the bottles with air did not. Obviously, in some

experiments ciliate mortality did occur in the bottles with an

airspace but the cells were usually not reduced below initial

levels. When only comparing changes in chlorophyll biomass

during the incubation period of the bottles with and without

airspace, there was never a significant difference (t-test, p

0.05).
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Net growth rates of the protozooplankton were determined

in the bottles without airspace from initial and final counts for

heterotrophic gymnodinoids, thecate dinoflagellates and

heterotrophic nanoflagellates if initial and final counts were

significantly different. It was assumed that the exponential

growth equation could be applied.

RESULTS

Environmental conditions

In both 1990 and 1991, offshore transport of water as

expressed by the Bakun index was strongest and most consistent

during the summer months, whereas during winter winds were

predominantly unfavourable for upwelling (Fig. 11.2). But

throughout both years, wind reversals were common and the

strength of off - or onshore flow varied considerably . Based upon

mean indices for summer, Small and Menzies (1981) determined

that upwelling indices greater than 50 (in Fig. 11.2 greater than 5)

reflected strong upwelling, and those less than 50 reflected little

or no upwelling. Strong upwelling periods occurred in both years,

mostly between May and August. Nitrate levels measured were

above 10 p.M in July and August and chlorophyll levels were

variable, from 1 to 55 p.g I-I (in Fig. 11.2 and Table 11.1). Both

upwelling events that were sampled in May 1990 and 1991 showed

low nitrate values, however, and chlorophyll levels were

intermediate (13 and 8 p.g 11, respectively). On all other



33

Figure 11.2. Upwelling indices (0.1 m2 s-1 ,weekly averages, solid
line) and nitrate (.tmol I-i, open symbols) and chlorophyll (pg F1,

closed symbols) concentrations measured on the sampling dates in
1990 and 1991. The Bakun upwelling index was divided by ten to
fit on the same scale. An upwelling index of greater than 5
indicates strog upwelling, below 5 weak or no upwelling. On July
25, 1991, chlorophyll was off scale with 55.3 xg F1. Asterisks
indicate no experimental data available.
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Table 11.1. Results and initial conditions of the dilution experiments. Instantaneous phytoplankton growth rates
ji, grazing rates g , chlorophyll (Chi a), ammonium and nitrate concentrations, and sigma-I (at) of the
undiluted seawater.

Date ji (±SE) g (±SE) Chi a fract. NH4+ NO3
(d1) (d) (,tg II) Chia (jj.mol l') (j.tmol 1i)

>20 j.tm

Apr. 12, 90 0.33 (0.10) 0.12 (0.10)

May 8, 90 no growth N

July 10, 90 0.64 (0.13) 0.85 (0.13)

July 24, 90 N

Aug. 7, 90 1.58 (0.26) 0.88 (0.36)
+ N 1.64 (0.13) 0.70 (0.17)

Aug. 21, 90 no growth
+ N no growth NA.

Sept. 5, 90* no growth NA.

+ N 0.15 (0.08) 0.10 (0.09)

Oct. 11, 90* no growth NA.

+N nogrowth NA.

Dec. 13, 90 0.24 (0.07) 0.07 (0.08)
screened 0.21 (0.07) 0.05 (0.08)

3.0 0.07 0.4 § 5.8 § 22.06

13.3 0.8d 0.06 § 5.2 § 24.39

1.1 0.58 2.3 21.8 § 25.71

20.2 0.92 o.d 25.0 § 26.32

10.7 0.53 2.5 17.3 25.62

4.6 0.75 0.2 0 24.82

4.6 0.7 0.2 0 NA.

12.8 0.93 0.4 2.8 25.19

0.6 0.31 1.4 4.7 24.73



Table 11.1 continued

Jan. 22, 91 0.20 (0.05) 0.16 (0.06) 3.3 0.06 0.2 6.8 24.74
+ N 0.18 (0.05) 0.09 (0.06)

Feb. 25, 91 0.39 (0.14) 0.03 (0.16) 1.0 0.42 0.5 3.65 NA
+ N 0.42 (0.11) 0.08 (0.12)

Apr. 13, 91 0.61 (0.07) 0.11 (0.08) 3.4 0.82 0.95 2.6 NA
+ N 0.62 (0.10) 0.09 (0.12)

May 16, 91* 0.83 (0.02) 0.15 (0.04) 7.6 0.62 0.2 3.4 23.89
+ N 0.71 (0.07) 0.03 (0.12)

June 24, 91 mostly phaeopigment 0.69 0.78 0.95 15.2 25.92

July 9, 91 0.86 (0.07) 0.07 (0.08) 3.5 0.20 0.1 22.2 25.90
+ N 0.81 (0.03) 0.15 (0.03)

July 23, 91 1.03 (0.11) 0.26 (0.12) P55.3 0.88 0.3 26.4 NA
+ N 1.00 (0.04) 0.18 (0.05)

Aug. 20, 91 0.67 (0.06) 0.33 (0.06) 34.6 0.81 1.1 10.7 25.27

+ N = replicate dilution experiment with added ammonium; screened = replicate set of dilutions screened by one
layer of neutral density screen; * = experiment that was nitrogen limited (see text for further explanation); §
field data from 8 m depth; no growth = dilution experiments in which i was negative and the concept of the
dilution technique could not be applied; NA= not available.
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sampling dates, when there was low or no upwelling, nitrate

values were around or below 5 l.LM and chlorophyll levels also

around or below 5 jig I-I (with the exception of October 11, 1990,

when chi a measured above 10 jig (.1).

The summer permanent pycnocline that outcrops during

strong upwelling events is given by a sigma-t interval of 25.5 and

26.0 (Huyer 1983, Small and Menzies 1981, Fig. 1.2). Only the

upwelling events sampled on July 10, 24 and August 7, 1990, as

well as on July 10, 1991 (no CTD data available for July 24,

1991), showed density values in that interval (Table 11.1, Fig. 113

c ). On June 25, 1991, the 7-9 m sampling interval was within the

summer permanent pycnocline, but was apparently covered by a

shallow lens of Columbia river water (at of < 23.4, which was used

by Small and Ramberg 1971 as an indicator of the shoreward

boundary of the Columbia river plume, Fig. 11.3 b, Table 11.1). The

chlorophyll on that sampling date consisted largely of

phaeopigment and a phytoplankton growth rate could not be

determined (Table 11.1). On all other upwelling events, the water

sampled was less dense than that of the summer permanent

pycnocline, indicative of a shallower origin of the upwelled water,

but there was no evidence of Columbia river influence (e.g. August

20, 1991, Table 11.1, Fig. lI.3.d).



Figure 11.3. Selected water column profiles of temperature (T, °C)
and sigma-t (c) of the sampling dates January 22 (a), June 24 (b),
July. 7 (c) and August 20 (d) (all 1991).
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Figures 11.3 a-d illustrate selected hydrographic profiles of

temperature and sigma-t. On January 7, 1991, a typical winter

situation (Fig. lI.3.a), the mixed layer was not very pronounced and

the water column was fairly homogeneous. The rapid decrease in

sigma-t in the surface could have been caused by a decrease of

salinity due to rain. Figure II.3.c shows the hydrographic profile

of freshly upwelled water, sigma-t was very high and the mixed

layer very shallow. On August 20, 1991, the surface waters were

warmer and the mixed layer deeper. The chlorophyll and nutrient

levels on that data were high (Table 11.1) indicating that the water

had been upwelled some time before the sampling date and had

time to stabilize due to solar heating.

According to Secchi-disk measurements, the sampling

interval received between 5 and 30% of incident surface light

intensity depending on ambient phytoplankton biomass levels. It

should be noted that water temperatures in summer were between

8 and 11 00, and in winter between 9 and 10 °C (Fig. 11.3), showing

that overall water temperatures only vary within a narrow range.

Composition of grazer assemblage

Protist groups were the most abundant grazers in the

dilution experiments. Occasionally, nauplil, appendicularians,

larval stages of benthic organisms, rotatorians, and the

predacious dinoflagellate Noctiluca were also observed during

microscopic analyses of the dilution experiments, but they were
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always rare. The same was true for scuticociliates which were at

times observed in the Lugol samples. Only the ciliate Tiarina

(Colepidae, Corliss 1979) was quantified and listed together with

the choreotrichs in one group since its occurrence was restricted

to late summer of 1990 (August 21 and September 5) when it

reached up to 1000 cells I-i. Among the heterotrophic

choreotrichs, only the tintinnids were identified to genus. The

enumerated tintinnids belonged to the genera Salpingella,

Tin tinnus, Pro plectella, Ptychocyclis, Tintinnopsis and

Stenosomella (Wailes 1943). Among the mixotrophic choreotrichs,

the genera Laboea and Tontonia constituted a large portion of the

total count. The group "heterotrophic gymnodinoids" included

mainly cells of the genera Gymnodinium and Gyrodinium and

spanned a wide size range. The smallest cells were about 10 p.m

long, the largest ones up to 130 p.m. The large gymnodinoids have

characteristic nuclei that contain moniliform chromatin bands

(Kofoid and Swezy 1921) in contrast to the smaller forms whose

nuclei appear granulated when DAPI stained. Heterotrophic

thecate dinoflagellates included the genus Protoperidinium and

other genera which likely belonged to the "Diplopsalis" group

(Dodge 1982). On July 23, 1991, a round heterotrophic

dinoflagellate with a diameter of about 30 p.m was abundant

(3000 cells I-i) but it could not be further identified and it was

not apparent if it was thecate. This dinoflagellate was not

included in any group. The autotrophic dinoflagellates included

autotrophic gymnodinoids, prorocentrales, and the genera

Torodinium, Gonyaulax, Ceratium and Dinophysis could be



Table 11.2. Initial abundances of functional/taxonomic categories of protists in the experimental water.

Abundance (cells m11), [95 % Confidence interval of the estimate]

DATh Heterotrophic Mixotrophic Autotrophic

Gymnodinoids Thecate Ciliates Nanoflagellates Ciliates Ciliates Dinoflagellates
Dinoflagellates

Apr. 12, 90 19 (12-31] 6 [2.151* 2 [1-3) 1760 [1280-2410) 8 [5-10) 2 [1-3] 47 (35-65]

July 10, 90 6 (4-9] <<1* <<1 1840 [1470-2300) 0 0.4 (0.2-0.7] <<1

Aug. 7, 90 17 (12-23] 0.4 [0.20.8]* 1 (0.7-2] 4110 (3110-5420] <<1 7 (5-9] 5 [3-9]

Aug. 21, 90 58 [48-69] 3 (2-4] 0.8 [0.5-1.2] 995 (1353-729] 1.2 (0.9-1.7] 0.1(0.1-0.4] 5 [3-8]

Sept. 5, 90. 39 [32-48] <(1* 4(3-5) 2490 [2060-3000) 0.9 [0.4-1.6) <<1 24 (18.33]

Dec. 13,90 6 (4- <<1* 0.9 (0.6-1.3 290 [184-452] 0.3 [0.2-0.6] <<1 3 [2-6]

Jan. 22, 91 53 [42-67] 0.2 (01]* 1 [0.7-1.5) 1370 (1 120-1680) 2 [4-1] 0.7 (0.4-1] 50 [39-64]

Feb. 25, 91 9 17-12] <<1 0.5 (0.3-0.9] 1300 (980-1710] 0.6 [0.4-1] 4 [3-5] 10 (7-15]

Apr. 13, 91 34 (29-40] 0.4 [0.3-0.7] 5 [4-6) 992 [777-1263) <<1 0.3 [0.2-0.5] 4 [3-6)

May 16, 91 44 [37-54] 1.4 [1.1-1.8] 5 [4-7] 1870 [1400-2490] 1.1 [0.8-1.6] 0.3(0-0.5) 30 [23-40]

July 9,91 9 (7-12] 0.1 [0-0.2] 1(0.7-2] 832 [695-996] <<1 0.7 (0.4-1] 31 [22-43]

July 23,91 34 (26-44] 0.8 [0.4-1.6] 4 [3-5] 1360 (980-1880] 0.2 [0-03] 0 8 [4-18]

Aug. 20, 91 64(53-78] 1.5 [0.73]* 0.8 [0.4-1.4] 1030(790-1350] <<1 0 0.6 [0.3-1) t'.)

* possible underestimation of thecate dinoflagellates (see text for further explanation)
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distinguished. Occasionally during sommer months, secondary

cysts of Dissodinium cf. pseudocalani (Elbrächter and Drebes

1978) were observed to contain up to 10 chlorophyll-containing

dinospores per cyst resulting in up to 2000 dinospores 1i.

Heterotrophic nanoflagellates were only counted in size

categories and not identified further. These cells spanned a size

range of 2 to 20 im in length.

In terms of cell number, heterotrophic gymnodinoids,

nanoflagellates and autotrophic dinoflageliates dominated the

protist community in the upwelling region (Table 11.2). Their

numbers did not vary consistently with upwelling status but

highest numbers were observed during the upwelling season. The

other enumerated protist groups were about an order of magnitude

less abundant than the gymnodinoids and nanoflagellates. The

autotrophic ciliate Mesodinium rubrum was more common in the

non-upwelling season with a maximum on April 12, 1990 (with 8

cells mi-i) than during upweHing events but never reached bloom-

forming abundances (around 100 mi-1, Smith and Barber 1979).

Autotrophic dinoflagellates were comparable in cell number to

heterotrophic dinoflagellates during the non-upwelling period and

were less abundant, sometimes by an order of magnitude, during

the upwelling season.

Total grazer biomass (Fig. ii. 4) was variable with highest

and lowest numbers occurring during the upwelling season. Two

samples from newly upwelled waters sampled early July 1990 and



Figure 11.4. Total grazer biovolume (x 106 p.m3 i, initial
numbers) counted in the experimental water during 1990 and
1991. The numbers over the bars are the fractions of the
contribution of grazer biomass to the combined biomass of
grazers and phytoplankton (in carbon). The horizontal bar shows
the duration of the upwelling season. The arrows indicate when
newly upwelled water was sampled.
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Figure 11.5. Biovolume (x106 p.m 3 1-1) of the different groups of
grazers (initial numbers) counted in the experimental water in

1990 and 1991. Vertical bar shows the duration of the upwelling
season. The fraction of gymnodinoids larger than 25 p.m is shown
for each gymnodinoid count.
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1991 showed a very low grazer biomass. The highest biovolume of

grazers was observed during Aug. 21, 1990, when total grazer

biomass was 20% of the combined phytoplankton and grazer

biomass (in carbon). During bloom periods, the contribution of

grazer biomass to total biomass was smallest (around 1%) and

during the non-upwelling season, it ranged from 4% to 9%.

Gymnodinoids and thecate dinoflagellates reached their highest

abundance during the upwelling period (Fig II. 5). On Aug. 21,

1990, gymnodinoids constituted 82% and on Sept. 5, 1990, 57% of

total grazer bioviolume. During most of 1991, gymnodinoids

contributed between 12% and 28% of total grazer biovolume.

Choreotrichs were more conspicuous during the non-upwelling

period when their biovolumes were fairly constant and contributed

between 20% and 50% of total grazer biovolume. The highest

biovolume was observed on April 12, 1990 and the contribution to

total grazer biovolume was 57%. Nanoflagellate abundance was

fairly high when compared to the biovolume of the other protists,

albeit variable throughout the year but again reached highest

values during the upwelling season. Their contribution to total

grazer biovolume was between 12% and 53%, and highest in the

freshly upwelled waters, with 75% in 1990 and 63% in 1991. The

proportion of gymnodinoids greater than 25 p.m in length (Fig 11.5 )

was highest during the upwelling period (exception April 13,

1991) and correlated strongly with the proportion of chlorophyll

biomass greater than 20 p.m (Fig. 11.6).
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Figure 11.6. Correlation of gymnodinoids larger than 25 p.m with
the proportion of chlorophyll biomass larger than 20 p.m.



50

Dilution experiments

Controls and assumptions

1. Phytoplankton not in exponential growth

On some occasions, no phytoplankton growth rate or grazing

rate could be measured (Table 11.1) because the phytoplankton

standing stock decreased during the incubations. The main

assumption of the dilution experiment technique, that of

exponential growth of the phytop(ankton, was not satisfied on

those days. With the exception of Sept. 5, 1990, the ammonium

added replicates did not show any phytoplankton growth, either

(no ammonium replicate available on May 8, 1990). The high

fraction of chlorophyll greater than 20 p.m shows that the

phytoplankton population consisted mainly of chainforming or

large solitary diatoms (confirmed by microscopic observations).

Nitrate was either low or not measurable (Table 11.1, Fig. 11.1) and

it was likely that the phytoplankton population was in a state of

decline. The Bakun index shows that these dates coincided with

weeks of very low upwelling or even wind reversal, indicating

that no upwelling took place and no new nutrients were

transported to the surface layer.
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2. Nitrogen limitation

When comparing replicate dilutions with and without added

ammonium, phytoplankton growth rates of most of the

experiments fell within the range given by the standard error, i.e.

they showed no sign of nitrogen-limitation (Table 11.1, Fig. 11.1 c).

Accordingly, for further calculations, we used the results from

the replicate incubations without added ammonium. However, on

two occasions, Sept 5, 1990 (Fig. ll.lb) and May 16, 1991, we

obtained values for 4u that differed between the treatments,

indicating nitrogen limitation. The comparison of the replicate

treatments for the May experiment was not as clear as for the

September experiment, however. The main experiment was

misèing the highest dilutions, and, when comparing undiluted

samples with and without added ammonium that were shaded (data

not shown, see Methods section), the ammonium limitation was

not apparent. Also, the range of the SE for both p and g was much

narrower for the dilutions without added ammonium. Therefore,

for subsequent analyses, the rates calculated from the ammonium

added replicates were used for the September, but not for the May

experiment.

It is likely that the May 8, 1990 experiment was ammonium

limited, since phytoplankton growth was negative in the

incubations (Table 11.1, see above), and the experiments had a high

phytoplankton standing stock (13.3 pg Chi a 11) and low

concentrations of nitrate and ammonium.
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3. Nonlinearity of grazing rates

The experiments were conducted during both upwelling and

non-upwelling periods in which chlorophyll biomass levels varied

from 0.6 to 55. 3 jig I-i (Table 11.1). At low ambient chlorophyll,

further lowering of phytoplankton biomass levels in the dilutions

could result in feeding thresholds of the grazer community. When

plotting phytoplankton growth versus dilution factor, a feeding

threshold would be apparent if diluting the plankton community

would not decrease grazing pressure and the apparent

phytoplankton growth rate would remain unchanged (Gifford 1988,

Gallegos 1989, Fig. 1.4). Alternatively, when phytoplankton

biomass is high, saturated feeding responses by the grazers could

also result in a departure of linearity because grazing pressure on

the phytoplankton would not be reduced as a linear function of

dilution (Gallegos 1989, Fig. 1.4). There was no evidence for

saturated feeding responses in our experiments, not even in the

two last experiments when chl a standing stock was 35 and 55 jig

(-1, respectively (Fig. 11.1 c, Table 11.1). Possible feeding

thresholds might not have been detected because not enough highly

diluted incubations were performed (see Gallegos 1989), though in

the experiment of July 10, 1990 a threshold might have occurred

(Fig. 11.1 a). With the exception of December 13, 1990 when

grazing rates were not detectable (SE larger than g), all other

experiments were conducted with higher phytoplankton standing

stocks and the occurrence of feeding thresholds is not to be

expected.
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4. Microzooplankton numbers unchanged during the incubation

We tested this assumption by determining net growth rates

of the protists during the dilution experiment incubation, based on

initial and final biovolume estimates (Table 1L3). We found that

protist biomass increased in some experiments. Choreotrichs

were not included since possible mortality in the bottles might

have biased the final biovolume estimates (see Methods section).

During 1990, gymnodinoids grew on August 7 (numbers for the July

date were too low to estimate a change in biomass). Gymnodinoid

biovolume was in rapid decline on August 21. During 1991 we

observed growth on almost all dates. Growth rates were high and

ranged from 0.7 to 1.2 d-1 (1 to 1.7 doublings/day). For the

thecate dinoflagellates, a net change could never be determined

during the incubations, possibly because these cells were never

very abundant and possessed large confidence intervals on initial

and final counts. The nanoflagellate population grew on four

occasions, when their growth rates were in the range of those for

the gymnodinoids. Grazing rates had to be corrected for the

experiments in which grazer abundance increased. Gymnodinloid

dinoflagellates increased most consistently and these grazers

were most likely linked to the rates of herbivory measured (see

below). We therefore corrected the measured grazing rates by

multiplying g with the ratio of the initial abundance divided by the

time-averaged abundance (modified after Landry, in press, Chapter

I) of gymnodinoids. This assumes that grazer increase was
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Table 11.3. Net instantaneous growth rates (, 95% Cl) of three different grazer

populations based on changes of biovolume during the incubation period. - indicates no

significant change.

Date gymnodinoid thecate nano-
dinoflagellates flagellates

April 12, 90 - - -

July 10, 90

Aug.7,90 1.0 - 1.2
(0.4, 1.6) (0.7, 1.7)

Aug.21,90 -1.2 - 0.8
(-0.9, -1.6) (0.2, 1.4)

Sept. 5, 90 - -

Dec. 13, 90 -

Jan. 22, 91 - -

Feb. 25, 91 1.0 - -

(0.5, 1.4)

Apr. 13, 91 0.8 - 1.0
(0.4, 1.2) (0.4, 1.5)

May 16, 91 0.8 -

(0.4, 1.2)

July 9, 91 1.2 - 0.74
(0.8, 1.6) (0.2, 1.2)

July 23, 91 0.7 - -

(0.3, 1.2)

Aug. 20, 91 0.9 -

(0.5, 1.3)
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constant over all dilutions. The corrected grazing rates are shown

in Table 11.4.

In addition to the assumptions outlined above, the use of

changes in chl a concentrations to calculate bulk phytoplankton

growth rate could lead to erroneous results if the phytoplankton

population were in a state of photoadaptation and cellular chi a

levels were changing during the course of the experiments. Even

though the measure of zooplankton grazing rate is not affected by

this potential artifact, it was addressed in the experiments.

Shaded controls of undiluted seawater, and one experiment in

which all dilution bottles were shaded by one layer of neutral

density screen (Dec. 12, 1990, Table 11.1), showed no significant

difference in phytoplankton growth rates. If the light intensity of

incubation was causing a decrease in cellular chlorophyll levels,

the apparent growth rate measured should have been smaller than

that of the shaded replicate, If, on the other hand, the light

intensity of incubation caused an increase in cellular chl a levels,

then the growth rates measured in the shaded replicate should

have been larger. The results show that neither case of

photoadaptation was influencing growth rate estimates.
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Table 11.4. Grazing rates (g*) corrected by growth of gymnodinoid dinoflagellates

DATE (d1)

Aug. 7, 1990 0.51

Feb. 25, 1991 0.02

Apr. 13, 1991 0.07

May 16, 1991 0.10

July 9, 1991 0.04

July 23, 1991 0.18

Aug. 20, 1991 0.21

Herbivory and phytoplankton growth rates

Phytoplankton growth rates were high during the upwelling

periods, ranging from 0.64 to 1.58 d-1 (Table 11.1). The exceptions

were Aug. 21 and Sept. 5, 1990 when phytoplankton did either not

grow or grew only slowly (0.15 d-1). These two dates were

accompanied by very weak upwelling and wind reversals (Fig. 11.2)

and nitrate was depleted in the mixed layer. Grazing rates were

variable during the upwelling season, ranging from a maximum of

085 on July. 10, 1990 to very low rates measured on July 9, 1991

(Table 11.1 ,4, Fig. 11.7) . In winter, both phytoplankton growth and

rates of herbivory were low, g varied between 0 and 0.2 d1 and p

between 0.2 and 0.4 d-1 (Table 1, Fig. 6). The rates determined

with the replicate dilution experiment with added ammonium

agreed usually very well with the untreated replicate (with the

exception of the possible nitrogen limitation discussed above).
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Figure 11.7. Grazing rates (d-1) plotted versus instantaneous
phytoplankton growth rates (d-1) calculated from the dilution
experiments during the upwelling and non-upwelling seasons of
1990 and 1991. Open circles = upwelling; closed circles = non-
upwelling.



DISCUSSION

Rates of growth and grazing during different stages of

phytoplankton bloom development

Three distinct stages of phytoplankton bloom development

can be distinguished during upwelling events. The first stage

occurs at the onset of upwelling when the upwelled water has high

nutrients and low phytoplankton biomass. Subsequently, as solar

heating stabilizes the water column, the phytoplankton grow

rapidly in the presence of adequate nutrient supply. In the third

and final stage, phytoplankton biomass has reached its highest

concentration and nutrients have been depleted (Gonzalez-

Rodriguez et al. 1992, Small and Menzies 1981). These stages can

be related to the ratio of nitrate and chlorophyll concentrations: A

pre-bloom period when NO3/chl a>>1 jima! jig1, a bloom-period

when NO3/chI a=1 p.mol jig-1 and a post-bloom period when

NO3/chl a<<1 jima! jig-1 In 1990, all three stages were sampled

(pre-bloom July 10, bloom Aug. 7, post-bloom Aug. 21 and Sept. 5),

whereas in 1991 only pre-bloom (July 9) and bloom situations

(July 23 and Aug. 20) were encountered. The highest

phytoplankton growth rates were measured during the first two

stages and are in the range of phytoplankton growth rates

measured in the Oregon upwelling by Kokkinakis and Wheeler



(1987) and Dickson and Wheeler (unpubl. ms). It is likely that

phytoplankton grew slowly or not at all during post-bloom periods.

Thus, even though no cell divisions took place, carbon might have

been fixed to meet respiratory requirements (Eppley 1981). In

this case, the low or zero phytoplankton growth might not have

been reflected by 14C incubations, the conventional method to

measure phytoplankton productivity.

It is interesting to note that during the non-upwelling

stages phytoplankton growth was always lower than during the

upwelling season, even though light was saturating and nutrients

not limiting. Growth rates in winter covaried with the

contribution of phytoplankton larger than 20 p.m (largely diatoms,

Table 11.1), suggesting that the smaller sized cells had a slower

intrinsic growth rate than the larger size fraction.

In the only other account of grazing rates in a similar

envonment, Landry and Hassett (1982) found rates of herbivory

that ranged from 0.07 to 0.28 d-1 in October on the Washington

shelf. These rates compare very well with rates measured in the

non-upwelling season off Oregon (Tables 11.1,4).

In the pre-bloom periods sampled in the beginning of July of

both years, grazing rates were very high in 1990 but very low in

1991. The ratio of total grazer biovolume to phytoplankton

biomass was higher by about a factor of four in 1990, explaining

the high grazing rate because a proportionally large herbivore



population was present. Grazing rate even exceeded phytoplankton

growth in this experiment. During bloom periods, grazing rates

were highest (0.18-0.51 d-1, Table 11.4) when phytoplankton

standing stock was high as well. However, during the post-bloom

periods, grazing rates were low even though grazer biomass had

reached its highest numbers. No gymnodinoid net growth was

observed during postbloom periods, and in the August 21

experiment, gymnodinoids declined rapidly (Table 11.3). It is a

common observation when culturing heterotrophic protists that

ingestion rates decrease considerably when the grazer population

reaches steady state (Gonzalez, pers.comm., Goldman et at 1989).

Alternatively, the nutritional value of the phytoplankton could

have no longer been adequate to support protist growth. Thus, the

variability of grazing rates measured during the upwelling season

was most likely controlled by a combination of factors, including

the physiological activity of the grazers and the abundance and

composition of the grazer community.

Importance of different grazer groups

We attempted to explain the variability of grazing rates

found with the abundance of the different grazer groups (Table

11.5). We correlated corrected grazing rates (Table 11.4) with the

initial biovolumes of the grazer groups (Figure 11.5). The grazer

biovolumes did not correlate with grazing rate in 1990. In 1991,

the biovolumes of gymnodinoids and nanoftagellates correlated

strongly with grazing rates. That gymnodinoid biovolume
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correlated strongly in 1991, but not in 1990, can again be

explained by a more active population of gymnodinoids sampled

during 1991, as exemplified by the net growth rates measured

during that year. Neither thecate dinoflagellates nor choreotrichs

showed a significant correlation. Total grazer biomass correlated

with g significantly only in 1991, again in accordance with the

indication that a physiologically more active grazer population

was present in the 1991 experiments.

Table 11.5. Correlation coefficients (R2)of the straightline
regression of corrected grazing rate g (d) and initial grazer
biovolume. R2 marked with an asterisk if regression slope is
significantly different from 0 ( P 0.05) . Slope of the
correlation of choreotrichs in 1990 is negative, all other
correlations have a positive slope.

Total grazer 0.16 0.64*

Gymnodinoid 0.15 0.79*

Thecate Dinoflagellates 0.13 0.21

Choreotrichs 0.39 0.01

Nanoflagellates 0.03 0.64*

Herbivory by gymnodinoid heterotrophic dinoflagellates has

been known since the last decade (Gaines and Elbrãchter 1987) and

evidence on their ecological importance is increasing both from

field and laboratory studies (Bjørnsen and Kuparinen 1991, Hansen

1991, Lessard 1991, Strom 1991, Schnepf and Elbrächter 1992,

Nakamura et al.1992). In the samples taken from our dilution
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experiments, numerous gymnodinoids were observed to have

diatoms in their vacuoles. This observation supports the close

coupling found between the abundance of large ( 25 p.m)

gymnodinoids with large celled (> 20 m) phytoplankton (Fig 11.6).

Applying dual-label isotope methods, Neuer and Cowles (Chapter

3) found that gymnodinoids selected phototrophic over

heterotrophic food sources. These observations, together with the

correlation of gymnodinoid dinoflagellate biovolume with grazing

rate, indicate that these cells were important herbivores in the

experiments.

Heterotrophic nanoflagellates are known to be omnivorous,

consuming both bacteria and phototrophic picoplankton (Sieburth

1984, Goldman and Caron 1985, Sherr and Sherr 1991). This

diverse group engulfs prey in direct poportion to cell radius

(Monger and Landry 1991) to the extent that some species can even

adjust their cell size to adapt to the predominant food source

(Goldman and Dennett 1990). The strong correlation of

nanoflagellates with grazing rate in the 1991 experiments can be

circumstantial and not necessarily point to a cause-effect

relationship. Community clearance rates of nanoflagellates on

phototrophic food sources was found to be very small compared to

the rates of the other grazer groups (Chapter 3). Grazing activity

could have stimulated bacterial growth due to excreted organic

matter and regenerated nutrients and thus stimulated bacterial

production which in turn was grazed by the flagellates and caused

an increase in their biovolume.



Choreorichs have long been thought to constitute the major

protistan herbivores in the marine environment (Smetacek 1981,

Verity and Villareal 1986), likely because much of the past

research was focused on the readily culturable tintinnids which

prefer phytoplankton in their diet (Heinbokel 1978, Verity 1985).

Recently, choreotrichs have been found to successfully compete

with nanoflagellates for bacteria (Fenchel and Jonsson 1988,

Sherr et al. 1989, Arndt et al. 1990), feed on aplastitic flagellates

preferably, or in the same proportion with autotrophic food

sources (Verity 1991) and show a high growth efficiency when fed

heterotrophic microflagellates (Ohman and Snyder 1991). Our

observations of single cell feeding studies, based on the dual-

label isotope method (Lessard and Swift 1985) identified several

taxonomic groups of choreotrichs that selectively ingested

heterotrophic over phototrophic food sources (Chapter 3).

Furthermore, in the experiment conducted on April 12, 1990, the

highest choreotrich biomass of all experiments was accompanied

by a low rate of herbivory. A portion of the choreotrichs in the

experimental water might have been omnivorous or carnivorous,

thus explaining the lack of a correlation between choreotrich

biomass and grazing rate.

If choreotrich ciliates are found to be abundant, these are

usually considered to be the major herbivores, oftentimes without

investigating the occurrence of heterotrophic gymnodinoids or

other herbivorous flagellates. When quantifying choreotrichs,



many researchers rely on Lugol's-fixed samples (e.g. Landry and

Hassett 1982, Gifford 1988, Paranjape 1990). Gymnodinoid

dinoflagellates, on the other hand, have to be quantified using

epifluorescence microscopy (Lessard and Swift 1986) since many

are autotrophic, and the information of the dinoflagellate nucleus

by DAPI staining is often necessary to correctly classify the cells.

Thecate dinoflagellates feed with a pallium, an extension of

their protoplast with which they envelope diatom chains (Gaines

and Taylor 1984, Jacobson and Anderson 1986). But the captured

food is not strictly autotrophic since detrital particles as well as

bacteria and flagellates can constitute food for these cells

(Jacobson and Anderson 1986, Lessard 1985, own observations).

This group, if abundant, should be important herbivores. However,

their biovolume never correlated significantly with grazing rate,

perhaps as a result of their lower abundance relative to other

grazer groups.

Abundance and biomass comparisons

There are few studies available that estimated grazer

biomass in an upwelling region and most focus on choreotrich

ciliates, especially tintinnids. Chester (1978) found a maximum

of 1000 uoligotrichsn and tintinnids per liter, with the maximum

occurring in the chlorophyll maximum layer off the Washington

coast in July 1974. Even though his numbers can be an

underestimated since he used formaldehyde (a fixative that is



65

known to preserve ciliates poorly, Gifford cited in Landry et al.

1989), there is a good agreement with the numbers of

choreotrichs found in the Oregon upwelling region. Nitrate data

indicate that no upwelling took place during his sampling period.

Beers and Stewart (1967) found numbers of ciliates (without

tintinnids) in the California current in December 1965 of only

about 11 to 53 per liter, and of tintinnids of maximal 10 per liter.

These numbers could be underestimates, as well, because the

samples were formaldehyde fixed and were passed through a nitex

mesh which also can cause losses of ciliates (Gifford 1988).

Landry and Hassett (1982) found higher numbers (2740 to 27800

choreotrichs per liter) using Lugol's solution as a fixative. The

upper range of his abundance estimate is higher than the ciliate

density observed in our study.

Sorokin (1978) found protozoan biomass (ciliates and

flagellates) to be between 19.8 and 46.2 p.g C I-i in the Peruvian

upwelling region. The values are well within the range of values

found for total heterotrophic biomass in the Oregon upwelling

region ranging from 3.1 to 61 tg C J-1 overall. (Fig. 11.4, numbers

multiplied by the biovolume to carbon conversion factor of 0.11,

see Methods section).

We converted our biovolume data for the different groups of

grazers to organic carbon and found that choreotrichs ranged from

0.07 - 9.1 pg C I-i, gymnodinoid dinoflagellates from 0.24 to 50. 6

tg C 1, and thecate dinoflagellates from 0.1 to 16 tg C M. The
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choreotrichs compare well with the biomass found in the

temperate North Atlantic by Lessard (1991), however, the upper

estimate found for thecate and gymnodinoid dinoflagellates is

more typical of eutrophic temperate coastal regions (Smetacek

1981, Lessard 1991). Even though methods of collection and

fixation vary with each study (and at least some the estimates did

not account for fixation shrinkage), the comparisons suggest that

the coastal upwelling environment off Oregon might be

particularly favorable for herbivorous dinoflagellates. Thus, the

importance of herbivorous dinoflagellates in the waters off

Oregon indicated in this study might be due to their proportionally

higher abundance compared to other oceanic regions.

Role of protist herbivory

The impact of protist herbivores in the upwelling region is

best quantified by investigating their impact on the primary

production of that region. Using the values for initial chlorophyll,

o and /1 determined in this study, along with the equations given in

Gifford (1988), potential production and the primary production

grazed can be calculated and compared for the non-upwelling and

the upwelling seasons (Table 11.6; C/chl ratios were calculated

from the percentage of phytoplankton > 20 p.m according to Neuer

and Franks, in press, Chapter 4). For the non-upwelling period,

potential primary production ranged from 13.7 to 134.5 p.g C I

d-1 with a mean of 76.6 p.g C -i d-1, while 35% of the potential

production was grazed (range 6 to 82%) . During the upwelling
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period, primary production ranged from 41.5 to 4257.3 jig C V1 d

1, with a mean of 1399 gg C I-i d-1 and 44% was grazed (7-121%).

It is apparent that during the upwelling season, the proportion of

the primary production grazed was very variable depending on the

stage of the phytoplankton bloom as well as the biomass and

physiological activity of the grazers. But because of the higher

phytoplankton biomass and growth rates during bloom periods, the

production grazed far exceeded that of the non-upwelling period

(Table 11.6).

In coastal waters off Washington in October 1980, Landry

and Hassett (1982) found microzooplankton to graze 17 to 52% of

the daily primary production, based upon results of dilution

experiments. This is well within the range of the grazing impact

found in this study. Applying feeding and growth rates of ciliates

determined in the laboratory to abundances in the field, ciliates

were estimated to graze 5-24% in the upwelling off the coast of

Peru in June 1969 (Beers et al. 1971), and from 7-52% in the

California Current during summer 1967 (Beers and Stewart 1970).

Even though these grazing impacts are indirect estimates and did

not include grazing by dinoflagellates, the upper limit of the data

are comparable with our findings for the bloom period in the

upwelling season (26 to 50%, Table 11.6). Landry and Lorenzen

(1989) estimated a lower grazing impact of ciliates with 6 to 7%

in nearshore waters off Washington in August 1981.
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Table 11.6. Summary of grazing impact on potential
primary production during the non-upwelling and
upweUini season in units of carbon.

Date Potential Production fraction
production grazed grazed

C (tg 11d1)

N on -up welling

Apr. 12, 90 119.0 47.9 0.40

Dec. 13, 90 13.7 4.3 0.32

Jan. 22, 91 74.6 60.9 0.82

Feb. 25, 91 36.3 2.2 0.06

Apr. 13, 91 134.6 19.9 0.15

Upwelling

July 10, 90 63.58 77.0 1.21

Aug. 7, 90 2809.1 1413.3 0.50

Sept. 5, 90 41 .5 28.4 0.68

May 16, 91 605.3 102.1 0.17

July 9, 91 439.0 29.8 0.07

July 23, 91 4257.3 1090.7 0.26

Aug. 20, 91 1578.7 612.4 0.39

Macrozooptankton grazing impact, in comparison, was

between 15 to 40% in nearshore waters off Washington in August

1981 (Landry and Lorenzen 1989). In the Peru upwelling system in

April 1977, macrozooplankton harvested less than 5% of the daily

primary production (Dagg et al. 1980).



Walsh et al. (1981) argued that the annual export of organic

carbon from continental shelfs to continental slopes, due to the

high fraction of new production, is far greater than in the open

ocean, even though continental shelf areas comprise only around

10% of total ocean area (Ryther 1969). Fecal debris of

protozooplankton is small, similar in size to prey items (Stoecker

1984) and might disintegrate soon after egestion due to the lack

of a special membrane (see Elbrächter 1991 for a review).

Because of the high residence time of fecal debris in the mixed

layer (Welschmeyer and Lorenzen 1985), herbivory by

protozooplankton in coastal upwelling regions is a factor

controlling carbon-flux to continental slopes. We show that

during bloom periods 26 to 50% of the potential primary

production, or 612-1413 p.g C I-i d-1 was grazed (Table 11.6). This

fraction is not readily removed from the mixed layer via sinking

as it would be through sedimentation of larger phytoplankton cells

or metazoan fecal pellets (Landry and Lorenzen 1989). We

hypothesize that by grazing a substantial portion of the primary

production, and by supplying recycled nutrients, protist grazing

prolongs the phytoplankton bloom period. This can have two

consequences for carbon flux on the shelf: a) Metazooplankton

further off-shore can take advantage of a more actively growing

phytoplankton biomass (together with a high biomass of

micrograzers, see Stoecker and McDowell Capuzzo 1990) than

would be present without protist grazing, and b) by being carried

out further off shore, phytoplankton carbon sinks out of the

euphotic zone where the shelf is deeper and resuspension into the
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mixed layer is less likely (Fanning et al. 1982), i.e. where the

burial of carbon is of a more permanent nature.
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CHAPTER 3

COMPARATIVE CELL-SPECIFIC GRAZING RATES OF HETEROTROPHIC

CILIATES AND DINOFLAGELLATES APPLYING THE DUAL-LABEL

ISOTOPE METHOD

SUSANNE NEUER AND TIMOTHY J. COWLES

INTRODUCTION

Heterotrophic ciliates and dinoflagellates are the two major

groups of phagotrophic protists in the microplankton size range

(20 - 200 jtm). Ciliates have been found to be an important

constituent of microbial loop processes and to provide a link to

higher trophic levels (e.g. Heinbokel 1978, Rassoulzadegan 1982,

Verity 1985, 1991, Jonsson 1986, Sherr and Sherr 1987, Stoecker

and McDowell Capuzzo 1990). Heterotrophic dinoflagellates,

however, have only recently been the subject of field and

laboratory studies investigating their functional importance in

aquatic ecosystems (Lessard and Swift 1985, Jacobsen and

Anderson 1986, Strom 1991, Bjørnsen and Kuparinen 1991, Hansen

1991, Lesssard 1991, Nakamura et al. 1992). Since both groups

have a similar food spectrum, heterotrophic dinoflagellates and

ciliates are thought to be competitors in the natural environment

(Lessard 1991, Hansen 1991). But differences between the two

groups become obvious when comparing instantaneous growth

rates: ciliates grow about twice as fast as dinoflagellates of the
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same body mass under optimal laboratory conditions (Banse 1982).

Although these growth rates were taken from autotrophic

dinoftagellate species (which are far easier to culture), there is

no evidence from the literature that heterotrophic dinoflagellates

grow more rapidly (Strom 1991, Goldman et al. 1989, Nakamura

1992). It is not yet known, however, if ciliates are able to realize

their fast growth rates in the field under natural food

concentrations but rather lead a feast-famine existence as food

availability fluctuates in the environment (Banse 1982, Stoecker

et al. 1983, Fenchel and Jonsson 1988).

The approximately two-fold difference in growth rates of

ciliates and dinoflagellates suggests that there are major

differences in either specific clearance rates or growth

efficiency between these groups. In this study we investigate, as

an initial step addressing this topic, the question whether

specific clearance rates of the two groups are different in the

field.

A total of 19 grazing experiments were performed in the

upwelling system off Oregon during 1990 and 1991, using the

dual-label isotope technique (Daro 1978, Lessard and Smith 1985).

Since two isotopes, 14C-bicarbonate and tritiated thymidine, were

used, both phototrophic and heterotrophic food sources could be

distinguished. We had two specific objectives in this study: a) to

compare food selectivity based upon the differential ingestion of

heterotrophic and phototrophic food sources, and b) to establish
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empirical relationships between size-specific clearance rates and

size of the organisms. Applying these size-clearance rate

relationships and the known size-frequency distribution of the

two groups in the field (Chapter 2), we were able to compare

feeding performances of ciliates and dinoflagellates under in situ

conditions.

Our results indicate that the different groups exhibit

profound differences in food preference. Gymnodinoid

dinoflagellates were found to be important herbivores in the

Oregon upwefling system and their community clearance rates on

phototrophic as well as heterotrophic food sources usually

exceeded those of the ciliates.

Water was collected using 5 I Niskin bottles at monthly to

bimonthly intervals in 1990 and 1991 from 7-9 m depth in

nearshore waters west of Newport, Oregon, U.S.A.. The collected

water was immediately transferred to acid-washed polycarbonate

carboys that were cooled with running surface sea water and

shaded during transit back to the laboratory. The carboys then

were stored at 10 °C (approximate in situ temperature, see

Chapter 2).
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The experimental procedures follow those outlined in

Lessard and Smith (1985). About 7 h after collection, water from

the carboys was incubated in three to four 250 ml acid-cleaned

polycarbonate bottles with 1tCi mI-1 of tritiated thymidine

(hereafter 3H, specific activity 68 Ci mmol1) and 14C..

bicarbonate (hereafter 14C, specific activity 56 mCi mmoI1, both

isotopes were obtained from ICN Chemical and Radioisotope,

Irvine, California). In some experiments carried out In 1990, 1-3 I

of water from the carboys was first collected over a submerged

20 .tm Nitex mesh to concentrate the particulate fraction > 20

tim, mixed with unscreened water from the carboys and then filled

into the bottles. The bottles were incubated at 10 °C for 1-3 h at

100 imol m2s-1 photon flux from fluorescent light bulbs. At the

end of the incubation, replicate aliquots were filtered from each

flask onto 0.2 m polycarbonate filters (Poretics) to determine

the radio-label taken up by the total particulate fraction. A

second set of replicate aliquots was prefiltered through a 20 p.m

Nitex mesh, prior to filtration onto 0.2 p.m filters, to determine

the activity of the fraction smaller than 20 p.m. After filtration,

the filters, including the rim, were carefully rinsed three times

with 0.2 p.m filtered, unlabeled water collected from the same

site to remove all isotope not fixed in the particulate fraction.

The filters were placed into 20 ml scintillation vials. Because

only one flask could be processed at a time, flasks were

maintained at 4 °C in the dark from the end of incubation until

filtration. The remaining water in each flask was filtered through

a submerged 10 or 20 p.m Nitex mesh attached to a 50 or 200 ml
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open-ended beaker to concentrate the particulate fraction

containing the grazers, and rinsed three times with the unlabeled

water. The organisms retained on the filters were kept suspended

in filtered seawater at 4 °C until isolation (less than 1 h after

filtration). Heterotrophic ciliates and dinoflagellates were

isolated with drawn-out micropipettes under a dissecting

microscope and then transferred through three rinses of the

filtered seawater (to wash off any remaining label) into 20 ml

scintillation vials.

The dimensions of the cells were measured using a Zeiss

Videoplan Image Analysis System attached to the dissecting

scope. The dinoflagellates were grouped into gymnodinoid and

thecate forms. Gymnodinoid forms belong to the order

Gymnodiniales and thecate dinoflagellates contained next to the

abundant genus Protoperidinium also cells of genera belonging to

the Diplopsalis group (Dodge 1982, Chapter 2). Among the

heterotrophic dilates, choreotrichs and cells of the genus Tiarina

(Colepidae, Corliss 1979) were abundant (Chapter 2). Tintinnids

were further classified to genus. One to four cells of each

taxonomic group and size were micropipetted into the

scintillation vials which contained 1 ml of 0.2 N perchloric acid to

digest the cells and to drive off 14CO2. Ecolume (ICN)

scintillation cocktail (4 or 8 ml) was added to all scintillation

vials. The samples were counted in replicate using a Packard Tn-

Garb Liquid Scintillation Analyzer model 1900 CA in the high-

sensitivity dual-label count mode. The instrument converted
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counts to disintegrations per minute (DPM) applying a quench

indication parameter (tSIE/AEC) programmed from a quench curve.

The instrument is able to detect 1-3 DPM above background. Mean

background count were obtained from measurements of several

replicate vials containing scintillation cocktail and 0.1 ml of the

filtered seawater. Final sample DPM's were obtained by

subtracting the mean background DPM from the raw sample DPM's.

The efficient separation of the 3H and C counting regions

by the liquid scintillation counter is critical when counting low

activity samples because of the overlap in electron energy spectra

of the two isotopes. By running a series of low count standards

we determined that for the low counts obtained for the single cell

vials (less than 200 DPM), the separation of the counting ranges

was efficient and that no spill-over of the 14C electron emission

region into the 3H emission region occurred.

DPM was converted to clearance rate in p.1 ce111 h1 using

the model by Daro (1978). The partitioning and transfer of label is

conceptualized in a three compartment model:

Water (q1)i--> Prey (q2)-2--> Grazer (q3) _A3_>

in which q is the activity of label in a compartment and ? the

transfer rate between two compartments. The transfer between

the compartments is modelled by differential equations and under

the assumption that qi >> q and A the rate of isotope recycling,

is negligible (see below), grazing rate A2 is given by
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Equation 1
q2t

Where q is the isotope incorporated in the prey compartment and

q3 is the label in the grazer compartment.

The conceptual background for applying Daro's model to the

dual-label isotope technique is based on the assumption that 14C

is taken up by phototrophic prey (autotrophic algae) and 3H by

heterotrophic prey (bacteria and br other bacteriovores, Lessard

and Swift 1985). To quantify the grazing impact (clearance rate)

on a certain food source it is crucial to accurately determine the

size range of the possible food source, i.e. which fraction of the

labelled particulate matter to use as q2 in the denominator of

equation 1. For example, using Lessard and Smith's (1985)

approach, the particulate fraction smaller than 20 im was

considered available prey to grazers larger than 20 im in size.

This predator-prey size relationship is reasonable for suspension

feeders such as choreotrich ciliates, but not for thecate

dinoflagellates which feed with a pallium (an extension of their

protoplast) and ingest a wide size range of prey organisms (Gaines

and Taylor 1984, Jacobson and Andersen 1986). Also, gymnodinoid

dinoflagellates greater than 20 jim are able to engulf prey larger

than 20 p.m (Chapter 2, Lessard 1991). Therefore, for thecate

dinoflagellates, gymnodinoids greater than 20 p.m and Tiarina, q2

was defined as the activity in the total particulate fraction while



the labelled particulate from less than 20 p.m was considered the

available prey for choreotrichs and smaller gymnodinoids ( 20

p.m).

Several assumptions are implicit in Daro's (1978) model. It

is assumed that regeneration or excretion of label during the

incubation time is negligible. The assumption of negligible

isotope recycling and excretion is supported by the observation

that the uptake of label into cells is linear within the first 3 h of

incubation (own unpublished results, Lessard and Smith 1985). in

addition, the model assumes that no label is taken up osmotically

by the grazers or adsorbed to the surface of the cells. Lessard and

Smith (1985) determined that direct uptake of thymidine was not

a substantial part of the total uptake in heterotrophic

dinoflagellates and that the measured uptake of label reflected

feeding on particulates. We found less than 1% adsorption of label

to the particulate fraction following incubation of heat-killed

water samples. No significant radioactivity was detected in

isolated heat-killed cells (Lessard and Smith 1985).

We calculated biovolume of the isolated grazer cells by

converting the linear dimensions determined with the image

analysis system to geometric shapes as recommended in Edler

(1979). Size-specific clearance rates (in fractions of body

volume h-i) were obtained by normalizing clearance rates by the

biovolume of the grazer, thus expressing clearance rates in units

of body volumes cleared per unit of time. Size-specific clearance
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rates were used within a group to investigate the presence of a

relationship with the size of the grazers. These relationships

between clearance rates and size were used to determine

community clearance rates by applying them to the known size

frequency distribution of a grazer population.

Median clearance rates were chosen as a statistic of the

average clearance rate because the data contained a few high

values, which would skew the arithmetic mean. High values

should not be rejected as outliers, however, since they can provide

important evidence for the discontinuous nature of protist

feeding.

Depending on the abundance of cells belonging to the same

taxonomic group and size in a given experiment, several cells (>2)

from one vial or replicate vials were pooled to form one data

point. If representatives of a certain group and size were sparse,

only 1-2 cells constitute a data point. The total number of data

points for the ciliates are 23, of which 17 constitute data from 1-

2 cells. Of the thecate dinoflagellates, the total sample size is

35, and 23 constitute data from one or two organisms. For

gymnodinoid dinoflagellates, the sample size is 13, of which 10

are data points from 1-2 cells.

We calculated a food selectivity index to compare

differential utilization of certain food sources between and among

ciliates and dinoflagellates. Selectivity was determined by



dividing the clearance rate on 3H labelled particulate matter by

total clearance (sum of 3H and 14C labelled particulates). Thus, a

selectivity index close to 1 indicates that heterotrophic food

sources dominate the diet, and a selectivity close to 0 suggests

that phototrophic food sources constitute the major portion of the

diet.

RESULTS

Cell-specific clearance rates and selectivity

Ciliates displayed the highest clearance rates on

heterotrophic particulate matter (3H based rates) (1.8 pi h-i)

while gymnodinoid dinoflagellates had the lowest (0.5 j.tI h-i)

(Table 111.1). Gymnodinoids had the highest median clearance rate

on phototrophic material (4.6 pi h-1,14C based rates), with

ciliates and thecate dinoflagellates exhibiting about equal median

rates (2.7 and 2.4 p.1 h-i). The overall range of clearance rates

found was widest for ciliates and thecate dinoflagellates, and

narrowest for gymnodinoids. Of the ciliates, 13 and 17% of the

data were higher than 20 p.1 h-1 for heterotrophic and autotrophic

food sources, respectively, and one data point for each food source

was higher than 100 p.1 cell-1 h-1. Of the thecate dinoflagellates,

6 and 11% of the data were higher than 20 p.1 h1 and one data

point was above 100 p.1 cell-1 h-1 for 14C-labelled food.



Table 111.1 . Median Clearance rates (jii h-1) (range) of heterotrophic ciliates and
dinoflagellates on heterotrophic (3H) and autotrophic (1 4C) food sources

DinoflageHates

3H 1.8 (0-1 53) 0.7 (0 - 78.4) 0.5 (0 - 12.4)

14C 2.7 (0 - 1 4 1) 2.4 (0 -104.7) 4.6 (0 - 22.5)

Among dilates, group specific differences in selectivity

indices were found (Fig. 111.1). For example, the ciliate Tiarina

which was abundant during late stages of phytoplankton blooms

during the upwelling season (Chapter 2), mostly utilized

phototrophic food sources. The tintinnid genus Stenosomella

mostly ingested heterotrophic food particles. Interestingly, most

non-loricate choreotrichs were either feeding only on

heterotrophic or phototrophic particles (selectivity parameter of

1 or 0, respectively). Tintinnids other than Stenosomella were

apparently less selective in their feeding behaviour as

heterotrophic prey was ingested exclusively only in two instances

and no exclusive ingestion of phototrophic material was observed.

There was no evidence that the selectivity indices were

influenced by the size of the ciliates.

Thecate dinoflagellates displayed a range of feeding

selectivity. As with the results for the ciliates shown in Fig.

111.1, no relationship of size with selectivity was found. Most

thecate dinoflagellates selected phytoplankton over heterotrophic



Figure 111.1. Selectivity index (ratio of clearance on 3H-thymidine
labelled (heterotrophic) food sources over the sum of clearance on
3H and 14C-bicarbonate labelled (phototrophic) food) plotted versus
biovolume (im3) for various groups of ciliates. High selectivity
indices (>0.5) indicate preference for heterotrophic food, lower
values (< 0.5) preference for phototrophic food sources.
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food sources and about 50% (19 of the 35 data points) of the

investigated cells had selectivity values 0.2 (Fig. 111.2).

Gymnodinoid dinoflagellates showed a stronger selection for

phototrophic food particles with 10 of 13 data points having

selectivity values 0.2 (Fig. 111.3).

Size-specific clearance rates

Ciliates that were isolated in the dual-label experiments

covered a size range from 6 x iO - 9 x iO jim3, thecate

dinoffagellates from 4 x iO 5 x 10 jim3, and gymnodinoids

from 1 x 103 - 1 x 10 jim3. The mean size specific clearance

rates with their 95% confidence intervals (Cl) are shown in Figure

111.4, separated into grazing on heterotrophic and phototrophic

food sources. The ranges of the clearance data given by the 95% Cl

are largely overlapping within a given food source. For both groups

of dinoflagellates, the 95% Cl of the mean specific clearance was

always lower for heterotrophic than for phototrophic food

sources. The means of the data and the upper end of the 95% Cl

reflect the trends that were found when comparing the median

clearance rates (Table 111.1). Gymnodinoid dinoflagellates

exhibited higher mean specific clearance rates on phototrophic

food sources (2.1 x iO (body volumes) h1) than ciliates (1.1 x

iO (body volumes) h-1) or thecate dinoflagellates (6.9 x iO

(body volumes) h-i), while ciliates showed the highest mean size

specific clearance rates on heterotrophic food sources (6.6.x 1 O

(body volumes) h-1, compared to 2.4 x104 (body volumes) fri and
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3.1 x104 (body volumes) h-1 for gymnodinoid and thecate

dinoflagellates, respectively).

An example of a regression of size-specific clearance rates

on body-volume is shown in Figure 111.5 for the case of the

gymnodinoids. There is a clear relationship with size for both

food sources with larger cells clearing fewer body volumes per

unit time than smaller cells. The slopes of the regressions are

almost identical, and both are significantly different from 0 (Fig.

111.5, Table 111.2). The intercept of the regression of phototrophic

food sources on size is clearly higher than the one on

heterotrophic food sources, supporting the selective utilization of

phototrophic food sources found for this group. We also conducted

the regression without the two extreme points (Fig. 111.5). The

slopes of the size-clearance rate relationships for the feeding on

3H and 14 C labelled food decreased to -1.28 x iO and -1.04 x

iO, the intercepts to 4.94 and 5.85, and R2 to 0.19 and 0.32,

respectively. The results of the same regressions conducted for

ciliates and thecate dinoflagellates are also shown in Table 111.2.

No significant size relationship was found for the size specific

grazing of ciliates on heterotrophic food sources (see also Fig.

111.6) or the feeding of thecate dinoflagellates on phototrophic

food. But organism size explained a significant portion of the

variability of specific clearance rates for ciliates feeding on

phototrophic food sources and for thecate dinoflagellates feeding

on heterotrophic food sources.
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Table 111.2. Summary of regression equations of log specific clearance rate in

fractions of bodyvolumes hrl) as a function of grazer biovolume (jim3). The
results are shown for both heterotrophic (3H) and autotrophic (14C) food

sources. R2 is marked with an asterisk if the slope of the straight line model is
significantly different from zero (* if p < 0.05, ** if p < 0.01).

DinoflageHates
Ciliates Thecate Gymnodinoid

3H

Intercept 4.68 5.85 4.74 4.92 4.99 5.95

Slope 0.34 -1.91 -0.25 -0.07 -1.45 -1.40
x 10-5

R2 0.01 0.30** 0.27** 0.03 0.47* 0.66**

DISCUSSION

Our results indicate that ciliates and heterotrophic

dinoflagellates ingest both phototrophic and heterotrophic prey,

but that gymnodinoid and most thecate dinoflagellates ingest a

greater proportion of phototrophic food sources. We show that

size is an important factor in explaining variability of feeding

rates and has to be considered when comparing feeding rates of

dilates and dinoflageilates.

In the following, we witl compare our data on clearance

rates and food selectivity with those found in other studies, and

we will test the predictive ability of the size-clearance rate

relationships. Finally, we will use these relationships to
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determine community and mean per capita clearance rates in the

Oregon upwelling system.

Ciliates

Selective ingestion of prey has been studied for some time

in dilates, exemplified by the choreotrichs Fave/la and Ba/anion

which preferentially feed on phototrophic dinoflageilates over

other algae (Stoecker, 1981, 1986, see Verity 1991 for a review).

Through chemical cues from the prey, dilates can discriminate

between food items within the optimal particle size range given

by the dimensions of mouth and membranelle spacing (Verity 1991

a, Fenchel 1986). Our results support this model of behaviour, as

most of the choreotrichs and Tiarina isolated from the Oregon

upwelling region were able to select either heterotrophic or

phototrophic food sources.

In the only other published study applying dual-label isotope

methods to measure clearance rates of ciliates and

dinofiagellates, Lessard and Smith (1985) found median clearance

rates for ciliates of 1.6 and 8.6 p.1 h1 for feeding on 3H-Iabelled

and 1C labelled food, respectively. Thus, most dilates in their

study showed selectivity for phototrophic food sources with

median clearance rates on phototrophic food about three times

higher on a single-cell basis than was found in our study. The

rates of feeding on phototrophic food sources found in their study

could have been overestimated, however, if some of the isolated
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ciliates were mixotrophic (at the time of their study, mixotrophy

in ciliates was not yet known). Mixotrophic dIlates ingest algae

but retain the chioroplasts of the prey for some time

(cleptochloroplasts, Stoecker et al. 1987, 1988). Ingestion of

labelled phototrophic cells and photosynthetic uptake of label by

the cleptochioroplasts inside the ciliate cannot be distinguished

with the dual-label isotope method, thus the method is unsuitable

for mixotrophic ciliates.

We compared our measurements of ciliate grazing on

heterotrophic food sources with rates obtained for smaller

pelagic ciliates by Sherr and Sherr (1987) using fluorescently

labelled bacteria (FLB) (Fig. 111.6). Both data sets show that

specific clearance rates are independent of size (R2 = 0, see also

Table 111.2) In addition, the log specific clearance rates are not

significantly different between the two data sets (mean of 5.01,

95% Cl: 4.79 5.23 for the data by Sherr et al. 1987; mean of 4.82,

95% Cl: 4.46 - 5.18 for our data, see also Fig. 111.4). The data agree

very well where the size ranges of the dilates of both studies

overlap. The scatter of the data about the mean is considerable

for the larger ciliates in our study, which is likely the result of

the differences in food preference found between and within the

different taxonomic groups of ciliates (Fig. 111.1). The agreement

of the data of these methodologically different approaches shows

that the high consumption of bacteria found by Sherr and Sherr

(1987) is also true, at least in part, for the larger ciliates. It is

important to note that the consumption of 3H labelled food
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sources in our study may have included consumption of other

bacteriovores such as small heterotrophic nanoflagellates
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Figure 111.6. Comparison of feeding on 3H-labelled particulates
(open circles) with bactivory measured by feeding on
fluorescently labelled bacteria (FLB, data from Sherr and Sherr
1987, filled circles) by dilates. Log specific clearance in
fractions of biovotume (h-i) plotted versus log biovolume (pm3).
Line is the regression line of the data by Sherr and Sherr (1987).
Both data sets do not show any relationship with size (R2=O, see
text and Table III. 2).



(Lessard and Smith 1986, Rassoulzadegan et al. 1988). Non-

plastidic nanoflageuates have been found to constitute important

food for choreotrich ciliates (Verity 1991b, Ohman and Snyder

1991). Maximum clearance rates for feeding on heterotrophic

flagellates and bacteria were 2 jil h-1 and 1.5 jil h1,

respectively, for Strombidium sulcatum (Fenchel and Jonsson

1988). These clearance rates agree well with the median

clearance rates found for ciliate feeding on heterotrophic food

sources in this study (Table 111.1).

We applied the size-clearance rate relationships found for

ciliates in this study to the data obtained by Verity (1991b), who

investigated the feeding of a Strobilidium and the larger tintinnid

Tintinopsis dadayi on aplastidic and plastidic nanoplankton. The

biovolume of the Strobilidium was 3 x 1O jim3, and the biovolume

of the tintinnid was 1.2 x 1O jim3 (converted from his biomass

data in units of carbon assuming a ratio of 0.11 pg C jim-3).

Strobilidium had a size specific clearance rate of 1 .2 x 1 o h1 o n

plastidic and aplastidic food in single prey cultures. Applying our

size-clearance rate relationships to Strobilidium, we predict

size-specific clearance rates of 6.1 x io h-1 for heterotrophic

food sources and 1.9 x 105 h-1for phototrophic food sources. The

predicted rates are in good agreement with the measured feeding

rate. For the tintinnid, we predicted 1.2 x iO h-1 for the feeding

on the heterotrophic food source compared to the measured 0.75 x

105 h-1, and 0.4 x i0 h-1 compared to the measured 1 x 10 h1

for the feeding on the plastidic nanoplankton. While the feeding
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rates on heterotrophic food sources agree well, our model

predicting size-specific clearance rates on phototrophic food was

not appropriate in this case.

Dinoflagellates

Lessard and Swift (1985) found clearance rates for thecate

dinoflagellates similar to our data when applying the dual-label

isotope method in North Atlantic waters with a median of 1.9 and

3.3 j.tl h-1 for feeding on heterotrophic and phototrophic food

sources, respectively. They also found that many thecate

dinoflagellates preferred phototrophic cells as food, but many

cells exhibited less selective feeding behaviour. Lessard and

Swift (1985) did not report clearance rates on gymnodinoid

dinof (age! lates.

Many thecate dinoflagellates feed with a pallium, a

pseudopod with which they enclose diatoms or even chains of

diatoms. But some thecate dinoflagellates have also been

observed to capture small detrital particles with attached

bacteria (Jacobson and Anderson 1986, see Schnepf and Elbrächter

1992 for a review). Thus, it is not surprising to find conditions

under which thecate dinoflagellates show unselective feeding.

Our results indicate that gymnodinoids feed more

specifically on phototrophic food compared to thecate forms. Our

observations and those of other researchers find gymnodinoids



with ingested diatoms and phototrophic dinoflagellates in their

food vacuoles (see also Hansen 1991 for a review). They often co-

occur in the field with blooms of large diatoms or chains of

diatoms (see Chapter 2; Hansen 1991). Gymnodinoids also feed on

nanoflagellates and Synechococcus (Strom 1991, Schiller 1955

cited in Schnepf and Elbrächter 1992, Kofoid and Swezy 1921).

Thus, the limited uptake of 3H-labelled food sources by

gymnodinoids in this study might be the result of the ingestion of

bacteriovores such as heterotrophic nanoflagellates.

In a recent study of heterotrophic gymnodinoid

dinoflagellates, Strom (1991) found maximum size specific

clearance rates of a heterotrophic Gymnodinium sp. (size 1111

im3) from the subarctic Pacific to be 1.8 x 106 h-1, when fed a

mixture of the phytoflagellate Isochrysis galbana and the

cyanobacterium Synechococcus spp. Applying our size-clearance

rate relationship for the grazing of gymnodinoids on phototrophic

food sources (Table 111.2) to the Gymnodinium sp., we predict a size

specific grazing rate of 0.9 x106 h-1. This result agrees well

with the clearance rate measured by Strom (1991). On the other

hand, Bjørnsen and Kuparinen (1991) found for a similarly sized

Gymnodinium sp. from the Southern Ocean a maximum clearance

rate of only 0.12 x 106 h-1 on phytoplankton, which is about an

order of magnitude smaller than what is predicted by our size-

clearance rate relationship. This discrepancy can be explained by

a difference in temperature. While data for this study were

obtained at 10 °C, and at 12 °C in Strom's (1991) study, the
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temperature of incubation was 1 °C in the Southern Ocean study.

This illustrates the fact that when applying our size-clearance

rate relationships, temperature effects need to be considered.

Community clearance rates

Using the equations developed in this study to quantify size

specific clearance rates of ciliates and dinoflagellates, we

calculated community clearance rates (in ml h1 11) based upon

abundances and size distributions found in the Oregon upwelling

system (Chapter 2). For this comparison, we applied our equations

to all size classes of grazers, some of which were below the size

range of cells isolated in this study. We also included mixotrophic

ciliates in our calculation of community clearance rates,

assuming equal clearance rates on both food sources as was found

for heterotrophic choreotrichs. We calculated community

clearance rates for heterotrophic nanoflagellates by applying

literature values of average clearance rates to the total

abundance of nanoflagellates. We assumed that only heterotrophic

nanoflagellates >5 p.m could utilize autotrophic picoplankton (own

microscopic observations; Gonzalez, pers. corn.) and applied a

mean clearance rate of 0.028 p.1 h1ce111 (Sherr et a). 1991,

feeding rates of a mixed flagellate community on fluorescently

labelled algae, size 1.9 jim). All nanoflagellates were assumed to

be utilizing bacteria, and we applied a clearance rate of 0.8 nI h1

as found in Oregon nearshore waters (Gonzalez, pers. corn.).



We selected two dates during the non-upweUing season in

winter and two during the phytoplankton bloom period in the

upwelling season in summer of 1991 (Figs. 111.7-10). On all dates,

phytoplankton growth and rates of herbivory were measurable

when applying the dilution method (Chapter 2, Table 11.1). The

grazer communities on the different dates were characterized by

different abundances (in terms of biovolume, Fig. 11.5) and

composition (Figs. 111.7-10). On Dec. 13, 1990, ciliates

constituted 50% of the total grazer biovolume and gymnodinoids

only 6% (Fig. 111.7). Accordingly, community clearance rates by

ciliates were the highest of all grazer groups. Even though

gymnodinoids only constituted a small percentage, their

community clearance rates were still about half of those of the

ciliates. In comparison, thecate dinoflagellates and

nanoflagellates had low community clearance rates because of

their relatively small size- and cell specific clearance rates. On

Jan. 22, 1991, gymnodinoids constituted a slightly greater

proportion of total grazer biovolume than the ciliates (28%

compared to 21%, Fig. UI. 8), but exhibeted community clearance

rates on both food sources that was twice as large as that of the

dilates. This illustrates the importance of both the higher size-

specific clearance rates of the gymnodinoids compared to the

dilates as well as the size-frequency distribution. Smaller cells

of the gymriodinoids have a higher size-specific clearance rate on

heterotrophic food sources than the dilates (Table 111.2).

Nanoflagellates constituted 50% of the grazer bioviolume but had

very low community clearance rates



Figure 111.7. Community clearance rates (ml h1 M) of the
different grazer groups on heterotrophic (open bars) and
phototrophic food sources (filled bars) in the Oregon upwelling
system on December 13, 1990. The different grazer groups are
ciliates (Gil), thecate dinoflagellates (Thec), gymnodinoid
dinoflagellates (Gym) and nanoflageflates (Nanofl). The numbers
were calculated applying the results of the size-clearance rate
relationships found in this study (Table 111.2) and the abundances
and size distribution of the different grazer groups in the field.
For the nanoflagellates, community clearance rates were based on
the abundances of nanoflagellates in the field and rates of
bacterivory and herbivory found for this group (see text for
sources). The pie-graph on the right shows relative protist
abundance.
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Figure 111.8. As in Figure 111.7 for January 22, 1991.
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Figure 111.9. As in Figure 111.7 for July 23, 1991.
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Figure 111.10. As in Figure 111.7 for August 20, 1991.
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on both food sources compared to gymniodinoids and dilates. in

July, ciliates consituted also a greater percentage of total grazer

biovolume than the gymnodinoids, but gymnodinoid community

clearance rates again exceeded those of the ciliates by more than

a factor of two (Fig. 111.10). In August, ciliates constituted only

3% of total protist biovolume and gymnodinoids 28%, and

gymnodinoids showed the highest community clearance rates on

phototrophic food sources with 35.5 ml h-1 1-1 (Fig. 111.9). Thus,

gymnodinoid dinoflageliates were the major herbivores during the

upwelling bloom periods and also showed the highest clearance

rates on heterotrophic food sources when compared to the other

grazer groups. During winter, ciliates were the major herbivores

when gymnodiniold biomass was very low.

Mean per capita clearance rates: Comparison of methods

Knowing community clearance rates and the abundance of

each grazer group, mean per capita clearance rates (in pi h1 celF

1) can be calculated. For those sampling dates for which

community clearance rates were calculated from the results of

the dual-label isotope method, we also have rates of herbivory (g,

d-1) from the dilution technique (Landry and Hassett 1982, see

Chapter 2). We obtained mean per capita clearance rates by

dividing g by the abundance of grazers (Landry 1981). To

accurately determine per capita clearance rates, we also



considered the abundance of the heterotrophic nanoflagellates >5

pm, which were assumed to feed on phytoplankton (see above).

Table 111.3. Mean per capita
clearance rates (pi h1 cell-1)
calculated from uptake of 14C
labelled food sources (g1 4C)
and dilution experiments
performed on the same dates (cl
dii). Data include grazing by
heterotrophic nanoflageliates.

Date gj14C _gcl dii

Dec.13, 1.13 0.39
1990

Jan. 22, 0.42 0.07
1991

July 23, 0.61 0.13
1991

Aug. 20, 0.26 0.05
1991

Our calculations indicate that mean per capita clearance

rates based on the uptake of 14C-labelled food sources (gci14G)

were higher by a factor of 4-5 than the results calculated

applying the dilution method (gjdif) (Table 111.3). Because of the

contribution of heterotrophic flagellates in the calculations, the

per capita clearance rates were mostly below the range of median

clearance rates reported in Table 111.1.

The rates based on dilution experiments could be lower

because these rates are averages over 24 h, including light and

dark periods, whereas the clearance rates of the dual-label
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experiment were calculated from experiments that lasted no more

than 3 h and were conducted only during the light period. Thus, the

differences could indicate that rates of herbivory were lower

during the night than during the day. Alternatively, non-

continuous feeding of the protists could also have lead to higher

14C derived rates, because high size-specific clearance rates

could have biased the size-clearance rate relationships found for

the different groups. Also, a potential problem might arise if the

phytoplankton community was not labelled uniformly. Some

phytoplankton could have been photosynthetically more active and

therefore labelled with a higher activity than the rest of the

phototrophic community. If this more radioactive phytoplankton

was ingested selectively, community clearance rates on 14C

labelled phototrophic food sources could have been overestimated.

It is interesting to note that whatever the reason(s) were for the

discrepancy of mean per capita clearance rates of the different

methods, their effect was consistent (Table 111.3).

SUMMARY

Ciliates and dinoflagellates differed in their relative

utilization of heterotrophic and phototrophic food sources. On a

single cell basis, dinoflagellates had higher clearance rates on

phototrophic than on heterotrophic food, and ciliates had higher

clearance rates on heterotrophic food. We found evidence that for

gymnodinoids feeding on heterotrophic and phototrophic food

sources, and ciliates feeding on phototrophic food sources, large
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cells of both groups tended to have a lower specific clearance

rate than smaller cells. Thus, these size-clearance rate

relationships are important when predicting cell-specific

clearance rates from the size of a given ciliate or dinoflagellate,

or when comparing the ecological role of ciliates and

dinoflagellates as grazers in the field. The grazing impact on prey

populations depends on the relative abundance, as well as on the

size-structure of dilates and dinoflagellates. For the Oregon

upwelling system, we could show that gymnodinoid

dinoflageliates were the major protist herbivores during bloom

periods and also exhibited highest feeding rates on bacteria

and/or bacteriovores.
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CHAPTER 4

DETERMINATION OF AMMONIUM UPTAKE AND REGENERATION RATES

USING THE SEAWATER DILUTION TECHNIQUE

SUSANNE NEUER AND PETER J. S. FRANKS

INTRODUCTION

The seawater dilution technique was first intoduced in a

study conducted in the coastal waters off Washington by Landry

and Hassett (1982) and has since become a widely accepted tool to

measure both grazing and phytoptankton growth rates

simultaneously in natural waters. The underlying principle is the

successive dilution of seawater with filtered water from the

same site, thereby decreasing grazing pressure by reducing the

encounter probability of grazers with their prey. Apparent growth

rates of the phytoplankton in the different dilutions are used to

determine the instantaneous growth rate of the phytoplankton as

well as the bulk grazing pressure. The method has the unique

advantage in that it effectively separates heterotrophic from

autotrophic processes without intensive handling or manipulation

of the sample (see Gifford 1988 for a comparison with other

methods).

In the last decade, the method has received widespread

attention and has been modified to extend the original approach.
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These modifications include, for example, measurements of

specific diagnostic pigments (Burkili et al. 1987, Strom and

Welschmeyer 1991), investigations of nonlinear feeding kinetics

(Gifford 1988, Gallegos 1989, Evans and Paranjapel992 ) and

nutrient limitation (Andersen et aI.1991).

In this study we have developed a novel approach to measure

ammonium utilization and regeneration rates using the seawater

dilution method. Ammonium is the major regenerated nutrient of

microzooplankton in aquatic systems (Caron and Goldman 1990)

and its utilization and regeneration are driving forces behind the

microbial loop. In many ocean areas, ammonium appears to be the

preferred nitrogen source even when nitrate is abundant (e.g in the

high nutrient-low biomass regions of the oceans (Wheeler and

Kokkinakis 1990, Price et al 1991). Since ammonium is

regenerated on short spatial and temporal scales (Goldman 1984,

Goldman and Caron 1985), measurement of its cycling dynamics is

difficult and has so far only been assessed using 15N-tracer

techniques (e.g. Gilbert 1988).

The method introduced in this study utilizes the information

gained from changes in the ammonium concentrations in the

different dilutions over the incubation period. A model that

analyzes sources and sinks of ammonium in the incubations

enabled us to calculate regeneration and uptake rates

simultaneously from the same experiment. These rates were

determined in addition to the measurement of grazing and
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phytoplankton growth rates. Our approach differs from that of

Andersen et al. (1991) who quantified the contribution of various

nitrogen and phosphorus sources to phytoplankton growth by

comparing the outcome of dilution experiments with and without

selectively adding nutrients.

We present results from dilution experiments conducted as

part of a two-year investigation of the Oregon upwelling region

(Neuer and Cowles, in prep.; Dickson and Wheeler, in prep.;

Fessenden and Cowles, in prep.) By working in a coastal zone that

is known for episodic upwelling events (Small and Menzies 1981),

we could test the method in widely differing nutrient and biomass

regimes.
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MATERIALS AND METHODS

In the section below, we will first outline the methods

applied in this study and subsequently present the model used for

the simultaneous calculation of ammonium uptake and

regeneration.

Sampling and Dilution Experiments

Water from 7-9 m depth was collected at two nearshore

stations off the Oregon coast 9 km and 18 km west of Newport (at

NH-5 [44° 39.1' N, 124° 10.6' WI and on 8-8-90 and 1-22-91 at NH-

10 [44° 39.1' N, 124° 17.I'W]; notation from Small and Menzies

1981) using three 5 I Niskin bottles attached to a hydro-wire. The

water was gently poured into carboys, through a funnel which was

topped by a piece of 200 p.m Nitex mesh (to exclude

macrozooplankton) and connected to a hose through which the

carboy was filled bottom up. All handling was done while wearing

acid-washed PVC gloves. All equipment that was brought in

contact with the water was acid-washed and only silicon hoses

were used. The carboys were kept in surface-water flushed

basins and were shaded during transit. The experiments were

conducted at the Hatfield Marine Science Center, Newport, Oregon,

(with the exception of 7-10-90, which was carried out at the

College of Oceanography in Corvallis, OR, ca 80 km east of

Newport). Immediately upon arrival at the laboratory (Ca. three h

after collecting the water), the carboys were transferred to an
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environmental chamber that was set to simulate in situ

temperature of around 10 °C. 15 1 were prefiltered through a 20

p.m mesh net and then filtered through three parallel 147 mm, 0.2

l.Lm polycarbonate filters (Poretics Corp.) by gravity filtration.

Depending on ambient biomass, the filters were changed once or

twice during the filtration process. The 0.2 p.m filtered seawater

was occasionally checked for residual chlorophyll which was

always below 1% of the ambient concentrations.

The dilutions were made up in replicates to achieve 10%,

40%, 70% and 100% fractions of the original seawater. With the

exception of 7-10-90, a second replicate set of the same dilution

steps was inoculated with NH4CI to a final concentration of I or 2

p.M (depending on ambient chi a biomass). This second set of

dilutions was necessary to test for the possibility of ammonium

limitation in the experiment. Ammonium limitation was

determined by comparing the estimates of the instantaneous

phytoplankton growth rate p (see Model below) among the dilution

series with and without added ammonium. We define ammonium

limitation when p did not agree within the range given by the

standard error.

The dilutions were made up in I I polycarbonate bottles,

rotated on a plankton wheel (0.2-1 RPM) and incubated for 24 h.

The light intensity was betwen 100-200 p.moles photons m2 s1

(on 7-10-90, 30 p.moles photonsrn-2 s-1) and the day-night length

was adjusted to in situ conditions. Initial and final samples were
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taken from each bottle in triplicate for chlorophyll and in

duplicate for ammonium. Chlorophyll samples were filtered on

GF/F Whatman filters (vacuum around 120 mm Hg), extracted in

90% acetone for 24 h at 4°C and then measured using a Turner

Designs 10 Fluorometer. Ammonium was determined manually

with a modified phenothypochiorite method (Grasshoff et al. 1983)

with modifications as described in (Wheeler et al. 1989) and using

silanized glass tubes washed with 10% HCI before use (P. A.

Wheeler, pers. comm.). The precision (SD) of the replicate

measurements was between 0.01 and 0.03 pM.

Samples for ambient chlorophyll a concentrations were also

taken and size fractioned using a 20 urn Nitex mesh. Initial and

final chlorophyll biomass in the dilutions were converted to

nitrogen units (jtmol I-i) by asssuming that the fraction of

chlorophyll > 20 .Lm consisted mainly of diatoms and the fraction

< 20 tm predominantly of flagellates. This is supported by

microscopic observations: dominant diatoms in the upwelling

region were mainly chain-forming or solitary centric diatoms

greater than 20 urn. Values of C/chl of diatoms and

dinoflagellates were taken from Chan (1980) and converted to

chl/N using the Redfield ratio for C/N of 6.6. The final N/chf

value was calculated from the proportion of phytoplankton

greater and smaller than 20 jim. This conversion of chlorophyll

biomass to nitrogen units agrees well with conversions used by

Dickson and Wheeler (unpubi. ms.) based upon literature values of

chl/N of net (>20 jim) and nanoplankton (<20 jim).
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Nitrate concentrations were determined in one replicate of

the 100% dilution initially and finally using a Technicon II

Autoanalyzer using the method of (Whitledge et al. 1986). The

samples were kept frozen at -20 °C until analysis.

Model

Phytoplankton growth and grazing mortality rates

The conceptual model of the dilution method used to measure

growth and grazing rates has been elaborated in detail (Landry and

Hassett 1982, Landry et al. 1984). The three assumptions inherent

in the model are a) phytoplankton growth is exponential, b)

phytoplankton growth is not influenced by the dilution process, i.e.

is constant for all dilutions over the duration of the experiment

and c) grazing is linear within the range of food concentrations of

the different dilutions. In the context of this study, we tested the

second assumption for the specific case of ammonium limitation

as defined above (see Results). With respect to the third

assumption, we did not find evidence for non-linear feeding

kinetics in the range of dilutions performed.

The rate of change of phytoplankton biomass, in units of

nitrogen, P (p.mol 1-1), for a particular dilution f, is given by:

(1)
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Table IV.1. Symbols used in text

a intercept of In A Nj/A P at f=O
f dilution factor, fraction initial chlorophyll, (0 f1)
g instantaneous grazing rate on phytoplankton, d1

/ subscript denoting individual dilution

k phytoplankton apparent growth rate, d1

phytoplankton instantaneous growth rate, d1

r time-dependent ammonium regeneration rate, pmol ld1
v instantaneous ammonium uptake rate, d1

N dissolved ammonium pool, mol 11

Na total ammonium uptake, pmol -1

total nitrogen demand of phytoplankton, jimol i

P phytoplankton biomass in units of nitrogen, jimol I

R total ammonium regeneration, ILmol l

4 final-initial
4NO3 nitrate uptake, pmol l

4N Np-4NO3jLmol 11

4 N0 intercept of the regression of AN as a function of f

4 No slope of the regression of AN as a function of I

A P0 intercept of the regression of AP as a function of I

4 P slope of the regression of AP as a function of I
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where t is the instantaneous phytoplankton-specific growth rate

(d-l), g the microzooplankton grazing rate (d1), and (the dilution

factor (0 f 1) taken as the fraction of initial chlorophyll a

measured in the different dilutions. The apparent phytoplankton-

specific growth rate, k, at each dilution, f, is the net growth rate

minus the grazing rate, and is given by

k=p.-gf.

The apparent growth rate for each dilution can be calculated by

solving Eq. 1 and substituting Eq. 2:

thus

p=p0e(,L-gf,)t

(2)

ki=-ln(). (4)

Here P0 and Pt are the initial and final phytoplankton biomasses

for a given dilution. A regression of k versus f1 allows calculation

of j.t and g: The parameter p is the intercept of the regression and

g is the slope of the line (see also Fig. IV.la).
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Ammonium uptake and regeneration rates

The ecological concept underlying the model is that all

regenerated nitrogen is assumed to be ammonium liberated by the

grazing of microzooplankton. Phytoplankton is assumed to be the

sole sink for ammonium. The methodological concept is analogous

to that of the classical dilution experiment. As for the

instantaneous phytoplankton growth rate, the phytoplankton-

specific uptake rate of ammonium was assumed to be constant for

all dilutions over the course of the experiment. Regeneration, on

the other hand, like grazing, decreases with increasing dilution

and is zero at the hypothetical infinite dilution, f 0.

Accordingly, the rate of change in the dissolved ammonium pool, N,

during the incubation is determined by the phytoplankton-specific

ammonium uptake rate, v (d-1), phytoplankton biomass, P (jimol

1), and time-dependent regeneration rate r (imol I- d-1). These

dynamics are described by:

dN
= -v P + r. (5)

We do not know the time course of the dissolved ammonium pool,

N(t), so we cannot solve Eq. 5 for an arbitrary time t. We do,

however, know the initial and final concentrations of ammonium

for each dilution over the course of the experiment. We can thus

substitute Eq. 3 into Eq. 5 to give the time course of change of the
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phytoplankton biomass, and integrate the resulting equation over

the incubation period, T:

T T T
JJdt=fvPoektdt+ frdt (6)

0

This equation can be partially integrated and rearranged to obtain

the total regenerated ammonium, R:

T
R= frdt=LN+Po(ekT1)

0
V= ANjLP. (7)

Here is defined as (final - initial). This equation simply states

that over the course of the experiment, the total regenerated

ammonium is equal to the total ammonium uptake by the

phytoplankton, Na =vEP/k , minus the net loss from the ammonium

pool (MV). Both Na and LN have the units of p.mol M. The

nitrogen balance described by Eq. 7 should be true for each

dilution, f, in an experiment. Thus each dilution generates data

which are described by

R1= LN+L\P1. (8)
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We can use Eq. 8 to calculate the phytoplankton-specific

ammonium uptake rate, v, by noting that at a hypothetical infinite

dilution f= 0, grazing, gf, is 0, and thus regeneration, r= 0. At

this limit k = p, thus

ANf=0
V -/t (9)

Using this value of v, we can then calculate the total ammonium

regenerated during the incubation in the undiluted seawater (f
T

1), R = Jr dt from Eq. 8 with the units of i.tmol I-i. The average
0

T

regeneration rate is given by lIT Jr dt and has the same value as
0

R since T = I d for the dilution experiments conducted in this

study, but has units of j.tmol I-1d-1

Calculation of v

Practically, v cannot be calculated directly from Eq. 9 since

AN and AP are zero at the hypothetical maximal dilution f= 0. We

have, however, determined three alternative methods to determine

v which do not require calculation of AN or AP at 1= 0. The first

two, the apparent uptake (AU) and log (LOG) methods are analogous

to the classical method of determining the phytoplankton-specific

growth rate, p. The third method, a root-finding method, utilizes

the assumption that R must be zero at f= 0, and searches for the

value of v which satisfies that assumption.
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1. AU method

Equation 8 can be rearranged to give the ammonium uptake

for each dilution, v:

I R\ I LN'\v=k
j-

k
)

(10)

The intercept of Eq. 10 at f = 0 is v, the phytoplankton-specific

ammonium uptake rate. Using the assumption that R = 0 at f = 0 we

can calculate the apparent uptakeu at each dilution i,

vi = (11)

and plot Vj versus dilution factor f. Then v is determined by

finding the intercept at f= 0 using linear regression. Since we do

not know the functional form of N(f), we do not know if a linear

regression is justified. However, if v is linear with f, then from

Eq. 11, AN/AP should be constant for all dilutions, since k is linear

with f. We tested each data set using the criteria that the slope of

AN/A P vs. f be less than the standard error of the intercept, and

that R2 for the regression be >0.5. These criteria were satisfied

for all but the 7-10-90, 8-7-90, 1-22-91 and 8-20-91 data sets.

An independent test to determine if the AU method gives a correct

result is presented in the next paragraph.
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2. LOG method

For the LOG method, the natural logarithm of the ratio of 4N

and zIP is plotted versus dilution factor and linearly regressed to I

= 0. The instantaneous ammonium uptake rate v is then given by

v=uea (12)

where a is the intercept of In zINIzIP1 at I = 0. Fitting a natural

logarithm is an approximation since we do not know the functional

form of 4N1/4P1. However, we checked the validity of this

approximation by regressing the calculated regeneration rates

(based on v from Eq. 12) against dilution. If the model is correct,

the intercept of this regression should be very close to zero. This

test is also valid for the AU method. We present the results of

this test in Table 4, and show that in some instances the AU or

LOG methods were not valid approximations.

3. Root-finding method

The root-finding method (ROOT) makes use of the assumption

that A = 0 at f = 0. The known terms of Eq. 8 (EN, iXP1, k1) are

calculated for each dilution, f. A root-finding program is then

employed to find the value of v which forces the regression of LN

+vLP/k vs. f to pass through the origin (-0.1 R 0). This is the

most robust technique for estimating v, as it utilizes the

information of every point, and does not have problems near the
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origin as EN and LtP tend to zero. This method is invalid if our

assumption of R = 0 at f = 0 is not supported.

d) Calculation of nitrogen demand of the phytoplankton community

The total nitrogen demand of the phytoplankton(N, p.moll-1)

is the increase in the phytoplankton pooi including the proportion

of phytoplankton which was grazed. This is given by:

N = p1P/k (13)

where k is the apparent phytoplankton growth rate in the dilution

for which the nitrogen need is to be calculated, in our case, for f =

1.

RESULTS

The eight seawater dilution experiments presented in this

study were representative of different stages of wind-driven

upwelling. During the upwelling period in the summers of 1990

and 1991, the water was characterized by high ambient nitrate

levels ( 10 j.tmol J1, see Table IV.2). Phytoplankton biomass

levels spanned a wide range (1.1 to 55.3 pg chl a I-i), depending

upon the developmental stage of the phytoplankton bloom in the

upwelled water. Phytoplankton growth rates were always greater

than one doubling/day, and microzooplankton grazing rates were

also high (0.26 to 0.88 d-l), with the exception of the experiment



126

conducted on 7-9-91. During winter and spring months (non-

upwelling period), nitrate levels were low (.<< 10 lImol 11), and

growth rates of the phytoplankton were variable. Biomass levels

were always below 10 p.g 11 chi a and grazing rates on the

chlorophyll standing stock were low (0.11-0.15 d1). Ambient

ammonium concentrations were variable, the highest coinciding

with high nitrate levels in summer of 1990 and on 8-20-91

(concentrations > 1 p.mol I-i). On all other dates, the ammonium

concentration was below 1 jtmol I-i. In some experiments the

filtration process led to slightly elevated ammonium levels in the

highest dilutions (Table 1V.2). Only on 5-16-91 and 8-20-91 were

the concentrations actually lower.

Table lV.2. Instantaneous phytoplankton growth rates (j4, grazing rates (g), initial
chlorophyll, initial ammonium (in brackets value for highest dilution) and initial
nitrate concentrations of the undiluted seawater.

Date ji. (±SE) g (±SE) Chi a NH4+-N N 03--N

(p.g 1- 1) (imoI f-1) (j.tmof I_ 1)

7-10-90 0.64 (±0.13) 0.85 (±0.13) 1.1 2.30 (3.90) 21.8

8-7-90 1.58 (±0.26) 0.88 (±0.36) 10.7 2.50 (2.90) 17.3

1-22-91 0.20 (±0.05) 0.16 (±0.06) 3.3 0.20 (0.20) 6.8

4-13-91 0.61 (±0.07) 0.11 (0.08) 3.4 0.95 (1.22) 2.6

5-16-91 0.83 (±0.02) 0.15 (±0.04) 7.6 0.24 (0.20) 3.4

7-9-91 0.86 (±0.07) 0.07 (±0.08) 3.5 0.10 (0.25) 22.2

7-23-91 1.03 (±0.11) 0.26 (±0.12) 55.3 0.30 (0.30) 26.4

8-20-9 1 0.67 (±0.06) 0.33 (±0.06) 34.6 1.10 (0.56) 10.7
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Fig. IV.1. Example calculation of different rates using the dilution
experiment method conducted on 7-23-91. a) Apparent
phytoplankton growth rate k plotted versus dilution factor f.

Phytoplankton growth rate (it) is given by the intercept at f = 0
and grazing rate (g) as the slope of the function (see regression
equation). b) Apparent uptake rates plotted versus f. The
instantaneous ammonium uptake rate v is is given by the
intercept at f = 0 (AU method). c) Natural logarithm of the ratio
of ammonium and phytoplankton change plotted versus f. The
intercept is used in Eq. 12 in the calculation of v (LOG method).
All rates have the unit d1.
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We illustrate the results of our model by first calculating

growth and grazing rates (Fig. IV.la) from a dilution experiment

conducted on 7-23-91. Then, we apply the AU and LOG methods to

estimate v (Fig. IV.lb, c). The x-axis in all graphs is the dilution

factor f. Again, the intercept of the linear regression of the

apparent growth rates (Fig. IV.la) at a hypothetical f= 0

determines the phytoplankton growth rate, p, and the slope the

grazing rate, g. For the example presented here, j 1.03 d1 and g

= 0.26 d1 (see also Table IV.2). From Eq.11, the instantaneous

ammonium uptake rate v for the AU method is directly given by the

intercept with the y-axis (Fig. IV.lb); in the case of the LOG

method, v has to be calculated from the intercept (Fig. IV.lc) using

Eq. 13. For both methods, v was 0.03 d1 . The ROOT method

arrived at a v of 0.04 at which the intercept at f = 0 of the

regeneration rates calculated for the individual dilutions was

closest to zero (Fig. IV.2).

In Table lV.3, we compare the results of v calculated with

the AU, LOG, and ROOT methods. Since both the AU and LOG

methods are derived from linear regressions, the standard error

(SE) for each value of v can be determined (Table IV.2). In all

cases, the estimates of v from the AU and the LOG method fell

within the range of the SE. With the exceptions of 5-1 6-90 and 8-

20-90, the ROOT method produced values that were also fairly

close to the results obtained with the other two methods.
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Fig. IV.2. Regression of ammonium regeneration in each dilution
(Ri) versus f, calculated with the ROOT method (filled symbols)
and LOG method (open symbols) for the experiment on 7-23-91.
The intercepts at I = 0 have to be close to zero to satisfy the
intercept criterion.
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Table IV.3. Comparison of instantaneous ammonium uptake rate, v, calculated
using the apparent uptake (AU), log (LOG) and root-finding (ROOT) method.
in brackets upper and lower limit given by the standard error. Dash: no data

Date AU LOG RX)

7-10-90 3.67 (2.46-4.88) 5.49 (1.05-28.94) 6.20

8-7-90 0.14 (0.12-0.16) 0.23 (0.14-0.37) 0.30

1-22-91 0.21 (0.13-0.29) 0.16 (0.07-0.36) 0.13

4-13-91 0.62 (0.50-0.74) 0.64 (0.50-0.83)

5-16-91 0.13 (0.11-0.15) 0.22 (0.12-0.41) 2.22

7-9-91 0.12 (0.09-0.16) 0.16 (0.11-0.24) -

7-23-91 0.03 (0.02-0.04) 0.03 (0.02-0.04) 0.04

8-20-91 0.16 (0.14-0.18) 0.16 (0.12-0.21) 0.42

Total ammonium uptake, Na, and total regeneration, R, during

the incubation period can be calculated from Eq. 8. When

comparing the results among methods (Table IV.4), the differences

that were given by v were accentuated, but Fig. IV.3 illustrates

that Na and R calculated with all three methods were still fairly

close. Again, 5-16-91 and 8-20-91 show the greatest differences

between AU, LOG and the ROOT methods. Since the values

calculated with the ROOT method are unrealistically large they

were not included in Fig. IV.3. Comparing Na and A within

methods shows that ammonium uptake and regeneration are

almost in balance and range overall between 0.34 and 2.67 p.mol 1

1 (with the exception of the large ROOT values).
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Fig. IV.3. Total ammonium uptake (Na, imol I-i) plotted versus
total ammonium regeneration (R, p.mol I-i) during the incubation
period calculated with the different methods. Values calculated
after the ROOT method on 5-16-91 and 8-20-91 were excluded
(see text). Line: 1:1 relationship.
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Table IV.4. Comparison of total ammonium uptake Na and regeneration R (both imol
1) calculated using the apparent uptake (AU), log (LOG) and root-finding (ROOT)

method. Each value is the average of two replicate dilutions. * selected values of Na
and R (see text for selection criteria). Dash: no data

Date AU LOG F3XIr

Na R Na R Na F?

7-10-90 1.80 1.61 2.69 2.50 3.04* 2.85*

8-7-90 1.10 0.95 1.80 1.66 2.35* 2.21*

1-22-91 0.81 0.51 0.62 0.34 0.50* 0.24*

4-13-91 1.18* 0.72* 1.22 0.76 -

5-16-91 0.71 0.58 1.21 1.07 12.18 12.04

7-9-91 0.54 0.55 0.72* Q73*

7-23-91 0.97 0.92 0.97 0.92 1.29* 1.24*

8-20-91 2.67 1.71 2.67 1.71 7.01 6.05

In the following, we will determine the validity of the

different methods.

Test of the assumption of R 0 at f= 0 (intercept criterion)

When deriving Eq. 9, it was an essential assumption that R =

0 at f 0. This assumption can in turn be used to test if the

values of v calculated with the different methods are accurate.

Regeneration rates for each dilution (Rj) calculated with the

values of v that were determined by either method have to

intersect close to the origin when plotted versus dilution factor.
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For example, on 7-23-91, the intercepts of the RIS calculated

with the ROOT method and with the LOG method were very close (-

0.09 and -0.10, respectively, Fig. IV.2). All intercepts ranged from

-0.8 to -0.28 (Table IV.5). The ROOT method had to meet the

requirement of the intercept of the R' s being between 0 and -

0.10 (see Model section), intercepts close to zero are indicative of

an accurate estimation of v. The intercepts were most negative

for 5-1 6-91 and 8-20-91, indicating that both the AU and LOG

methods were not appropriate on those dates. On these dates, v

calculated by the ROOT method gave very different results from

the other two methods (Table IV.3). Comparing the AU and LOG

methods, it appeared that on 7-10-90 and 8-7-90, the LOG method

gave the more appropriate estimate of v. On the dates when the

ROOT method agreed fairly well with a value calculated with one

or both of the other methods, the intercepts were above -0.15.

Thus, on the two dates when the ROOT method did not arrive at a

value for v, the other two methods most likely gave a fairly

accurate estimation of v (intercepts -0.13 to -0.15, Table IV.4).
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Table IV.5. Intercepts of the regression of total
ammonium regeneration R at f= 0. Rwas calculated
using the apparent uptake (AU) and log (LOG) method.
The closer the intercept to zero, the better the estimate
of v (intercept criterion)

Date AU LOG

7-10-90 -0.21 -0.10

8-7-90 -0.27 -0.15

1-22-91 -0.08 -0.08

4-13-91 -0.13 -0.14

5-16-91 -0.26 -0.26

7-9-91 -0.15 -0.15

7-23-91 -0.10 -0.10

8-20-91 -0.28 -0.28

Comparing v with j

Determining the ratio of v : 4u (Table IV.6) tests if the

calculated instantaneous ammonium uptake rate is consistent

with the instantaneous phytoplankton growth rate. A ratio close

to 1 means that almost all phytoplankton growth was supplied by

ammonium uptake. A ratio much greater than 1 (e.g. on 7-10-90)

may be indicative of luxury uptake, i.e. uptake of ammonium

beyond that needed for growth. This would most likely occur

under conditions of high ambient ammonium concentrations and

low phytoplankton biomass, as found on 7-10-90 (Table IV.2).

Alternatively, the cells could have been N-limited and experienced

a transient increase in ammonium concentration followed by
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increased uptake. A ratio of v/p smaller than 1 indicates that only

a fraction of the phytoplankton nitrogen supplied by ammonium,

the remainder being supplied by alternate sources such as nitrate,

urea and internal storage. In cases of low ambient ammonium

concentrations, one would expect a ratio close to or smaHer than

1. Most of the data in Table IV.5 showed this trend, with the

exception of the ROOT value on 5-1 6-91. It has to be pointed out,

however, that p represents the phytoplankton growth rate,

whereas v also potentially measures uptake of ammonium by

heterotrophic bacteria. Thus, when comparing p with v, v might

be overestimated.

Table IV.6. Ratios of v/JL calculated using the apparent uptake (AU), log
(LOG) and root-f,ndin (ROOT) method. Dash: no data

Date AU LOG RX

7-10-90 5.73 8.58 9.69

8-7-90 0.09 0.15 0.19

1-22-91 1.05 0.80 0.65

4-13-91 1.02 1.05

5-16-91 0.16 0.27 2.67

7-9-91 0.14 0.19

7-23-91 0.03 0.03 0.04

8-20-91 0.24 0.24 0.63
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Comparing total ammmonium uptake with the nitrogen budget

The total nitrogen demand of the phytoplankton is met by the

utilization of ammonium, nitrate and possibly other nitrogen

sources such as urea (Kokkinakis and Wheeler 1988) and internal

storage (Andersen et at. 1991). We measured the changes in the

nitrate pool; this amount can be subtracted from the total

nitrogen requirement to give the nitrogen demand not met by

nitrate. This value should be comparable to the ammonium uptake,

Na (Table IV.7). If Na is similar to 4N, the remainder of the

nitrogen need of the phytoplankton was supplied by ammonium.

This coincides with a viji value of about 1, (see 1 -22-91 and 4-

13-91, Table IV.6). If Na is smaller than 4N, part of the nitrogen

requirements of the phytoplankton had to be met by sources other

than nitrate and ammonium, coinciding with a v4t value smaller

than 1, a condition that is true for most of the experiments. For

the case of 7-10-90, the large ratio of v/p was indicative of

luxury uptake, but since no nitrate data are available for that

date, Na could not be compared to 4N. Inconsistencies were

observed for the experiments conducted on 5-16-90 and 8-20-90:

Total ammonium uptake, Na, calculated on 5-16-91 with the ROOT

method was far greater than even though ammonium levels

were fairly low on that date (Table IV.2). Also, vlji was far

greater than 1 (Table IV.6). On 8-20-91, when v/p was much

smaller than 1, Na was greater than ANT.
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Table IV.7. Nitrogen demand for phytoplankton growth (Nu),

nitrate uptake (4 NO3-), and the difference thereof (LINfl), all

in mol r1. NA=not available

Date N 4 NO3 4N

7-10-90 0.31 NA NA

8-7-90 12.36 7.84 4.52

1-22-91 0.68 0.33 0.35

4-13-91 1.16 0.28 0.88

5-16-91 4.55 1.93 2.62

7-9-91 3.88 1.16 2.72

7-23-91 33.15 26.17 6.98

8-20-91 11.18 9.88 1.30

DISCUSSION

In this study we have formulated a model that enabled us to

calculate ammonium uptake and regeneration rates of the plankton

community using dilution experiments. We took advantage of the

property that autotrophic and heterotrophic processes can be

successively separated by diluting the plankton, thus also

separating ammonium uptake and regeneration. Based upon this

model, we developed three different ways of calculating the

instantaneous ammonium uptake rate, v, from which total

ammonium uptake and regeneration were derived. The most

appropriate method was determined by two criteria. The first

criterion is the assumption of zero regeneration at the



139

appropriate method was determined by two criteria. The first

criterion is the assumption of zero regeneration at the

hypothetical 100% dilution, f=0 (intercept criterion, Table lV.6).

Of the three methods the ROOT method is the most accurate

method since it is constrained to produce an intercept that is

closer to the origin than either the LOG or the AU method could

achieve in most cases. However, the ROOT method did not arrive

at a result in all experiments; in these cases, either the AU-

method or the LOG method gave the intercept closest to the origin.

The second criterion is based on the comparison of the total

ammonium uptake, N8 , to the phytoplanktonic nitrogen demand not

covered by nitrate, tiN,, (Table IV.7). In the two experiments on 5-

16-91 and 8-20-91, Na calculated with the ROOT method did not

appear to be trustworthy when comparing it to ANN. Since on

these dates the other two methods did not satisfy the requirement

of the intercept criterion, we conclude that the model cannot be

applied. Comparisons with ammonium-added replicates (see

RESULTS section) indicated that the phytoplankton community

might have been nitrogen limited on 5-16-91. Furthermore,

evidence from vertical density profiles indicated that the samples

might have been influenced by the presence of the Columbia River

plume (Neuer and Cowles, unpubi., Chapter 2). Thus, environmental

conditions on this date might have been unusual. In any case, the

high chlorophyll biomass during this time (7.6 mg V, Table IV.2)

indicates that the conditions were not representative of the open

ocean. There were not sufficient data to determine if the

community was nitrogen-limited on 8-20-91, but this was
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unlikely because of the high ambient ammonium and nitrate

concentrations (Table IV.2). Nitrogen limitation can lead to an

erroneous calculation of v since one of the assumptions of the

model, that v was constant in all dilutions, would not be

satisfied. According to the criteria outlined above, we have

selected values of Na and R in Table (values marked with an

asterisk).

The conceptual model on which Eq. 8 is based states that

regeneration and the dissolved pool are the only ammonium

sources, and uptake by the phytoplankton is the only sink of

ammonium during the incubation. This assumption could be

violated if other sources of ammonium existed, such as lysis of

cells. Other sinks, such as a substantial ammonium uptake by

bacteria which is not accounted for in the model, could also

confound the results. It is likely that on the dates when the ROOT

method did not work (4-13-91 and 7-9-91), these additional

processes could have played a role. Instantaneous ammonium

uptake rate v is the ammonium uptake by the entire plankton

population. Phytoplankton should be the major utilizers of the

dissolved ammonium pool, but bacterial uptake processes cannot

be neglected (Wheeler and Kirchman 1986, Horrigan et aI. 1988).

Wheeler (in prep.) calculates that at chlorophyll a concentrations

of around 1 p.g -1, ammonium uptake by bacteria could account for

50% of total ammonium uptake. It is conceivable that on 4-13-91

and 7-9-91, which show high phytoplankton growth rates but a

low phytoplankton biomass, bacterial activity could have
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influenced the results. Alternatively, a small fraction of biomass

remaining in the filtered water could have led to an intercept

different from zero since regeneration would not be zero at f = 0.

It should also be pointed out that the model would not be

applicable if the phytoplankton population were in a state of

decline. In this case, the exponential growth model would not be

applicable, thus violating one of the main assumptions inherent in

the dilution experiment approach.

The value of v is most sensitive to the accurate conversion

of phytoplankton biomass measured in units of chl a to units of

nitrogen since it varies linearly with P, the phytoplankton

biornass. Even though we could approximate the contribution of

diatoms and flagellates to the total phytoplankton pool by size-

fractionation, the conversion factors can vary due to light,

nutrient history or growth status of the photoautotrophs. The

C/chl a conversion factors that were used in the present study

were determined in culture experiments at 85 imoles photons m

2s-1(Chan 1980). This light intensity is lower than the the

incubation light intensity used for the dilution experiments which

simulated in situ light levels (between 100 and 200 .tmoles

photons m-2s-1). As measured for different diatom and

dinoflagellate species in culture, the possible maximum reduction

in chl a/protein ratios due to photoadaptation between these light

intensities is between 60 and 80% (Chan 1978). The ratios of

chl/N calculated in this study based on the size-fractionation of
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chl a range between 0.99 - 2.5 (data not shown). We conclude

therefore that inaccurate chl/N conversion factors would most

likely contribute less than a two-fold variation in the

determination of v. It is apparent from Eq. 8, however, that unlike

V, Na and R are not sensitive to variability in chl/N, since any

variability in P would cancel with the variability in v.

In comparing the magnitude of ammonium regeneration and

uptake, the values for Na determined in this study range from 0.5

to 3 .tmol l-1d1, while R ranges from 0.2 to 2.9 imol 11d1

(see selected values in Table IV.4). These data agree within a

factor of two with those determined at the same stations in the

surface waters using 15N-tracer techniques (M.-L. Dickson, pers

comm.). Our values for R are also within the range of values

found in the Oslofjord (0.24 - 1.44 mol I-1d-1, hourly values

multiplied by 24, Paasche and Kristiansen 1982) and in the

southern Benguela upwelling (0.02 - 2.4 j.tmol 11d1, hourly

values multiplied by 24 (Probyn 1987). Comparing only ammonium

uptake data, results agree well with values determined off the

Washington and Oregon coast by Kokkinakis and Wheeler (1987,

0.24-3.1 jimol l-1d-1; because nitrate was assumed to be taken up

only during the day, their hourly values were multiplied by 12).

One of the major advantages of our model is that ammonium

uptake and regeneration are determined while accounting for

changes of phytoplankton biomass due to growth and grazing. This

is rarely possible in traditional methods requiring incubations.
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The measurements of ammonium regeneration and uptake,

combined with grazing and growth rates in the same experiment,

can also be used to determine community parameters. For

example, the ratio of v/p is an indicator of the nutritional status

of the phytoplankton. It can be shown that the ratio of Na over N

equals v/4u . The f-ratio (Dugdale and Goering 1967) is the ratio of

nitrate uptake over total nitrogen uptake. Thus, v/p equals 1 - f,

assuming that the phytoplankton is in a status of balanced growth,

i.e. no usage of internally stored nutrients or luxury uptake. Also,

bacterial uptake of nutrients has to be small compared to the

contribution of phytoplankton, otherwise v cannot be properly

compared with ji. In our study, low viji (Table IV.6) coincided

with high ambient nitrate concentrations (Table IV.2), when one

would expect a high f-ratio. A notable exception is 7-10-90 when

ambient ammonium was very high (coinciding with low

phytoplankton biomass), and v/p was much larger than 1,

indicating luxury uptake and a preference of ammonium over

nitrate. As expected, high vip, analogous to low f-ratios, were

encountered in low nitrate environments (except 5-16-91).

We can also directly compare total ammonium regeneration,

R, with grazing rates, g, calculated using the dilution experiment

approach. We selected values of R from Table lV.4 (marked

which appeared valid when checked for internal consistency (see

above). The selected values of R from Table IV.4 were plotted

versus grazing rate determined in the same experiments (Fig. 4).



The values from 5-16-91 and 8-20-91, calculated using the LOG

method (shown in brackets), were included even though they

generated intercepts of -0.26 and -0.28, respectively. The

relationship between A and g was strongly linear (R2 = 0.82). That

the rates of grazing and regeneration were so closely correlated

is to be expected, but serves as an additional verification of the

model. It is interesting to point out that the line does not go

3.
I I I

(

. y = 0.50+ 2.40x RA2 = 0.83

0.2 0.4 0.6 0.8 1.0

g(d')
Fig. IV.4. Total ammonium regeneration (R, tmol M) taken from
Table IV.4 (values with asterix) plotted versus grazing rates (g, d
1) determined in the same experiments (Table IV.2). Values in
brackets are from experiments conducted on 5-16-91 and 8-20-
91.
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through the origin but ammonium regeneration is measurable when

rates of herbivory are zero. This suggests that other than by

herbivory, ammonium could have been regenerated by grazing on

heterotrophic food sources such as bacteria and bacterivores.

The ammonium regeneration and uptake data (Table lV.4)

show that these two processes are closely coupled (Fig. IV.3).

Ammonium uptake usually slightly exceeded ammonium

regeneration, and the difference was greatest whenever ambient

ammonium levels were high (see Table 1V.2). This coincides with

a comparison of ammonium regeneration and uptake from different

oceanic and coastal areas: Paasche (1988) demonstrated that

ammonium uptake and regeneration were close to a 1:1

relationship in the open ocean but that in eutrophic areas

ammonium uptake could greatly exceed regeneration if ammonium

was supplied from sediment or land effluents.

CONCLUSIONS

Using dilution experiments to determine ammonium uptake

and regeneration is a unique approach: both processes are

determined in the same experiment, together with phytoplankton

growth and grazing rates. This feature makes it possible to

compare directly v with 1u, gaining additional information on the

nutritional status of the phytoplankton. Also, total ammonium

uptake and regeneration can be directly compared and were found

to be closely coupled in this study. The close correlation of
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ammonium regeneration with rates of herbivory illustrated the

importance of microzooplankton grazing on phytoplankton as a

major source of regenerated nutrients. Our data also suggest that

grazing on heterotrophic food sources contributed to the pool of

regenerated nutrients.

The additional effort in measuring initial and final

ammonium concentrations in the individual dilutions, compared to

the effort already invested in conducting dilution experiments, is

minimal, and is greatly outweighed by the additional information

gained. We have identified limitations of the method which we

think are mainly due to nitrogen limitation effects and bacterial

uptake of ammonium. But the availability of tests that determine

if any given result is reasonable, especially the intercept

criterion, make it possible to judge the applicability of the

method in each case. How useful a tool this expanded dilution

method will ultimately become is subject to further investigation

and application in the field.
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CHAPTER 5

CONCLUSIONS

Cells of four different groups of phagotrophic protists were

abundant in the Oregon upwelling system: Choreotrich ciliates,

gymnodinoid and thecate dinoflagellates and nanoflagellates. The

two groups of dinoflagellates reached their highest abundances

during the summer upwelling season, while ciliates had highest

abundances during the non-upwelling season. Nanoflagellate

abundance was highest during the upwelling season and at times

greater than that of any of the other grazer groups. Total grazer

biomass was most variable during the upwelling season in summer

when different stages of the phytoplankton bloom development

were sampled. The lowest biomass occurred in freshly upwelled

water (3 jig C I-i) and the highest during the post-bloom period

(61 xg C I-i). During the post-bloom period, grazer biomass

constituted 20% of the combined biomass of phytoplankton and

grazers. The lowest contribution of grazers to the combined

biomass was during the bloom periods with about 1%, and during

the non-upwelling season in winter, the contribution was between

4-9%.

Highest grazing rates (determined with the dilution

technique) were found during bloom periods in the upwelling

season with 0.18 to 0.5 d-1, the lowest during the winter non-

upwelling season with 0 to 0.16 d-1. During bloom periods, when



phytoplankton biomass constituted mainly of diatoms,

phytoplankton biomass and growth rates were highest as well

resulting in the largest potential phytoplankton primary

production measured during the year. Phagotrophic protists

utilized 26 to 50% of this production, or 612 to 1413 ig C V d1.

Thus, the fraction of primary production that is channeled through

protist grazers during phytoplankton bloom periods in the

upwelling season is high, which likely has consequences for both

carbon flux processes and transfer of phytoplankton primary

production to higher trophic levels. We have hypothesized that the

utilization of primary production by the phagotrophic protists

influences both the magnitude and the location of the flux of

organic matter from the mixed layer.

We found a close correlation between ammonium

regeneration and rates of herbivory, indicating that protists are

important sources of regenerated nutrients in the Oregon

upwelling system. Rates of ammonium regeneration and uptake

were calculated with a modified approach of the dilution

technique. Our data also suggest that part of the regenerated

ammonium was supplied by grazing on heterotrophic food sources

such as bacteria and bacterivores. The ratio of instantaneous

ammonium uptake rate and phytoplankton growth rate indicated

that regenerated ammonium supplied between 5 to 20% of the

nitrogen demand of the phytoplankton during bloom periods when

the nitrate concentration was high. In contrast, 65 to 100% of the

nitrogen demand was provided by regenerated nitrogen during the
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winter. These results indicate that protists are more important

as grazers of phytoplankton biomass during phytoplankton bloom

periods than as sources of regenerated nutrients.

We found that different grazer groups displayed great

differences in both food selection and cell-specific grazing rates

based on the dual-label isotope method. Among the ciliates,

different taxonomic groups were identified that showed

differential utilization of either heterotrophic or phototrophic

food sources. The dinoflagellates, however, mostly ingested

phototrophic food sources. Both cell-specific, as well as size-

specific average grazing rates showed that gymnodinoid

dinoflagellates by far exceeded the other grazers as herbivores

(average size-specific clearance rate of 2.1 x iO (body volumes)

h-i), whereas ciliates grazed the most heterotrophic food

(bacteria and bacterivores) (average clearance rate of 6.6 x 1 o

(body volumes) h-i). In most cases, there was a strong

relationship of size-specific clearance rates with size of the

organism. A notable exception was the feeding of dilates on

heterotrophic food sources.

Community clearance rates were calculated by applying the

size-clearance rate relationships to the size-frequency

distributions of the grazer groups found in the Oregon upwelling

region. During the upweiling bloom period sampled in 1991,

gymnodinoid dinoflagellates were the major herbivores, clearing

between 20 - 40 ml h-1 l-of phototrophic food sources. When



150

ciliates were abundant, their community clearance rates on

phototrophic food sources was about a factor of 2 smaller than

those of the gymnodinoids. Because of the high abundance and the

size-frequency distribution of gymnodinoid dinoflagellates in the

field, this group also exhibited the highest community clearance

rates on heterotrophic food sources (2-4 ml h-111). It is

apparent that not only abundance of a grazer group determines its

grazing impact on the prey population in the field, but also its

size-distribution. While the average clearance rates reported in

this study were determined from the cells isolated from the

feeding experiments, size-clearance rate relationships enable one

to make predictions of clearance rates beyond the size range of

the isolated organisms.

The importance of gymnodinoids as herbivores is supported

by the close correlation of rates of herbivory measured applying

the dilution technique with the abundance of this group. The

correlation was only significant in the experiments conducted in

1991, however, when cells of this group showed net growth rates

in the incubations. During 1990, when two late stages of the

phytoplankton bloom were sampled, the cells did not grow or

decline. This indicates that the grazers responded to the changing

phytoplankton community in the field. Further support for the

dominant role of gymnodinoids as grazers of phytoplankton

production in the Oregon upwelling system is also provided by the

close coupling of the proportional abundance (in biovolumes) of

large cells of this group (length > 25 j.tm) with the proportion of
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net phytoplankton (> 20 i.Lm). Microscopic observations also

showed that large gymnodinoids had large diatoms in their food

vacuoles. Net phytoplankton, consisting mostly of diatoms, was

responsible for most of the primary production of the

phytoplankton blooms that developed following an upwelling event.

The grazing experiments indicated that large cells of the

gymnodinoids utilized these diatoms as their major food source.

in summary, this study shows that phagotrophic protists are

important grazers of phytoplankton primary production and

heterotrophic biomass in the Oregon upwelling system. Thus, the

trophic interactions in upwelling systems are not adequately

described by the short, linear food chains postulated for these

coastal regions by previous studies.
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