
AN ABSTRACT OF THE THESIS OF

Mark A. Brzezinski for the degree of Doctor of Philosophy in

Oceanography presented on January 8, 1987.

Title: Physiological and Environmental Factors Affecting Diatom

Species Competition in a Gulf Stream Warm-Core Ring

Abstract Approved: -

David M. Nelson

The physiology of two diatom species, Thalassiosira rotula

Meunier (clone 411) and Chaetoceros sp. cf. vixvisibilis Schiller

(clone 847), isolated from Gulf Stream warm-core ring 82-B, was

examined relative to their abilities to compete for limiting

nutrients within the ring after spring stratification and depletion

of nutrients from the surface layer. Specifically, the effects of

pulsed nutrient supplies and differential cell sinking on

competition for macronutrients were investigated. In addition, the

silicon cycle within ring 82-B after seasonal stratification was

examined to define the availability of silicic acid to the

phytopl ankton.

Silica production was substrate-limited and limitation appeared

to increase during quiescent periods. Silica dissolution at times

exceeded silica production in the surface waters, whereas net silica
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production was always measured within and below the nutricline, a

pattern analogous to that of carbon production in two-layered photic

systems. On average, over 80 % of the silica production occurring

in the upper 80 m of the ring could be supported by in situ silica

dissolution, i.e. "regenerated production". In contrast, 62 % of

the silica production occurring in the upper 110 m prior to strat-

ification was supported by "new" silicic acid.

Chaetoceros sp. cf. vixvisibilis was the superior competitor

with pulsed or continuous supplies of either nitrate or silicic acid

in laboratory culture. In contrast, coexistence occurred with

continuous or pulsed ammonium supplies, but only with a photocycle.

Coexistence seemed to involve interactions between the photocycle

and the timing or kinetics of nutrient uptake.

Chaetoceros sp. cf. vixvisibilis had negligible sinking rates

when growth-limited by silicic acid, nitrate or ammonium, while

T. rotula had measurable sinking rates with all three nutrient

limitations. Highest sinking rates (up to 0.66 m d-l) were observed

with silicic acid limitation. The results of competition for either

nitrate or silicic acid in cultures where fast sinking cells were

removed preferentially revealed that differential cell sinking is

not necessarily the major cause of species displacements in

selective-loss cultures.

The population dynamics of C. sp. cf. vixvisibilis, T. rotula

and Leptocylindrus danicus within the ring were consistent with

those predicted from their physiological attributes measured in

culture.
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Physiological and Environmental Factors Affecting

Diatom Species Competition in a Gulf Stream

Warm-Core Ring

Chapter I

General Introduction

The abundance and species composition of the phytoplankton

constantly changes. Many species co-occur, but their times of

appearance, disappearance and maximal abundance differ. The

resulting progression of species dominance is termed succession.

Phytoplankton successions and the accompanying habitat changes have

been described for many regions (Smayda 1980). Ultimately,

phytoplankton succession is controlled by physical, chemical and

biological changes in the habitat, but the detailed mechanisms by

which one plant species replaces another remain elusive.

Competition for limiting nutrients is generally thought to play

a major role in phytoplankton species succession (Dugdale 1967,

Kilham and Tilman 1979, Maestrini and Bonin 1981). Nutrient

concentrations in the euphotic zones of lakes and oceans are

commonly in a range which limit phytoplankton growth rates in the

laboratory. Enriching water samples from these areas with nutrients

often leads to increased plant growth (O'Brien 1972), with the

species blooming being highly dependent on which nutrient is added

(Menzel et al. 1963, Peterson et al. 1974, Scheiske et al. 1974).



The wealth of information on the physiological ecology of

phytoplankton obtained over the past twenty years (see texts by

Falkowski 1980, Morris 1980, Platt 1981) has confirmed the

importance of nutrient physiology to phytoplankton community

dynamics. However, the importance of resource competition, compared

to predation or environmental variability, is a matter of debate

(Round 1971, Reynolds 1976, Lewis 1978, Harris 1980, Reynolds 1980,

Kilham and Kilham 1982).

Resource-based competition may be especially important during

temperate spring phytoplankton blooms, since depletion of the

inorganic nutrients, nitrate, ammonium, phosphate and silicic acid,

from the mixed layer is one of the most dramatic habitat changes

accompanying stratification of the water column. Knowledge of the

processes supplying these nutrients to surface waters and of the

physiological mechanisms governing phytoplankton resource

competition is therefore, essential to understanding phytoplankton

successions associated with spring stratification.

In this dissertation I examine resource competition between of

two marine diatom species isolated from a Gulf Stream warm-core ring

with respect to their ability to compete for nitrate, ammonium and

silicic acid after spring stratification and depletion of nutrients

in the mixed layer. The conceptual approach taken differs from most

studies of resource competition among algae. The effect of

environmental variability on phytoplankton competition is stressed,
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rather than the species' abilities to compete under constant

conditions.

The following background essay reviews nutrient cycles in the

surface ocean, phytoplankton physiology and phytoplankton resource

competition. The intent is to provide readers with a common basis

for understanding the role of limiting nutrients in phytoplankton

species succession. Thorough reviews of each topic can be found in

texts edited by Falkowski (1980), Morris (1980) and Platt (1981).

Nutrient and Phytoplankton Dynamics in the Sea

Critical Depth - Spring stratification of the water column in

many temperate waters is accompanied by a blooming of the phyto-

plankton. Sverdrup (1953) outlined the physical and biological

conditions necessary for a bloom to occur in a concept termed

"critical depth". In a water column containing only phytoplankton a

net increase in phytoplankton biomass requires that the vertically

integrated rate of organic matter production by plants within the

surface layer exceed that of organic matter decomposition via plant

respiration (Fig. 1.1). When both phytoplankton and zooplankton are

present the critical depth shoals as plant production must exceed

losses due to plant respiration and herbivorous grazing before a net

increase in plant biomass is realized.

Planktonic algae are capable of photosynthetic rates in great

excess of their respiration rate. However, phytoplankton production



4

is confined to surface waters with sufficient light to permit

photosynthesis, while cells respire throughout the water column, in

both the light and dark (Fig. 1.1). Thus, the balance between total

phytoplankton production and total phytoplankton respiration is

affected by the depth of the water column containing the

phytoplankton. The later is affected by the mixing regime. Prior

to stratification, deep mixing carries phytoplankton out of the

euphotic zone into poorly lit waters. Respiratory losses of carbon

within the deep mixed layer exceed photosynthetic carbon fixation in

the photic zone, precluding a net increase in biomass (Fig. 1.1).

The seasonal pycuocline shoals as winter mixing subsides, and

insolation increases. Formation of a shallow seasonal pycnocline

maintains the phytoplankton in surface waters where most cells

receive adequate light for photosynthesis. The mixed layer depth

over which vertically integrated respiration and production rates

are equal is known as the "critical deptht' (Fig. 1.1). When the

pycnocline shoals to less than the critical depth, pbytoplankton

production exceeds respiration in the waters above the density

gradient, and a net increase in biomass is potentially possible.

However, this potential net increase in plant stocks will only be

realized when the net production rate of the plants exceeds

zooplankton consumption rates.

The concept of critical depth can be applied at the species

level. Respiration rates and photosynthetic efficiency are both

species-specific. Thus, each species has- its own critical depth.
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Species with low respiration rates that maintain high photosynthetic

efficiency at low light intensities have deeper critical depths than

do less efficient species. Species with deep critical depths will

be capable of increases in numbers before those with shallow

critical depths, giving the former species a competitive advantage

in deep mixed layers.

New vs Regenerated Production - Primary production in the sea

is thought to be limited by the availability of nitrogenous

nutrients. Dugdale and Goering (1967) introduced the concept of new

and regenerated nitrogen to distinguish plant growth supported by

nitrate from that supported by amnionium and urea. The terminology

arises from differences in the processes supplying these nutrients

to surface mixed layers.

The conversion of nitrogen bound in complex organic molecules

by organisms to inorganic and organic forms readily utilized by

phytoplankton is termed nutrient regeneration. Ammonium and urea

are produced by heterotrophic metabolism and released into the

water. Zooplankton and microheterotrophs rapidly convert food into

metabolic waste, causing significant regeneration of ammonium and

urea in surface mixed layers (Fig I.2a). Nitrate is produced by the

sequential oxidation of ammoniuni to nitrate by nitrifying bacteria.

Nitrification is inhibited by light (Olson 1981, Horrigan et a]..

1981), and the vast majority of the ammonium produced in the surface
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waters is consumed by plants and procaryotes (Eppley et al. 1977,

Laws et al. 1985, Wheeler and Kirchinan 1986), rather than oxidized

to nitrate by nitrifying bacteria. The result is that nitrate

production occurs relatively deep in the water column, mainly below

the euphotic zone. Thus, nitrate must be transported upwards across

the pycnocline before it is available to plants, while most of the

animonium and urea utilized by phytoplankton in the mixed layer is

supplied by in situ regeneration.

The in situ regeneration of urea and ammonium cannot maintain

plant stocks indefinitely in the euphotic zone. Loss of nitrogen

from the mixed layer, via particle sinking and the transfer of

nitrogen up the food chain, continually diminishes the amount of

nitrogen recycled back to plants, causing phytoplankton stocks to

decline. Maintenance of, or net Increases In, plant biomass In the

face of such losses requires "new" nitrogen from outside the surface

layer. The main source of "new" nitrogen is the nitrate-rich water

below the nutricline. Thus, "new" production relies on transport of

nitrate across the pycnocline by eddy diffusion and upwelling, while

regenerated production relies on the recycling of ammonium and urea

within the mixed layer.

The fractions of total primary production supported by "new"

and regenerated nitrogen vary considerably between regions in the

sea. Approximately half of total production in highly productive

waters is supported by new nitrogen. In contrast, regenerated
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nitrogen can account for > 90 Z of total production in oligotrophic

oceanic waters (Eppley and Peterson 1979).

The concept of new and regenerated production can also be

applied to the silicon cycle in the near surface ocean (Fig I.2b).

Dissolved silicon is present only as monomeric orthosilicic acid in

the sea, and at seawater pH is about 5 Z dissociated to its

monovalent conjugate base (Stumm and Morgan 1981). Like nitrate and

phosphate, silicic acid is depleted in surface waters by

phytoplankton growth, and increases in concentration occur below the

pycnocline. Among the phytoplankton, only diatoms have an absolute

silicon requirement for growth (Lewin 1962). Diatom production has

been shown to be limited by the availability of silicic acid in a

variety of marine habitats (e.g. Goering et al. 1973, Paascbe and

Ostergren 1980, Nelson et al. 1981). Like dissolved nitrogen, there

are two distinct sources of silicic acid to mixed layers. The

dissolution of biogenic particulate silica within the mixed layer

supplies silicic acid through an in situ "regenerative" pathway,

while upwelling and eddy diffusion introduce "new" silicic acid from

below the pycnocline. Lithogenic silica, scoured from the

sediments, transported from rivers or carried by winds, enters the

surface ocean, but there is no evidence that it dissolves

significantly.

Diatom standing stocks within mixed layers cannot be maintained

indefinitely by the in situ dissolution of biogenic particulate

silica. Siliceous particles continually sink to depth (little
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silicon is passed up the food chain), removing silicon from the

regenerative loop. Thus, "new" silicic acid from below the

nutricline is required to maintain or increase diatom biomass in the

mixed layer.

Phytoplankton Growth Rates in the Sea - Goldman et al. (1979)

proposed that phytoplankton growth in oceanic areas may not be

nutrient-limited despite the prevailing low nutrient concentrations.

The argument is as follows: Particulate matter in the surface ocean

often exhibits Redfleld proportions, C:N:P::106:l5:l (by moles)

(Redfield 1934). Planktonic algae exhibit Redfleld proportions only

when growing at close to their maximal rates. Therefore,

phytoplankton in the sea must be growing near their maximal rates,

and are not severely nutrient-limited. The fact that some

phytoplankton species can grow at near maximal rates at undetectable

nutrient concentrations in culture (e.g. Paasche 1975, McCarthy and

Goldman 1979) supports this possibility. However, the use of the

Redfield ratio to identify rapid phytoplankton growth in situ has

recently been criticized by Tett et al. (1985). They found that the

elemental composition of slow growing, chemostat cultures of the

haptophyte, Pavlova lutheri, took on Redfield proportions as light

became limiting. They argue that variations in the elemental ratios

of particulate matter in the surface ocean is caused by a number of

factors, making it inappropriate to equate Redfield ratios with

rapid growth.



The problem of determining phytoplankton growth rates in the

sea has been partly solved by the introduction of methods to measure

the division rates of individual species (Smayda 1975, Weiler and

Chisholm 1976, Rivkin 1986). However, these methods do not identify

the factors controlling the observed growth rate. Evaluating the

importance of nutrient limitation in controlling phytoplankton

growth rates in the ocean requires a thorough understanding of

phytoplankton nutrient physiology.

Phytoplankton Nutrient Physiology : An Overview

Nutrient Uptake - The steady-state uptake rate of a limiting

nutrient by a phytoplankton species can be described by the

equation:

VVmaxxS/(Ks+S) (1)

where V = the nutrient uptake rate, S = the concentration of

limiting nutrient, Vmax = the maximal uptake rate and Ks the half

saturation constant; i.e. the substrate concentration at which

V = 1/2 Vmax. The form of the curve Is that of the rectangular

hyperbola described by Michaelis and Menten (1913) for enzyme

kinetics.

Different phytoplankton species have radically different values

of Ks and Vmax (Caperon 1968, Droop 1968, Eppley and Coatsworth
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1968, Eppley and Thomas 1969). Dugdale (1967) outlined the

implications of interspecific differences in these. kinetic constants

for phytoplankton competition in the sea. He reasoned that when the

uptake curves of two phytoplankton species cross, their relative

nutrient uptake abilities changes on either side of the crossover

point. This is illustrated in Fig. 1.3 where the uptake rate of

nitrate for two hypothetical phytoplankton species is plotted as a

function of nitrate concentration. Species A takes up nitrate at a

higher rate than species B at high concentrations by virtue of its

higher S/max. The reverse is true at low nitrate concentrations.

Species B has a higher affinity for the resource, i.e. lower K

value, and takes up a larger share of the available nitrate at low

concentrations. Species A would therefore be the superior

competitor at high nitrate concentrations, while species B would

dominate at low nitrate concentrations. Note the implicit

assumption that differences in nutrient uptake rates reflect

proportional differences in growth rates and that differences in

growth rates confer differences in competitive ability. This is

rigorously true only at steady-state when growth and uptake are in

balance.

The idea that differences in kinetic parameters for nutrient

uptake affect phytoplankton competition inspired comparisons of the

kinetic parameters for nutrient uptake among algae found in high and

low nutrient environments (e.g. Eppley and Coatsworth 1968, Eppley

and Thomas 1969, Eppley et al. 1969). In general, species isolated
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from oligotrophic regions had lower K5 values than species from high

nutrient waters (MacIsaac and Dugdale 1969, Eppley 1970, Carpenter

and Guillard 1971) in agreement with the expectation that open ocean

phytoplankton should be better adapted to low nutrient environments.

Growth - Nonod (1942) presented an equation describing the

steady-state growth rate of a bacterial species as a function of the

ambient concentration of a limiting substrate. The equation has the

form:

P Pmax x S/(K'5 + S) (2)

where p = the specific division rate, S = the concentration of

limiting nutrient, max = the maximal growth rate at infinite

substrate concentration and K's the half saturation constant; i.e.

the substrate Concentration at which p 1/2 Pmax. The form of the

curve is identical to that describing nutrient uptake. The Monod

curve was found to be a good model for describing the nutrient-

limited growth of several phytoplankton species in chemostat culture

(e.g. Caperon 1968, Eppley and Coatsworth 1968).

By analogy with nutrient uptake, the constants )'max and K's

indicate the relative ability of a species to grow (i.e. sustain

cell division) in high and low nutrient environments, respectively.

Guillard et al. (1973) confirmed the expectation that oceanic

phytoplankton should have lower K'8 values than coastal forms.
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Healey (1980) recently criticized use of the half-saturation

constant as in indicator of the ability to compete at low substrate

concentrations. By his argument two species with the same K'5

values, but different maximal growth rates, will have different

growth rates at all concentrations of the limiting nutrient. He

recommends use of the ratio ?max:K's, the slope of the Monod curve

at low substrate concentrations, as a competitive index. Species

with higher
Pmax:K's ratios will grow faster at low S. That

approach was used by Mechling and Kilham (1982) to rank freshwater

diatoms according to their abilities to compete for silicate.

However, the use of kinetic constants for growth is hindered by the

fact that many algae have K'5 values below analytical detection

limits for the relevant nutrient (Paasche 1975, Goldman and McCarthy

1978).

Caperon (1968) and Droop (1968) demonstrated that phytoplankton

growth can be related to the cellular content of the limiting

element rather than nutrient concentration in the external medium.

The equation has the form;

P Pmax (1-kq/Q) (3)

where Q = the amount of limiting element per cell, i.e. the cell

quota (Droop 1968), i = the population growth rate, P'niax = the

population growth rate at infinite Q, and kq = the minimum cell

quota of the limiting nutrient (i.e. the cell quota at which p 0).
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In reality a cell has a finite, rather than infinite, maximum quota

for all cell constituents. Thus, the p vs Q curve that can be

obtained experimentally is truncated at the physiologically maximum

Q, Qmax (Fig 1.4). The Droop equation works well for trace metals,

vitamins and phosphorus, which have a ratio of kq/Qiax between 0.01

and 0.03. In these cases, the maximum experimental growth rate and

P'niax are approximately equal and data can be obtained for most of

the growth hyperbola (Fig. 1.4), enabling accurate curve fitting and

precise determination of kinetic parameters. Other cell

constituents, such as silicon and nitrogen, constitute 5 - 10 % of

the cell weight such that the ratio of kq:Q at Qmax is approximately

0.2 and the maximum obtainable p equals 0.8 P'max. Less of the

growth hyperbola can be determined experimentally (Fig. 1.4).

Precise determination of kinetic parameters for species with steeply

rising growth curves becomes impossible (Goldman and McCarthy 1978).

The influence of internal stores upon growth has been extended

to include pools of metabolic intermediates, such as amino acids

(Greeney et al. 1973). Dortch (1982) found that internal pools of

nitrate and amino acids In nitrogen-limited Skeletonenia sp. cells

increased eight-fold after the addition of a nitrogen pulse. A cell

with internal nitrogen pools this large could theoretically divide

three times without further nitrogen uptake, and still produce

daughter cells with nitrogen cell quotas equal to that of the

original mother cell. Not all species have the ability to form

large internal nutrient pools. However, those that can form large
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internal pools require only a brief exposure to high nutrient water

to create sufficient stores for substantial future growth. Thus,

measurements of short-term growth or nutrient uptake rates, even if

obtainable, may not reflect current conditions, but result from past

events, possibly hours or even days ago, reminiscent of "the ghost

of competition past" evoked by Connell (1980).

Droop (1970) demonstrated that phytoplankton growth in

chemostat culture is limited by the one nutrient least available

relative to the plants' needs. This was an attractive concept,

since identification of the limiting nutrient in a natural system

could theoretically provide a basis for analyzing phytoplankton

competition in Situ. The hierarchical nature of nutrient limitation

applies only to non-substitutable, essential nutrients

(Tilman 1982), such as nitrogen and silicic acid. Phytoplankton can

use several inorganic and organic nitrogen and phosphorus sources

for growth, such that several chemical forms of a limiting element

can limit growth simultaneously (see review by Bonin and Maestrini

1981). Planktonic algae also require a variety of trace metals and

vitamins. Unlike the case for the macronutrients, trace metal

limited-growth is strongly affected by interactions among metal ions

(see review by Iluntsman and Sunda 1980).

Luxury Uptake - En a steady-state chemostat, specific growth

rates and nutrient uptake rates are in balance. However, uptake and

growth become uncoupled in variable nutrient environments. McCarthy
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and Goldman (1979) and Goldman and Gilbert (1982) have shown that

alumonium-ljmited cells, presented with an aminonlom pulse, can

exhibit nitrogen-specific uptake rates 30 to 100 times that

necessary to balance the steady-state specific growth rate. This

response has been termed "luxury uptake" (Fuhs et al. 1972).

McCarthy and Goldman (1979) interpreted luxury consumption to be an

adaptation for rapid uptake during brief exposure to ammonium

micropatches produced by zooplankton excretion. It has since been

argued that nutrient micropatches diffuse too quickly for

phytoplankton exploitation in the sea (Jackson 1980). Planktonic

algae have been shown to use phosphorus micropatches generated by

zooplankton in the laboratory (Lehman and Scavia 1982a b), but their

ability to exploit nutrient micropatches in the sea is still in

question (Currie 1984).

Goldman and Gilbert (1982) have shown that some phytoplankton

species, growing at 80 to 90 Z of their maximal rate in ammonium-

limited, steady-state chemostats, are capable of taking up an

ammonium pulse four or five times faster than required to balance

the steady-state growth rate. Thus, specific uptake rates in excess

of the growth rate do not necessarily indicate severe nutrient

limitation. Enhanced ammonium uptake was greatly reduced in cells

growing at less than 20 % of their maximal rate. This effect is not

always observed (McCarthy and Goldman 1979). Goldman and Glibert

(1982) suggest that reduction in enhanced uptake may result from

either difficulties in operating low dilution rate cheinostats, or a
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change from nitrogen limitation to nitrogen starvation. If the

effect is not an artifact of the culture conditions, it implies that

some phytoplankton growing at low relative growth rates in

oligotrophic waters may not be able to exploit encounters with

nutrient micropatches.

Silicic acid-limited diatom cultures can also show enhanced

silicic acid uptake when given a pulse of silicic acid (Nelson et

al. 1976, Conway and Harrison 1977). However, this effect is of

smaller magnitude, and its physiological basis appears to be

fundamentally different from that for nitrogen. When metabolism

requires construction of a nitrogen containing molecule, a cell can

draw upon internal nitrogen poois, rather than take up new materials

from the environment. Most diatoms do not form significant,

persistent, internal pools of silicic acid (Werner 1977).

Therefore, construction of a new siliceous valve requires silicic

acid uptake from the external medium. The formation of new valves

is restricted to the period just after nuclear division and

cytoplasmic separation (Reimann 1960), coincident with a peak in

silicic acid uptake (Eppley et al. 1967, Darley et al. 1976,

Chishoim et al. 1978). The subsequent formation of siliceous spines

and projections can require an additional 1 to 2 h (von Stosch and

Debes 1964, Eppley et al. 1967, von Stosch et al. 1973), but even in

these cases there is a strong temporal coupling between silicic acid

uptake and cell division. Thus, only cells which have recently

undergone cytokinesis are able to exploit a silicic acid pulse.
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When a diatom culture is deprived of silicic acid, cell

division is arrested at the point just after cytokinesis when new

frustules should be formed (Coonibs et al. 1967). Uptake is rapid

when silicic acid is resupplied to the culture, since most cells are

ready to take up sjlicic acid and make new frustules. Thus,

apparent increases in silicic acid uptake may represent increases in

the degree of division synchrony within a diatom culture, rather

than a change in the uptake kinetics of the diatoms.

Phytoplankton Competition

Equilibrium Approaches to Phytoplankton Competition - Rhee

(1978) and Rhee and Gotham (1980) suggested that steady state

elemental cell quotas can be used to predict the outcome of

resource-based competition. The steady state growth rate of a

phytoplankton species is equally limited by each of two nutrients

when the ratio of the nutrient supply rates equals the ratio of the

species' minimum cell quotas for the two nutrients. The ratio of

the minimum cell quotas is termed the "optimum nutrient ratio" (Rhee

1978). A species with an optimum N:P ratio of 10 will be

phosphorus-limited at N:P supply rate ratios > 10 and nitrogen-

limited at ratios < 10. Nutrient limitation increases as supply

rate ratios diverge from the optimum ratio. Thus, a species is

expected to dominate an assemblage when nutrient supply rate ratios

match its optimum nutrient ratio.
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There is evidence supporting this conjecture. Schindler (197?)

found that Scenedesmus became dominant in a lake supplemented with

fertilizer having a N:? content of 31:1. This loading ratio is very

close to the optimum N:? ratio of 30 measured for Scenedesuius by

Rhee (1978). Fertilization at a N:P ratio of 11:1 resulted in

dominance by the blue green alga Aphanizomenon, which is capable of

nitrogen fixation (Schindler 1977). Recently, Terry (1980), Elrifi

and Turpin (1985), Terry et al. (1985) and Turpin (1986) have shown

that optimum nutrient ratios are growth rate-specific. The steady-

state cell quotas of different elements increase disproportionately

with increasing growth rate. The corresponding change in optimum

nutrient ratios makes it inappropriate to use one ratio to predict

the outcome of resource competition at all growth rates.

External nutrient concentrations can also be used to analyze

resource competition in steady-state systems. Two nutrients limit

growth equally when their steady-state external nutrient

concentrations produce the same steady-state growth rate. According

to equation (2) this occurs when:

1'maxl x SI pmax2 X S2
(4)

K81+Sl K52S2

where: S1 IS the steady-state concentration of nutrient one; S2 is

the steady-state concentration of nutrient two; )maxl is the maximum

growth rate when nutrient one is limiting; Ymax2 is the maximum
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growth rate when nutrient two is limiting; K51 is the half-

saturation constant for growth on nutrient one; and K52 is the half-

saturation constant for growth on nutrient two. Ymaxi )lmax2 by

definition. Rearranging equation 4 yields:

S1 Ks1

S2 Ks2

(5)

Two nutrients limit growth equally when their steady-state

concentrations are in the same ratio as their half-saturation

constants (Titman 1976). Below this ratio, nutrient one limits

growth, while above this ratio nutrient two limits growth.

Titman (1976) used the Monod growth parameters for the

freshwater diatoms, Asterionella formosa and Cyclotella

ineneghiniana, to predict the ratio of supply rates of silicate and

phosphate leading to coexistence or competitive exclusion in long-

term culture. Figure 1.5 depicts the Monod growth curves of these

two species under P and Si limitation. Cyclotella meneghiniana

grows faster than A. formosa at all limiting Si concentrations,

while the reverse is true with P limitation. Figure I.6a depicts

the competitive boundaries and predicted results of competition

between these species along a gradient in Si:P supply rate. Ratios

of nutrient supply rates within the range bounded by the two optimum

external nutrient ratios permit stable coexistence, since each

species is limited by a different nutrient, provided each species
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requires more of the nutrient which limits its growth to produce a

new cell (Taylor and Williams 1975). The species are limited by the

same nutrient outside the range in supply rate ratios bounded by

their optimum nutrient ratios. Competitive exclusion is inevitable

when two species compete for a single limiting resource

(hardin 1960). The competitive dominant will be the species able to

deplete the limiting nutrient concentration below that required by

the other to maintain a growth rate at least equal to the dilution

rate. The predictions illustrated in Fig. I.6a were confirmed in a

series of 1ong-termsemi--continuous culture experiments at a variety

of Si:P supply rate ratios (Titman 1976, see Fig. I.6b).

Tiltuan (1977) compared the abilities of Internal and external

nutrient models to predict the outcome of interspecific competition

for silicate and phosphate between two diatom species. The Monod

model proved superior to the Droop formulation in predicting the

outcome of competition between A. formosa and C. meneghiniana. A

re-analysis of Tilman's data shows that the superiority of the Monod

model over the Droop formulation vanishes when an internal pooi

model using a growth rate dependent cell quota is employed

(Brzezinski, unpublished data). Thus, competition can be described

equally well using either a modified Droop equation or the Monod

equation.

Asterionella formosa and C. nieneghiniana are both found in Lake

Michigan. Tilman (1977) used the Monod model to predict the outcome

of competition between these two species along a transect spanning a
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Si:P concentration ratio gradient in the lake. The model

predictions accounted for 75 Z of the variance in the relative

abundance of these species along the transect. Numerous other

experiments have since shown the strength of the Nonod model in

predicting the outcome of nutrient competition in cultures of

freshwater and marine phytoplankton (Titman 1976, Tilman 1977,

Mickelson et al. 1979, Tilman 1981, Ho].m and Armstrong 1981, Tilman

et al. 1981, Krawiec 1982b, Smith and Kalff 1983, Tilman and Sterner

1984). Tilman's analysis of the Lake Michigan data has recently

been criticized (Sell et al. 1984), but his great contribution was

the experimental demonstration that relative nutrient supply rates,

rather than absolute nutrient concentrations, govern resource

competition.

Competition in a Variable Habitat - Nutrient concentrations

can remain colorimetrically undetectable for long periods in

oligotrophic regions of the ocean, suggesting that nutrient supply

rates are in approximate balance with phytoplankton demand. This

situation would be analogous to a steady-state chemostat culture.

However, phytoplankton have diel cycles in many physiological

parameters in nature (Sournia 1974), and there also are many

mechanisms causing fluctuating resource supply rates in the sea.

The daily photoperiod forces a pronounced diel cycle in

photosynthetic carbon fixation. Advection, cloud cover and surface

waves cause variations in subsurface light intensity on scales
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ranging from seconds to hours. Mixing and heterotrophic excretion

introduce nutrients into the surface layer on a discontinuous basis,

and zooplankton excretion may create spatial patchiness in nutrient

concentrations on micron scales (Goldman et al. 1979, Lehman and

Scavia 1982a b). Discovery of the effects of environmental

variability on phytoplankton competition in situ requires knowledge

of the physiological responses of phytoplankton to transient

conditions.

Theorists predict that coexistence is more likely in variable

habitats (Richerson et al. 1970, Williams 1971, Stewart and Levin

1973, Kemp and Mitsch 1979, Levins 1979). This prediction was

verified empirically by Sommer (1984) using natural freshwater

phytoplankton assemblages grown in phosphorus-limited, flow-through

cultures with either pulsed or continuous phosphate supplies. Both

phytoplankton species diversity and species numbers were highest in

pulsed cultures. Turpin and Harrison (1979) conducted similar

experiments using ammonjum-ljmjted natural marine phytoplankton

assemblages. Pulsed ammonium supplies altered the pattern of

species dominance in flow-through culture. Cultures receiving a

continuous ammonium supply were dominated by Chaetoceros spp., while

Skeletonema sp. dominated in pulsed cultures. Both Turpin and

Harrison (1979) and Sommer (1984) attributed competitive dominance

in pulsed nutrient environments to a superior ability to take up and

store excess limiting nutrient during brief exposures to high

concentrations -
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Photocycles may play a role in competition for pulsed

nutrients. Olson and Chishoim (1983) demonstrated that the relative

influence of photocycles and periodic aunnonium supplies on the

entrainment of cell division cycles varies among phytoplankton.

Cell division remained phased to the photocycle in ammonium-limited

flow-through cultures of a coccolithophore, Hymenomonas carterae,

and a dinoflagellate, Amphidinium carteri, with a pulsed ammonium

supply, irrespective of whether ammonium was added at the beginning

of the light or of the dark period. However, the uptake rate of the

pulse differed in the light and dark (Wheeler et al. 1983).

Ammonium pulses given to cultures of the diatom Thalassiosira

weissflogii, overrode the effect of the photocycle. Cell division

remained phased to the nutrient pulse (Olson and Chisholni 1983), and

the kinetics of ammonium depletion were similar when the pulse was

given in either the light or dark phase of the photocycle (Wheeler

et al. 1983). Plumley and Darley (1985) showed that the benthic

diatom Cylindrotheca fusiformis differed from L weissflogii.

Phasing of the division cycle of this diatom was affected by both

the photocycle and timing of the nutrient pulse.

Interspecific differences in the phasing of nutrient uptake to

photocycles and to pulsed nutrient supplies can produce temporal

separation of nutrient uptake activity among species. If the

separation is large, the nutrient supply is effectively shared,

permitting coexistence by avoiding direct competition for the same

limiting resource (Williams 1971, Chishoim and Nobbs 1976). This
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may occur in situ, since diel cycles in nutrient concentrations

(Lorenzen 1963) and cell division occur in natural phytoplankton

populations (Doyle and Poore 1974, Stross and Pemrick 1974, Smayda

1975, Weiler and Chishoim 1976).

Differential Cell Sinking

Planktonic algae exhibit a wide range of cell sinking rates

from near zero, implying neutral buoyancy, to several tens of meters

per day (Smayda 1970). Thus, removal of cells from the euphotic

zone via differential cell sinking may quickly alter relative

species abundances.

Cell sinking plays a role in the life history of many species.

Many diatoms and dinoflagellates form fast-sinking resting spores

and cysts, which settle to the bottom and serve as a seed stock when

deep mixing carries them back to the surface. Thus, a species may

reappear every year in the plankton only to be displaced from the

euphotic zone in a few weeks time. This life-history strategy is

probably advantageous only in relatively shallow-water environments.

A demonstration of the effect of differential cell sinking on

competition for ammonium was provided by Harrison et al. (1986).

They designed an semi-continuous culture apparatus which selected

against fast sinking cells. The diatom Skeletonenia sp. dominated a

natural assemblage grown with ammonium-limitation in their apparatus

when the culture was mixed prior to the daily dilution. In
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contrast, motile flagellates and small diatoms of the genus

Chaetoceros dominated when the most rapidly sinking cells were

removed selectively.

Choice of Study Site:

This dissertation is part of an interdisciplinary study of Gulf

Stream warm-core rings (Joyce and Wiebe 1983). The value of a warm-

core ring for study of phytoplankton species succession in the ocean

is that rings are hydrographically distinct and can be tracked from

space using satellite images of sea surface temperature (Hooker and

Olson 1985) or ocean color (Gordon et al. 1982). This circumvents a

major problem with making time series observations in the surface

ocean; when an investigator returns to his study site the biological

community along with its associated habitat may have been advected

away by ocean currents. A description of Gulf Stream warm-core

rings follows to familiarize the reader with the habitat examined in

this dissertation.

Gulf Stream Warm-Core Rings - Gulf Stream warm-core rings form

in the northwest Atlantic Slope Water between the Gulf Stream and

the northeastern shore of the North American continent. Northward

meanders of the Gulf Stream grow and separate from the main current

enclosing a parcel of warm Sargasso Sea water within a anti-

cyclonically rotating remnant of the Gulf Stream (Saunders 1971,
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Thompson and Gotthardt 1971, Gotthardt and Potocsky 1974). The

subsurface perimeter of the ring is analogous to the cold wall of

the Gulf Stream. Gulf Stream warm-core rings range from 60 - 200 km

in diameter, and their influence on the physical structure of the

water column extends to a few thousand meters.

A long time series of observations of the Gulf Stream and Slope

Water (Fitzgerald and Chamberlin 1983, Lal and Richardson 1977)

indicates that several warm-core rings are typically present in the

Slope Water at any one time. They generally form east of the New

England sea mounts and move west-southwest at 2 to 8 cm s-i. They

exist for up to several months before being resorbed into the Gulf

Stream.

Warm-core rings interact with their surroundings. Portions of

the shelf and Slope Water, termed "streamers" (Evans et al. 1985)

can be entrained into the anti-cyclonic flow of the ring and are

transported along its outer perimeter or into the central field of

Rings can also interact with the Gulf Stream and other warm-

core rings.

A Brief History of Ring 82-B - This dissertation uses data

from ring 82-B, which was sampled during three cruises over a

6 month period in 1982. A complete chronology of ring 82-B as seen

from space is presented by Evans et al. (1985). A brief description

of their findings, together with shipboard data, is presented here

to familiarize the reader with the known history of the ring.
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Warm-core ring 82-B formed in February 1982 when surface

temperatures were ca. l8oC. When first sampled in April the ring

was elliptical, with major and minor axes of about 120 and 80 kin,

respectively. It had cooled and undergone deep convective mixing

since February, resulting in a core that was isothermal (15.70C) and

isohaline (36.0 - 36.3 o/oo) from the surface to 350 m at ring

center. The 28.6 a0 isopycnal intersected the surface, isolating
the ring from the Slope Water. Nutrient concentrations were high

and vertically uniform (ca. 5.6 jiM NO3-, Ca. 2.6 pM Si(OH)4, Ca.

0.25 pM P043-; Fox et al. 1984a) in the upper 350 in, reflecting the

lack of stratification and recent convective overturn. Chlorophyll

a concentrations were uniformly low (Ca. 0.3 ig kg-i) in the upper

lOOm (Hitchcock et al. 1985). In contrast, chlorophyll a levels

were nearly an order of magnitude greater in the surrounding Slope

Water, where a spring phytoplankton bloom was in progress.

Satellite imagery revealed that a Slope Water streamer spiraled into

the ring during the May 14 to 18 period. The ring warmed from 16 to

21 °C between May 20 and 25, a cloudy period, possibly due to an

overwash of Gulf Stream water. Ship-of-opportunity XBT data show

the presence of a 10 m thick warm surface layer at this time (Evans
et al. 1985).

Observations on June 15 indicated that the main therniocline of

the ring had shoaled approximately 50 m since April. A seasonal

therniocline had formed at ca. 25 m, and nitrate, silicic acid and

phosphate were depleted to undetectable levels above the nutricline
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([No3-] < 0.05 pM, [Si(OH)4] < 0.2 pM, [P043-] < 0.05 jiM; Fox et al.

1984b). A decrease in surface salinity from 36.2 o/oo in April to

35.30 to 35.75 o/oo in June indicated some exchange had taken place

with the surrounding water. A shelf water streamer was entrained

into the anticyclonic flow during June 21 - 25 and transported to

the Gulf Stream. A major storm on June 18 cooled the surface waters

to less than 16°C. The storm was followed by a prolonged quiescent

period of at least 7 days, during which the ring surface warmed from

16 to greater than 20°C.

Chlorophyll a concentrations within the ring were highest

within the seasonal thermocline with maximum values of approximately

1.0 pg kg-i on June 15 (Hitchcock et al. 1985). The spring blooms

in the shelf and Slope water were over, making the ring a local

biomass maximum. This maximum was most intense at ring center and

diminished radially (Nelson et al. 1985).

By June 24 the ring had moved to its final position off Cape

Hatteras and begun a series of interactions with the Gulf Stream.

By August 5 the diameter of the ring had decreased to 70 km, and

much of the ring surface was overwashed by Gulf Stream water. A

drifter placed in ring center was released into the Gulf Stream on

September 19, suggesting nearly complete resorption of the ring into

the Gulf Stream by that time.

This dissertation focuses on resource competition among diatom

species isolated during the April and June cruises, which were

before and after seasonal stratification, respectively. The
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dramatic physical and chemical changes accompanying stratification

offered the best opportunity to relate results of laboratory

competition experiments to habitat changes in situ.

Choice of Experimental Clones

Single cells of the resident diatom species were isolated

during the three cruises, R/V Knorr 93, 95 and 97, to ring 82-B.

Over 2000 single cell isolations were made on freshly collected

material, yielding 500 cultures representing 45 species of 15

genera. The complexity of the physiological studies undertaken in

this dissertation necessitated that only two species be examined in

detail.

There were two criteria for choosing experimental clones.

First, the two species must have exhibited radically different

changes in population density in response to seasonal stratifi-

cation. Secondly, the species must have been amenable to laboratory

culture. The majority of the physiological investigations were

conducted using the diatoms Thalassiosira rotula Meunier

(clone 411), isolated from high nutrient water before stratification

of the ring, and Chaetoceros sp. ef. vixvisibills Schiller

(clone 847), isolated from the nutrient-depleted surface layer after

stratification. Thalassiosira rotula was chosen because it

exhibited high growth potential in situ before the bloom

(Smayda, unpublished data), but was fairly rare following
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stratification (Gould, unpublished data). Chaetoceros sp. ef.

vixvisjblljs was absent from cell counts in April, but was one of

the dominant species after stratification and depletion of nutrients

in the surface layer (Gould, unpublished data). The major goal of

this dissertation was to determine whether the nutrient physiology

of these clones was consistent with their presence under

dramatically different physical, chemical and biological conditions

within Gulf Stream warm-core ring 82-B.

Summary of Objectives

The specific objectives of this dissertation were:

1) To provide a quantitative description of the silicon

cycle within the ring surface waters to define the

availability and cycling of the element in the habitat.

2) To examine the influence of pulsed nutrient supplies On

competition between T. rotula and C. sp. cf. vixvisibilis

for nitrate, ammonium and silicic acid.

3) To determine the effect of differential cell sinking on

the outcome of competition between L rotula and

C. sp. cf. vixvjsjbilis for silicic acid and nitrate.
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4) To examine the results of the laboratory physiological

studies of ring diatoms for their consistency with

expectations based on the nutrient and diatom species

dynamics within the ring.
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fig. 1.1. Schematic vertical profiles of phytoplankton
production, solid line, and phytoplankton respiration, dashed line,
in the surface ocean. The depth where integrated production equals
integrated respiration is termed the "critical depth" (Sverdrup
1953). Increase in plant biomass can only occur at mixed layer
depths less than the critical depth. See text for details. Adapted
from Sverdrup (1953).
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Fig 1.2. Transformations of nitrogen and silicon in the
surface ocean important to understanding the concepts of "new" and
regenerated production. Minor pathways are indicated by dashed
arrows. A. Simplified nitrogen cycle. B. Simplified silicon cycle.
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Fig. 1.2
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Fig. 1.3. Specific uptake rate of nitrate, V, as a function of
nitrate concentration for two hypothetical phytoplankton species.
The maximum uptake rates for species A and B are 0.04 and 0.03 h-I,
respectively. Species A and B have half-saturation constants, K8,
of 1.0 and 0.1 jiM, respectively. Adapted from Dugdale (1967).
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Fig. 1.4. Cell growth rate versus internal cell quota for
vitamin B12, curve A, and nitrate, curve B, for a hypothetical
phytoplankton species. The growth curves are defined by equation 3.
For vitamin B12 Qmax is much greater than kq, while for nitrogen
Qmax is closer to the value of kq. The portion of the curve that can
be obtained experimentally is truncated at the physiological maximum
cell quota Qmax in both cases. Thus, growth rates in the shaded
region between umax and u'max can not be obtained experimentally.
Adapted from Goldman and McCarthy (1978).
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Fig. 1.5. Calculated Monod functions for Asterionella formosa
and Cyclotella meneghiniana grown with silicate or phosphate
limitation. Thick and thin solid lines are P-limited growth curves
for A. formosa and C. meneghiniana, respectively. Thick and thin
dashed lines are Si-limited growth curves for A. formosa and
C. meneghiniana, respectively. Adapted from Titman (1976).
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Fig. 1.5
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Fig. 1.6. Predicted and observed results of competition
between Asterionella formosa and Cyclotella meneghiniana along a
Si:P concentration gradient based on the Monod growth curves for
each species presented in Fig. 1.5. A. Competitive boundaries and
regions of coexistence and competitive exclusion. Vertical lines at
Si:P ratios of 97 and 5.6 represent supply rate ratios where growth
is equally limited by Si and p for A. formosa and C. meneghiniana,
respectively. Above an S1:P ratio of 97 both species are P-limited
and A. formosa is the predicted competitive dominant. Below a ratio
of 5.6 both species are Si-limited and C. meneghiniana should
dominate. Between Si:P ratios of 97 and 5.6 the two species coexist
as each is limited by a different resource (C. meneghiniana is
P-limited and A. formosa is Si-limited). B. Results of competition
experiments. Symbols designate dominance by A. formosa, squares,
dominance by C. meneghiniana, diamonds, and stable coexistence,
circles. Adapted from Titman (1976).
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Chapter II

Production and Dissolution of Biogenic Silica in the Surface Waters

of a Gulf Stream Warm-Core Ring

Abstract

The silicon cycle within the upper 80 m of Gulf Stream warm-

core ring 82-B following spring stratification was examined using

silicon isotope tracers. Siliceous biomass was concentrated above

25 m, within and above the nutricline. An average of 53 % of the

biogenic silica in the upper 80 m was within the nutrient-depleted

surface layer where silicic acid concentrations were undetectable

(< 0.2 i}I). The concentration of biogenic silica in this region

exceeded that of lithogenic silica by an order of magnitude. The

production rate of biogenic silica in the surface layer was strongly

substrate-limited. Half-saturation constants for biogenic silica

production were 3 to 6 times lower than measured in other natural

phytoplankton assemblages. Indirect evidence suggests that silicic

acid concentrations in the surface layer, though unmeasurable, were

decreasing during quiescent periods in June.

Specific production rates, normalized to biogenic silica

concentration, were fairly uniform in surface waters and increased

with depth below the nutricline. Silica production rates between
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stations decreased in the surface layer, and increased within and

below the nutricline. Vertically integrated silica dissolution

rates equalled or exceeded silica production rates within the

surface layer by the end of our observations. In contrast, the

fraction of silica production supported by in situ dissolution

decreased between consecutive stations within and below the

nut ricline.

On average, over 80 % of the silica production within the upper

80 m could be supported by in situ regeneration of silicic acid in

June. In contrast, only 38 % of the silica production in the upper

110 in could be supported by in situ dissolution of particulate

silica in April. The transition from silica production being

supported mainly by "new" silicic acid prior to stratification to

the majority of production being supported by "regenerated" silicic

acid afterwards is the first observation of a seasonal trend in the

silicon cycle in the surface ocean.

The data were used to construct a silicon budget for the upper

80 in of the ring. The results support the hypothesis that warm-core

rings can display two-layered photic zone dynamics as demonstrated

or hypothesized in other oceanic systems.
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Introduction

The oceanic silicon cycle has both important similarities to,

and important differences from, the cycles of nitrogen and

phosphorus. Dissolved inorganic forms of all three nutrients are

frequently depleted to analytically undetectable concentrations in

surface waters, especially in the strongly stratified tropical and

mid-ocean gyres. These three nutrients are required for diatom

growth, and typical surface ocean concentrations are in a range

which has been shown to limit phytoplankton growth in laboratory

culture (Guillard et a].. 1973, Paasche 1973a, Harrison 1974, Thomas

and Dodson 1975). All are regenerated at significant rates in the

subsurface water column (Redfield et al. 1963), resulting in

pronounced vertical concentration gradients. All also are

regenerated within surface waters (Redfield et a].. 1963, Nelson and

Goering 1977b, Gilbert 1982). Nutrient regeneration is at times the

main process supplying each nutrient to the phytoplankton (Nelson

and Goering 1977b, Eppley and Peterson 1979, Giibert 1982).

Several aspects of the silicon cycle set it apart from other

oceanic nutrient cycles. Among the phytoplankton only diatoms are

known to have an absolute silicon requirement for growth

(Lewin 1962). Siliceous material is not passed up the food chain to

any significant degree (Tande and Slagstad 1985, Conover et a]..

1986). Regeneration within the water column results primarily from

spontaneous inorganic dissolution of siliceous hard parts, rather
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than from the metabolic degradation of organic matter

(Wol].ast 1974). Finally, while dissolved nitrogen and phosphorus

are present in the ocean in several inorganic and organic forms,

dissolved silicon is present mainly as monomeric orthosilicic acid,

Si(OB)4,
which at seawater pH is about 5 Z dissociated to its

monovalent conjugate base (Stumm and Morgan 1981).

The possibility that the supply rate of silicic acid controls

both productivity and phytoplankton species composition in

stratified systems has been recognized for many years (e.g. Thompson

and Robinson 1932, Dugdale and Goering 1970, Grant 1971, Nelson and

Goering 1978). Goering et al. (1973), Nelson et al. (1981) and

Paasche and Østergren (1980) report direct experimental evidence for

silicon limitation in several marine systems. Nonetheless,

understanding of silicon dynamics in the near-surface ocean, and of

the relationship between the silicon cycle and biotic processes, has

lagged behind that of other major nutrients. Initially, this

resulted from the slow development of methods for measuring rates of

metabolic and chemical transformations of silicon in the ocean, but

even with the introduction of suitable isotopic tracers (Goering et

al. 1973, Azam 1974, Azam and Chisholm 1976, Nelson and Goering

1977a, Chishoim et al. 1978) only a few studies have examined the

balance between silica production and dissolution in the surface

ocean (Nelson and Goering 1977b 1978, Nelson et al. 1981, Nelson and

Gordon 1982).
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Tracer studies of silicon cycling in the ocean have been

largely confined to productive waters in upwelling regions (Nelson

and Goering 1977b 1978, Nelson et al. 1981) and to other relatively

high nutrient waters such as the Antarctic Circutnpolar Current

(Nelson and Gordon 1982), the Ross Sea (Nelson and Smith 1986) and

the Bering Sea (Banahan and Goeriug 1986). The silicon dynamics of

oligotrophic systems are largely unknown. Specifically, it is

unclear whether silicjc acid behaves like an analog of nitrate,

which is not regenerated at significant rates in the surface mixed

layers and must be supplied mainly by diffusion and mixing from

below, or of ammonium, which is recycled rapidly in near-surface

oligotrophic waters. Examples of both types of silicon cycling have

been reported in nutrient-rich waters (Nelson and Goering 1977b,

Nelson and Gordon 1982).

This study is the first examination of both silica production

and dissolution in an oligotrophic water column. It was conducted

within Gulf Stream warm-core ring 82-B in June of 1982. Warm-core

rings are good systems for investigating nutrient dynamics in the

surface ocean, being reasonably isolated water masses that can be

easily tracked using satellites (Gordon et aL 1982, Brown et al.

1983, Hooker and Olson 1985) enabling repeated sampling of the same

water mass over relatively long time periods.
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Methods

Six stations at the center of Gulf Stream warm-core ring 82-B

were occupied from June 14 to 26, 1982. Station positions relative

to ring center were estimated at sea from drifter locations and near

real-time satellite imagery. These locations were later revised and

plotted in polar coordinates (r,6) relative to a moving ring center

(Hooker and Olson, 1985; Pig. 11.1). All stations were within 26 km

of ring center, but there was a tendency for stations to be farther

from ring center through time.

Stations were grouped in day/night pairs taken within 15 h of

one another. The letter D after station numbers denotes stations

sampled at dawn (ca. 0500 h). The postscript N denotes casts made

at 2000 h. Silica production ratesl, silica dissolution rates,

biogenic silica concentrations, mineral silica concentrations and

silicic acid concentrations were determined within the upper 80 m of

the water column at each morning station. In addition, silica

dissolution rates were determined at nine additional depths between

100 and 700 m. Samples for the same parameters, except for silica

dissolution rates, were gathered at night stations.

1 Throughout this report the term "silica production" will be
used when referring to the incorporation of silicon tracers into
phytoplankton cells. The term "silicic acid uptake" is avoided
since the term "uptake" implies that the rate of transport of
silicic acid across the cell membrane was measured. This is not the
process measured in 4 h incubations, rather the rate of production
of siliceous hard parts is determined.
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The sampling protocol on station was as follows: Samples for

biogenic and mineral silica concentration, silica production rate

and silica dissolution rate determinations were collected from nine

depths in the upper 80 m of the water column using 30 1 General

Oceanics "Go-Flo" samplers mounted on a rosette with a Neil Brown

CTD. Sampling depths corresponded to 100, 60, 32, 22, 8, 3, 1, 0.25

and 0.1 % of surface light intensity as determined from irradiance

profiles measured with a QSI-140 quantum scalar irradiance meter

(Phinney et al. 1984). Seawater was collected in two casts. On the

first cast two 30 1 bottles were closed at each of the six

shallowest light depths. The paired bottles were drained through

Tygon hoses into 90 1 polypropylene vats. The vats were kept in the

shade and covered with polypropylene lids. A single water sampling

bottle was closed at each of the lower three light depths. Nine

additional samples, between 100 and 700 m, were taken on the second

cast. These bottles were also drained into 90 1 polypropylene vats.

The draining procedure homogenized the samples, and subsamples were

drawn through plastic spigots attached near the bottom of each vat.

This is the same water collection and handling system used by Nelson

et al. (1985).

Samples for biogenic and mineral silica determinations were

drained from the 90 1 vats into 2.8 1 polycarbonate bottles and

filtered through 0.6 pm polycarbonate membrane filters (Nuclepore,

Inc.) using either a stainless steel or plastic filtration

apparatus. Following filtration each filter was folded in quarters,



51

placed in a polystyrene petri dish, dried at 600C and returned to

Oregon State University for analysis.

Biogenic and mineral silica concentrations were determined from

analysis of the same filter. Each dried filter was placed in the

bottom of a conical polypropylene centrifuge tube. The biogenic

silica was dissolved by covering the filter with 4.0 ml of 0.2 N

sodium hydroxide, loosely capping the tube and heating in a boiling

water bath for 20 mm (Paasche 1973a). This procedure dissolves

> 98 % of the amorphous (biogenic) silica, and < 1. Z of the mineral

silica (Krause et al. 1983). The tubes were cooled in an ice bath,

neutralized with 1.0 ml of 1 N HC1 and centrifuged to drive the

mineral silica to the bottom of the tube. Four milliliters of the

solution containing the digested biogenic silica were transferred to

a clean polypropylene flask, diluted to 25 ml with deionized

distilled water (DDW), and analyzed for reactive silicate by the

method of Strickland and Parson (1977).

The filter and mineral silica were rinsed free of silicic acid

from the biogenic silica digestion by crushing the filter into a

tight ball in the bottom of the conical test tube, adding 12 ml of

DDW, centrifuging and pipetting off the supernatant. The tubes

containing the filter and mineral silica were baked to dryness in a

vacuum oven at 600C. The dry filters were covered with 0.2 ml of

2.5 H HF for 48 h to dissolve the mineral silica. This solution was

then diluted to 65 ml with DDW to dilute the HF enough to make the

dissolved silica reactive (Eggimann and Betzer 1976), and analyzed
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for reactive silicate using the method of Strickland and

Parsons (1977). The analytical uncertainty in the both the mineral

and biogenic silica determinations in + 10 % (Nelson, unpublished

data).

Samples for silica production rate determinations were drained

into 2.8 1 polycarbonate bottles without prescreening and silicic

acid tracer (95.20 atom % 30Si) added. Two tracer additions were

made to replicate subsamples at each depth between the surface and

3 % light depth, where ambient silicic acid concentrations were

< 0.2 uM (Fox et al. 1984b). Final tracer concentrations were 0.25

and 0.50 pM Si(OH)4 Samples from the 1, 0.25 , 0.1 % light depths

were below the nutricijue where ambient silicic acid concentrations

were higher (ca. 2.5 uM). Silicon tracer (95.20 atom % 30S1) was

added to a concentration of 1.0 pM in samples from these depths with

the exception of station 2D where 0.5 uM tracer additions were made.

The samples were mixed thoroughly and placed in deck incubators that

were covered with light screens to simulate the light intensity at

each collection depth. Surface seawater was pumped through the

incubators to cool the samples. The samples were incubated for 4 to

5 h, and the particulate material was collected on 0.6 pm Nuclepore

filters. The filters were folded in quarters, placed in plastic

petri dishes and dried at 60°C for later isotopic analysis.

Samples for silica dissolution rate measurements from the 100,

36, 8, 1, 0.25 and 0.1 7. light depths were drained without

prescreening into 6 1 polypropylene carboys fitted with plastic
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spigots. Silicic acid tracer (95.28 atom Z 29S1) was added to a

concentration of 4.67 pM, then the 6 1 sample was shaken and split

between two 2.8 1 polycarbonate bottles. One bottle from each pair

was placed in the deck incubators. The other was filtered

immediately through a 0.6 ,.ini Nuclepore filter. The silicic acid in

the filtrate was reacted with ainmonium molybdate, extracted into

n-butanol and the extracts stored in polypropylene bottles in the

dark for later isotope analysis (Nelson and Goering 1977b). Approx-

imately 24 h later, the second set of subsamples were removed from

the incubator and processed in the same manner as the initial

subsamples. The same batch of reagents was used to process initial

and final samples from the same cast. This prevented biasing the

isotope dilution measurement by changes in the background silicic

acid between batches of reagents.

Silica dissolution rates below the 0.1 % light depth were

determined from the change in the concentration of biogenic silica

over a 24 Ii incubation. Two 2.8 1 polycarbonate bottles were filled

from the vats. One subsample was filtered immediately as described

above, and the second was placed in a constant temperature incubator

at l5oC in the dark. After 24 h the second subsample was processed.

The filters from the 0 h and 24 h samples were stored and analyzed

for biogenic silica. The maximum analytical uncertainty in the

calculated rates is approximately + 20 % given the accuracy of the

biogenic silica analysis (see above).
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The main advantage of the tracer method used for dissolution

experiments above 0.1 % light is that dissolution rates can be

measured in the presence of simultaneous silica production (Nelson

and Goering 1977b). The sensitivity of the tracer method decreases

with depth because particulate silica concentrations decrease, and

silicic acid concentrations increase, in deeper waters (Nelson and

Goering 1977b). The tracer-free method measures only the net

difference between silica production and dissolution; however, once

the ratio of particulate silica to silicic acid is < 0.01 (as is

common in the subsurface ocean), the net change in biogenic silica

provides the more sensitive rate measurement.

The dependence of biogenic silica production rate on the

ambient silicic acid concentration was determined at stations 2D,

11D and 22D. A 30 1 sample was collected from the 60 % light depth

and drained into a 90 1 polypropylene vat. Six 2.8 1 subsamples

were drawn. Silicic acid tracer (95.20 atom % 3OSi) was added to

concentrations ranging from 0.25 to 5.0 pM. The subsamples were

then incubated at 60 % of surface light intensity. After 4 h the

particulate silica was collected on a 0.6 pm Nuclepore filter, dried

as described above and stored for silicon isotope analysis. Kinetic

constants were calculated by fitting the data to the Michaelis-

Menten function using the nonlinear curve fitting procedure of

Wilkinson (1961).

The particulate silica on the dried filters from the silica

production experiments and the silicic acid in the butanol extracts
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from the dissolution rate experiments were analyzed for silicon

isotopes by conversion to barium fluosilicate (BaS1F6) followed by

solid phase mass spectrometry (Nelson and Goering 1977a b). Two

microinoles of 29j carrier (95.28 atom % 29S1, 0.43 atom % 3OSi)

were added to the production rate samples to assure a strong mass

spectrometer signal. Samples for silica dissolution rate

determination were processed without carrier. All isotopic analyses

were performed on a Nuclide Corp., Model 3-60 (3" radius, 600

deflection), magnetic sector mass spectrometer, fitted with a direct

insertion probe for solid samples. Specific production rates were

determined from the increase in the 3OSj content of the particulate

silicon, and the dissolution rates from the increase in the 28Si

content of the silicic acid, during the incubations as outlined by

Nelson (1975). The specific production rate (V) has dimensions of

time' and is calculated from the atom Z 3OSi enrichment of the

samples according to the equation:

3OAf - 3OAn
(1)

(30A1 - 3OAn)t

where 3OAf is the atom % 3OSj of the particulate silica after

incubation, 3OAn is the natural abundance of 30j (3.05 atom %

3OSi), 30A1 is the atom % 30S1 of the ambient silicic acid pooi

after tracer addition and t is the incubation period. The

calculated V is the rate of increase of biogenic silica per unit of

total silica (biogenic + mineral) as lithogenic silica is not
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actively accumulating the 3Os tracer, but is included in the sample

introduced into the mass spectrometer. Multiplying V by the

concentration of total silica yields the rate of production of

biogenic silica (p) in units of jimol Si 1-i h-i. Dividing P by the

biogenic silica concentration of the sample yields the specific rate

of increase of biogenic silica (Vb). As long as production and

dissolution rates are low relative to the incubation period, the

recycling of label is negligible (Shepard 1962), and silica

production and dissolution rates are independently measured

(Nelson 1975).

The change in the atom 7. 28Si of the ambient silicic acid pool

during the dissolution rate experiments ranged from ca. 0.2 to

2.5 atom % 28S1 for deep and surface waters, respectively. The

silica from production rate samples had typical 3OSi enrichments of

1 - 2.5 atom % 3Osi. The observed isotopic shifts are 4 to 50 times

the analytical uncertainty of the mass spectrometry (+0.05 atom 7.).

Silicic acid concentrations were measured using Continuous Flow

Analyzers, CFA. (Scientific Instruments, Pleasantville, New York)

(Fox et al. 1984b). The analysis had a detection limit of 0.2 p!4

Si(OH)4
Silicic acid concentrations were below 0.2 pTM above the

thermocline. Silica production rates within the nutrient-depleted

surface layer were calculated assuming an ambient silicic acid

concentration of 0.1 +0.1 pM. The error in the calculated label

strength caused by the +0.1 pN uncertainty in the ambient silicic

acid concentration translates into a constant + 29 7. error in the
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reported production rates (0.25 pM tracer addition). This error did

not affect rate calculations from the lower three depths, where

ambient silicic acid concentrations were measurable (ca. 2.5 pM), or

dissolution rates measured using 29j tracer. Dissolution rates

measured with the tracer method are unaffected by uncertainties in

ambient silicic acid concentrations as the isotopic composition of

the silicic acid solution prior to incubation is measured directly.

Analytical errors in the procedures used to determine silica

dissolution rates, and production rates within and below the

nutricline, translate into a + 5 % uncertainty in the reported rates

(Nelson and Goering 1977a b).

Production rates were not corrected for changes in label

strength caused by silica dissolution during the experiments. The

highest silica dissolution rates measured were approximately

0.008 pmol 1-i h-i. If the label strength of the tracer is

corrected for isotopic dilution by using the geometric mean label

strength during the incubation (Gilbert et al. 1982), the calculated

production rates in the surface layer increase by a maximum of 4.6 %

and 2.5 % for the 0.25 pM and 0.50 pM tracer additions,

respectively. This is a small correction compared to the + 29 %

uncertainty caused by the ambiguity in the ambient silicic acid

concentration. The same correction applied to production rates from

within and beneath the nutricline resulted in less than a 1 % change

in the measured rates.



58

Results

Dissolved and Particulate Silica Distributions - Silicic

acid concentrations were below analytical detection limits (<0.2 pM;

Fox et al. 1984b) above the nutricline and increased sharply to

nearly 2.5 pM below at all stations (Fig. II.2a-c). A surface mixed

layer was found at stations 20 and 2N only (Fig. II.2a-c). The

seasonal pycnocline extended to the surface at all other stations.

Changes in the shape of the density and silicic acid profiles must

be viewed with caution given the rather coarse vertical resolution

of the nutrient profiles and the presence of internal wave activity

in the ring (Joyce and Stalcup 1984). Biogenic silica

concentrations within and above the nutricline were 2 to 7 times

higher than in the deeper, relatively nutrient-rich waters

(Fig. II.2d-f). Biogenic silica concentrations in the nutrient-

depleted surface layer, hereafter referred to as the surface layer,

decreased with depth at station 2N, were fairly uniform above the

nutricline for stations 2D, liD and uN and displayed a maxima

within and above the nutricline at station 22D and 22N,

respectively. An average of 52 % (range 31 - 69 %) of the biogenic

silica in the upper 80 m was in the surface layer. Vertically

integrated biogenic silica levels were nearly the same for the

day/night sampling pairs with the exception of stations 2D and 2N

where the nighttime value was 28 % less (Fig 11.3).
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Mineral silica concentrations were uniformly low at all

stations and were an order of magnitude less than biogenic silica

concentrations in the surface water (Fig. II.2d-f). Integrated

amounts of mineral silica within the upper 80 m averaged 9.3 %

(Sd = 1.4 %) of the integrated biogenic silica concentrations

(Fig. 11.3).

Concentration Dependence of Biogenic Silica Production - There

was a strong concentration dependence of Vb (Fig. 11.4). The

calculated half-saturation constants have large uncertainty

(Table 11.1), but are similar for all three stations, while the

maximal production rates decreased significantly (t test, p = 0.05)

between stations 2D and 22D.

The strong concentration dependence of Vb at silicic acid

concentrations less than 1.5 jiM (Fig. 11.4) suggests that the

0.25 iM and the 0.50 pM tracer additions routinely used in silica

production rate experiments within the surface layer significantly

enhanced production rates relative to in situ values. The 0.25 pM

tracer additions more than doubled ambient silicic acid

concentrations (< 0.2 jiM, Fox et al. 1984b). At a minimum this

increase would force overestimation of silica production by 50 %

based on the kinetic constants in Table 11.1. Thus, the reported

production rates are maximal estimates of those in situ. There is

little concentration dependence of production above 1.5 pM

(Fig. 11.4), suggesting that the 0.5 - 1.0 jiM tracer additions made
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to samples from below the nutricline, where ambient concentrations

were 1.0 - 2.5 jiM, did not greatly enhance production rates relative

to in situ levels.

Silica Production Rates - Vertical profiles of Vb were

generally uniform in the surface layer (Fig. II.5a-c). Specific

production rates tended to be higher below the nutricline, where

they increased with depth. There is little evidence of any

day/night differences among profiles of Vb.

Values of p were variable in the surface layer (Fig. II.5d-f).

Surf ace layer rates were highest at station 2D and 2N. Production

rates within and below the nutricline decreased with depth at

station 2N, but remained nearly constant at the other stations.

Note that sampling did not extend to the bottom of the zone of

silica production. Integrated silica production in the nutrient-

depleted surface layer was, on average, 75 Z of that occurring in

the deeper, more nutrient-rich waters (Table 11.2).

Silica Dissolution Rates - Silica dissolution rates, dis'

were lower below the nutrlcli.ne than in the nutrient-depleted

surface layer at all stations (Fig. 11.6), due primarily to the

decrease in particulate silica levels below the nutricline.

Vertically integrated dissolution rates for the upper 80 m were

higher at station 2D and lower, but nearly equal, at stations liD
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and 22D (Table 11.3). Integrated dissolution rates in the surface

layer increased between consecutive stations.

Specific dissolution rates, normalized to biogenic silica

concentration (Vd15), were variable with depth and showed no clear

differences among stations (Fig. 11.6). There is little indication

that siliceous particles were dissolving faster above or below the

thermoc line.

Net Production and Net Dissolution of Particulate Silica - The

upper 80 m of the ring was a region of net silica production. On

average, (4.91 / 6.12; Tables 11.2 and 11.3) or 80 % of the biogenic

silica production in the upper 80 m could be supported by in situ

silica dissolution. The fraction of production that could be

supported by in situ dissolution increased during the cruise

(Table 11.4); however, the increase was within the range of

analytical uncertainty because of the large (+ 29 %) uncertainty

imposed on the production rate measurements by the undetectable

silicic acid concentration.

The fraction of biogenic silica production supported by in situ

silica dissolution was similar within and below the surface layer

for station 2 (Table 11.4). In contrast, the fraction of production

that could be supported by dissolution was higher in the surface

layer for stations 11 and 22. Net production occurred throughout

much of the surface layer at station 2D (Fig. 11.7). Both net

production and net dissolution occurred in the surface layer at
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station liD, and net dissolution occurred throughout most of the

surface layer at station 22D. Integrated dissolution rates exceeded

integrated production rates in the surface layer at station 22D by

42 %, range 10 - 100 % (Table 11.4).

In contrast, net silica production occurred consistently within

and below the nutricline at stations liD and 22D (Fig. 11.7).

Sampling did not extend to the bottom of the zone of net silica

production. Thus, estimates of integrated net production rates

below the nutricline (Table 11.4) are underestimates of the true in

Situ deep net production. Data from measurements of silica

dissolution rates based on the change in total silica during an

incubation indicate that the crossover between net production and

net dissolution occurred near 100 in (Fig. 11.8). The estimate of

deep water integrated production would increase 36 and 117 % for

station ilD and 22D, respectively, if net production rates measured

at the deepest depth sampled in the upper 80m decreased linearly to

zero at 100 in.

Discussion

Substrate Limitation of Biogenic Silica Production - The low

(< 0.2 pM) silicic acid concentrations in the surface layer of warm-

core ring 82-B were in a range known to limit silica production by
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natural phytoplankton assemblages (Goering et al. 1973, Azani and

Chisholni 1976, Nelson et al. 1981), and the division rate of diatom

species in culture (Guillard et al. 1973, Paasche 1973a, Thomas and

Dodson 1975). The results of the kinetic experiments indicate that

the rate of biogenic silica production was substrate-limited in the

surface waters of ring 82-B in June. This result does not show

conclusively that diatom division rates were limited by the ambient

silicic acid concentration, since diatoms can maintain high division

rates despite low silicic acid availability by producing thinner

frustules (Paasche 1973a, Harrison 1974).

The apparent half-saturation constants calculated from the

kinetic curves, (0.56, 0.59, 0.61 pM) are similar to those reported

by Nelson and Brzezinski (1984) for the diatom assemblage at the

center of another oligotrophic Gulf Stream warm-core ring,

81-D (0.37 +0.37 pM and 0.68 +0.35 pM), where silicic acid

concentrations were < 0.3 uN (Fox et al. 1983). The apparent half-

saturation constants from both ring 82-B and 81-D are considerably

lower than those reported for other natural phytoplankton

assemblages (1.5 - 3.7 p14; see Table 21.4, Nelson 1987), and are

lower than those measured for most diatom species examined in

culture (mean K5 for temperate and warm-water species = 2.3 pM;

range 0.2 - 5.0 pN; see Table 21.3, Nelson 1987). The

preponderance of high half-saturation constants in the literature

may reflect a historical bias towards investigations of eutrophic

nearshore waters and their resident flora.
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The decrease in the maximal production rate of blogenic silica

(Vbmax) between kinetic experiments has at least three possible

explanations: 1) There was a change in the diatom assemblage to

inherently slower growing species (although the siliceous biomass

was dominated by the same two diatom species within 20 - 30 km of

ring center throughout this time period (Gould, unpublished data).

ii) When silicic acid limitation was relieved by high tracer

additions, a second nutrient, perhaps inorganic nitrogen, became

limiting. Indeed, nitrate concentrations were low (5 - 50 nN) in

the surface layer during the cruise (Garside 1985). iii) There was

an increase in detrital biogenic silica concentration between

consecutive stations. Detrital silica would not accumulate the

tracer and would decrease the calculated specific-uptake rate (see

equation 1). It is not possible to eliminate any of these

possibilities with the data available.

Silicic acid concentrations in the surface layer, though

unmeasurable, appear to have decreased between consecutive stations.

This can be demonstrated by considering two variants of a

mathematical manipulation of the silica production rates from the

0.25 pM and 0.50 pM tracer additions. The first calculation uses

the Michaelis-Menten equation to predict the difference In Vb

expected using the two tracer additions. It is desirable to make

this calculation independent of Vbmax because, as discussed above,

the observed changes in Vbmax may not reflect changes in the silicic
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acid kinetics of the diatoms. This is accomplished by calculating a

relative production rate V'b according to the equation:

V'b = Vb/Vbmax = S/(Ks + S) (2)

where Vb is the specific production rate of biogenic silica, Vbmax

is the maximum specific biogenic silica production rate, K8 is the

half-saturation constant, and S is the ambient silicic acid

concentration. A rate enhancement statistic "E" can be calculated

from the relative production rates at the two tracer additions:

'050 -V'O.25
E= (3)

'0.25

where V'050 is the specific uptake rate of biogenic silica measured

using the 0.50 jiM tracer addition, V'0.25 is the specific uptake

rate of biogenic silica measured using the 0.25 pM tracer addition.

The statistic is independent of Vbmax and depends solely on Ks and

S. The three kinetic curves in Fig. 11.4 all have K8 values of Ca.

0.59 pM. The enhancement statistic for this K value ranges from

0.25 at an ambient silicic acid concentration of 0.2 pM, to 0.59 at

an assumed concentration of zero. Thus, increases in E imply

decreases in the ambient silicic acid concentration, and E changes

measurably within the range of analytically undetectable

(0 to 200 riM) silicic acid concentrations. The average E statistics
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for the surface layer at stations 22D and 22N are higher than the

predicted values of the statistic (Fig. 11.9). This may be due to

Michaelis-Menten equation being less than a totally accurate model

of silica production kinetics (Nelson et al. 1981).

The second calculation assumes that Vb increases linearly with

substrate concentration at low concentration (Nelson 1987;

Fig. 11.10). Specific production rates are directly proportional to

silicic acid concentration at low S. The enhancement statistic

would theoretically range from 0.56 to 1.00 since ambient silicic

acid concentrations ranged from 0.0 and 0.2 siN. This assumes that

rates measured by both tracer additions fall on the rising portion

of the curve. Average values of E < 0.55 were observed at stations

2D, liD and llN. A possible reason for these low values is that

and V050 do not both fall on a line passing through the

origin of the Vb versus [Si(OH)4J plot (Fig. 11.10). A line

connecting a point on the rising portion of the curve with another

on the plateau would have a lower slope than one connecting two

points which are both on the rising portion of the curve. The

decreased slope would shift the range of E to lower values.

Neither the Michaelis-Menten function nor the rectilinear model

is a perfect representation of the observed silica production

kinetics. Nevertheless, both predict increases in the enhancement

statistic with decreasing silicic acid concentrations, in

qualitative agreement with the observed trend towards increases in

the calculated value of E between consecutive stations (Fig. 11.9).
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This trend suggests that silicic acid concentrations decreased

between consecutive stations. Such a decrease is consistent with

the observed decrease in Vb025 in the surface waters between

stations (Fig. 11.9) and would parallel measured decreases in

nitrate concentrations (Garside 1985).

Silicon Cycling Within the Upper 80 rn - On average, over 80 %

of the silica production in the upper 80 m of ring 82-B in June

could be supported by in situ silica dissolution. This contrasts

sharply with silicon cycle within the ring before stratification in

April (Nelson and Brzezinski 1984). In April, the ring was mixing

to a depth of 200 - 350 m, and silicic acid concentrations were

uniformly high in the upper 110 ni (Ca. 2.6 pM; Fox et al. 1984a).

Vertically integrated silica production rates were similar in both

months (Table 11.5). Yet, on average, 38 of the silica production

was supported by silica dissolution within the upper 100 m in April

(Nelson and Brzezinski, in prep.) compared to a average of 80 Z in

June. The relative importance of "new" and "regenerated" silicic

acid is known to change in different regions of the ocean (Nelson

and Goering 1977, Nelson and Gordon 1982, Nelson and Smith 1986),

but the data from Gulf Stream warm-core ring 82-B are the first to

show a seasonal transition in the character of the silicon cycle.

The average net production rate in the upper 80 m was (6.12

minus 4.91) or 1.21 mmol Si m-2 d-1 (Table 11.2, 11.3). Long-term

maintenance of this net production rate requires an equivalent



supply rate of silicic acid to the upper 80 m. Nelson et al. (1987)

hypothesize that the relaxation of the permanent thermocline beneath

Gulf Stream warm-core rings causes upwelling at ring center. They

estimate that the upward flux of silicic acid by this mechanism

was between 1.3 and 3.9 mmol Si m2 d1 in ring 82-B during June.

The lowest of these estimates can support the average net silica

production rate measured within the upper 80 m of the ring.

The downward vertical flux of particulate silica out of the

upper 80 m of the ring is unknown. However, the relatively constant

biogenic silica concentrations near ring center during June (Nelson

et al. 1985) suggest that such losses closely matched net silica

production in the upper 80 m at this time. This agrees with the

data of Bishop et al. (1986) which suggest that the majority of

fecal pellets produced in the upper 100 m, which mostly contained

diatoms (Bishop, personal communication), were recycled in situ.

Silicon Cycling Within and Below the Nutrient-Depleted Surface

Layer - The silicon cycle above the nutricline was distinctly dif-

ferent from that in the deeper waters. On average, 102 ± 35 Z of

the silica production in the surface layer could be supported by

in situ dissolution (Table 11.4). In contrast, only 64Z of the

biogenic silica production in the deep layer could be supported by

silica dissolution.

The surface layer changed from being a zone of net silica pro-

duction at station 2 to a region of strong net silica dissolution
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at station 22. In contrast, the fraction of deep layer production

supported by dissolution decreased between consecutive stations.

The silicic acid flux required to balance net production in the

deeper waters (Table 11.4) is within the range of the upward flux of

silicic acid proposed by Nelson et al. (1986) (1.3 to

3.9 mmol Si m-2 d-l).

Maintenance of the siliceous biomass during periods of net

silica dissolution in the surface layer requires a net influx of

particulate silicon. The highest integrated net dissolution rate

observed in the surface layer was 0.89 mmol Si 1tr2 dl, requiring

that 73 % of the average net production occurring in the deeper

water be transported to the surface layer each day to maintain the

standing stock of biogenic silica. This may occur in the short

term, when frequent spring storms entrain waters from within and

below the seasonal pycnocline, but biogenic silica levels in the

surface waters would decline as wind mixing subsides with the onset

of summer.

Character of the Dissolving Silica - The high dissolution:

production rate ratios calculated for the surface layer (Table 11.4)

raise a question as to the character of the dissolving silica.

There are five main forms of silica within the photic zone:

i) mineral silica, ii) free-floating empty diatom frustules,

iii) living diatoms iv) diatom frustules within fecal material and

v) fragments of empty frustules. Consideration of the dissolution
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kinetics of mineral silica (van Lier et al. 1960), and biogenic

silica (Hurd 1972), leads to the general conclusion that biogenic

silica dissolves nearly two orders of magnitude more rapidly in

solutions of equivalent pH and temperature. This fact, combined

with the order-of-magnitude lower levels of mineral silica in the

upper water column, (Fig. II.2d-f) indicates that the dissolution of

mineral silica would have made an insignificant contribution

(< 0.001 % ) to the observed dissolution rate.

The dissolution of empty diatom frustules can not account for

the observed dissolution rates. Recognizable empty diatom frustules

accounted for 2 to 5 % of the diatom cells in the upper 45 m of the

ring (Gould, unpublished data, 1986). Diatom frustules from which

the organic coating has been removed dissolve 4 to 5 times faster

than dead, but physically Intact, cells (Kamatami 1982). Thus, if

empty frustules comprised 5 % of the biogenic silica they could only

account for up to [(0.05 x 5)1(0.95 + (0.05 x 0.25)) or 20.8 % of

the observed integrated dissolution rate, even if it is assumed that

all empty frustules observed in situ had bare, uncoated surfaces.

The dissolution of silica directly from fecal pellets was

probably not a component of the measured dissolution rates. Fecal

pellet concentrations ranged from Ca. 5 pellets rn-3 at 20 in to Ca.

500 pellets rn-3 at 40 in (Bishop et al. 1986), so it is improbable

that the 2.8 1 samples from the surface waters contained even a

single fecal pellet. However, fecal pellets from the upper 100 m

contained mostly diatoms in June (Bishop, personal communication),
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suggesting intense grazing pressure on the diatom assemblage. Most

fecal pellets appeared to be recycled in the upper 100 m (Bishop et

al. 1986). Fragments of diatom frustules released during fecal

pellet degradation would have negligible sinking rates and would not

appear in cell counts, but they would be contained within incubation

bottles. Dissolution of such fragments could represent a

significant fraction of the observed silica dissolution, especially

if a large fraction of the daily silica production was packaged into

rapidly recycled fecal pellets.

Specific dissolution rates in the surface waters were, on

average, approximately the same as those measured for diatom

cultures in the laboratory (Table 11.6), suggesting that living

diatoms could also have been a significant source of the observed

silica dissolution.

Warm-Core Ring 82-B as a Two-Layer Photic System - The concept

that photic zones of oligotrophic regions are divided into a

nutrient-limited surface layer where nutrient cycling is dominated

by regenerative processes, and a lower light-limited layer dates

back to the seminal paper by Dugdale (1967). Recently, Herbland et

al. (1983), Knauer et al. (1984) and Small et al. (submitted) have

proposed that the euphotic zones of the central gyres operate as

two-layer photic systems. Production within the surface layer is

supported by the nearly complete recycling of material. Net

production occurs mainly in the deep, light-limited layer, and this
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deep layer is the source of most of the particulate material sinking

to depth. (Knauer et al. 1984, Small et al. submitted)

Warm-core rings can, at times, conform to the two-layer model.

On average, silica dissolution was in approximate balance with

silica production above the nutricline in the ring (Table 11.4). No

sediment trap data are available, but the constancy of the siliceous

biomass in ring center observed by Nelson et al. (1985) suggests

little net loss of silica from the surface layer during June. The

deep layer was the site of net silica production and increased

reliance on "new" silicic acid. This stratification of silicon

cycling, with an increased reliance on "new" nutrients with depth,

parallels the proposed nitrogen dynamics in two layer photic zones

(Knauer at al. 1984, Small et al. submitted).

The nitrogen dynamics within ring 82-B also support the

hypothesis that ring 82-B operated as a two-layer photic zone in

June. Nitrate uptake rates (McCarthy, unpublished data cited in

Altabet et al. 1986) increased at the top of the nitracline compared

to surface rates. Altabet and McCarthy (1985) found a minimum in

the natural abundance of l5N in particulate organic nitrogen

centered atop the nitracline, consistent with an increase in "new"

production at this depth (Altabet and McCarthy 1985,1986, Altabet et

al. 1986).

Although the majority of both "new" silica and "new" nitrogen

production occurred in the deep layer, more than 90 % of carbon

fixation and maximal photosynthetic rates both occurred within the
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surface layer above the nutricline (Fig. 4; Hitchcock et al. 1985).

This pattern is different from that observed in a two-layer photic

zone in the eastern tropical Atlantic by Herbiand et al. (1983),

where both chlorophyll a concentrations and carbon fixation were

maximal beneath the surface layer, immediately atop the nitracline.

Apparently, silicon and nitrogen cycles can exhibit two-layer photic

zone characteristics independently of the carbon cycle.

Knauer et al. (1984) found that little of the particulate

material produced in the upper zone of a two-layer photic zone in

the central Pacific gyre sank to depth. Their sampling resolution

did not permit definition of the precise depth of the particle flux

discontinuity (Knauer et al. 1984) or of any associated physical,

chemical or biological structure. There are no sediment trap data

for warm-core ring 82-B, but the silicon and nitrogen dynamics

provide indirect evidence that the top of the nutricline formed the

division between contrasting elemental cycles as observed by

Herbiand et al. (1983) in the eastern tropical Atlantic.

Comparison with Silicon Cycles in Other Systems - Evidence

that silicon cycles in the near surface ocean conform to a two-

layer photic zone model has not been obtained before. The increase

in specific biogenic silica production rates with depth is opposite

to the pattern of production for the Baja California upwelling

region (Nelson and Goering 1978), the northwest African upwelling

system (Nelson and Goering 1977b), the Antarctic Circumpolar Current
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(Nelson and Gordon 1982) and the Ross Sea (Nelson and Smith 1986).

Specific production rates decreased with depth in these other

systems. The main reason for the dramatically different pattern

within ring 82-B is that silica production was substrate-limited in

the ring, but not in the other systems.

The vertical distribution of silica dissolution rates in ring

82-B also differs from that observed in other areas. Specific

dissolution rates did not show the increase with depth found in

other areas (Nelson and Goering 1977b, Nelson and Gordon 1982). The

reason for this difference in the shape of the specific dissolution

rate profiles is unclear, but may be related to the stronger thermal

stratification observed in ring 82-B.

The specific dissolution rates from both ring 82-B and

northwest Africa are, on average, approximately an order of

magnitude greater than those measured in the Antarctic Circunipolar

Current (Table 11.6). Silica dissolution is a temperature-dependent

process with dissolution rate increasing 4 to 5 fold over a 20°C

rise in temperature (Kauiatami and Riley 1980). The approximately 14

to l8oC temperature difference between the Antarctic Circumpolar

Current and these other systems can account for about half the

observed difference in average specific dissolution rates. The

factors causing the remainder of the difference may involve

interspecific differences in diatom dissolution rates (Kamatani

1969, Kamatani 1982, nelson et al. 1976, Kamatani and Riley 1980)

between Antarctic and temperate diatom species.
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Integrated production rates within the ring were an order of

magnitude lower than observed in the productive waters within

coastal upwelling systems, the Ross Sea and in the Bering Sea, but

were comparable to integrated production rates measured in ring 82-B

in April 1982, Gulf Stream warm-core ring 81-D and the Antarctic

Circumpolar Current (Table 11.5) which are the more oligotrophic

systems examined to date. The preponderance of high production

rates in Table 11.5 reflects the focus of past research efforts on

the silicon cycle within productive coastal waters. Silica

production rates in the oligotrophic waters of tropical oceans and

central gyres have not been measured. The relatively low silica

production rates within ring 82-B may be typical of large areas of

the ocean, such as the Sargasso Sea, where slow, but persistent,

diatom growth maintains extremely low surface silicic acid

concentrations throughout most of the year.
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Table 11.1. Half saturation constants, K, and maximum
specific uptake rates, Vbx calculated for the silica production
kinetic curves from stations at the center of Gulf Stream warm-core
ring 82-B in June 1982. Silicic acid concentrations were below
analytical detection limits (< 0.2 pH) at the 60 % light depth where
seawater for the experiments was collected. Rates were calculated
assuming an ambient silicic acid concentration of 0.1 pM and fit to
the Michaelis-Menten equation by nonlinear regression (Wilkinson
1961). The reported errors are the 95 % confidence limits for the
calculated half-saturation constants and maximum specific production
rates.

Station Date Vbmax
(p14) (h-l)

2D June 15 0.59 +0.76 0.025 +0.011

liD June 20 0.56 +0.19 0.019 +0.002

22D June 26 0.61 +0.94 0.011 +0.006
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Table 11.2. Comparison of integrated biogenic silica production
rates for the nutrient-depleted surface layer, waters within and
below the nutricline (designated as deep) and the entire 80 in water
column. The range indicated for the surface rates reflect the
+29 % uncertainty in the calculated rates due to uncertainty in the
ambient silicic acid concentration. Dashes denote lack of data.

Station Integrated Production Rate % Total Water
(mind Si iu-2 d-l) Column Production

total water surface deepsurface deep
column

2D 3.19 +0.93 - - -

2N 3.03 +0.88 4.31 7.34 +0.88 41 59

liD 2.35 +0.68 2.95 5.30 +0.68 44 56

uN 3.14 +0.91 2.98 6.12 +0.91 51 49

22D 2.06 +0.60 5.94 8.00 +0.60 26 74

22N 2.11 +0.61 1.72 3.83 +0.61 55 45

Means 2.65 3.58 6.12 43 57
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Table 11.3. Vertically integrated, biogenic silica dissolution
rates for the nutrient-depleted, surface layer, the waters within
and below the nutricline (designated as deep), and the entire 80 in

water column.

Station Integrated Silica Dissolution % Total Water Column
Rate Dissolution Rate

(mmol Si m-2 d-l)

surface deep total water surface deep
column

2D 2.37 3.05 5.42 44 56

ilD 2.40 1.95 4.35 55 45

22D 2.97 2.00 4.97 60 40

Means 2.58 2.33 4.91 47 53
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Table 11.4. Difference between vertically integrated silica
production rates and dissolution rates, and the fraction of silica
production supported by in situ dissolution for the nutrient-
depleted surface layer, the waters within and below the nutricline
(designated as deep) and the total 80 m water column. Silicic acid
concentrations were below analytical detection limits in the surface
layer (0.2 pM; Fox et al. 1984b). Surface rates were calculated
assuming an ambient concentration of 0.1 pM. Values in parentheses
indicate ranges calculated assuming ambient silicic acid
concentrations of 0.2 and 0.0 pM Si(OH)4

Production minus Dissolution Rate
Dissolution Avg. Production Rate

(mmol Si m-2 d-l)

Surface

St 2 0.74 (-0.16, 1.64) 0.76 (0.59, 1.07)

St 11 0.35 (-0.45, 1.15) 0.88 (0.68, 1.24)

St 22 -0.89 (-1.49, -0.27) 1.42 (1.10, 2.00)

Deep

St2 - 0.76

St 11 1.00 0.66

St 22 1.83 0.52

Total Water
Column

St 2 - - 0.74 (0.66, 0.84)

St 11 1.35 (-0.30, 3.02) 0.76 (0.67, 0.88)

St 22 0.95 (-0.77, 2.67) 0.84 (0.76, 0.94)



Table 11.5. Vertically integrated biogenic silica production
rates in Gulf Stream warm-core ring 82-B in comparison to measures
from other marine environments. This is an expanded version of the
summary presented by Nelson and Smith (1986).

Location Number of Integrated Biogenic
Stations Production Rate

(nunol Si rn-2 d-l)

Low Mean High

Gulf Stream warm-core
ring 82-B, June 1982. 6 3.8 61 8.0
(present study)

Gulf Stream warm-core
ring 82-B, April 1982 5 4.8 7.1 9.0
(Nelson, unpublished data)

Gulf Stream warm-core
ring 81-D, Sept./Oct. 1981 3 2.0 3.4 5.0
(Nelson, unpublished data)

Ross Sea Ice Edge,

Jan./Feb. 1983 8 7.1 38 93
(Nelson and Smith 1986)

Baja California upwelling
region, April/May 1973 25 2.3 89 307
(Nelson and Goering 1978)

Peru upwelling region,
March/April 1974 25 2.6 27 97
(Nelson et al. 1981)

Northwest Africa upwelling
region, April/May 1974 17 2.4 22 99
(Nelson and Goering 1978)

Southeast Bering Sea
spring/summer 1978, 1979, 1980 31 1.8 17.7 51
(Banahan and Goering 1986)

Antarctic Circumpolar Current
Oct./Nov. 1978 6 0.9 3.0 6.8
(Nelson and Gordon 1982)



Table 11.6. Average specific rates of biogenic silica dissolution, Vdjs, measured
within Gulf Stream warm-core ring 8Th, the northwest Africa upwelling region and the
Antarctic Circumpolar Current in comparison to that measured for diatom cultures. Errors
for the field data represent 95 % confidence intervals. Errors for the diatom cultures
represent the maximal analytical uncertainty in the reported rates.

Region Average Vdjs Range Number of
( h1) Samples

Gulf Stream warm-core
ring 82B, June 1982 0.0060 +0.0001
(present study)

Northwest Africa upwelling
region, April/May 1974 0.0073 +0.0030
(Nelson and Goering 1977b)

Antarctic Cicumpolar Current
Oct./Nov. 1978 0.00073 + 0.00020
(Nelson and Gordon 1982)

Culture Studies
(Nelson et al. 1976)

Thalassiosira pseudonana (3M) 0.0085 +0.0040

Thalassiosira pseudonana (13-1) 0.0043 +0.0040

0.0018 - 0.0081 16

0.0003 - 0.0056 41

0.00029 - 0.00158 17
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Fig. 11.1. Location of Gulf Stream warm-core ring 82-B during
June 1982. Insert shows station locations relative to ring center.
Concentric circles represent distances of 10, 20 and 30 km from ring
center. The designations D and N refer to the morning and nighttime
stations, respectively.
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Fig. 11.2. Vertical profiles of potential density anomaly, 0e
(continuous lines) and si].icic acid concentration (triangles),
panels A - C; biogenic silica concentration (squares), and mineral

silica concentration (diamonds) panels B - F; for day/night station
pairs at ring center. Open and filled symbols, or heavy and thin
lines for the density anomaly profiles, represent morning and
nighttime depth profiles, respectively. Silicic acid concentrations
in the surface waters were undetectable. The reported
concentrations (0.2 pM) represent the detection limit of the
analysis employed (Fox et al. 1984b)
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Fig. 11.3. Histogram of vertically integrated biogenic silica
concentrations (0) arid mineral silica concentrations (U) in the
upper 80 m at the six ring center stations.
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Fig. 11.4. Biogenic silica-specific production rate as a
function of silicic acid concentration (tracer plus ambient) for
stations 2D (EJ), liD (A) and 22D (0).
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Fig. 11.5. Vertical profiles of biogenic silica-specific
production rates, Vb (diamonds), panels A - C; and biogenic silica
production rates, p (circles), panels D - F, for stations 2, 11 and
22. Open and filled symbols represent morning and nighttime depth
profiles, respectively. The curiously high rates at 33 m resulted
from adding a 0.5 pM tracer addition to a sample from the nutrient-
depleted surface layer.
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Fig. 11.6. Vertical profiles of specific biogenic silica
dissolution rates, panels A - C, and biogenic silica dissolution
rates, panels 0 - F, for stations 2D, liD and 22D.
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Fig. 11.7. Vertical profiles of the difference between
biogenic silica production and dissolution rates. Error bars
represent the analytical error associated with the uptake rate
measurements.
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Fig. 11.8 Vertical profiles of the net silica dissolution
between 100 arid 700 m at the center of warm-core ring 82-B at
stations liD and 22D. The analytical uncertainty in the calculated
rates are Ca. 20 %.
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Fig. 11.9. Average enhancement statistic "E" (0), and average

Vb (0.25 pM tracer addition) () for the surface water at five ring
center stations. The value of E at station 2N could not be
determined as no 0.5 iM rates were available at this station.
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Fig. 11.10 Specific silica production rate as a function of
silicic acid concentration assuming a rectilinear model. Production
is directly proportional to substrate concentration along the rising
portion of the curve. A line connecting two rates along the initial
rise passes through the origin, solid symbols. A line connecting a
point on the rising portion, and another on the plateau, has a
positive Intercept on the ordinate, open symbols.
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Chapter III

Interactions Between Pulsed Nutrient Supplies and Photocycles

Affect Phytoplankton Competition for Limiting Nutrients

in Long-Term Culture

Abstract

Two diatoms, Thalassiosira rotula Meunier (clone 411) and

Chaetoceros sp. cf. vixvisibjlis Schiller (clone 847), isolated from

Gulf Stream warm-core ring 82-B, were used to examine the

interaction between periodic ammonium supplies and a photocycle on

the outcome of competition for limiting nutrients. Chaetoceros sp.

cf. vixvisibilis displaced T. rotula under constant illumination

irrespective of whether ammonium was supplied continuously, in

6 pulses day-i or 1 pulse day-i. In contrast, the two species

coexisted with both continuous and pulsed ammonium supplies when

grown on a 14:10 h LD cycle. The nutrient uptake rates and cell

quotas for each species were consistent with the observed

coexistence and competitive displacements. Coexistence appeared to

involve changes in the timing or kinetics of nutrient uptake caused

by interactions between periodic nutrient supplies and the

photocycle.
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Chaetoceros sp. cf. vixvisjbiljs displaced T. rotula in either

nitrate- or silicic acid- limited chemostat culture. Chaetoceros

sp. ef. vixvislbilis was also the superior competitor under a

14:10 h LD photocycle and a 1 pulse day-1 supply on nitrate or

silicic acid.

Introduction

A major approach to the study of phytoplankton succession has

been the examination of interspecific competition for limiting

nutrients in long-term (20 - 30 day) culture (Lange 1974, Titman

1976, Tilman 1977, Mickelson et al. 1979, Hoim and Armstrong 1981,

Tilman 1981, Tilman et al. 1981, Krawiec 1982b, Tilman et al. 1982,

deJong and Admiraal 1984, Kilham 1984, Tilman and Sterner 1984).

Two studies have demonstrated the importance of variable nutrient

supply rates on the outcome of such competition in culture. Turpin

and Harrison (1979, 1980) showed that temporal variability in

ammonium supply altered species dominance in ammonium-limited,

continuous cultures of natural marine phytoplankton assemblages.

Sommer (1985) compared the number of coexisting species and species

diversity of freshwater phytoplankton assemblages cultured with

pulsed and Continuous phosphorus supplies. Both species number and

diversity increased with the variable nutrient supply. The
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physiological bases of the competitive shifts Is uncertain. Turpin

and harrison (1979) and Sommer (1985) hypothesized that the ability

to form large internal nutrient pools is advantageous when nutrient

availability varies. Alternately, Doyle and Poore (1974) argued on

theoretical grounds that the ability to synchronize the cell cycle

to a periodic nutrient supply, so that maximal nutrient demand

coincides with peak nutrient abundance, can be adaptive.

The effect of a pulsed nutrient supply can be changed by a

photocycle. Phasing of the cell division cycle of Cylindrotheca

fusiformis is influenced by interactions between a photocycle and a

periodic ammonium supply (Plumley and Darley 1985). In contrast,

Olson and Chishoim (1983) found that Thalassiosira weissflogii in

cyclostat cultures divided 4 to 6 h after the addition of a daily

ammonium pulse, irrespective of whether the pulse was given at the

beginning of the light or dark period. Thus, interspecific

differences in the relative influence of photocycles and periodic

nutrient supplies exist, and thus may affect the outcome of

competition.

Cell division periodicity is not the only characteristic of

nutrient-limited phytoplankton which responds to photocycles and

periodic nutrient supplies. Temporal variations in nutrient uptake

kinetics can be induced by either nutrient pulsing (Conway et al.

1976, Quarmby et al. 1982) or photocycles (Werner 1977, Eppley et

al. 1971, Chisholm and Stross 1976, Wheeler et al. 1983).

Interactive effects of photocycles and periodic nutrient supplies on
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nutrient uptake kinetics also occur, and appear to be species

specific (Wheeler et al. 1983). Computer simulation models have

shown that interspecific differences in the timing of nutrient

uptake can lead to coexistence when nutrient availability is

periodic (Chisholm and Nobbs 1976).

I have examined the combined influence of periodic nutrient

supplies and a photocycie on interspecific competition between two

diatom species in long-term (20 to 30 day) continuous and semi-

continuous culture. Primary attention was given to ammonium, since

speculation about nutrient patchiness in the sea has focused on

ammonium (Goldman et al. 1979), and evidence for enhanced aminonium

uptake by nitrogen-limited cells is ample (Eppley and Renger 1974,

Goldman and McCarthy 1978, McCarthy and Goldman 1979, Goldman and

Gilbert 1982, 1983). However, additional experiments were performed

using nitrate or sillcic acid as the limiting nutrient.

Methods

The diatoms, Thalassiosira rotula Meunier (clone 411) and

Chaetoceros sp. cf. vixvlsibilis Schiller (clone 847) were isolated

from Gulf Stream warm-core ring 82-B in April and June 1982,

respectively. They were maintained in f/20 medium (Guillard and

Ryther 1962) at 19°c. Light was provided on a 14:10 h LD cycle at
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an intensity of 150 to 170 pE rn-2 s-i. The cultures were treated

with antibiotics just prior to the experiments, but tested positive

for bacteria in Lib-X bacterial broth (Baross et al. 1972).

Experimental cultures were grown in flow-through cultures

with continuous or pulsed ammonium supplies using a method similar

to that of Turpin and Harrison (1979). Each species was grown in

monospecific culture with a 14:10 h LD cycle and both continuous and

1 pulse day-i arnmonium supplies. Competition was examined with

continuous, 6 pulse day-i and 1 pulse day-i ammonium supplies. The

continuous ammonium supply treatments and the single pulse

treatments were repeated under continuous light.

The experimental growth medium was a modification of Aquil

(Morel et al. 1979), containing 1 nM sodium selenite. Silicic acid

was 200 ,uM and orthophosphate was 10 M. No nitrate was added. The

lnf lowing medium for cultures receiving a continuous ammonium supply

contained 54.3 }1M NH4+. The same medium without added ammonium was

pumped to the pulsed ammonium cultures. Dilution rates were

0.30 +0.05 day-i in all experiments. Pulsed cultures were supplied

with ammonium through separate teflon inflow lines. The 6 pulse

day-1 treatment received ammonium every 4 h. A timer triggered a

peristaltic pump which delivered 2 ml of 250 3iM ammonium stock

solution during a 15 mm period. The first pulse was triggered 1 h

into the light period. The single addition cultures received a 2 ml

ammonium pulse (1500 )JM) daily through a sterile syringe. The

cultures grown with a photocycle received the pulse 4.5 h into the
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light period. Stock solutions were adjusted so that the mass of

ainmonium added daily to the pulsed and continuous supply cultures

differed by no more than 4 5 %.

The culture vessels were constructed from 500 ml polycarbonate

centrifuge bottles fitted with white rubber stoppers. All tubing

was either teflon or glass, except for the Technicon AutoAnalyzer

pump tubes used to deliver fresh medium to the culture vessels using

a Gilson Minipuls II pump. Medium reservoirs were polycarbonate

with teflon fittings. The entire apparatus was autoclaved prior to

use.

Culture volumes were set to 200 + 17 ml by adjusting the height

of the outflow tube over the culture. Vigorous aeration with

filter-sterilized laboratory air kept the cultures well mixed and

forced cells and medium out the waste line whenever the culture

reached the height of the outflow tube. Individual culture volumes

were maintained within + 5 % using this design. Inf lowing air was

stripped of atmospheric ammonium and humidified by bubbling through

a container of 10 % HCl followed by a deionized distilled water

trap. The experiment was conducted in a walk-in constant

temperature room set to l9oC. Illumination was provided by Cool

White fluorescent lamps at an intensity of 150 to 180 .iE ni-2

Both species were preconditioned to the experimental light and

temperature conditions in batch culture for one week prior to the

beginning of the experiments. The pumps were turned on one day

after inoculation. The outflow volume was monitored daily and each
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culture sampled every 2 to 3 days for cell counts. At each

sampling, 5 to 10 ml samples were forced out the waste line by

tilting the culture chambers and immediately preserved with acid

Lugol's solution. Cells were counted in Palmer-Maloney counting

chambers. The competition experiments were terminated after 18 to

30 days.

At the end of the competition experiments, the monospecific

cultures were used to examine how each species responded to a single

ammonium addition. The ammonium pulse was the same as routinely

given to the 1 pulse day-i cultures. The pulse raised the medium

ammonium concentration to between 16.3 and 18.9 p11. The pulse was

delivered to the cultures at the time when the 1 pulse day-i

cultures normally received animonium. Cell numbers, external

anunonium, and in the case of the experiment conducted with a

photocycle, internal ammonium pools were monitored over the next 10

to 15 h. At each sampling a 5 ml subsample was preserved with acid

Lugol's solution for cell counts as described above. A second 5 ml

subsample was filtered through a prewashed 0.6 pm Nuclepore filter

held in an acid-washed, glass filtration apparatus equipped with a

metal screen frit. The entire filtration apparatus was rinsed with

deionized distilled water and low ammonium (< 0.03 riM) filtered

seawater between subsamples. The filtrate passed directly into an

acid-cleaned, silanized, 125 mm, glass culture tube for ammonium

analysis. In the experiment conducted with a photocycle, the

filters containing the cells were washed with filtered seawater and
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intracellular ammonium pools measured by extraction with boiling

deionized distilled water (method Q-1. in Thoresen et al. 1982). All

ammonium analyses were done by the method of Solorzano (1969). Cell

quotas were calculated from the nitrogen mass balance. These are

maximal estimates of the nitrogen cell quota as it was assumed that

none of the ammonium taken up by the cells was excreted as dissolved

organic nitrogen (DON). Past estimates of DON excretion by

nutrient-limited cells typically ranged from 20 to 40 % of the

assimilated nitrogen (e.g. Sharp 1977). However, recent evidence

suggests that much of the dissolved organic matter excretion

measured in these early experiments may have resulted from cell

breakage during filtration (Goldman and Dennet 1985, Fuhrman and

Bell 1985). Actual DON excretion is probably closer to the ca. 5 to

10 value observed in the past for healthy phytoplankton cells

(Sharp 1977) suggesting that the calculated cell quotas for the

present experiments only slightly overestimate the actual nitrogen

cell quotas.

The species dynamics with silicic acid and nitrate limitation

were also examined. These experiments were performed with the same

temperature, light intensity and dilution rate as used in the

experiments with ammonium. The growth medium was altered so that

nitrate or silicic acid was limiting. The concentration of the

limiting nutrient in the inf lowing medium was 50 }.zN in each case.

Nitrate and sjlicic acid concentrations in the inf lowing medium were

200 iM when not used to limit growth. All other medium constituents
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were present at the same concentrations used for the ammonium

experiments.

Both species were grown with a 1 pulse day-i supply of either

nitrate or silicic acid and a 14:10 h LD photocycle. Mixed-species

chemostat cultures were also grown with nitrate or silicic acid

limitation to examine competition with continuous nutrient and light

energy supplies. Competition for pulsed additions of silicic acid

or nitrate with constant light was not examined. Cheniostat culture

vessels and sampling were as described above. In the experiments

conducted with a photocycle, the algae were grown in chambers

designed for study of cell sinking (Chapter IV). The results

described here are for control chambers without selection against

fast sinking cells.

The construction and operation of the culture chambers has been

described in detail elsewhere (Chapter IV). In brief, the settling

columns were constructed of 28 mm borosilicate glass tubing and

silanized with dimethyldichiorosilane to prevent dissolution of

silica from the chamber walls. Culture volumes were 120 ml. The

cultures were operated in a semi-continuous mode with daily nutrient

additions 4.5 h into the light period. The dilution rate was

0.30 day-i, yielding a steady-state growth rate of [ln(1/(i-D),

where D is the dilution rate], or 0.38 day-i. Each day sunken cells

were resuspended by bubbling with filter-sterilized acid-scrubbed

air, the dilution volume removed, and new medium added. A portion

of the sample was preserved for cell counts as described above.
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Ammonium Competition Experiments - Chaetoceros sp. cf.

vixvlsibilis displaced Thalassiosira rotula with a continuous

ammonium supply (Fig. III.la). A displacement rate of 0.24 day-i

was calculated from a least squares regression of the exponential

decrease in T. rotula abundance. The steady-state abundance of

C. sp. cf. vixvisibilis was comparable to that observed in

monoculture with the same treatment (Fig. III.lb). Thalassiosira

rotula also maintained a stable population density in monospecific

culture with a continuous ammonium supply (Fig. III.lc). A

transient decrease in population density occurred in the rotula

monoculture during the first 15 days of the experiment. The

decrease could not be explained by changes in dilution rate or

noticeable bacterial growth. Nitrogen cell quotas from mass balance

calculations were 1.51 pmol N cell-i for L rotula and

0.20 pmol N cell-i for C. sp. cf. vixvisibilis (Table 111.1).

Chaetoceros sp. cf. vixvisibilis also displaced T. rotula with

the single ammonium pulse treatment (Fig. III.ld). The displacement

rate, 028 day-I, was nearly the same as that for the continuous

ammoniuni supply. Each species established a stable population

density in the single ammoniuta pulse monocultures (Fig. III.2e f).

Nitrogen cell quotas, 24 h after the ammonium pulse, were 0.86 pmol

N cell-i for T. rotula and 0.34 pmol N cell-i for C. sp. cf.
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vixvisibjlis (Table 111.1). The nitrogen cell quota for T. rotula

was half that found with the continuous ammonium supply, while that

for C. sp. cf. vixvisibiljs was similar with both nutrient

additions.

Ammonium Uptake - Ammonium depletion curves for the single

ammonium pulse monocultures are shown in Fig. 111.2. Thalassiosira

rotula did not significantly deplete the ammonium pulse during the

first hour of the experiment (Fig. III.2a), whereas amnionium

depletion was rapid in the C. sp. cf. vixvisibilis monoculture

during the same period (Fig. III.2b). Ammonium concentrations

decreased linearly after the first hour for both species, indicating

that the majority of the pulse was taken up at a constant rate

(Table 111.1). Nitrogen-specific uptake rates, calculated from the

linear portion of the depletion curves, were highest for C. sp. cf.

vixvisibilis (Table 111.1), but T. rotula is a larger cell (1000 jim3

versus 380 pm3 for C. sp. cf. vixvisibilis), and its cell-specific

uptake rate was nearly twice that calculated for C. sp. cf.

vixvisibilis. Nitrogen-specific uptake rates for both species were

at least five times that necessary to balance the dilution rate

(0.01 h-i).



113

Light:Dark Cycle:

Amnionium Competition Experiments - Thalassiosira rotula and

C. sp. cf. vixvisjbiijs coexisted with a continuous ammonium supply

and a 14:10 h LD photocycle (Fig. III.3a). Their steady-state

abundances were nearly equal, 51 % T. rotula and 49 % . sp. cf.

vixvisibilis by number. Both species maintained stable population

densities in monospecific culture with a continuous ammonium supply

(Fig. III.3b c). A transient decrease in the T. rotula monoculture

occurred between days 10 and 15 (Fig. III.3c). Nitrogen cell quotas

from mass balance calculations were 0.74 pmol N cell-i for L rotuia

and 0.26 pmol N cell-i for C. sp. cf. vixvisibilis (Table 111.2).

If these data are comparable to the composition of the algae in

mixed-species culture, T. rotula cells accounted for more than 74 %

of the cell nitrogen in the mixed-species, continuous ainmonium

supply culture with a photocycle.

Coexistence also occurred in the 6 pulse day-i culture with a

photocycle (Fig. 111.4). Coexistence was at fixed densities, but

not at equal cell numbers. Chaetoceros sp. cf. vixvisibilis was

3.3-fold more abundant than T. rotula. No monospecif Ic cultures

were grown with a 6 pulse day-i addition. Cell nitrogen varied

significantly between the continuous ammonium and the 1 pulse day-i

inonospecific cultures (Table 111.2), making it impossible to

estimate the nitrogen biomass of each species in the 6 pulse day-i

treatment. Coexistence at fixed densities also occurred with the

single ammonium pulse treatment (Fig. III.5a). Moreover, the
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numerical dominance by C. sp. cf. vixvisibilis was even greater than

with the 6 pulse day-i treatment; c. sp. ef. vixvisibilis was

5.1-fold more abundant than T. rotula. Each species established a

stable population density in the 1 pulse day-i ammonium monocultures

(Fig. III.5b c). At steady state the cell nitrogen 24 h after the

ammonium pulse was 0.59 pmol N cell-I for T. rotula and

0.24 pmol N cell-i for C. sp. cf. vixvisibilis (Table 111.2),

similar to that observed for pulsed cultures with constant light.

Chaetoceros sp. cf. vixvisibj].is accounted for 67 % of the cell

nitrogen in the mixed-species, i pulse day-i culture.

Anmionium Uptake - Both species depleted an ammonium pulse at

a constant rate when preconditioned to a continuous ammonium supply

(Fig. 111.6). Nitrogen specific uptake rates were highest for

C. sp. cf. vixvisibilis (Table 111.2), but the cell-specific uptake

rate of the larger T. rotula was nearly twice that calculated for

C. sp. cf. vixvisibilis. Nitrogen-specific uptake rates were ii and

16 times that required to balance the dilution rate (0.01 h-i) for

T. rotula and C. sp. cf. vixvisibilis, respectively.

Anmionium depletion rates were rapid in the i pulse day-i

monocultures (Fig. 111.7). However, the majority of the pulse was

depleted at a constant rate by both species, as observed with a

continuous ammonium supply. The cell-specific uptake rate of

Thalassiosjra rotula was lower and similar to that calculated for

the Continuous ammonium supply monoculture (Table 111.2). In
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contrast, C. sp. cf. vixvjsjbjlis had an over two-fold higher

cell-specific uptake rate with the pulsed ammonium supply

(Table 111.2).

There was considerable ammonium depletion in monocultures of

both species during the first 5 to 15 nun of the experiment

(Fig. 111.7). Short-term rates were calculated by assuming that the

amount of ammonium represented by the difference between the

calculated time zero ammonjum concentration and that represented by

the intercept of the regression line for the long-term rate with the

rate axis was depleted in 5 mm (Table 111.2). These are crude

estimates, but they are useful for the model presented below which

is insensitive to relatively large errors in these rates.

Internal Ammonium Pools - The cells preconditioned to a

continuous ammonium supply formed smaller internal ammonium pools

than those growing with the single pulse supply (Fig. 111.6,

Fig. 111.7). The intracellular animonium pools of T. rotula cells

from the continuous ammonium supply culture increased initially,

peaked at 4 h and showed only a slight decrease during the remainder

of the experiment (Fig. III.6a). Uptake of an ammonium pulse

increased internal annuonium pools to a lesser extent in C. sp. cf.

vixvisjbjljs cells from the continuous ammonium supply culture

(Fig. III.6b).

Internal ammoniuni pools in T. rotula cells preconditioned to a

pulsed ammonium supply began forming immediately, and reached a
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maximum of 46 fmol N cell-i 7 h after the ammonium addition

(Fig. III.7a). Internal ammonium pools also formed almost

immediately in C. sp. cf. vixvisibilis reaching a peak concentration

of 30 fmol N cell-i at 2 h, then declining to ca. 10 fmol N cell-i

by 5 h (Fig. III.7b). There was a rise in internal ammonium at the

beginning of the dark period, but it was less dramatic than the

increase in ammonium pools immediately after the pulse. Maximum

internal pools were 5.7 and 23 % the amount of ammonium taken up

C. sp. cf. vixvisibilis and T. rotula, respectively.

Competition for Nitrate and Silicic Acid:

Competition for either silicic acid or nitrate resulted in

dominance by C. sp. cf. vixvisibilis irrespective of whether the

limiting nutrient was supplied continuously with constant light

(Fig. 111.8) or in a daily pulse with a 14:10 h LD photocycle

(Fig. 111.9). Pulsed nutrient supplies increased the displacement

rate with silicic acid limitation, but did not with nitrate

limitation. The displacement rate of T. rotula in the pulsed,

silicic acid-limited culture (0.80 day-i) exceeded the dilution

rate, indicating that cells were disappearing from the culture

faster than could be accounted for by dilution alone. This occurred

only in the pulsed silicic acid culture. The reasons for this

apparently negative growth rate are discussed in Chapter IV.
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Di. scus sion

Precise definitions of a resource and a limiting resource are

required to interpret the results of these experiments accurately.

The definition of a resource adopted here is that of Tilman (1980).

A resource is:

"any substrate or factor which can lead to increased

growth rates as its availability in the environment is

increased, and which is consumed by an organism."

Both light and nutrients are resources by this definition.

A resource will be defined as limiting if it controls the long-

term rate of population increase (Hubbell and Werner 1979, Tilman

1982). Chemostat cultures are thus nutrient-limited, since the

nutrient in shortest supply relative to demand controls the long-

term population doubling rate. Two resources, light energy and

nutrients, are at least periodically in short supply in continuous

cultures grown with a photocycle. A photocycle causes a daily

rhythm in photosynthetic carbon fixation. However, the light

intensity and photoperiod used in these experiments permit growth

rates well above the experimental dilution rate for both species in

nutrient replete medium (data not shown). Thus, the nutrient in

shortest supply relative to demand controlled the average population
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growth rate despite the photoperiod, and the cultures were nutrient-

limited.

Competitive Displacement With Ammonium Limitation and Continuous

Illumination:

Competitive displacement occurred in the true chemostat, where

competition was for a continuous supply of one limiting resource,

ammonium, as predicted by theory (Smouse 1980, Taylor and Williams

1975). The relationship between growth and nutrient supply rate

required to predict the observed species dynamics was not

determined.

Competitive displacement also occurred in the pulsed ammonium

addition with continuous illumination. Both species took up

ammonium Immediately and depleted the pulse within a few hours,

precluding temporal separation of nutrient uptake which may have

permitted coexistence (Chishoim and Nobbs 1976). Since both species

were taking up the ammonium pulse simultaneously the superior

competitor in mixed-species culture should be the one best able to

monopolize the pulse. This was tested using a numerical model to

analyze competition within the mixed-species culture receiving the

daily aimnonium pulse.

The populations dynamics within the 1 pulse day-i continuous

light culture were modelled using the uptake rates and cell nitrogen

quotas, the initial cell densities (Table 111.1), and the measured
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dilution rate (0.35 day-i). Each day was divided into 30 mm

intervals. The fraction of the daily pulse taken up by each species

during each 30 mm increment was calculated based on their relative

uptake rates determined from the ammonium depletion curves

(Table 111.1). A 1 h delay in uptake by T. rotula was incorporated

into the model (Fig. III.2a), giving advantage to C. sp. cf.

vixvisibilis early after the pulse, during its period of rapid

uptake (Table 11.1, Fig. III.2b). All ammonium taken up during each

30 mm interval was converted to new cells using the cell quota

information, and the resulting population densities decreased at the

dilution rate. Ammonium pulses occurred every 24 h. The model

predicts dominance by C. sp. cf. vixvisibilis as observed (see

Fig. III.id). The predicted displacement rate of L rotula and the

predicted steady-state cell density of C. sp. cf. vixvisibilis are

in good agreement with the observed data (Table 111.4). These

results demonstrate that the relative uptake rates and cell quotas

of the species are such that the species cannot coexist with a

1 pulse day-I ammonium supply and constant illumination.

Coexistence With Ammonium Limitation and a Photocycle:

Competitive displacement did not occur in either the pulsed or

continuous ammonium supply cultures grown with a photocycle. This

is contrary to the results of similar experiments using natural

phytoplankton assemblages (Turpin and Harrison 1979, 1980).
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Competing species with Monod/Michaelis growth kinetics theoretically

cannot coexist on a single, limiting resource (Taylor and Williams

1975, Smouse 1980). The reason competitive exclusion did not occur

is that the experimental design violated a major assumption of the

original formulation of the competitive exclusion principle

(Volterra 1928, Hardin 1960) and of more recent formulations

(MacArthur and Levins 1964, Levins 1968, Levins 1970, Taylor and

Williams 1975, Smouse 1980). That is, that resources are homogenous

in time and space. Light and/or ammonium was supplied periodically

when coexistence occurred. However, pulsed ammonium supplies alone

did not cause coexistence.

A photocycle was necessary and sufficient to permit coexistence

with ammonium limitation. The two species coexisted at nearly equal

cell densities with a continuous ammonium supply under the 14:10 h

LD photocycle. Photocycles can induce regular periodicities in both

nutrient uptake and cell division in diatoms, causing periodic

fluctuations in the ambient limiting nutrient concentration even

when the supply rate is constant (Eppley et al. 1971). The

photocycle used in the present study may have induced periodic

nutrient uptake by the algae in the continuous ainmonium supply

cyclostat culture. If the peak nutrient demands of the two species

were separated temporally the limiting nutrient would be effectively

shared and coexistence would be possible (Chisholm and Nobbs 1976,

Abrams 1984). Whatever the actual mechanism permitting coexistence

in the continuous animonium supply culture the photocycle must have
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been involved, since competitive displacement was observed in the

same treatment under constant illumination.

A photocycle also permitted coexistence under the 1 pulse day-i

amnionium supply where constant light produced competitive exclusion.

Coexistence under the single pulse ainmonium supply could not have

been caused by a large temporal separation of nutrient uptake

activity (Chisholin and Nobbs 1976). Both species were capable of

taking up virtually all the ammonium within the first few hours

after the pulse, suggesting that In mixed-species culture they

should have been in direct competition for the limiting nutrient.

Coexistence given these circumstances requires that the ammonium

pulse be partitioned between the two populations such that each can

obtain, and assimilate, sufficient ammonium to support an average

specific growth rate equal to the dilution rate. This can be tested

using the relative uptake rates and nitrogen cell quotas of the

species obtained under the 1 pulse day-i ammonium supply and the

14:10 h LD photocycle (Table 111.2).

A numerical model was constructed to examine whether the cell

quota data based on mass balance calculations and the independently

determined uptake rates from the anunonium depletion curves were

consistent with the observed population dynamics. The ammonium

uptake rate of each species was highest during the first five

minutes after the pulse (Table 111.2, Fig. 111.7), and then

proceeded at a constant rate until auimonium depletion. Therefore,

the amount of the pulse taken up by each species is given by:
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Atj (Vsj x Nj)tsj + (Vii x Nj)tlj (1)

where Atj is the total amount of the ammonium pulse taken up by

species 1, Vj is the short-term cell-specific amnionium uptake rate,

N is the steady-state cell density at the time of the pulse, tsi is

the duration of the rapid uptake period, V1j is the long-term cell-

specific aminonium uptake rate and t1j is the time from the end of

the rapid uptake period to the depletion of the pulse.

The data in Fig. III.? indicate that the short-term uptake

period is approximately 5 mm for both T. rotula and C. sp. cf.

vixvisibilis. The time required to deplete the remainder of the

pulse is related to the long-term uptake rates of the species and

their steady-state cell densities by:

= C5jn / (VltNt + VlcN) (2)

where C5mjfl is the ambient anunonium concentration after the rapid

uptake period. The value of C5mjn is given by:

C5min CO (VstNt + VgN)t (3)

where C0 is the amnioniuni concentration immediately after the pulse

(18.0 .iM) and the subscripts "t" and "c" denote parameters defined

above for T. rotula and C. sp. cf. vixvisibilis, respectively.
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Coexistence within the mixed-species culture preconditioned to

a single ammonjum pulse was modelled using the equations presented

above. For coexistence to occur each species must produce

sufficient cells to maintain its steady-state cell density against

losses due to dilution. This was calculated as follows: The amount

of the pulse taken up by each species was calculated using equations

(1) through (3). The parameters for these calculations are given in

Tables 111.2 and 111.3. The cell quota information in Table 111.2

was used to calculate the number of new cells that could be produced

by the nitrogen taken up by each species. The calculated increase

in cell numbers for each steady-state population agrees well with

that required to balance the dilution rate (Table 111.3). The

observed coexistence is consistent with the uptake rates and cell

quotas of the competitors under the single pulse ammonium supply.

Apparently, the photocycle induced changes in the relative abilities

of the species to take up and grow on a daily ammonium pulse.

A comparison of the physiological parameters for each species

in the 1 pulse day-i monocultures under constant illumination with

those measured under the 14:10 h LD photocycle indicates that the

photocycle raised the long-term, cell-specific uptake rates of both

species by approximately 2- and 3- fold, respectively, while each of

their nitrogen cell quotas decreased by approximately 30 %

(Table 111.5). In addition, both species exhibited rapid ammonium

uptake rates during the first few minutes after the pulse under the

photocycie, whereas only C. sp. cf. vixvisibilis had this capability
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under constant light (see Fig. 111.2). These data suggest that

coexistence under the photocycle in the single ammonium pulse

cultures may have involved interspecific differences in the phasing

of anunonium uptake to the photocycle. However, the frequency of

aunnonium pulsing had a secondary effect since the relative abundance

of C. sp. ef. vixvisibilis increased as the time between ammonium

pulses increased.

The ability of T. rotula to coexist with C. sp. cf.
vixvisibilis when ammoniutn supplies are pulsed is not due to its

ability to form a large internal ammonium pool. The ammonium pulse

in the mixed- species 1 pulse day-i culture would be depleted in

1.3 h, long before T. rotula would be able to accumulate large

internal anunonium pools. If ammonium pools follow the same pattern

in mixed-species culture as observed in the monocultures

(Fig. 111.7), T. rotula would have assimilated 91 % of its

accumulated ammonium by the time of anmionium depletion (1.3 h),

while 64 Z of the ammonium taken up by the C. sp. cf. vixvisibilis

population would still exist as an internal ammonium pool. The

relative roles of assimilation efficiency and internal ammonium

pools in the observed species dynamics are unknown. It Is
interesting to note that nitrogen quotas of cells given a single

daily pulse decreased with a photocycle, while their specific uptake

rates increased. This implies more efficient use of nitrogen with

discontinuous light. Changes in the total nitrogen biomass within
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cultures receiving different treatments could not be examined since

the nitrogen cell quotas were calculated by mass balance.

Steady-state cell abundances always appeared to be at fixed

cell densities in the present study. This may have resulted from

the sampling protocol. The two factors that may have caused

potential oscillations in cell division and nutrient uptake, the

photocycle and the nutrient pulsing, changed with periods of 24 h or

less. Cell-count samples were taken at the same time each day at

two-three day intervals. Regular oscillations with periods of a day

or less would be missed by this sampling design.

Competition for Nitrate and Silicic Acid:

Coexistence of these two species occurred only with the

combined influence of ammonlum limitation and a photocycle.

Chaetoceros sp. cf. vixvisibilis was the competitive dominant in

cultures with a photocycle and pulsed silicic acid or nitrate

supplies. Chaetoceros sp. cf. vixvlsibilis also dominated In

cultures given continuous illumination and continuous supplies of

either silicic acid or nitrate.

It is not clear why coexistence occurred only in the ammonium

limited culture with a photocycle. Several mechanisms for

coexistence with silicic acid and nitrate limitation are possible.

i) There is ample evidence of diel variations in uptake kinetics of

cells grown in both silicic acid- and nitrate-limited cyclostats
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eirer 19f6, Eppley et al. 1971, Chishoim and Stross 1976, Chishoim

et al. 1980, Wheeler et al. 1983, Paasche et .1. 1984). Species

with enpora11y separated nutrient demands can coexist (Chisboim and

Nobbs 1976). ii) Not all species can form large internal nitrate

and/or amino acid pools (Dortch 1982, Dortch at al. 1984), giving

advantage to species which can store nitrogen for growth after

depletion of the pulse. iii) Diatoms may differ in their ability to

synchronize to daily pulses of silicic acid, with selection favoring

species able to synchronize peak 8111c1c acid demand with peak

abundance (Doyle and Poore 1974). None of these potential

mechanisms, if they occurred, were sufficient to permit coexistence

of the two species studied.

Summary and Conclusions

When one nutrient was growth-limiting, and all resources were

homogeneous in time and space, competitive displacement occurred

with ammonium, nitrate and silicic acid limitation, as predicted by

theory (Smouse 1980, Taylor and Williams 1975). In contrast,

coexistence of Chaetoceros sp. cf. vixviibilis (clone 847) and

Thalassiosira rotula (clone 411) occurred in ammonium-limited

cultures grown with a photocycle, irrespective of the periodicity of

the ammonlum supply. When the photocycle was removed, competitive
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exclusion occurred with both continuous and the 1 pulse day-i

ammonium supplies.

Coexistence in Continuous ammoniuin supply culture is consistent

with the idea that the photocycle induced a temporal separation in

resource consumption rates leading to resource partitioning and

coexistence (Chishoim and Nobbs 1976, Abrams 1984). Pulsed ammonium

supplies had a secondary effect on the observed coexistence.

Chaetoceros sp. cf. vixvisibilis became increasingly dominant as the

interval between aminonium additions was increased. This may have

been due to interspecific differences in the relative importance of

light and ammonium pulses in affecting some aspect of the cell

cycles of these algae. Specifically, the photocycle caused

disproportionate increases in the cell-specific ammonium uptake

rates of the species under the single daily ammonium pulse

treatment. The effect of changes in the frequency of the ammoniuni

pulses on ammonium uptake was not determined.

The combination of a photocycle and a 1 pulse day-i nutrient

supply did not permit coexistence with either silicic acid or

nitrate limitation. Apparently, the relative phasing of the cell

cycle of the two species to the photocycle and pulsed nutrient

supply under silicic acid or nitrate limitation, if occurring, did

not create a balance between the relative demands of the two species

for either limiting nutrient.

Many past studies of nutrient competition have employed semi-

continuous culture methods (Titman 1976, deJong and Admiraal 1984,
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Tilman 1977, Tilman 1981, Kilhain 1984) and/or photocycles (Lange

1974, Titman 1976, Tilman 1977, Tilman 1981, Tilman et al. 1981,

deJong and Admiraal 1984, Kilham 1984, Tilman and Sterner 1984) with

periodic rather than continuous supplies of the limiting nutrient

and/or light energy. It has been assumed that growth conditions

within semi-continuous cultures grown under a photocycle,

sufficiently approximate those in a chemostat to permit analysis

using equations governing steady-state growth in a chemostat. My

results indicate that a photocycle and periodic ammonium supplies

can strongly alter the outcome of nutrient competition. In

addition, periodic nutrient supplies can dramatically alter

phytoplankton dominance in continuous cultures of natural

populations (Turpin and Harrison 1979, Sommer 1984). Care should be

taken to insure that the assumptions underlying the equations used

to analyze the growth dynamics of phytoplankton within a particular

culture system are not violated by the system design or operation.

It is difficult to extend these results to natural systems.

Species-specific data on nutrient uptake and division rates in

natural systems are few (Stross and Pemrick 1974, Doyle and Poore

1974, Smayda 1975, Weiler and Chishoim 1976, Rivkin 1986), and

presently impossible to obtain for many species. To date, there is

no way of determining which nutrient limits the growth of a given

species within a natural phytoplankton assemblage. Nutrient supply

rates are not easily measured and nutrient pulses may occur on

nan et a].. 1979, Lehman and Scavia 1982a b) far
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below current sampling resolution. Advances in methods for

examining the dynamics of individual species and cells are becoming

available. These include flow cytometry (Olson et al. 1983, Yentsch

et al. 1983, Olson et al. 1985), autoradiography (Knoechel and

Kaiff 1976a b) and 68Ge tracers (Rivkin 1986). These methods

combined with recent advances in nutrient analyses (Garside 1982,

Brzezinski and Nelson 1986, Brzezinski 1987) may eventually provide

the technology required to examine the nutrient competition In situ.



Table Ill.! Equilibrium cell denrIties, nitrogen cell quotas, cell-specific ammonium uptake rates and
nitrogen-specific ammonium uptake rates for monocultures of Thalassiosira rotula and Chaetoceros sp. cf.
vixvisibilis grown with constant illumination and either a continuous or pulsed ammonium supply.

Ammonium Supply Species Cell Density Nitrogen Cell Cell-Specific Nitrogen-Specific
Quota Uptake Rate Uptake Rate

(x cells ml) (pmol N cell) (pmol N cell' h) (h')

Continuous T. rotula 0.33 1.51 - -

C. sp. cf. vixvisibilis 0.25 0.20 - -

I Pulse Day T. rotula 0.52 0.86 0.039 0.05

C. sp. cf. vixvlsibills 1.3 0.34 0029a 009a
0.018 0.05

a Values calculated for the first hour of the experiment during a period of rapid ammonium uptake.



Table 111.2 Equilibrium cell densities, nitrogen cell quotas, cell-specific ammonium uptake rates and
nitrogen-specific ammonium uptake rates for monocultures of Thalassiosira rotula and Chaetoceros sp. cf.
vfxvisibilis grown with a 14:10 h LD photocycle and either a continuous or pulsed ammonium supply.

Ammonium Supply Species Cell Density Nitrogen Cell Cell-Specific Nitrogen-Specific
Quota Uptake Rate Uptake Rate

(x i05 cells ml) (pmol N cell) (pnol N cell' h) (h)

Continuous T. rotula 0.68 0.74 0.082 0.11

C. ap. cf. vixvisibilis 1.9 0.26 0.043 0.16

1 Pulse Day T. rotula 0.78

C. ap. cf. vixvisibilis 3.2

a Rough estimates of 5 mm uptake rates.

0.59 054a 092a
0.075 0.12

0.24 014a Q938
0.056 0.37

L)



Table 111.3 Comparison of observed and model-predicted population increases producing
coexistence between Thalassiosira rotula and Chaetoceros sp. cf. vixvisibilis grown with a
daily ammonium pulse and a 14:10 h LD photocycle. Measured equilibrium cell densities were
0.32 x i0 and 1.6 x i05 cells ml for T. rotula and C. sp. cf. vixvisibilis, respectively.
Culture volume was 184 ml, D = 0.26 dayt. Model parameters are as follows: V5N is the
population uptake rate during the short-term (5 mm) rapid uptake period, V1N is the
population uptake rate over the long-term (1.30 h) uptake period and At is the total amount
of the ammonium pulse gathered by the population.

Species T. rotula

Observed Predicted

Cell Number Increase 1.6 1.4
(x i06 cells flask day1)

C. sp. cf. vixvisibilis

Observed Predicted

7.9 10

Model Parameters T. rotula C. sp. cf. vixvisibilis

V8N (pmol i1 h-I) 17.16 22.32

V1N (imol 11 h1) 2.40 8.96

At (pmol) 0.84 2.49
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Table 111.4 Comparison of observed and predicted displacement
rates of Thalassiosira rotula and steady-state cell density of
Chaetoceros sp. cf. vixvisibilis during competition for a daily
aminonium pulse with constant illumination.

Displacement Rate of
T. rotula
(day-i)

Observed Predicted

Steady-State Cell Density of
C. sp. cf. vixvisibilis

(x i05 cells m11)

Observed Predicted

0.28 0.23 1.9 2.1



Table 111.5. Comparison of the long-term,cell-specific uptake rates and nitrogen cell quotas of
Thalassiosira rotula and Chaetoceros sp. cf. vixvisibilis in monoculture under either constant illumination or a
14:10 h LD photocycle.

Light Cell-Specific Uptake Rate Nitrogen Cell Quota
Supply (pmol N cell' h1) (pmol N cell')

T. rotula C. sp. cf. vixvisibilis L rotula C. sp. cf. vixvisibilis

14:10 h LD 0.075 0.056 0.59 0.24

continuous 0.039 0.018 0.86 0.34
illumination

14:10 / continuous 1.9 3.1 0.69 0.71

I-.

(a
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Fig. 111.1. Time courses of cell density in cultures receiving
continuous light and either a continuous ammonium supply, panels
A-C, or a 1 pulse day-i ammonium supply, panels D-F. Panels A
and D: mixed-species cultures of Thalassiosira rotula (0) and
Chaetoceros sp. cf. vixvjsibilis (S). Panels B and E: T. rotula
monocultures. Panels C and F: Chaetoceros sp. cf. vixvisibilis
monocultures. The solid and dashed lines in panel D represent cell
densities of C. sp. cf. vixvisibi]is and T. rotula, respectively,
predicted from the relative ammonium uptake rates and nitrogen cell
quotas of the two species.
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Fig. 111.2. Time courses of cell density (circles) and ammonium
concentration (squares) in cultures receiving a 1 pulse dayi
ainmonium supply with continuous light after the addition of an
ammonium pulse. A. Thalassiosira rotula monoculture.
B. Chaetoceros sp. ef. vixvisibi].is monoculture. Diamonds represent
the initial measured ammonium concentration and the calculated time
zero ammonium concentration after addition of the animonium pulse.
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Fig. 111.3
a continuous am
species culture

139

Time courses of cell density in cultures receiving
nionium supply with a 14:10 h LD photocycle. A. Mixed-
of Thalassiosira rotula (0) and Chaetoceros sp. cf.

B. Chaetoceros sp. cf. vixvisibilis monoculture.
rotula monoculture.
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Fig. 111.4. Time courses of cell density in mixed-species
cyclostat culture of Thalassiosira rotula (0) and Chaetoceros sp.
cf. vixvisibilis () receiving 6 ammonium pulses per day.
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Fig. 111.5. Time courses of cell density in cyclostat cultures
receiving a 1 pulse day-4 aminonium supply with a 14:10 h LD
photocycle. A. Mixed-species culture of Thalassiosira rotula (0)
and Chaetoceros sp. cf. vixvislbilis (. B. Chaetoceros sp. cf.
vixvisibilis monoculture. C. Thalassiosira rotula monoculture.
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Fig. 111.6. Time courses of ammonium concentration (squares)
and intracellular anunonium (triangles) after the addition of an
ammonium pulse in monocultures preconditioned to a continuous
ammonium supply with a 14:10 b LD photocycle. A. Thalassiosira
rotula monoculture. B. Chaetoceros p. cf. vixvisibilis
monoculture. Diamonds represent initial measured ammoiIum
concentration before the pulse and the calculated time zero ammonium
concentration after addition of the ammonium pulse. Solid bars on
the abscissa indicate the dark period of the photocycle.
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Fig. 111.7. Time courses of ammonium concentration (squares)
and intracellular amnionium (triangles) after addition of an ammonium
pulse in cultures preconditioned to a 1 pulse day-i ammonium supply
with a 14:10 Ii LD photocycle. A. Thalassiosira rotula monocu]ture.
B. Chaetoceros sp. cf. vixvisibilis monoculture. Diamonds represent
measured initial auimonium concentration before the ammoniuna pulse
and the calculated time zero anunonium concentration after addition
of the ainmonium pulse. Solid bars on the abscissa indicate the dark
period of the photocycle.
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Fig. 111.8. Time courses of cell density of Thalassiosira
rotula (0) and Chaetoceros sp. ef. vixvisibilis () in mixed-species
culture grown with constant illumination with a continuous supply of
the limiting nutrient. A. Silicic acid limitation. B. Nitrate
limitation.
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Fig. 111.9. Time courses of cell density of Thalassiosira
rotula (0) and Chaetoceros sp. cf. vixvislbilis (S) in mixed-species
culture grown with a 14:10 h LD photocycle with silicic acid
limitation (panel A) or nitrate limitation (panel B) with a
1 pulse day-i supply of the limiting nutrient.
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Chapter IV

Differential Cell Sinking as a Factor Influencing Diatom

Species Competition for Limiting Nutrients

in Selective-Loss Culture

Abstract

The effect of differential cell sinking on competition between

Thalassiosira rotula Meunier (clone 411) and Chaetoceros sp. cf.

Vixvjsibjljs Schiller (clone 847) for silicic acid and nitrate was

examined in semi-continuous, selective-loss culture where fast

sinking cells are removed preferentially.

Chaetoceros sp. cf. vixvisibilis displaced T. rotula in silicic

acid- and nitrate-limited cultures irrespective of whether the

cultures were mixed before the daily dilution (random loss) or fast

sinking cells were removed selectively (selective loss). However,

displacement rates increased in selective-loss cultures. The

increases were not caused by differential cell sinking since the

species had similar sinking rates, but were consistent with changes

in their relative specific growth rates.

Cell removal rates exceeded dilution rates in cultures where

sunken cells were removed selectively. The resulting increases in

limiting nutrient availability supported specific growth rates in
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excess of the dilution rate in monocultures of both species, and

altered competitive displacement rates in mixed-species culture.

Thalassiosira rotula exhibited apparently negative growth rates in

silicic acid-limited, mixed-species cultures, hindering inter-

pretation of these data. However, the results from the nitrate-

limited cultures suggest that changes in nutrient availability,

rather than differential cell sinking, can significantly influence

competition in selective-loss culture experiments.

Introduction

The sinking rates of many phytoplankton species and natural

assemblages have been measured (Smayda 1970, Walsby and Reynolds

1980, Bienfang 1981a b c d, Bienfang et al. 1982, Bienfang and

Harrison 1984a b), revealing a wide range in cell sinking rates from

positive buoyancy in the dinoflagellate Noctiluca to 30 m day-i for

the large diatom Coscinodiscus wailesii (Smayda 1970).

Interspecific differences in cell sinking rates have prompted much

speculation concerning their importance in phytoplankton species

succession (Smayda 1970, Bienfang 1981c, Smetacek 1985).

Experimental results show a strong influence of cell sinking on

phytoplankton species dynamics in outdoor enclosures (Eppley et al.

1978, Bienfang 1981c, Davis 1982, Reynolds et al. 1983) and in
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laboratory culture (Harrison et al. 1986). In general, these

investigations demonstrate the importance of turbulence in

maintaining populations of large diatoms.

Sinking rates are strongly dependent on the physiological state

of the cell (Steele and Yentsch 1960, Eppley et al. 1967a b, Smayda

1970, Anderson and Sweeney 1977 1978, Bienfang 1981a b c , Bienfang

et al. 1982, Bienfang and Harrison 1984b). Nutrient-replete cells

sink slowly and may approach neutral buoyancy, while nutrient

limitation increases sinking rates several fold (Smayda 1970,

Bienfang et al. 1982). Diatom sinking rates are especially

sensitive to silicon limitation (Bienfang et al. 1982, Bienfang and

Harrison 1984b, Harrison et al. 1986). Only exceptional species,

such as Leptocylindrus danicus and several Chaetoceros spp.,

maintain low sinking rates under silicon limitation (Bienfang and

Harrison 1984b). The large range in sinking response among diatoms

suggests differential cell sinking may play a role in species

succession during temperate diatom blooms, and that the importance

of differential cell sinking may be particularly great with silicon

limitation.

Harrison et al. (1986) described a selective-loss, semi-

continuous culture method for examining the effect of differential

cell sinking on phytoplankton competition for limiting nutrients.

Cells which sink to the bottom of the culture flask are removed with

the daily dilution aliquot rather than being mixed, as is typically

done in semi-continuous, random-loss cultures. Selection against
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fast sinking cells was shown to alter the species succession within

a natural phytoplankton assemblage cultured with ammonium and

silicon limitation.

This chapter introduces a sampling protocol for examining

succession within selective-loss cultures. It enables calculation

of daily sinking and growth rates for each competing species. The

utility of this approach was demonstrated using Thalassiosira rotula

Meunier (clone 411) and Chaetoceros sp. cf. vixvisibilis Schiller

(clone 847) grown with nitrate and silicic acid limitation. The

results reveal that differential cell sinking is not necessarily the

major factor influencing phytoplankton species dynamics within

selective-loss cultures.

Methods

Competition Experiments - Clones of the diatoms Thalassiosira

rotula (clone 411) Meunier and Chaetoceros sp. cf. vixvisibilis

Schiller (clone 847) were isolated from Gulf Stream warm-core ring

82-B before and after spring stratification, respectively. The

algae were maintained in modified Aquil synthetic seawater medium

(Morel et al. 1978) containing 1 nM sodium selenite. The cultures

were treated with antibiotics before the experiments, but tested

positive for the presence of bacteria in Lib-X broth (Baross et al.
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1972). Experiments were conducted using silicic acid- and nitrate-

limiting Aquil+Se medium. The concentration of the limiting

nutrient was 50 jiM. When not limiting, silicic acid and nitrate

concentrations were 200 pM. The concentration of phosphate was

10 pM and vitamins were present at f/4 (Guillard and Ryther 1962)

levels in all cases.

Sinking chambers were constructed from 28 mm borosilicate glass

tubing (Fig. IV.1) cut to length, tapered on one end and silanized

with dimethyldichiorosilane. The silanizing procedure prevented

silica dissolution from the glass. Preliminary experiments

indicated that cell growth rates were identical in silanized and

unsilanized glassware. Plastic valves attached to the tapered ends

served as sampling ports. The tops were fitted with white rubber

stoppers threaded with 2 mm, teflon tubing and a glass rod which

supported a sterile, cotton-plug, air vent. The teflon tubes

extended down through the culture into the taper. Bubbling of acid-

scrubbed, filter-sterilized air through the tubes served to

resuspend sunken cells.

The chambers were autoclaved, filled to a volume of 120 ml,

creating a water column 24.5 cm high, and mounted vertically in

front of four Cool-White fluorescent lights, providing an even

irradiance of 150 - 180 pE m-2 s-i on a 14:10 h LD cycle. All

experiments were conducted in a walk-in cold room at 190C. The

chambers were not water jacketed, and fluid convection was observed

occasionally. Adhesion of cells to the chamber walls was rare.



158

The chambers were operated as semi-continuous cultures with

nitrate and silicic acid limitation. The dilution rate was

0.30 day-i in all experiments. The specific growth rate required to

balance this daily dilution rate in semi-continuous culture is

0.38 day-i Eu = in (1./Cl-ri)), where u is the specific growth rate

and D is the dilution rate] for a culture of exactly 120 ml. Daily

dilutions occurred 18 h into the light period. Three sinking

periods were established for each limiting nutrient: 0, 7 or 12, and

24 h. The 7 and 12 h intermediate sinking periods were used in

experiments conducted with silicic acid and nitrate limitation,

respectively. The intermediate sinking periods were established by

using a timer to activate an aquarium air pump, which bubbled the

cultures through the teflon air lines for 15 mm during the

experimental night, resuspending sunken cells a set number of hours

before the daily dilution and sampling.

Monocultures of each species were grown in chambers with 0 and

24 h sinking periods. Mixed-species cultures were grown with zero,

intermediate, and twenty-four-hour sinking periods.

The random-loss cultures (0 h sinking period) were sampled by

bubbling for 5 to 10 mm to mix the cells, then a sterile syringe

was used to remove the dilution volume through the sampling port.

New medium (36 ml) was added through the sampling port using a

sterile dispenser fitted with 1 m long teflon tube which had a male

luer lock fitting on the end. The cultures were bubbled for 2 mm
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after the addition of fresh medium to homogenize cells and

nutrients.

Sampling of selective-loss cultures was as follows: Seventeen

milliliters were drawn from the sampling port with a sterile syringe

to sample the sunken cells. The cultures were then bubbled for

5 mm to mix the remaining culture and a second (19 ml) sample

drawn. New medium was added as described above.

The algae were grown in batch culture in the sinking chambers

at the experimental light intensity and temperature for one week

prior to the experiments. The selective-loss cultures were then

operated as semi-continuous, random-loss cultures for one to two

days, after which cells were allowed to sink before sampling. The

chambers were sampled for cell Counts every one or two days for the

first few days, and every third day thereafter. The experiments

were terminated when only one species could be detected in the

mixed-species chambers, which took 18 to 30 days.

At the end of the competition experiments, the monospecific

cultures were sampled for cell density, the concentration of the

limiting nutrient, biogenic silica, particulate carbon, and

particulate nitrogen. Samples were collected at the same time as

the daily dilution. The relatively small volume of the sinking

chambers required that samples for the different analyses be taken

on successive days. Samples for cell counts were preserved in acid

Lugol's solution and counted using Palmer-Maloney counting chambers.

The detection limit for cell density was 10 cells mi-i. Biogenic
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silica samples were collected on 0.6 jm polycarbonate filters

(Nuclepore, Inc.). The filters were folded in quarters, placed in a

polystyrene petri dish, dried at 60°c and analyzed by the method of

Paasche (1973a). The biogenic silica determinations are precise to

+ 10 % which represents the combined error of the particulate silica

analysis and errors in sampling a cell suspension (Nelson, personal

communication). The filtrate from the biogenic silica samples was

collected and analyzed for silicic acid according to the method of

Strickland and Parsons (1972). Samples for particulate carbon and

nitrogen were filtered through Whatman QMA precombusted quartz

filters (effective pore size Ca. 1 pm) and immediately frozen. The

samples were dried at 600c just prior to analysis on a Perkin Elmer

240C elemental analyzer. The analytical uncertainty in the

particulate nitrogen data is + 15 %. When nitrate was the limiting

nutrient, the filtrate from the carbon/nitrogen sample was analyzed

for the sum of nitrate and nitrite using a Technicon AutoAnalyzer

according to the method of Atlas et al. (1971).

Sinking Rate Determinations - Algal sinking rates were

determined by two methods. The first involved using the cell count

data to calculate daily sinking rates from an equation similar to

that used by Bienfang (1981d):

(Db Dt)Vb H
S= x - (1)

CDt x VT) + (Db Dt)Vb t
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where: Db is the cell density in the bottom of the culture; Dt is

the cell density of suspended cells; Vb is the volume of the chamber

represented by the bottom sample (17 ml); VT is the volume of the

chamber represented by the top sample (103 ml); V is the total

culture volume (120 ml); H is the height of the water column

(24.5 cm) and t is the duration of the sinking period.

Two assumptions are implicit in using equation 1 to calculate

sinking rates: 1) Cell sinking occurs at a constant rate over the

period of measurement, and 11) sunken and suspended cells have an

equal probability of dividing during the measurement. Bienfang

(198ld) has shown that the first assumption is reasonable for

periods of several hours. It is likely that cell sinking was nearly

constant over the intermediate 7 h and 12 h sinking periods, but not

in the 24 h treatment. Thus, the rates calculated for the 24 h

sinking period cultures are likely to be minimum estimates of the

true sinking rates. The second assumption is valid, provided there

were no differences in the growth conditions in the top and bottom

of the chambers. This may not be strictly true, since the high

density of sunken cells may create a microenvironment of low

nutrient water at the bottom of the chambers.

The second measure of cell sinking rate was a direct

determination in which an aliquot of the culture was layered atop

fresh nutrient medium in a vertically mounted, graduated, 10 ml,

glass pipet. The depth of the interface between medium containing

cells and the clear medium below was recorded over the next several
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hours. There was a linear relationship between the depth of the

cell front and time. Sinking rates were calculated from the slopes

of least-squares regression lines fit to the data. Since this

procedure tracked the fastest sinking cells the calculated rates

should be considered maximal.

Displacement rates - Decreases in cell density for displaced

species in random-loss cultures were exponential (see results).

Displacement rates were calculated from the slopes of regression

lines fit to the log-transformed data.

Displacement rates were also exponential in selective-loss

cultures. The slopes of separate regression lines fit to

log-transformed cell densities for the top and bottom samples were

statistically indistinguishable Ct test, p = 0.05). Displacement

rates were calculated from a common slope, calculated using a

multiple regression method employing indicator variables (Neter and

Wasserman 1974).

Daily Growth Rates - Specific growth rates, ', were determined

at each sampling date from the time course of cell abundance

according to the equation:

p = in (N/N0) (2)
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where: N is the total number of cells present in the chamber at the

time of sampling, and N0 is the total number of cells left in the

chamber after the previous day's sampling. The total number of

cells in the culture immediately after the daily dilution (N0) was

calculated from:

NODtXVt

where Dt is the steady state cell density in the top of the culture

and Vt is the culture volume after removal of the dilution volume

(84 ml). The number of cells present after 24 h of growth (N) is

given by:

N = (Dt24 x VT) + (Db24 x Vb) (4)

where Dt24 is the cell density in the top of the culture 24 h after

the daily dilution; Db24 is the cell density in the bottom of the

culture 24 h after the daily dilution; VT is the volume of the

culture after removal of the bottom sample (103 ml) and Vb is the

volume (17 ml) of the bottom sample. Estimates of N0 for dates when

no sample was collected on the previous day were interpolated from

the logarithms of the density measured on that date and the next

most recent sampling. Interpolation of data where daily counts were

available indicated that this procedure introduced an error of

+ 15 - 20 % in the calculated growth rates.



164

Average specific growth rates of species during their

displacement from random-loss cultures were calculated from the sum

of the growth rate required to balance the dilution rate, D, and the

calculated displacement rate, L.

= -L + [ln(1/(l-D)) (5)

Average specific growth rates for displaced species in selective-

loss culture were calculated from:

= L + [ln(l/(1-D)] + F (6)

where u, L and D are as defined above and F is the average sinking

rate. The value of F is determined by:

(1b - It)Vb x H
F= (7)

Vb + 1t + VT t

where 'b and It are the y-axis intercepts of the regression lines

for top and bottom cell densities, respectively, calculated using

the multiple regression procedure described above. All other

variables are as defined for equation (1).

Nutrient Uptake Rates - Nutrient uptake rates were determined

for the steady state, random-loss, inonospecific cultures. The

cultures were bubbled and diluted as they had been for the previous
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18 to 30 days. The culture removed prior to dilution was split into

samples for cell counts and particulate carbon and nitrogen

estimates. The dilution with fresh medium raised the limiting

nutrient concentration to approximately 14 pM in all cases. Over

the next 9 to 18 h, samples were taken for cell density, limiting

nutrient concentration and, in the case of the silicic acid-limited

experiments, biogenic silica. Culture volumes were too small to

permit samples for particulate nitrogen to be taken during the time

course. The samples were analyzed as described above.

Results

Nitrate Limitation:

The time courses of cell density for the nitrate-limited,

random-loss cultures are presented in Fig. IV.2. Both rotula and

C. sp. cf. vixvisibilis established steady state populations in

monoculture (Fig. IV2a b). The difference in the steady state

densities of the two species agreed well with that expected from the

difference in their relative nitrogen cell quotas (Table IV.1).

Chaetoceros sp. cf. vixvisibilis displaced T. rotula in mixed-

species culture (Fig. IV.2c).
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Chaetoceros sp. cf. vixvisibjlis reached a steady state density

in both the top and the bottom of the 24 h sinking period

monoculture (Fig. IV.3a) comparable to that in random-loss culture

(Fig. lV.2b), concordant with its near zero sinking rate

(Fig. IV.3b). Growth rate was low initially, but rose to oscillate

around the value required to balance loss rates (Fig. IV.3c). Note

that maintenance of a steady-state population density requires a

cell-specific growth rate equal to the sum of the specific growth

rate required to balance the dilution rate (0.38 day-i, horizontal

line in Fig. IV.3c f) plus the fractional loss rate due to cell

sinking (Fig. IV.3b e).

Thalassiosira rotula sank several fold faster than C. sp. cf.

vixvisjbiljs in nionoculture with a 24 h sinking period

(Fig. IV.3.e). Loss rates exceeded growth rates in the L rotula

monoculture for the first five days, causing a decline in cell

density (Fig. IV.3d e). A rise in growth rate after day 12

increased cell density, despite a concurrent increase in cell

sinking rate. Cell densities approached steady state during the

last 6 days of the experiment.

The results of competition in selective-loss culture are shown

in Figure IV.4. Chaetoceros sp. cf. vixvisibilis displaced

T. rotula in the 12 h sinking period culture, reaching a steady

state population density after 15 days (Fig. IV.4a). Both species

had low sinking rates (Fig. IV.4b), but their specific growth rates

differed substantially (Fig. IV.4c).
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Chaetoceros sp. cf. vixvisibilis also displaced T. rotula in

the 24 h sinking period, selective-loss culture (Fig. IV.4d). The

sinking rates of both species were similar, and 'were approximately

the same as with the 12 h sinking period (compare Fig. IV.4b and

IV.4e). However, the sinking rate of T. rotula was reduced in

mixed-species culture compared to that observed in monoculture

(compare Fig. IV.3e and Fig. IV.4e). The difference in specific

growth rates (Fig. IV.4f) was several fold larger than the

difference in their fractional loss rates due to cell sinking

(Fig. IV. 4e)

Silicic Acid Limitation:

The results for the experiments with silicic acid limitation

qualitatively parallel those found with nitrate limitation. Both

species were able to maintain steady state populations in

monoculture when sinking selection was not imposed (Fig. IV.5a b).

The greater steady state density of C. sp. cf. vixvisibilis

reflected its lower silicon cell quota (Table IV.l). Chaetoceros

sp. cf. vixvisibilis displaced T. rotula in random-loss culture

(Fig. IV.5c).

Chaetoceros sp. cf. vixvisibilis reached a steady state density

in the selective-loss monoculture with a 24 h sinking period

(Fig. IV.6a) similar to that found in the random-loss monoculture

(Fig IV.5b). This was expected given the low sinking rate of this

species (Fig. IV.6b). The steady state growth rate of C. sp. cf.
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vixvisibllis (Fig. IV.6c) was higher than observed with nitrate

limitation.

Thalassiosira rotula did not establish a steady state

population in monoculture with a 24 h sinking period (Fig. IV.6d).

Losses due to cell sinking and dilution exceeded growth rates early

in the experiment leading to the decline in cell numbers

(Fig. IV.6e f). Sinking rates decreased after day 5, yet cell

density did not increase until day 14, when growth rates rose.

Sinking rate increased dramatically on the last day of the

experiment.

It is unknown whether steady state would have been achieved in

the T. rotula culture. Chaetoceros sp. cf. vixvisibilis cells,

probably introduced accidentally by the daily dilution procedure,

rapidly overtook the culture beginning on day 18. Within three days

the number of C. sp. cf. vjxvjsjbjlis cells went from undetectable

to overwhelmingly dominant ( > 95% of all cells, data not shown).

Thalassiosira rotula was displaced by Chaetoceros sp. ef.

vixvisibilis in the 7 h sinking period, selective-loss culture

(Fig. IV.7a). The sinking rate of T. rotula was greater than that

of C. sp. cf. vixvisibilis (Fig. Iv.7b). However, interspecific

differences in specific growth rates were several fold larger than

the differences in the species fractional loss rates from cell

sinking. Thalassiosira rotula exhibited apparently negative growth

rates after day 10.
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Thalassiosira rotula was also displaced by C. sp. cf.

vixvisibilis in the 24 h sinking period culture (Fig. IV.7d). The

decline in the density of L rotula was not exponential. The

sinking rates of both species were similar and declined to negative

values by the end of the experiment (Fig. IV.7e). The specific

growth rate of C. sp. cf. vixvisibilis exceeded loss rates through

the entire experiment (Fig. IV.7f), commensurate with its increase

in cell density. Thalassiosjra rotula exhibited apparently negative

growth rates during much of the experiment (Fig. IV.7f).

Direct Sinking Rate Measurements:

Sinking rates determined by the visual method, and average

sinking rates calculated from cell counts, are presented in

Table IV.2. Settled cells from the bottom of the cultures were used

in the visual sinking rate experiments. Sinking rates for cells in

the top of the chambers could not be measured since cell densities

were too low for visual determination of the depth of the sinking

cell front. Thalassjosjra rotula sank considerably faster with

silicic acid limitation than with nitrate limitation, in qualitative

agreement with sinking rates calculated from cell Counts. However,

rates measured by the visual method were generally greater than

those calculated from cell counts (Table IV.2). Both sinking rate

determinations indicated that C. sp. cf. vixvisibilis had negligible

sinking rates with nitrate and silicic acid limitation (Table IV.2).
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Growth Rates:

A quantitative summary of the specific growth rates of each

species is presented in Table IV.3. An average growth rate of

T. rotula during displacement from the mixed-species, silicic acid-

limited, random-loss culture was not calculated since the

displacement rate in this treatment was variable (Fig. IV.7d).

Thalassiosira rotula grew faster in selective-loss monocultures

than in random-loss monocultures with either nutrient limitation

(Table IV.3). Chaetoceros sp. ef. vixvisibilis responded similarly

to silicic acid limitation, but its specific growth rate in

monoculture was the same with both 0 and 24 h sinking periods with

nitrate limitation. The increased growth rates in selective-loss

inonocultures parallel increases in the concentration of limiting

nutrient.

The same trend is seen in the steady state specific growth rate

of C. sp. cf. vixvisibilis after it became dominant in mixed-species

culture. Steady state specific growth rates increased with longer

sinking periods (Table IV.3), commensurate with increases in the

ambient concentration of the limiting nutrient. Thalassiosira

rotula exhibited growth rates less than loss rates in mixed-species

culture, consistent with its displacement during the experiments.

However, Thalassiosjra rotula had apparently negative growth rates

during its displacement from all silicic acid-limited, mixed-species

cultures, indicating that cells were disappearing faster than could
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be accounted for by the combined losses due to cell sinking and the

daily dilution.

Elemental Composition:

The silicon cell quotas of T. rotula was similar under silicic

acid and nitrate limitation (Table IV.l). In contrast, the silicon

cell quota of C. sp. cf. vixvisibilis was nearly an order of

magnitude less with silicic acid than with nitrate limitation.

There was little difference in silicon cell quota of C. sp. cf.

vixvisibiljs between the 0 h and 24 h sinking period treatments with

either nutrient limitation. Corresponding data for L rotula with

silicon limitation are lacking, due to a laboratory mishap.

However, the silicon cell quota of this species was within

analytical error in random and selective-loss cultures with nitrate

limitation.

The silicon quotas of sunken cells of both species tended to be

higher than those of suspended cells with either nutrient

limitation, but the difference is within the analytical uncertainty

of the particulate silica measurement and cell count data. Note

that the elemental composition of samples from the bottom of the

cultures contained both sunken and suspended cells. Actual

differences in elemental composition between suspended and sunken

cells may have been larger than indicated by the data.

Both species had higher nitrogen cell quotas with silicic acid

limitation than with nitrate limitation with the exception of the
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C. sp. cf. vixvisibilis selective-loss (24 h) monoculture. Nitrogen

cell quotas tended to increase in selective-loss cultures with

either nutrient limitation. Cells within the bottom sample

consistently had higher nitrogen cell quotas than suspended cells

(Table IV.l). Again as described above for silicon cell quotas,

this difference may have been greater than the bulk data indicate.

The carbon cell quotas of C. sp. cf. vixvisibilis were highest

with nitrate limitation (Table IV.1). The data for T. rotula are

too few for a similar comparison. Cell carbon levels were higher in

selective-loss cultures than in random-loss cultures. Cells from

the bottom of the cultures had higher carbon cell quotas than

suspended cells.

A stratified sampling of particulate carbon and nitrogen

within the silicic acid-limited, 24 h sinking period C. sp. cf.

vixvisibilis monoculture was done to investigate whether the

elemental composition of sunken cells was established before or

after cells sank (Table IV.l). Samples were collected from the top

6 cm of the chamber, from a depth of 8 - 12 cm and from the bottom

(17 ml) of the chamber. The results show an increase in cell carbon

and nitrogen with depth (Table IV.l). This trend suggests that

carbon- and nitrogen-rich cells preferentially sank out of the

culture.

The elemental ratios of the two species reflect the changes in

elemental composition discussed above. Carbon:nitrogen ratios were

lower with silicic acid limitation than with nitrate limitation.



173

The C:N ratios of cells from the nitrate-limited, random-loss

culture were 35 and 86 Z higher than the volume-weighted average of

the ratios found in selective-loss culture (24 h sinking period) for

T. rotula and C. sp. cf. vixvisibilis, respectively suggesting a

higher degree of nitrogen stress in random-loss than in selective-

loss culture. Low Si:C and Si:N ratios were found with silicic acid

limitation, reflecting the decrease in cellular silicon in C. sp.

cf. vixvisibilis and the increase in cell nitrogen and of T. rotula

with silicic acid limitation. The Si:C ratio of C. sp. cf.

vixvisibilis under silicic acid limitation was over two-fold higher

in the random-loss than in the selective-loss culture. The silicon

cell quota of this species remained nearly constant under silicic

acid limitation in both selective-loss and random-loss culture.

Changes in the Si:C and Si:N ratios reflect changes in the relative

amounts of organic matter between treatments.

Yield of Particulate Silica and Particulate Nitrgen

Calculations of the mass of particulate silica within the

silicic acid-limited cultures revealed that 100 + 10 Z of the

dissolved silicon removed from solution by either species was

present as algal cells in random- and selective- loss monocultures.

The deviations from full recovery were within the range of

analytical uncertainty in the biogenic silica data (+ 10 %, see

methods). Similar calculations for the mass of cell nitrogen within

nitrate-limited nionocultures indicated that 80 to 130 7. of the
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nitrate-nitrogen removed from the medium was found as particulate

nitrogen. If the 30 % overestimation of the yield of nitrogen

represented by the upper end of this range is taken as a measure of

the uncertainty in these data, it becomes impossible to distinguish

trends in the yield of particulate nitrogen between cultures.

Nutrient Uptake:

Nitrate - Little nitrate was taken up by T. rotula during the

first hour of the experiment (Fig. lv.8). Nitrate depletion was

rapid between 1 and 1.5 h followed by a prolonged linear decrease in

ambient concentration. The experiment was terminated after 10 h

when the culture volume was exhausted. Nitrate was never depleted

to the levels measured before the pulse (i.e. 24 h since the last

pulse).

The time course of pulse depletion in the C. sp. cf.

vixvisjbiljs monoculture was linear for the entire experiment

(Fig. IV.8). Nitrate was nearly depleted to the concentration

measured before the pulse by 9 h. Cell density did not change

appreciably for either species during the experiment, suggesting

that cell division may have occurred later.

Specific uptake rates of nitrate were calculated from the

slopes of the depletion curves and the nitrogen cell quota data in

Table IV.1. The specific uptake rates were the same for both

species and nearly four times that necessary to balance the steady

state growth rate (0.38 day-i) (Table IV.4).
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Silicic Acid - The results of the silicic acid uptake

experiment are shown in Fig. IV.9. Silicic acid depletion was rapid

in the T. rotula culture for the first hour, after which concen-

trations decreased linearly with time (Fig. IV.9). Cell numbers

increased during the experiment, but the increase lagged 2 h behind

uptake. Cellular silicon remained nearly constant. The results for

the C. sp. cf. vixvisibjljs monoculture parallel those found for

T. rotula (Fig. IV.9). Most of the silicic acid pulse was depleted

at a constant rate after an initial period of rapid uptake. The

increase in cell numbers began 2 h after the pulse. Silicon cell

quotas remained nearly constant.

Cell-specific uptake rates of silicic acid varied with time

because of the change in cell density during the experiment. Cell

density increases were approximately linear, and uptake rates were

calculated from the slopes of regression lines fit to the data.

Specific uptake rates at the beginning of the increase in cell

numbers (t = 2 h), and close to the time of nutrient depletion

(t = 10 h), are reported in Table IV.4 to show the observed range in

these rates. Specific uptake rates were similar for both species

and 2 to 3 times greater than required to balance the steady state

growth rate (0.38 day-l).

Observed vs Predicted Displacement Rates:

Displacement rates were higher in silicic acid-limited than in

nitrate-limited cultures with comparable sinking periods
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(Table IV.5). The intermediate sinking periods (7h Si(OH)4,

12 h NO3-; Table IV.5) did not significantly increase displacement

rates over that observed in random-loss cultures with limitation by

either nutrient. The displacement rate of T. rotula with nitrate

limitation increased by approximately 60 % when cells which sank

after 24 h were removed selectively. It was impossible to

determine a single displacement rate for the 24 h sinking period,

silicic acid-limited culture because the decrease in cell numbers

was not exponential (Fig. IV.8d).

The displacement rates with either limiting nutrient agree well

with those predicted from differences In average specific growth

rates calculated using equations 2 - 7. Incorporating the average

relative sinking rates of the species into the model worsened the

agreement with observed displacement rates.

Discussion

Direct Sinking Rate Measurements:

The higher sinking rates of L rotula with silicic acid

limitation compared to nitrate limitation agree with the data of

Bienfang et. al (1982), who found that Skeletonetna costatum,

Chaetoceros gracile, Ditylum brightwellii and Coscinodiscus wailesii
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all sank faster with silicic acid limitation than with nitrate

limitation. Chaetoceros sp. cf. vjxvislbilis had near-zero sinking

rates with both nitrate and silicic acid limitation. Chaetoceros

sp. and Leptocylindrus danicus were relatively insensitive to

silicon limitation in studies by Bienfang et al. (1982) and Harrison

et al. (1986). Chaetoceros sp. cf. vixvisibilis (clone 847) and

Thalassiosira rotula (clone 411) were isolated from Gulf Stream

warm-core ring 82-B. Chaetoceros sp. cf. vixvisibilis and

Leptocylindrus danicus were the numerically dominant phytoplankton

in the center of ring 82-B after stratification and depletion of

nutrients in the mixed layer. This numerical dominance lasted at

least 12 days (Gould, unpublished data). All major nutrients were

below analytical detection limits following spring stratification

([NO3-) <0.05 pN [Si(OH)4] <0.2 pM, [PO4-) <0.05 p14; Pox et al.

1984). The low sinking rates of the dominant species with either

silicic acid or nitrate limitation, while many silicon-limited

diatoms are known to sink relatively rapidly, may have been a factor

contributing to their dominance within the ring after seasonal

stratification.

The direct measures of cell sinking rates indicate a maximum

sinking rate for T. rotula of 0.66 m day-i with silicon limitation,

while C. sp. cf. vixvisibilis generally exhibited near neutral

buoyancy. It would take 38 days for T. rotula to sink out of a 25 in

mixed layer at a sinking rate of 0.66 in day-i if there were no

mixing to retard its sinking. Thus, sinking of silicon-limited
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T. rotula cells may have been a quantitatively significant term in

the almost total displacement of T. rotula from the 25 m nutrient-

depleted surface layer of warm-core ring 82-B during the 43 days

between cruises following spring stratification.

Sinking Rates Calculated from Cell Budgets:

There was a tendency for the sinking rates of both species to

decrease with time. Harrison et al. (1986) describe a similar

temporal decrease in sinking rate of natural assemblages in

selective-loss cultures. My results indicate that a change in

species composition is not required to produce this trend.

There are two plausible explanations for decreasing cell

sinking rates. 1) If the cells became nutrient-limited while all

chambers were operated as random-loss cultures, they would have high

sinking rates (Smayda 1970, Bienfang et al. 1982). These high rates

would be manifested on the first day that sunken cells were removed

selectively. Afterwards, the removal of sunken cells in addition to

those in the daily dilution volume would cause cell loss rates to

exceed the dilution rate, partially alleviating nutrient limitation

on subsequent days. The more nutrient replete cells may have lower

sinking rates (Bienfang et al. 1982). ii) There may have been

selection for slower sinkingmutants of each species over the time

course of the experiment. This possibility is unlikely since cells

from the 24 h sinking chambers examined at the end of the experiment

had nearly the same maximum sinking rates as those from the 0 b
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sinking period chambers where such selection would not occur

(Table IV.2).

The reduction in the fraction of T. rotula cells sinking in

mixed-species culture compared to monoculture may have been due to

the influence of C. sp. cf. vixvisibilis on the viscosity of the

medium. The medium in senescent batch cultures of this species is

extremely viscous. Drops of culture hanging off the end of a

Pasteur pipet stretch for several centimeters before falling. The

high viscosity of the medium is probably due to organic matter

excreted by C. sp. cf. vixvisibilis. This is not observed in

T. rotula cultures. Thus, the sinking rate of T. rotula would be

retarded in the presence of C. sp. cf. vixvisibilis (Walsby and

Reynolds 1980). It is unknown what effect organic matter excretion

by C. sp. cf. vixvisjbiljs would have on the relative growth rates

of the species. Allelopathic interactions between these species are

unlikely, as they can coexist In ammonium-limited culture

(Chapter III).

Growth Rates and Competitive Displacements:

Differential cell sinking played only a minor role in the

observed competitive displacements, since the species had similar

sinking rates in mixed-species culture. The observed displacements

of T. rotula were caused mainly by differences in the relative

growth rates of the species. Changes in relative growth rates

appeared to be caused by increased nutrient availability in cultures
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with longer sinking periods. This is consistent with the higher C:N

ratio of both species in random-loss than in selective-loss culture

under nitrate limitation.

The correlation between limiting nutrient concentration and the

duration of cell sinking within selective-loss cultures has not been

previously recognized. The removal of sunken cells, in addition to

those present in the daily dilution volume, causes cell loss rates

to exceed nutrient supply rates. Specific growth rates increase in

response to the greater nutrient availability. Increases in growth

rate are species-specific and displacement rates reflect the

relative specific growth rates of the species.

A numerical model was constructed to investigate whether the

sinking rates and specific uptake rates of the species could be used

to predict the observed displacement rates. Initial cell densities

matched those in the competition experiments. The daily dilution

was assumed to raise the ambient limiting nutrient concentration by

exactly 14 jiM. The fraction of the daily nutrient pulse taken up by

each species was calculated by:

A1 = (Vj x Noj)t (8)

where A1 is the amount of the nutrient pulse taken up by species i;

Vj is the cel]. specific uptake rate of the limiting nutrient

(Table IV.4); N01 is the number of cells of species I in the culture
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immediately after the daily dilution and t is the depletion time of

the daily nutrient pulse. The value of t is given by:

t=C/E(VjxNoj) (9)

where C is the amount of limiting nutrient within the culture flask

immediately after the daily dilution (14 pM x 0.12 l) V and Noi

are as defined above. N01 is given by:

N0 = N24i X (1-D) x RI (10)

where N241 is the total number of cells of species i 24 h after

daily dilution; D is the dilution rate and R1 is the average daily

fractional loss rate due to cell sinking. N24 is determined from

N0, Aj and the cell quota Qj according to the equation:

N241 = Noj + (AjIQi) (11)

The population dynamics within the cultures were simulated for

30 to 60 days using the cell quota and uptake rate information in

Table IV.1 and IV.4. The model predicted that T. rotula would be

displaced from all cultures, as observed. Displacement rates of

T. rotula were calculated as described above from the exponential

decrease in cell numbers predicted by the model. More complex

models which incorporated variable cell-specific silicic acid uptake
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rates (Table IV.4) and/or a delay in nitrate uptake by T. rotula

(Fig. IV.8) gave similar results.

The displacement rates predicted by the model did not agree

with those observed (Table IV.5). The observed displacement rates

in random-loss cultures for both nutrients were over an order of

magnitude greater than the model predictions. The observed

displacement rates in the silicic acid-limited, selective-loss

cultures were less than those predicted when the visual sinking

rates were used in the model. Better agreement was seen under

nitrate limitation, however this is probably coincidental since the

sinking rates measured using the visual method greatly overestimated

the sinking of T. rotula in mixed-species culture.

When the model was made more realistic by using the actual

sinking rates of the species in mixed-species culture to

parameterize the model, the predicted rates consistently

underestimated displacement rates in selective-loss cultures. The

reason for this discrepancy under silicon limitation is that the

silicic acid uptake rate and cell quota of T. rotula predict a

growth rate greater than zero, while apparently negative growth

rates were calculated for this species in mixed-species culture.

The apparently negative growth rate of T. rotula in mixed-species

culture led to a more rapid displacement rate than predicted by the

model. As argued below, the presence of bacteria in the cultures

may have affected the growth of rotula in mixed-species culture.

If this was the case, a model based on the relative nutrient uptake
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abilities and sinking rates of the species would not accurately

predict the observed displacement rates, since the detrimental

effect of the bacteria on the growth of L rotula was not included

in the model. Whatever factor caused apparently negative growth

rates under silicic acid limitation may have also decreased the

growth rate of T. rotula in the mixed-species nitrate-limited

culture, but not to the extent that apparently negative growth rates

were observed. Such a decrease in the growth rate of T. rotula

would accelerate its displacement compared to that predicted by its

sinking rate and nutrient uptake characteristics.

Apparently Negative Growth Rates:

The displacement rate of T. rotula was highest with silicon

limitation. However, interpretation of the data from silicic acid-

limited cultures is hindered by the observed, apparently negative

growth rates of T. rotula. The only possible explanation of the

apparently negative rates is that Thalassiosira rotula cells were

destroyed beyond recognition so as not to appear in cell counts.

Allelopathic interactions between these species are unlikely, since

the two species can coexist in ammonium-limited cyclostats

(Chapter III). The stock cultures of both species were not axenic,

and there was a tendency for empty T. rotula frustules to be covered

with what appeared to be rod-shaped bacterial cells, while empty

C. sp. ef. vixvisibilis frustules were generally bare. If rotula

cells were preferentially killed by bacteria, the dissolution rate
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of frustules at 19oc would have to be sufficient to make them

unrecognizable during the two days between sampling. Testing this

hypothesis requires knowledge of the fraction of a siliceous

frustule which must dissolve before it becomes unrecognizable in

cell counts. There are no data available on the subject; however,

it is likely that diatom tests will be unrecognizable when 1 to 10 %

of their silica remains. The dissolution rate required to reduce

the silica content of the frustules in the silicic acid-limited

chambers by 90 and 99% over 2 days was calculated from:

C = C0 et (12)

where C is the amount of the original silica (C0) remaining after a

prescribed time (t) when dissolution proceeds at a rate of k (h-l).

Dissolution rates of 0.048 and 0.096 h-i would be required to reduce

the frustule by 90 and 99% in two days, respectively. These rates

are much higher than the 0.0016 h-i rate measured for untreated

Thalassiosira decipiens cells at 2OoC, a species of similar size and

morphology to T. rotula (Kamatani 1969).

Dissolution rates may have been greater if bacteria strip the

frustules of organic matter. Bare frustules generally dissolve 4 to

5 times faster than untreated cells (Kamatani 1982)and even greater

effects are seen for individual diatom species. Kamatani and Riley

(1979) measured a dissolution rate of 0.11 h-i for acid cleaned

frustules of T. decipiens at 22.7oC. This rate exceeds that
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required to dissolve 99 % of a T. rotula frustule between sampling.

Dissolution of T. rotula frustules could account for the

disappearance of the T. rotula cells in the silicic acid-limited

mixed-species chambers, but this is an unlikely explanation unless

frustules were being rapidly stripped of organic matter.

Apparently negative growth rates have been reported in the

literature (D'Elia et al. 1979). D'Elia et al. (1979) noted a

decline in the cell numbers of Thalassiosira pseudonana in batch

culture and suggested that the frustules must have disappeared from

the medium either by fragmentation or dissolution. Further evidence

for negative growth rates is found in experiments performed by

Tilman (1981). Three diatom species, Asterionella formosa,

Tabellaria flocculosa and Synedra filiformis, were cultured in pairs

in long-term (20 to 30 days), semi-continuous cultures. Three

growth media were used: low silicate, low phosphate and intermediate

silicate and phosphate (see Tilman 1981 for details). The daily

dilution rate was 0.25 day-l. Table IV.6 lists species displacement

rates estimated from Figures 4 - 9 in Tilman (1981). Displacement

rates greater than 0.29 day-1 indicate apparently negative growth

rates. T. flocculosa was the only species exhibiting apparently

negative growth rates. With one exception apparently negative

growth rates occurred consistently in the low silicate and

intermediate silicate - intermediate phosphorus medium, but never in

the low phosphate medium. These results concur with mine for
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T. rotula; apparently negative growth rates occurred only in low

silicon medium.

The cultures used by Tilman also were non-axenic. In silicic

acid-limited growth medium there would be excess phosphate and

nitrogen to support considerable bacterial growth. This may not be

the case in phosphate- or nitrogen-limited cultures where a high

fraction of the limiting nutrient would be consumed by algae,

keeping bacterial abundance relatively low compared to when nitrogen

and phosphorus are added in excess (but see Bratbak and

Thingstad 1985).

It is possible that bacteria preferentially infected T. rotula

and T. flocculosa in Si-limited medium. If this actually occurred,

similar phenomena may bias the results of other long-term culture

studies involving non-axenic cultures or natural populations.

Whatever the actual mechanism, or mechanisms, causing the apparently

negative growth rates, T. rotula and T. flocculosa seem especially

susceptible.

Summary

This study revealed a correlation between limiting nutrient

concentration and the duration of cell sinking within selective-loss

cultures that has not been previously recognized. The removal of
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sunken cells, in addition to those present in the daily dilution

volume, causes cell loss rates to exceed nutrient supply rates.

Specific growth rates of the species examined here increased in

response to the greater nutrient availability. The increases in

growth rate were species-specific and displacement rates reflected

the relative specific growth rates of the species to a much greater

degree than did differential cell sinking. The effect of changes in

the relative growth rates of the species was particularly great for

the species examined in the present study as they had similar

sinking rates in mixed-species culture. The effect may be reduced

for species with large differences in cell sinking rates.

Cell counts of sunken and suspended cells provide a means of

calculating specific growth rates and sinking rates of the

competitors. These data reveal the relative influence of

differential cell sinking and differential growth rates on species

successions within selective-loss cultures and revealed the greater

importance of differential growth rates in the experiments reported

here. Such Information would be especially useful in cultures of

natural assemblages where the number of competing species is large.

Unforeseen problems, such as apparently negative growth rates, are

also revealed by constructing cell count budgets.

Future experiments could be improved by i) keeping cell

densities low to avoid the potential effects of increases in the

viscosity of the medium due to organic matter excretion by the

algae, ii) monitoring ambient nutrient concentrations daily to
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define their availability in cultures with different sinking

periods, iii) modifying the experimental design to permit sinking

periods and nutrient supply rates to be manipulated independently

and iv) using axenic cultures. With these improvements the

influence of interspecific differences in cell sinking rates on

competition for limiting nutrients may be possible using selective

loss culture.



Table IV.1 Elemental composition and elemental
cultures of Thalassiosira rotula and Chaetoceros sp.
either a 0 or 24 h sinking period and either silicic
bottom sample locations represent cells remaining in
chambers, respectively. Zero hour sinking cultures

Limiting Sinking Species Sample
Nutrient Time (h) Location

ratios for monospecific and mixed-species
cf. vixvisibilis grown in sinking chambers with
acid or nitrate limitation. Data for top and
suspension and those settled to the bottom of the
were stirred by bubbling before sampling.

Elemental Composition Elemental Ratios
(pmol cell) (atoms)

Si C N Si:C Si:N C:N

Si(OH)4 0 L rotula 0.64 10.3 2.2 0.06 0.29 4.6

C. sp. cf. vixvisibilis 0.26 3.0 0.57 0.09 0.46 5.3

24 T. rotula Top - - - - - -
Bottom - - - - - -

C. sp. cf. vixvisibilis Top 0.21 4.4 0.59 0.05 0.36 7.5
Middle - 5.6 0.94 - 6.0
Bottom 0.22 8.1 1.2 0.03 0.18 6.8

NO3 0 T. rotula 0.66 6.6 0.60 0.10 1.10 11

C. sp. cf. vixvisibilis 1.91 6.2 0.46 0.31 4.2 13

24 T. rotula Top 0.42 7.7 0.97 0.06 0.43 7.9
Bottom 0.72 9.3 1.1 0.08 0.65 8.5

C. sp. cf. vixvisibilis Top 2.1 5.0 0.70 0.42 3.0 7.1
Bottom 2.3 11 1.7 0.21 1.4 6.5



Table IV.2 Sinking rates of Thalassiosira rotula and Chaetoceros sp. cf. vixvislbllis determined by
the visual tracking method and from cell count budgets under silicic acid or nitrate limitation. The
designation (mixed) refers to cultures containing both T. rotula and C. sp. cf. vixvisibilis. Errors
represent 95% confidence intervals.

Sinking Time Species
(h)

Sinking Rate (m day)

Silicic Acid Limitation

Visual Cell Count
Method Method

Nitrate Limitation

Visual Cell Count
Method Method

0 T. rotula 0.64 +0.39 - 0.11 +0.02

C. sp. cf. vixvisibilis 0.12 +0.10 - 0.03 +0.03
0.01 +0.02

7 Si(OH), T. rotula - 0.06 - 0.01
12 NO3

C. sp. ci. vixvisibilis - 0.01 0.02

24 T. rotula
(monoculture) 0.66 +0.16 012a - 0.06

(mixed) - * - 0.02

C. sp. cf. vixvisibilis
(monoculture) -0.02 +0.05 0.02 0.01 +0.02 0.00

(mixed) - * - 0.02

a Calculated during rapid growth period at beginning of the experiment.

* Sinking rates highly variable.



Table JV.3 Observed and predicted equilibrium cell growth rates of Thalassiosira rotula and Chaetoceros
sp. cf. vixvisibllis grown in monospecific and mixed species culture over a range of sinking periods with
nitrate or silicic acid as the limiting nutrient. Observed growth rates were calculated from cell count
budgets. Predicted rates reflect the sum of the growth rate required to balance the dilution rate and the loss
rate due to the average sinking rate at equilibrium.

Sinking Time Species Equilibrium Growth Rate Ambient Equilibrium Growth Rate Ambient
(h) NO Limitation [NO3J Si(OH)4 Limitation [Si(OH)4]

(day) (tiM) (day) (uM)

Observed Predicted Observed Predicted

0 T. rotula 039a - 0.06 038a - 0.10

C. sp. cf. vixvisibilis 039a - <0.05 038a - 0.20

T. rotula 0.12 0.39 -0.44 0.38-
+ 0.20 0.53

C. sp. cf. vixvisibilis 0.39 0.39 0.38 0.38

7 Si(OH), T. rotula 0.11 0.46 -0.70 0.43
12 NO3 + - 0.24

C. sp. cf. vixvisibilis 0.39 0.40 0.42 0.41

24 T. rotula 0.62 0.63 0.20 061b 052b -

C. sp. cf. vixvlsibilis 0.38 0.40 0.40 0.48 0.47 0.40

T. rotula 0.02 0.44 -

+ 0.30 0.33
C. sp. cf. vixvisibilis 0.49 0.47 0.48 0.47

a Calculated from: growth rate in (1/(1-D)J where D = dilution rate.

b Calculated at cell density minimum in daily cell counts. I-I
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Table IV.4 Specific uptake rates for Thalassiosira rotula and
Chaetoceros sp. cf. vixvisibilis monocultures grown in random-loss
culture with silicic acid or nitrate limitation. The two uptake
rates reported for silicic acid-limited cells are rates at the
beginning of the increase in cell numbers and at the time of
nutrient exhaustion.

Limiting Species Specific Uptake Rate
Nutrient (day-i)

NO3- T. rotula 1.42

C. sp. cf. vixvisjbilis 1.42

Si(OH)4 T. rotula 0.60 , 0.46

C. sp. cf. vixvisibilis 0.70 , 0.48



Table IV.5 Observed and predicted displacement rates of Thalassiosira rotula when grown in mixed species culture with Chaetoceros
sp. cf. vixvisibilis with silicic acid- and nitrate-limitation and three 8iflking periods. Reported errors in the observed rates are 95%
confidence intervals.

Limiting Sinking Observed Displacement Predicted Displacement
Nutrient Time (h) Rate (days) Rate (days)

By Difference in By Cell Count Sinking By Visual Cell By Cell Count Sinking
Specific Growth Rates and Specific Sinking Rate and Rate and Specific

Rates Growth Rates Specific Uptake Rates Uptake rates

Si(O11)4 0 0.80 +0.07 0.82 0.03

7 1.02 +0.28 1.02 1.10 1.31 , i.59 0.35

24 - - - gone in 1 day 0.88

NOf 0 0.29 +0.03 0.27 - 0.001

12 0.25 +0.03 0.28 0.27 0.18 0.001

24 0.43 +0.07 0.47 0.71 0.47 0.26

a Based upon visually determined sinking rates for Thalassiosira rotula cells from the 0 hr and 24 hr chambers, respectively.
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Table IV.6 Specific displacement rates (day) of the inferior competitor in mixed
species semicontinuous cultures supplied with one of three different culture media
containing different Si:P concentration ratios (calculated from Tilman 1981, Fig. 4 - 9).

Abbreviated species names under each displacement rate designates the species which was
displaced from the culture. A growth rate of 0.29 day1 was required to balance the

dilution rate. Measured displacement rates greater than this value, marked with an

asterisk, indicate apparently negative growth rates.

Species Pair

Asterionella formosa
+

Synedra fusiformis

Asterionella formosa
+

Tabellaria flocculosa

Asterionella formosa
+

Pragillaria crotonensis

Synedra filiformis
+

Fragillaria crotonensis

ynedra filiformis
+

Taballaris flocculosa

Growth Medium

Low Si, High P Intermediate Si and P High Si, Low P

0.12 (S.f.) coexistence 0.16 (A.f.)

0.34* (T.f.) 0.43* (T.f.) 0.18 (T.f.)

coexistence coexistence coexistence

0.13 (S.f.) coexistence coexistence

0.14 (T.f.) 0.34* (T.f.) 0.19 (T.f.)

Fragillaria crotonensis
0.33* (T.f.) 0.17 (T.f.) 0.26 (T.f.)

Tabellaria flocculosa
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Fig. IV.1. Culture chamber used to study the effects of
differential cell sinking rates on the outcome of phytoplankton
species competition for limiting nutrients.
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Fig. IV.2. Time courses of population densities of nitrate-
limited cells grown in random-loss culture. A. Thalassiosira rotula
monoculture (0). B. Cbaetoceros sp. cf. vixvisibilis monoculture
(S) C. T. rotula and Chaetoceros sp. cf. vixvisibilis mixed-
species culture.
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Fig. IV.3. Time courses of cell density, panels A and D; cell
sinking rate and fractional loss rate due to cell sinking; panels B
and E; and specific growth rate, panels C and F for Chaetoceros sp.
cf. vixvisibilis, closed symbols, and Thalassiosira rotula, open
symbols, grown in monoculture with nitrate limitation. Cells were
allowed to settle 24 h prior to the daily dilutions. Large and
small symbols in panels A and D represent cell densities of samples
from the top and bottom of the chambers at the end of the daily
sinking period, respectively. Dashed and solid lined in panels C
and F connect specific growth rates calculated from daily cell
counts and interpolated from samples collects every 2 - 3 days,
respectively. The horizontal line in panels C and F represents the
growth rate necessary to balance the dilution rate. This rate
combined with the fractional loss rate due to cell sinking, panels B
and E, is the growth rate necessary to maintain a steady-state
population within the culture chamber.
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Fig. IV.4. Time courses of cell density, panels A and D; cell
sinking rate and fractional loss rate due to cell sinking, panels B
and E; and specific growth rates, panels C and F; for a mixed-
species culture of Thalassiosira rotula and Chaetoceros sp. cf.
vixvisibilis grown with nitrate limitation. Cells were allowed to
settle for 12 h, panels A - C, or 24 h panels D - F, prior to the
daily dilution and sampling. Symbol and line designations as in
Fig. IV.3.
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Fig. IV.5. Time courses of cell density for silicic acid-
limited, random-loss cultures. A. Thalassiosira rotula monoculture,
B. Chaetoceros sp. cf. vixvisibilis monoculture and C. Thalassiosira
rotula and Cbaetoceros sp. cf. vixvisibilis mixed-species culture.
Symbols as in Fig. IV.2.
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Fig. IV.6. Time courses of cell density, panels A and D; cell
sinking rate and fractional loss rate due to cell sinking, panels B
and E; and specific growth rate, panels C and F; for Chaetoceros sp.
cf. vixvisibilis, panels A-C, and Thalassiosira rotula, panels D-F,
grown in monoculture with silicon limitation. Cells of both species
were allowed to settle for 24 h prior to the daily dilutions.
Symbols and line designations as in Fig. IV.3.
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Fig. IV.7. Time courses of cell density, panels A and D, cell
sinking rates and fractional loss rates due to cell sinking, panels
B and E and specific growth rates, panels C and F, for Thalassiosira
rotula and Chaetoceros sp. cf. vixvisibilis grown in mixed-species
culture with silicon limitation with either a 7 h sinking period,
panels A - C, or 24 h sinking period, panels D - F, just prior to
the daily dilutions. Symbols and line designations as in Fig. IV.3.
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Fig. IV.8. Time courses of nitrate depletion, squares, and
cell density, circles, for monocultures of Thalassiosira rotula,
open symbols, and Chaetoceros sp. cf. vjxvisibilis, filled symbols,
grown in random-loss culture with nitrate limitation. Diamonds
represent the nitrate concentration before the daily dilution and
that calculated just after the daily dilution. The values
calculated for each species fit within the symbols. The lines drawn
along the depletion curves are regression lines calculated for the
linear portion of each curve. Solid bars along the abscissa
represent the dark period within the photocycle.
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Fig. IV.9. Time courses of silicic acid depletion, squares,
cell density, circles, and silicon cell quota, triangles, for
random-loss monocultures of Thalassiosira rotula, open symbols, and
Chaetoceros sp. cf. vixvisibi]is, closed symbols, grown with silicon
limitation. Diamonds represent the silicic acid concentration
before the daily dilution and that calculated just after the daily
dilution. The lines drawn along the depletion curves are regression
lines calculated for the linear portion of each curve. Solid bars
along the abscissa represent the dark period within the photocycle.
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Chapter V

Diatom Species Succession in Gulf Stream Warm-Core Ring 82-B:

Predictions Based on Experimental Results Versus

Observed Species Dynamics

Introduction

An ultimate goal of phytoplankton culture studies is to use

physiological information gained in the laboratory to understand

phytoplankton species dynamics in nature. However, culture

experiments only approximate the complexity of the natural

environment. Extrapolating results of laboratory experiments to

natural systems can be misleading. Agreement between predictions

based on laboratory experiments and species dynamics in nature may

be coincidental; very different mechanisms may operate in the two

systems, and yet yield similar responses. This dilemma can be

largely avoided by direct manipulations of experimental organisms in

their natural habitat. The predator-removal and organism-transplant

methods employed in investigations of marine intertidal community

structure (eg. Paine 1969, Menge 1976 1978, Lubchenco 1978), do not

work in pelagic habitats, where organisms and their environment are

in constant motion. For now, oceanographers rely on correlations



214

between laboratory and field data to support or refute hypotheses.

Forewarned that correlations can not definitively demonstrate cause

and effect relationships, the diatom species dynamics within Gulf

Stream warm-core ring 82-B will be examined for their consistency

with expectations based on observed physical and chemical changes

within the ring, and the physiological attributes of diatom species

isolated from the habitat.

This is a highly speculative endeavor that draws upon

laboratory data from Chapters III and IV, and field observations

discussed in Chapter II and additional results reported here. It is

presented in the spirit of showing major consistencies linking

experimental data to field observations, rather than attempting to

identify causal relationships in the ocean on the basis of culture

data. Thus, while this final overview of the dynamics of diatom

species succession within Gulf Stream warm-core ring 82-B is

consistent with all data, and may be correct, it is far from proven.

Methods

A thorough description of the possible physiological bases of

diatom competition within warm-core ring 82-B requires the

introduction of some new data not presented in earlier chapters of

this dissertation. The methods used in the experiments whose
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results are reported for the first time in this chapter were as

follows.

Intercional Variability - Sufficient numbers of T. rotula were

isolated from warm-core ring 82-B in both April and June to

investigate physiological variability among clones. The clones

represent single-cell or single-chain isolations made within 1 h of

sample collection. This assured that physiological differences

would reflect genetic variability within the natural population.

Interclonal variability in maximal growth rates at 15 and 200C was

investigated. The experimental temperatures were chosen to

represent the April and June surface water temperatures within ring

82-B. The algae were grown in Aquil medium (Morel et al. 1979)

supplemented with 1 riM sodium selenite. Light was provided by Cool

White fluorescent lamps at an intensity of 150 180 m-2 s-i.

Growth rates at each experimental temperature were determined using

the serial dilution, in vivo fluorescence method of Brand and

Guillard (1981). In brief, the algae were grown within 125 mm

borosilicate culture tubes which fit into the cuvette holder of a

Turner, model 10-000R fluorometer. The in vivo fluorescence of each

culture was monitored daily by shaking the culture tubes to

resuspend sunken cells placing the entire culture within the

fluoroineter. Growth rates were calculated from the time course of

fluorescence versus time using least square regression analysis.

Brand and Guillard (1981) have shown that a brief daily exposure to
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the excitation light inside the fluorometer does not significantly

alter diatom growth rates.

Growth Rate vs Irradiance - Growth rate versus irradiance

curves were determined for T. rotula (clone 411), C. sp. cf.

vixvisibilis (clone 847) and Leptocylindrus danicus (clone 793) at

15 and 20°C. The experimental cultures were grown within 125 mm

culture tubes containing Aquil medium (Morel et al. 1979)

supplemented with 1 nM sodium selenite. The experiments were

conducted within water baths held constant to +0.loC. Light was

supplied from below by Cool-White fluorescent lamps. The culture

tubes were placed within beakers containing distilled water and set

atop a series of neutral density screens to create a range in light

intensities. Each beaker was covered with a black, opaque, plastic

hood so that only light passing through the neutral density screens

reached the cultures. Growth rates were determined using the serial

dilution, in vivo fluorescence method of Brand and Guillard (1981)

outlined above.

Growth Rate vs Silicic Acid Concentration - The growth rate

of T. rotula (clone 411) as a function of silicic acid concentration

was determined in chemostat culture at 200C. The culturing

apparatus was the same as used in the silicic acid-limited chemostat

experiments described in Chapter III. Steady state was assumed to

be achieved after cell counts made on five consecutive days showed
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no detectable change in cell density. Steady-state silicic acid

concentrations were measured using the method of Brzezinski and

Nelson (1986), which has a detection limit of 2.0 riM and a precision

of + 15 nM between 100 and 500 riM Si(OH)4.

Results and Discussion

Diatom Species and Habitat Dynamics in Warm-Core Ring 82-B:

Field Observations

Prestratification - In April, the ring was isothermal (15.70C)

to depths ranging from 200 to 350 m, indicating the lack of seasonal

stratification and the effect of recent convective overturn.

Nutrient concentrations were uniformly high ([NO3-] Ca. 5.6 pM,

[Si(OH)41 ca. 2.6 }IM, [P043-} Ca. 0.25 )IM; Fox et al. 1984a)

throughout the isothermal layer. Tracer studies using 3OSi(OH)4

indicated that silica production by the diatom assemblage was not

substrate-limited (Nelson and Brzezinski 1984) and the high nitrate

and orthophosphate concentrations suggest little likelihood of

nitrogen or phosphorus limitation. Critical-depth calculations by

Yentsch and Phinney (1985) and Bishop et al. (submitted) gave values

of 450 m and 285 m, in April respectively, suggesting net increases
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in phytoplankton standing stocks within the 200 to 350 m mixed layer

were possible.

Deep convection within the ring may have been both episodic and

frequent. Satellite images of ocean color reveal a peak in plant

pigment concentration within the ring on April 18, which was no

longer present on April 25 (Brown et al. 1985). Bishop et al.

(1986) describe significant oscillations in ring center near-

surf ace chlorophyll concentrations measured aboard ship on time

scales of 2 to 5 days between April 22 and May 5. Nutrient

concentrations varied inversely with chlorophyll levels, reflecting

the growth of the phytoplankton.

The variations in pigments and nutrients suggest that deep

convection events carried metabolically active phytoplankton to

300 m in the ring. Nelson and Brzezinski (1984) found that net

production of biogenic silica extended to 300 m. Since silica

production is closely coupled to the cell division cycle in diatoms

(Lewin 1962, Darley et al. 1976, Chisholm et al. 1978) these results

indicate that active diatom cell division was occurring at very

great depths within the ring. However, cell division can not be

sustained indefinitely at hypophotic depths, implying that the

diatoms found there must have been within the euphotic zone

recently.

The April diatom assemblage within the upper 100 m of ring 82-B

was dominated by the small diatom Minidiscus triaculatus (Gould,

unpublished data). Large diatoms were rare; however, Thalassiosira



219

rotula and Leptocylindrus danicus were among the dominant species

captured in plankton net tows between 0 and 50 m (personal

observation). Chaetoceros sp. cf. vixvisibilis was not observed

either in cell counts from water bottle samples or in 25 pm plankton

net haul samples (Gould, unpublished data).

Smayda (unpublished data) measured the growth rates of

L. danicus and T. rotula at sea using the dialysis and cage culture

methods of Furnas (1982). The average population growth rate of

both species at 50 Z of surface light was over 1 division day-i

(Table V.1). Thus, between convective events, or upon permanent

thermal stratification of the ring, these species could undergo

considerable population increase. Their relative growth rates

suggest that L. danicus would rapidly outgrow T. rotula.

The ring began to stratify on May 2 and 3, the last two days of

shipboard observations before June 15.

Post-Stratification - Brown et al. (1985) reported that

remotely sensed plant pigment concentrations rose steadily within

the ring between May 2 and 8. No useful images of sea-surface color

were obtained for the rest of May (Brown et al. 1985). Thermal

imagery revealed that a shelf water streamer penetrated the ring on

May 18 and spiraled towards ring center (Evans et al. 1985). Ring

surface waters warmed from 16 to 21°C between May 20 and 25, a

cloudy period, possibly due to an overwash by Gulf Stream water

(Evans et al. 1985). Ship-of-opportunity XBT data confirmed the
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presence of a warm, 10 m, mixed layer during this period (Evans et

al. 1985).

Shipboard observations resumed on June 15. There was a

pronounced thermocline at 25 m and surface water temperature had

risen to 22oC. Surface layer concentrations of nitrate, amiuonium

and silicic acid were colorimetrically undetectable ([NO3-]

< 0.05 pM, [Si(OH)41 <02 pM, [P043-] <0.05 jIM; Fox et al. 1984b).

Phytoplankton biomass was concentrated at ring center and decreased

radially (Nelson et al. 1985). Despite low silicic acid

concentrations, the ring center biomass maximum was dominated by two

diatom species, Chaetoceros sp. cf. vixvlsibilis and Leptocylindrus

danicus, which comprised 39.5 and 41.3 % of the total diatom

assemblage by number, respectively (calculations based on

unpublished cell counts by Gould. Counts from six stations within

20 km of ring center were integrated to 45 m.)

Thalassiosira rotula did not appear in cell counts from the

upper 45 m in June (Gould, unpublished data). Blackwelder and

Hooker (1986) found "Thalassiosjra sp." at densities up to 9900

cells 1-1, below 50 m at eight stations within 26 km of ring center.

This population consisted primarily of deteriorating empty

frustules. Maximum concentrations were found within 10 km of ring

center. Many of the frustules were identified as Thalassiosira

rotula from SEM micrographs (personal observation). Living

Thalassiosira rotula cells did exist in small numbers in the upper

20 in of the ring, as several clones of this species were isolated by
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the author from a 0 - 20 m vertical plankton net tow taken 5 km from

ring center. All other stations during the June cruise were farther

than 10 km from ring center, and net hauls at these locations did

not contain T. rotula, suggesting that the surface living population

was restricted to within a very few kilometers of ring center.

Studies of the silicon dynamics in the upper 80 m of the ring

in June (Chapter II) indicate that silica production by the diatom

assemblage was substrate-limited in the surface layer. Silicic acid

limitation in June appeared to increase between consecutive stations

(Chapter II). This contrasts with the situation in April before

stratification, where the results of kinetic experiments indicated

that the ambient silicic acid concentration (2.6 pM) was saturating

with respect to silica production by the resident diatom assemblage

(Nelson and Brzezinski 1984).

Following stratification, silica dissolution rates exceeded

rates of biogenic silica production above the nutricline by June 20,

when net silica production was confined to the relatively nutrient

rich (>2.0 ,IM Si(OH)4) waters below the nutricline. Specific rates

of biogenic silica production decreased in the surface layer between

June 15 and 20, suggesting reduced diatom growth.

Laboratory Experimental Results:

Interclonal Variability - The physiological data presented in

this dissertation were derived from experiments on single clones of

T. rotula and C. sp. cf. vixvisibilis. Brand et al. (1981) found
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significant interclonal variability in maximal growth rates among

clones of Thalassiosira pseudonana isolated from neritic and oceanic

waters, and a Gulf Stream warm-core ring. Krawiec (1982a)

demonstrated similar intercional variation in the growth response of

T. rotula to temperature, light and salinity. The results of the

experiment to examine interclonal variability in the maximum growth

rate of T. rotula clones show a wide range in division rates among

the April-May clones that was still present in the June population

(Table V.2). The average division rates and the variance about each

mean for the April-May and June clones are statistically

indistinguishable at both 150 and 20°C (Bartlett test for equality

of variances, p = 0.05, t-test for equality of means, p = 0.05;

Neter and Waserman 1974). The population thus remained

heterogeneous with respect to maximal growth rates. This is

surprising since intercional differences in maximal growth rates

might have been expected to eliminate the slower growing clones from

the population between April and June.

The high potential for the displacement of slower growing

clones was illustrated using a simple numerical model to calculate

the relative abundance of each of the April clones as a function of

time when each is growing at its maximal rate at l5oC. Each species

was assumed to have the same initial cell density. The results are

shown in Figure V.1. The slower growing clones isolated from the

April population would be eliminated from the population in a few

days time. The fact that June clones did not have significantly
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higher division rates than April clones argues against strong

selection for faster growing cells in situ.

Much of the nutrient physiology work presented in this

dissertation was performed using L rotula (clone 411) which was one

of the slowest growing isolates (Table V.2). However, this clone

did exhibit a division rate similar to the average population

division rate measured at sea in April (Table V.1). Much of the

following discussion extrapolates findings for this clone to the

entire ring population from April through June. Thus, the

conclusions must be viewed with caution, because of possible

intraspecific variability in physiological capabilities.

Light Limitation - The depth of the mixed layer within the

ring prior to stratification (200 - 350 m) suggests that most

phytoplankton cells spent a large fraction of their division cycle

in poorly lit waters. Though light limitation of phytoplankton

growth was not experimentally verified in the field, the deep mixed

layer (200 - 300 in) and uniformly high nutrient concentrations

suggest that phytoplankton growth was probably light-limited.

Growth rate versus irradiance curves for L. danicus, T. rotula

and C. sp. cf. vixvisibilis at 15 and 20°C are presented in Figure

(V.2). Chaetoceros sp. cf. vixvlsibilis had a higher growth rate

than T. rotula above a light intensity of ca. 50 jiE rn-Z s-i at both

15 and 2Ooc. Leptocylindrus danicus had a higher growth rate than

T. rotula above a light intensity of Ca. 100 yE rn-2 s-i when both
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species were grown with a 12:12 h LD photocycle at 200C. This

result agrees well with the higher growth rate of L. danicus

observed in shipboard cultures by Smayda (unpublished data, 1987)

(Table V.1). Thalassiosira rotula had a slightly higher maximal

growth rate growing under a 14:10 h LD photocycle compared to that

measured for L. danicus under a 12:12 h LD photocycle (The

L. danicus culture was lost in a laboratory accident before the

growth rate versus irradiance curve for this clone under a

14:10 h LD photocycle could be examined). These results combined

suggest that above light intensities of 100 pE m-2 s-i the rank

order of growth rates, from high to low, should be: Chaetoceros sp.

cf. vixvisibilis, L. danicus and T. rotula.

Below light 50 pE rn-2 s-i the growth rates of all three species

converge. It would take many weeks of growth at low light

intensities for any one species to outgrow the others significantly.

The ring stratified at approximately 25 m in early May, implying

that competition based on light-limited growth in a deep mixed layer

was a minor factor in causing the species displacements which

occurred between May and June.

Temperature - The data in Tables V.1 and V.2 indicate that all

three species are capable of growth at both 15 and 20°C.

Thalassiosira rotula was nearly absent from the warm surface waters

in June, despite the fact that every isolate grew faster at 200C

than at 15°C in the laboratory (Table V.2). Nutrient-limited cells
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of T. rotula were also capable of growth at 200C. Brzezinski and

Nelson (1986) report that silicic acid-limited chemostat cultures of

T. rotula (clone 411) grown at 200C were maintained at a dilution

rate of 0.11 day-i for three weeks. Thalassiosira rotula also

achieved steady-state populations in nitrate- and ammonium-limited

chemostat cultures at a dilution rate of 0.30 day-I at 200C (Chapter

III, Fig. 111.8). Thus, surface-layer temperatures never exceeded

the physiological tolerance of T. rotula, even If the cells were

growing with moderate to severe nutrient limitation.

Competition at Maximal Growth Rates - Phytoplankton growth

would be rapid in the surface layer when wann-core ring 82-B

stratified in early May. The relative maximal growth rates and cell

quotas of L rotula, C. sp. cf. vixvisibilis and L. danicus suggest

that growth at high nutrient concentrations would have driven

relative population densities towards that observed in June. This

was demonstrated using a simple computer model to calculate the

relative abundance of the species upon nutrient depletion of the

surface layer. Each species was assumed to grow at the maximal

growth rates given in Fig. V.3 and Table V.2, until either nitrogen

or silicic acid was depleted. Growth rates at i5oC were used as

stratification began on May 2 or 3 when surface temperatures were

near i5oC, and thermal Images of the ring showed no large Increase

in temperature until May 20 (Brown et al. 1985). The average growth

rate of the April-May T. rotula clones was used to parameterize the
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model. This is because the average growth rate of the April-May and

June clones remained constant, suggesting that use of a rate

corresponding to one of the faster growing clones would be

unrealistic. Growth was simulated using the equation:

= Noj x erit (1)

where N1 is the number of cells of species i present after time t,

N01 is the number of cells of species i present at time zero and rj

is the specific rate of population increase of species i. Each

species was assumed to grow at its maximal rate until the nutrients

present at the start of the model are consumed. The initial

concentrations of nitrate and silicic acid were assumed to be those

measured in April before stratification (5.6 jiM NO3, 2.6 pM

Si(OH)4) Cell numbers were incremented at 10 mm intervals. The

nitrogen and silicon cell quotas of the clones in log-phase growth

(Brzezinski 1986, Table 2) were used to adjust the ambient nutrient

concentrations for the number of cells produced. No nutrient

recycling or inputs of new nutrients were allowed. No attempt was

made to model growth as a hyperbolic function of nutrient

concentration as the growth kinetics of these species, though

possibly of utmost importance, are unknown. The effect of order-of-

magnitude differences in the initial relative abundance of the three

species was investigated.
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The model predicts that if only these three species had been

present when the ring stratified, nutrient exhaustion would have

occurred after approximately one week (Table V.3). Leptocylindrus

danicus and C. sp. cf. vixvisjbilis should have outgrown T. rotula,

unless T. rotula had initial densities at least three orders of

magnitude higher than either of the other species. Thalassiosira

rotula may have been far more abundant that C. sp. cf. vixvisibilis

initially, but it was present in densities comparable to that of

L. danicus by the end of April. The higher initial density of

L. danicus would have prevented T. rotula from becoming dominant In

the mixed layer. The model is unable to predict whether L. danicus

or C. sp. cf. vixvisibjlis should have dominated the final diatom

assemblage, since their final relative abundances are sensitive to

their relative initial densities and the initial density of

C. sp. cf. vixvisibilis in the ring is unknown.

The model indicates that silicic acid, rather than nitrate,

should have been depleted first. It is not known which nutrient was

depleted first within the ring. Concurrent growth of diatom and

non-diatom species in the ring may have caused the nitrate

concentration to be depleted faster than predicted. What is known

with certainty is that the concentrations of both nitrate and

silicic acid were below analytical detection limits in ring center

by June 15.
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Nutrient Limitation - Table V.4 summarizes the results of

laboratory competition studies between Chaetoceros sp. cf.

vixvisibilis and Thalassiosira rotula for limiting nutrients

(Chapter Ill, IV). Chaetoceros sp. cf. vixvisibilis displaced

T. rotula with silicic acid, nitrate and ammonium limitation except

when amnionium-limited cells were grown with a photocycle. Whether

these species would coexist in nature with amnionium limitation in

the presence of other species is unknown.

In general, C. sp. cf. vixvisibilis was the superior competitor

under nutrient-limited conditions. Attempts to grow L. danicus in

continuous culture failed, since the cells fragmented under the

agitation required to maintain a homogeneous cell suspension.

However, L. danicus and C. sp. cf. vixvisibilis may have similar

abilities to grow in low-nutrient waters, given that they coexisted

in the ring at approximately equal densities for at least 12 days in

the nutrient-depleted surface layer during June.

The results of the nutrient competition experiments are

consistent with the relative abundances of these three species in

ring 82-B during June. Thalassiosira rotula cells did not appear in

cell counts from the nutrient-depleted surface layer, while

C. sp. cf. vixvisibilis co-dominated the diatom assemblage with

L. danicus.

An additional piece of information supports the idea that

T. rotula would be a poor competitor in the low-nutrient surface

layer. Figure V.3 depicts the steady-state growth rate of L rotula
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(clone 411) as a function of extracellular nutrient concentration in

silicic acid-limited chemostat cultures. The data indicate that

T. rotula (clone 411) was incapable of growth at silicic acid

concentrations less that about 200 nN. Silicic acid concentrations

in the surface layer of the ring in June were sufficiently low

(s 0.2 jiM; Fox et a].. 1984b) to prevent T. rotula cells

physiologically similar to clone 411 from dividing in the surface

layer. These data are consistent with the low densities of

T. rotula found in the surface layer in June.

Differential Cell Sinking - The relative sinking rates of the

species are consistent with the observed displacement of T. rotula

from the surface layer between May and June. The information

presented above suggests that the growth of T. rotula would have

been severely silicic acid-limited in the surface waters of ring

82-B in June. Laboratory cultures of T. rotula (clone 411) had an

average sinking rate of 0.66 m day-i when silicic acid-limited,

while C. sp. cf. vixvisibilis sank at only 0.01 in day-i under

identical conditions (Chapter IV, Table IV.3). No experiments were

performed using L. danicus, but Bienfang and Harrison (1984c) found

that silicic acid-limited natural populations of this genus had very

low sinking rates.

At a sinking rate of 0.66 in day-i L rotula would have sunk out

of the 25 m surface layerin approximately 38 days, while the bulk

of the L. danicus and C. sp. cf. vixvisibilis populations would
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still remain. The sinking rates of other T. rotula clones have been

reported to be 1.15 and 2.3 m day-i by Smayda and Boleyn (1965) and

Eppley et al. (1967), respectively. These higher sinking rates

would reduce displacement times to 10 - 20 days. Stratification

occurred in early May, indicating that the displacement of T. rotula

by June 15 occurred in less than 45 days, well within the estimated

time required for T. rotula to sink out of the 25 in surface layer.

Grazing - The above discussion ignores the effect of grazers

in controlling the diatom species dynamics in warm-core ring 82-B.

Zooplankton (> 64 pm) were found to be capable of consuming

10 to 40 Z of the daily primary production during June (Roman,

unpublished data). In contrast, estimate of grazing rates for the

assemblage of large copepods (>333 pm) during the same cruise

indicate that these animals could only consume < 1 % of the daily

primary production (Cowles, unpublished data). The higher grazing

rate by the > 64 pm fraction compared to that estimated for the

larger grazers suggests that the smaller zooplankton accounted for

most of the grazing activity during June. In addition, the smaller

phytoplankton consumed by these animals may have been turning over

more quickly than larger cells. This is consisted with the fact

that most of the carbon production within the ring was by organisms

which passed through a 10 pm screen (Hitchcock and Smayda,

unpublished data).
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Davis and Wiebe (1985) described the distribution and abundance

of the zooplankton in ring 82-B in June. The diversity of animals

present suggest that phytoplankton of all size would be grazed to

some degree. Cowles (unpublished data) found that the natural

particle size spectrum (ca. 5 to 90 pm) remained relatively constant

during June, indicating that zooplankton grazing pressure was

approximately proportional to the relative growth rates of plants

within this size range. Bishop et al. (1986) estimate that the

zooplankton community as a whole consumed 50 % of the daily primary

production during April and over 100 % of the daily production

during June. Fecal pellets within the upper 100 m of the ring in

June were packed with diatoms (Bishop, personal communication)

suggesting considerable grazing pressure on the diatom assemblage as

a whole. However, no information on the removal rates of individual

phytoplankton species by herbivores is available.

It is important to note that selective grazing of particular

phytoplankton species is not required, though it may have been

occurring, to explain the relative distribution and abundance of

T. rotula and C. sp. cf. vixvisibjlis in June. The inability of

T. rotula to compete for limiting nutrients in the presence of

C. sp. cf. vixvisibills would have been sufficient to displace

T. rotula from the nutrient-depleted surface layer (see above).
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A Scenario of the Physiological Bases of Diatom Species Succession

Accompanying Spring Stratification of Gulf Stream Warm-Core Ring

82-B:

The comparisons among field and laboratory observations

presented above were used to assemble the following hypothetical

description of the phytoplankton species dynamics within ring 82-B

during spring stratification.

The seed stocks of L. danicus and T. rotula were much larger

than that of C. sp. cf. vixvisibilis in April before stratification.

Chaetoceros sp. cf. vixvisibilis was either present in very low

densities in April, or carried into the ring during a streamer event

in mid May. Leptocylindrus danicus, T. rotula and, if present,

C. sp. ef. vixvisibilis all had potential for rapid growth between

convection events.

Stratification occurred in the first week of May, coincident

with satellite observations of a steady increase in plant pigment

concentrations (Brown et al. 1985). The relative maximum growth

rates of the three species during the ensuing diatom bloom drove

relative species abundances towards that observed in June.

Nutrients were probably depleted during the second week of May,

provided all three species were present when stratification

occurred. Chaetoceros sp. cf. vixvisibilis may have been imported

into the ring with a shelf water streamer on May 18, or during a

possible Gulf Stream washover between May 20 and 25, making it
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difficult to use physiological criteria to assess which species

would have dominated upon nutrient depletion.

Once all three species were present in the nutrient-depleted

surface layer, T. rotula would have been displaced from the surface

layer because its inability to sustain cell division at the ambient

silicic acid concentration of < 0.2 pM (see Fig. V.3). This

displacement may have been accelerated by its relatively high

sinking rate with silicic acid limitation. The importance of this

latter effect depends upon the relative importance of sinking and

grazing as phytoplankton removal terms in ring 82-B, which are

unknown. The combined influence of a high sinking rate and the

inability to grow in low silicic acid environments would have led to

the virtual elimination of T. rotula from the surface layer by

June 15. The relatively nutrient-rich waters within and below the

nutricline apparently served as a refugium for the population, since

this is the location where the bulk of the T. rotula population was

observed during June. However, even here much of the population

consisted of what appeared to be deteriorating empty frustules.

Leptocylindrus danicus and C. sp. cf. vixvisibilis co-

dominated at the peak of the bloom. Both species probably had

negligible sinking rates, and the relative numbers of these two

species did not change from June 15 to 26, suggesting comparable

abilities to grow in low-nutrient environments. It is likely that

all species were actively grazed, but the influence of herbivorous

grazing on the phytoplankton species dynamics is unknown.
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Table V.1. Growth rates of diatom species present in Gulf
Stream warm-core ring 82-B in April 1982 determined by shipboard
dialysis and cage culture (Sinayda, unpublished data). The
experiments were conducted on deck. Surface seawater was pumped
through a culture chamber which was covered with a neutral density
screens to reduce the incident light by one half. Growth
experiments were run in duplicate.

Species Growth Rate (division day-i)

Dialysis culture Cage Culture

Leptocylindrus danicus 3.6 4.0
1.3 4.3

Thalassiosira rotula 1.2 1.1
0.9 1.5
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Table V.2. Growth rates of Thalassiosira rotula clones
isolated from the center of Gulf Stream warm-core ring 82-B before
and after seasonal stratification. Experiments were conducted at
temperatures of 15 and 200C with a 12:12 h LD photoperiod. using the
serial dilution, in vivo fluorescence method of Brand and Guillard
(1981). This method yielded individual growth rate estimates with
coefficients of variations of less that 5 % of the reported value.
Nutrients were present in excess.

Isolation Collection Clone Growth Rate
Date Method (divisions day-i)

15oc 2OoC

Pre-stratifjcation

25 April 1982 0 - 200 in 411 1.00 1.73
vert. net tow 416 2.09 2.28

428 1.55 2.16
438 1.26 1.88

3 May 1982 0 - 200 in 603 2.01 2.45
vert. net tow 610 1.41 2.02

= 1.55 2.09

s0.43 s0.26
n 6 n 6

Post-stratification

21 June 1982 0 - 20 in 829 1.72 2.35
vert. net tow 830 1.38 2.02

835 1.34 2.17
848 1.84 2.40

= 1.57 = 2.24
s0.25 s=O.i7
n 4 n= 4



Table V.3 Model results for competition among Leptocylindrus danicus (clone 793), Chaetoceros
sp. cf. vixvisibilis (clone 847) and Thalassiosira rotula (clone 411) under nutrient replete
conditions at 15°C. Initial nutrient concentrations matched those observed in April (5.6 pN NOf,
2.6 p14 Si(OH)4; Fox et al. 1984a). Nutrients were partitioned based on the nitrogen and silicon cell
quotas of log phase cultures of each clone (Brzezinski, 1986; Table 2). The growth rates used were
those of light saturated L. danicus and C. sp. cf. vixvisibilis cultures plotted in Fig. V.2, and the
average growth rate of the April isolates of T. rotula (Table V.2).

Initial Cell Density Final Cell Density Upon Nutrient Exhaustion Time to Nutrient Final Nutrient

(cells m1) (cells .11) Exhauetton Concentration
(days) (uM)

1.. danicus C. ap. Cf. vixvisibilia F. rotula 1.. danicus C. sp. cf. vixviaibilis T. rotula NOf Si(OH)4

1 1 1 2.9 x 3.4 x 1O 9.3 x 8.5 3.4 0.0

10 1 1 2.5 x i06 2.9 x 106 8.4 x 8.4 3.1 0.0

1 10 1 4.3 x 3.5 x 106 2.4 x iO3 7.3 3.5 0.0

1 1 10 2.5 x 2.9 x 106 8.4 x 8.4 3.3 0.0

100 1 1 9.9 x 106 9.6 x 4.3 x 7.8 1.8 0.0

1 100 1 6.3 x 3.6 x 106 5.8 x 102 6.0 3.5 0.0

1 1 100 8.3 x 7.8 x 3.8 x 7.7 2.6 0.0

1000 1 1 1.4 x i07 8.7 x 1.0 x iO3 6.5 1.3 0.0

1 1000 1 9.2 x i02 3.6 x 106 1.4 x 102 4.6 3.5 0.0

1 1 1000 4.9 x 2.7 x 4.9 x 5.8 2.3 0.0
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Table V.4. Summary of the outcome of competition for limiting
nutrients between Thalassiosira rotula (clone 411) and Chaetoceros
sp. cf. vixvisibilis (clone 847) (Chapter 11,111). All experiments
were conducted at a temperature of i9oC.

Limiting Nutrient Photocycle Dominant
Nutrient Supply L:D (h) Species

Silicic Acid 1 Pulse day-i 14:10 C. sp. cf. vixvisibilis

Continuous 24:00 C. sp. cf. vixvisibilis

Nitrate 1 Pulse day-i 14:10

Continuous 24:00

Ammonium Continuous 24:00

1 Pulse day-i 24:00

Continuous 14:10

6 Pulses day-i 14:10

C. sp. cf. vixvisibilis

C. sp. cf. vixvisibilis

C. sp. cf. vixvisibilis

C. sp. cf. vixvisibiiis
Coexistence 1:1
C. sp. cf. vixvisibilis:
T. rotula, by number

Coexistence 3.3:1
C. sp. cf. vixvisibllis:
T. rotula, by number

1 Pulse day-i 14:10 Coexistence 5.1:1
C. sp. cf. vixvisibilis:

T. rotula, by number



238

Fig. V.1. Simulated time course of the relative abundance of
Thalassiosira rotula clones isolated in April from warm-core ring
82-B when all clone are growing at their maximal growth rates at
iSoc (Table V.2). The initial density of all clones was 1 cell i1.
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Fig. V.2. Growth rate versus light intensity of Thalassiosira
rotula (0), Chaetoceros sp. cf. vixvisibilis (S) grown with nutrient
replete conditions on a 14:10 LD h photocycle at 15°C (panel A) and
20°C (panel B). Data for Leptocylindrus danicus (+) and
T. rotula (A.) grown under nutrient replete conditions at 200C on a
r2:12 LD h photocycle are also plotted on panel B. Error bars
indicate the observed range in growth rate observed for triplicate
cultures. Symbols without error bars represent cases where the
range in growth rate fit within the space occupied by the symbol.
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Fig. V.3. Steady state silicic acid-limited growth rate versus
external silicic acid concentration for Thalassiosira rotula
(clone 411) grown in chemostats at 200C. Silicic acid
concentrations were measured by the solvent extraction method of
Brzezinski and Nelson (1986) which has a detection limit of 2 tiN in
seawater.
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Chapter VI

Summary and Conclusions

The major goal of this dissertation has been to evaluate the

role of resource competition in controlling diatom species

succession during spring stratification within Gulf Stream warm-core

ring 82-B. The research focused on two species, Thalassiosira

rotula Meunier (clone 411) and Chaetoceros sp. cf. vixvisjbiljs

Schiller (clone 847), which were isolated from the surface water of

ring 82-B before and after seasonal stratification, respectively.

Thalassiosira rotula exhibited high growth rates before

stratification (Smayda, unpublished data), but was rare and confined

to within a few kilometers of ring center afterwards. In contrast,

Chaetoceros sp. cf. vixvisjbjljs was rare or absent before

stratification, but co-dominated the diatom assemblage with

Leptocylindrus danicus afterwards (Gould, unpublished data). The

physical and chemical changes accompanying seasonal stratification

were examined at sea. Nutrient concentrations were high and

vertically uniform (Ca. 5.6 pM NO3-, Ca. 2.6 jiM Si(OH)4, ca. 0.25 pM

P043; Fox at al. 1984a) to 350 m before stratification in April,

but were all depleted below analytical detection limits (< 0.05 pM

NO3, < 0.2 pM Si(OH)4, < 0.05 pM P043; Fox et al. 1984b) in June

following seasonal stratification which occurred in early May.

Surface water temperatures rose from l5.7oC before stratification to
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over 2Ooc afterwards. Salinity decreased from 36.0 - 36.3 0/00 to

35.3 - 35.75 0/00 between April and June, indicating that

stratification was accompanied by some exchange with the surrounding

water. A phytoplankton biomass maximum, dominated by diatoms,

formed in ring center following stratification. Since diatom

succession was of major interest, the cycling of silicic acid within

the ring was studied in detail using silicon isotopes. The relative

abilities of C. sp. cf. vixvisibilis and T. rotula to compete for

silicate, nitrate and ammonium were determined in laboratory

culture.

Silicon Cycling and Limitation within Gulf Stream Warm-Core Ring

82-B:

The production rate of biogenic silica by the diatom assemblage

within the surface waters of ring 82-B in June was limited by the

low ambient silicic acid concentration (< 0.2 rM, Fox et al. 1984b).

This condition contrasts sharply with that in the same ring in

April, when silicic acid was present at 2.6 jiM throughout the upper

350 m and kinetic experiments showed this concentration to be

saturating with respect to silica production by the resident diatom

assemblage. Half-saturation constants for biogenic silica

production in ring 82-B in June were similar to those found in

another nutrient-depleted Gulf Stream warm-core ring (81D in

September 1981) and were approximately 4 to 8 times lower than has
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been reported for both diatom cultures and natural diatom

assemblages. Previous studies of silica production kinetics have

emphasized more nutrient-rich environments and diatoms isolated from

them. It is possible that the kinetic parameters reported here are

more representative of diatoms in the large, nutrient-depleted

central-gyre systems of the ocean.

Indirect evidence based upon the observed production kinetics

and the difference between production rates measured at 30S1(OH)4

tracer additions of 0.25 and 0.50 pM suggests that ambient silicic

acid concentrations in the surface layer of ring 82-B, though

unmeasurable (<0.2 pM) at all times in June, may have been

decreasing between June 15 and June 26, as nitrate concentrations

are known to have been.

On average, over 80 % of the biogenic silica production within

the upper 80 m of the ring in June could be supported by in situ

dissolution of biogenic silica. In contrast, only 38 % of the

silica production in the upper 110 m in April could be supported by

in situ nutrient regeneration of this kind. The transition from

silica production being supported mainly by "new" silicic acid prior

to stratification to the majority of production being supported by

"regeneraated" silicic acid afterwards is the first observation of a

seasonal trend in the silicon cycle in the surface ocean.

The nutricline formed a boundary between two very different

patterns of silicon cycling within the ring. Most, if not all, of

the silica production within the nutrient-depleted surface layer
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could be supported by in situ dissolution of silicic acid, while

half or more of the silica production within and below the

therinocline was supported by "new" silicic acid. Net silica

production was confined to the relatively nutrient-rich waters

within and below the nutricline by the end of the June cruise.

These results, combined with data on the cycling of nitrogen,

support the hypothesis that warm-core rings can, at times, display

two-layered photic zone dynamics similar to those demonstrated or

hypothesized in other oceanic systems.

Silica production rates within the ring were nearly an order of

magnitude lower than those reported from productive areas within

coastal upwelling regions, the Ross Sea and the Bering Sea.

However, production rates were comparable to those in Gulf Stream

warm-core ring 8lD, and exceeded those reported from open-ocean

oligotrophic waters of the Antarctic Circumpolar Current. The

relatively low silica production rates within ring 82-B may be

typical of large oligotrophic oceanic gyres, such as the Sargasso

Sea, where modest, but persistent, diatom production maintains

extremely low surface silicic acid concentrations nearly year round.

Interspecific Competition for Limiting Nutrients

Chaetoceros sp. cf. vixvisibilis displaced Thalassiosira rotula

from nitrate- animonium- and silicic acid-limited continuous cultures

with constant illumination. Competition for nitrate or silicic acid
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with a 14:10 h LD photocycle and a periodic or continuous nutrient

supply also resulted in dominance by C. sp. cf. vixvisibilis. In

contrast, coexistence occurred with both continuous and pulsed

anmionium supplies with a 14:10 h LD photocycle.

A photoperiod was necessary and sufficient to permit

coexistence with a constant ammonium supply. Two phytoplankton

species cannot coexist on a single limiting nutrient when all other

resources are supplied continuously (Taylor and Williams 1975). The

coexistence observed with a photocycle is consistent with the idea

that the photocycle induced diel cycles of anunonium uptake in each

species, and that these cycles were out of phase. Under these

conditions the ammonium supply would be effectively shared, provided

the separation in uptake activity by the species is sufficiently

large (Chisholm and Nobbs 1976).

Coexistence also occurred when anunonium was added in either six

pulses or one pulse per day. However, the relative density of

T. rotula decreased as ammonium additions were less frequent,

suggesting that the coexistence with periodic ammonium supplies

involved an interaction between the photocycle and the frequency of

ammonium addition on the phasing of nutrient uptake. The reason why

coexistence was confined to amnionium-limited algae grown with a

photocycle is unclear.

The nutrient uptake rates and cell quotas of each species were

consistent with the observed coexistence and competitive

displacements with a pulsed anunonium supply. This was demonstrated
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using numerical models to simulate resource competition within the

mixed-species cultures. The models predicted that L rotula would

be displaced under constant illumination as observed. The ammonium

uptake rate of T. rotula was shown to be insufficient for this

species to sustain a specific growth rate equal to the dilution rate

when C. sp. cf. vixvisibilis was also present. However, the

ammonium uptake rates and cell quotas of the species changed when

light was provided on a 14:10 h LD photocycle. These rates and

quotas were shown to be consistent with the observed coexistence

with a photocycle. The mechanism leading to coexistence appeared to

involve changes in the timing or kinetics of nutrient uptake and/or

assimilation over a diel cycle induced by the photocycle.

Many past studies of nutrient competition have employed semi-

Continuous culture methods (Titman 1976, deJong and Admiraal 1984,

Tilman 1977, Tilman 1981, Kilham 1984) and/or photocycles (Lange

1974, Titman 1976, Tilman 1977, Tilman 1981, Tilman et al. 1981,

deJong and Admiraal 1984, Kilham 1984, Tilman and Sterner 1984) with

periodic rather than continuous supplies of the limiting nutrient

and/or light energy. It has been assumed that semi-continuous

culture with a photocycle sufficiently approximates growth

conditions in a chemostat to permit analysis using equations

governing growth in a chemostat. My results indicate that a

photocycle can significantly alter the outcome of nutrient

competition. Furthermore, the change in the relative density of the

species coexisting with different frequencies of ammonium addition
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serves as a warning that competition in semi-continuous culture

differs from that in a true chemostat. Periodic nutrient supplies

have also been shown to alter phytoplankton dominance in continuous

cultures of natural populations (Turpin and Harrison 1979, Sommer

1984). Care should be taken to insure that the assumptions

underlying the equations used to analyze the growth dynamics of

phytoplankton within a particular culture system are not violated by

the system design or operation.

The Effect of Differential Cell Sinking Rates

Chaetoceros sp. ef. vixvisibilis displaced T. rotula in silicic

acid- and nitrate-limited semi-continuous cultures irrespective of

whether the cultures were mixed before the daily dilution (random

loss) or sunken cells were removed selectively (selective loss).

However, displacement rates increased in selective-loss cultures.

The increases were not caused by differential cell sinking, since

the species had similar sinking rates in mixed-species culture. The

increased displacement rates resulted from changes in the relative

specific growth rates of the species in selective-loss culture.

This effect, which may occur in most or all experiments using

selective-loss cultures, has not been considered in previous reports

and is summarized below:

Cell removal rates exceed dilution rates in cultures where

sunken cells are removed selectively. The resulting increase in
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limiting nutrient availability supports specific growth rates in

excess of the dilution rate, and alters competitive displacement

rates in mixed-species culture. The results indicate that changes

in nutrient availability, rather than differential cell sinking, can

significantly influence competition in selective-loss culture

experiments.

Direct measures of cell sinking rates indicate that T. rotula

sank at rates up to 0.66 m day-i with silicic acid limitation.

Sinking rates were lower, 0.11 m day-i or less, with nitrate

limitation. Chaetoceros sp. cf. vixvisibilis had near-zero sinking

rates when limited by either nutrient.

Consistency of Laboratory Data and Field Observations:

The results of the laboratory competition experiments were

examined for their consistency with the observed nutrient and diatom

species dynamics within Gulf Stream warm-core ring 82-B. This

comparison resulted in the following description of the

physiological bases of the population dynamics of Thalassiosira

rotula and Chaetoceros sp. cf. vixvisibilis and Leptocylindrus

danicus accompanying seasonal stratification.

In April, before stratification, cells were mixed to at least

300 m within the ring. The growth rate of T. rotula and L. danicus

measured at sea in shipboard dialysis and cage cultures averaged 1.2

and 3.3 divisions day-i, respectively (Smayda, unpublished data),
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indicating a high growth potential for both species upon

stratification with advantage given to L. danicus. Chaetoceros sp.

cf. vixvisibjljs was not observed within the ring in April (Gould,

unpublished data). Thus, it was either present at very low

densities prior to stratification or carried into the ring during

one of two streamer events in May after seasonal stratification

(Evans et al. 1985). The relative maximal growth rates of the

species in laboratory culture indicated that L. danicus and

C. sp. cf. vixvisibilis would outgrow T. rotula prior to depletion

of nutrients from the surface layer. Consequently, C. sp. ef.

vixvisibilis would have displaced the remainingT. rotula population

regardless of whether nitrogen or silicic acid were limiting.

The sinking rate of T. rotula measured with nutrient-replete

and nutrient-limited conditions in the laboratory was sufficient to

have removed this species from the surface layer during the period

between cruises, May 3 to June 15, while the low sinking rates of

C. sp. cf. vjxvisibiljs and L. danicus could have maintained the

majority of their populations in the surface waters despite the

onset of nutrient limitation. Indeed, C. sp. cf. vixvislbilis and

L. danicus co-dominated the diatom assemblage after spring strat-

ification, while T. rotula persisted only in low densities, only in

the relatively nutrient-rich waters within and below the nutricline,

and only within a few kilometers of the center of the ring

(Blackwelder and Hooker 1986). Furthermore, many of the T. rotula
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frustules found below the nutricline did not contain cytoplasm and

appeared to be deteriorating.

Thus, all available laboratory and field data from the work

reported in this dissertation and other studies of ring 82-B support

the following conclusions:

1. Upon stratification, L. danicus and, if present, C. sp. cf.

vixvisibilis would have outgrown T. rotula in the initially

nutrient-rich surface layer resulting in dominance by L. danicus and

C. sp. cf. vixvisibilis upon depletion of nutrients in the mixed

layer.

2. Chaetoceros sp. cf. vixvisibi]is would have outgrown

T. rotula in the nutrient-depleted surface layer when limited by

either nitrogen or silicon.

3. The competitive advantage of C. sp. cf. vixvisibilis over

T. rotula under nutrient limitation would have been intensified by

the greater sinking rate of T. rotula. This effect would have been

greatest with silicic acid limitation, and there is direct evidence

that the diatom assemblage was experiencing some degree of silicic

acid limitation in June.

4. By June the relatively nutrient-rich waters within and below

the nutricline were the only remaining refuge for the nutrient-
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inefficient, fast-sinking T. rotula population, while C.sp. cf.

vixvisibilis was one of two dominant species within the surface

layer in which all of the major nutrients were depleted to levels

below conventional analytical detection limits.

The physiology of L. danicos, C. sp. cf. vixvisibilis and

T. rotula are thus consistent with their population dynamics in the

field, suggesting that competition for limiting nutrients and

interspecific differences in cell sinking rates were important

factors influencing diatom species succession within Gulf Stream

warm-core ring 82-B following seasonal stratification.

Recommendations for Future Investigations

The experimental approach to phytop].ankton competition taken in

the dissertation differs from many past studies of phytoplankton

competition for limiting nutrients in that the effect of

environmental variability was stressed, rather that the relative

abilities of species to compete in a constant environment. This may

be a more realistic approach as variability in nutrient supply rates

is common in the ocean. Wind mixing entrains nutrients from below

the pycnocline on a discontinuous basis, as would the breaking of

internal gravity waves. Even in strongly stratified systems where

constant, undetectable nutrient concentrations suggest that

phytoplankton demand for macronutrients is in approximate balance
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with supply spatial and temporal variability in nutrient supply

rates can be expected. Some nutrients, such as ammonium and urea,

may be present in micron-sized patches (Goldman et al. 1979, Lehman

and Scavia 1982a b). These regenerated nitrogenous species are

commonly the main sources of nitrogen to the phytoplankton within

the euphotic zones of strongly stratified systems (Eppley and

Peterson 1979). Thus, spatial variability in ammonium and urea

concentrations would lead to temporal variations in the supply of

the main source of nitrogen to the phytoplankton, since encounters

between pbytoplankton cells and micropatches are probably sporadic.

Other important resources, such as light energy, vary in time

and space on a variety of temporal scales in the surface ocean. The

average light intensity reaching the sea surface varies with cloud

cover and the photoperiod change with the seasons. Light intensity

decreases exponentially with depth in the euphotic zone, so that the

light available to a phytoplankton cell at any point in time depends

upon its instantaneous position in a turbulent surface layer, as

well as on the time of day and weather conditions. Mixing events

which can entrain nutrients from beneath the nutricline also retard

cell sinking.

The importance of environmental variability in influencing

phytoplankton competition has been demonstrated in culture (Turpin

and Harrison 1979, Sommer 1985, Harrison et al. 1986, Chapter III)

and in small scale mesocosms (Davis 1982). While such experiments

are typically logistically complex they approximate natural systems
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only crudely. However, the results of carefully controlled, albeit

idealized, culture experiments can reveal the mechanisms whereby

environmental variability can influence the physiology, and

therefore the competitive ability, of planktonic algae (Olson and

Chisholm 1983, Wheeler et al. 1983, Plumley and Darley 1985,

Chapter III). The mechanisms governing phytoplankton competition in

the laboratory give insight into the potential mechanisms operating

in nature. Thus, such experiments are invaluable for directing the

focus of field research.

It is currently difficult to investigate whether the mechanisms

governing competition in culture actually operate in situ. The

problems are mainly technological. Species-specific data on

nutrient uptake and division rates in natural systems are few

(Stross and Pemrick 1974, Doyle and Poore 1974, Smayda 1975, Weiler

and Chisholm 1976, Rivkin 1986), and currently impossible to obtain

f or many species. To date, there is no way of determining which

nutrient limits the growth of a given species within a natural

phytoplankton assemblage. In addition, nutrient supply rates are

not easily measured and nutrient pulses may occur on micron scales

(Goldman at al. 1979, Lehman and Scavia 1982a b), which are far

below current sampling resolution. However, advanced methods for

examining the dynamics of individual species and cells are becoming

available. These include flow cytometry (Olson et al. 1983, Yentsch

et al. 1983, Olson et al. 1985), autoradiography (Knoechel and

Kalff 1976a b) and 68Ge tracers (Rivkin 1986). These methods
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combined with recent advances in nutrient analyses (Garside 1982,

Brzezinski and Nelson 1986, Brzezinski 1986) may eventually provide

the technology required to examine the nutrient competition in situ.

A comprehensive understanding of phytoplankton competition and

succession requires an accurate estimate of phytoplankton mortality

rates. The major loss terms for phytoplankton are herbivorous

grazing and cell sinking. Estimates of the effects of selective

grazing and differential cell sinking were not obtained during the

study of ring 82-B reported here. Future studies may be able to

estimate differential mortality rates among phytoplankton species

directly by examining fecal pellets and sunken cells collected in

sediment traps deployed just below the surface layer. Combining

such a sampling effort with time-series investigations of

phytoplankton species abundance, nutrient cycling and the

physiological responses of individual phytoplankton species or cells

to changes in the habitat would provide the first holistic

examination of phytoplankton competition and succession in a natural

system.
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