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The Biology of Algae 

The biology of algae is a duty, or a task, 
That consumes the better portion of your time 

In the sampling of waters from an ocean, or a flask, 
Or a snow-field, or a gutter-full of slime. 

You get cold, and wet, and grubby: you get dusty, hot, and dry; 
You get dismal, and dejected, and defied; 

But you'll find that, if you're lucky - if you're good - and if you try, 
You can do a little science on the side. 

R. A. Lewin (1971) 
"The Biology of Algae" (Verse 1) 
Phycol. Newsletter 7:1 
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Abstract 
The effects of light and nutrients on the buoyancy of marine planktnnic diatoms and 

the potential biogeochemical consequences of vertical movements of diatoms in coastal and 

open-ocean ecosystems were examined. A study of a relatively small coastal diatom 

(Thalassiosira weissflogii) in an experimental water column showed that under nitrate-

replete conditions, T. weissflogii grew rapidly and exhibited nearly-neutral buoyancy, but 

that cells sank after depletion of ambient nitrate. Experiments showed that increased 

carbohydrate ballast in nitrate-depleted cells may have caused the increased sinking of cells 

in the tank, and that reversion of chemical composition upon re-introduction of nitrate can 

result in detectable increases in cell buoyancy. The biogeochemical consequences of 

nutrient-dependent changes in sinking rates of small diatoms include increased residence 

time of cells in the mixed layer of the ocean and enhanced transport of deep nutrients to the 

euphotic zone uncoupled from inputs of inorganic carbon. 

Time-course experiments involving the large, buoyant diatom, Rhizosolenia 

formosa, examined changes in chemical composition and buoyancy during nitrate-replete 

growth, N-starvation, and recovery. Cells could maintain unbalanced growth for at least 53 

h after depletion of ambient nitrate. Increases in C:N and carbohydrate:protein ratios 

observed during N-depletion reversed upon re-introduction of nitrate to culture medium. 

Buoyancy was related to nutrition: upon N-depletion, the percentage of positively buoyant 

cells decreased, but increased within 12 h of nitrate re-addition. Rhizosolenia formosa took 

up nitrate in the dark at rates three times their N-specific growth rates, indicating the 

potential for luxury consumption of nitrate which can be stored for later use in N-depleted 

surface waters. These results are consistent with purported vertical migrations of 

Rhizosolenia in nature. Cells may survive fairly long periods in N-depleted surface waters 

and will continue to take up carbon, then can resume nitrate uptake and will become more 

buoyant upon returning to deep water sources of nitrate. 

The potential contribution of migrations of Rhizosolenia to open-ocean new 

production was examined using a numerical model which predicted fluxes of carbon and 

nitrogen during a steady-state migration cycle, specific rates of increase of biomass, total 

migration cycle times, and vertical distributions. Modeled fluxes of POC and PON 

normalized to integrated water column abundance were used to derive a factor, <p (d~l), 

which was then combined with literature estimates of Rhizosolenia abundance to predict 

fluxes of POC and PON. New production estimated by the model was on order of 5 

umoles N m"2 d"l; this value represents up to 4% of new production that results from 

turbulent diffusive fluxes of N. 
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Chapter 1 

Introduction 
The suspension and sinking of marine planktonic diatoms has been the subject of 

scientific research for over a century (e.g. Hensen 1887). Early studies were concerned 

with how diatoms remain suspended in the euphotic zone (see Smayda 1970). Later work 

recognized that continuous residency in the euphotic zone is not necessarily advantageous, 

and that sinking to nutrient-rich deep waters is a strategy crucial to the survival of diatoms 

in some oceanic regions (Smetacek 1985). Buoyancy regulation allows diatoms to achieve 

both suspended and sinking modes of existence, and it is now generally accepted that, to 

varying degrees, diatoms can regulate their buoyancy independent of movements of the 

surrounding water (Smayda 1970, Bienfang and Szyper 1982). 

The extent to which a diatom can control its buoyancy is partly determined by its 

ratio of total cell volume (including contributions from the silica cell wall) to its internal cell 

volume (Smayda 1970, Villareal 1988). Physiological regulation of buoyancy involves 

changes in the internal density of the cell. Assuming equal thickness of cell walls, cells 

with larger internal volumes have higher capacities for changing internal density, thus 

higher capacities for buoyancy regulation. Large cells (>100 um) may achieve positive 

buoyancy (Villareal 1988, 1992); small cells (<50 urn) may be near-neutrally buoyant 

(Strickland et al. 1968, Takahashi and Bienfang 1983, Richardson and Cullen 1995). Li all 

size classes, control of buoyancy may be manifested as increases or decreases in cell 
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sinking velocities which are often the result of changes in the light and nutrient status of the 

organism (Steele and Yentsch 1960, Bienfang et al. 1982,1983, Waite et al. 1992 a, b). 

In this thesis, I examine the effects of light and nutrients on the chemical 

composition and buoyancy of marine planktonic diatoms and I investigate the potential 

ecological and biogeochemical consequences of vertical movements of diatoms in coastal 

and open-ocean regions. Vertical movements of diatoms, for the purpose of this thesis, 

include both the sinking and resuspension of small cellu by advection, upwelling, or 

turbulence, as well as vertical movements in the form of migrations by large diatoms such 

as Rhizosolenia and Ethmodiscus, this ability is made possible by their large capacity for 

buoyancy change (Villareal et al. 1993, Villareal and Carpenter 1994). This thesis is 

essentially three scientific publications linked together by a general Introduction (Ch. 1) and 

overall Conclusions (Ch. 5). The nature of the thesis, therefore, has produced some degree 

of repetition of background information in the Introduction and Discussion sections of the 

various chapters. 

Chapter 2 presents results which show the importance of nutrients to the 

maintenance of buoyancy in a coastal diatom, Thalassiosira weissflogii. Vertical 

distributions of this diatom in a 2.1 m tall laboratory water column were determined under 

nitrate-replete and nitrate-depleted conditions. Batch culture experiments and modeling 

exercises were used to determine possible cause? of the observed changes in vertical 

distribution, and results were discussed in terms of the biogeochemical consequences of 

nutrient-dependent changes in sinking rates of small diatoms. 

Chapter 3 presents results of experiments with the large, sometimes positively 

buoyant diatom Rhizosolenia formosa. This organism was used to examine further the 

relationship between chemical composition and cell buoyancy, and to assess whether 

physiological characteristics of R. formosa were consistent with the ability to migrate 

vertically in the open-ocean. The potential biogeochemical consequences of migrations of 

Rhizosolenia are discussed, and are investigated more fully in Chapter 4, where a 
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numerical model is used to estimate the potential contributions of migrations of 

Rhizosolenia to nutrient cycling and new production in the open-ocean. The model also 

predicts the vertical distribution of biomass, specific rates of increase and total migration 

cycle times. 

Finally, I conclude by summarizing the major findings of this research, namely, 

that reversible changes in the chemical composition of Thalassiosira weissflogii and 

Rhizosolenia formosa with variations in light and nutrient regimes affect cell buoyancy. 

Buoyancy changes lead to increases or decreases in cell sinking rate, and, for the case of 

Rhizosolenia, reversions in buoyancy state allow vertical migrations of these cells through 

the water column. The upward transport of nitrogen during migrations of Rhizosolenia is a 

form of new production (sensu Dugdale and Goering 1967), and may represent at most 4% 

of new production that results from the turbulent diffusion of nitrate into the euphotic zone. 



Chapter 2 

Changes in buoyancy and chemical 
composition during growth of a coastal 
marine diatom 

2.1 Introduction 
Suspension and sinking of marine phytoplankton have received considerable 

attention in recent years due to increased interest in the flux of organic material to the deep 

sea (Michaels and Silver 1988, Jahnke 1990). Since an organism's vertical position in the 

water column will ultimately determine its overall primary productivity and growth, an 

understanding of mechanisms of suspension and sinking is critLdl to accurate descriptions 

of marine ecosystems (Smayda 1970, Walsby and Reynolds 1980). 

Stokes' law is usually used to describe the sinking rate of phytoplankton cells 

(Smayda 1970, Vogel 1981, Oliver 1994): 

y=2 gr\p-p>) 
9 U0r 

where V is the sinking rate of the cell (m s"1) (positive in the downwards direction), g is 

acceleration due to gravity (m s"2), r is cell ra "ns (m), p is intracellular density (kg m"3), 

p ' is the density of sea water (kg m"3), (X is the riamic viscosity of sea water (kg m"1 s"1) 

and </>r is a dimensionless coefficient of form resistance, which is the ratio of the velocity of 
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an equivalent sphere to that of cells of similar density and volume (Heaney and Butterwick 

1985). The (p-p') term is known as excess density. A list of symbols and definitions is 

found in Table 2.1. 

Motile phytoplankton are capable of directed swimming and can control their 

position in the water column (e.g. Cullen 1985), while the vertical position of non-motile 

phytoplankton is determined by interactions between the buoyancy of a cell and its physical 

environment (Smayda 1970). Cell buoyancy is affected by changes in excess density. 

Physiological changes in excess density may include changes in internal ion concentration 

(Gross and Zeuthen 1948, Beklemishev et al. 1961, Anderson and Sweeney 1977, 

Anderson and Sweeney 1978, Kahn and Swift 1978), internal carbohydrate concentration 

(Villareal and Carpenter 1990, Romans et al. 1994), or the production of gas vesicles, an 

adaptation found in many species of freshwater and marine cyanobacteria (Walsby 1978, 

also reviewed by Oliver 1994). The most comprehensive studies of changes in excess 

density have concerned the buoyancy of cyanobacteria, where overall buoyancy conferred 

by gas vesicles can be modified by changes in cellular carbohydrate (e.g. van Rijn and 

Shilo 1985, Walsby et al. 1989, Ibelings et al. 1901, Romans et al. 1994). The density of 

carbohydrate (1600 kg nr3) is greater than the density of cellular constituents like protein 

(1300 kg m"3) and lipid (860 kg m"3), thus increases in the proportion of carbohydrate will 

increase the excess density of the cell, resulting in increased sinking velocities (see Smayda 

1970). 

Physiological changes in buoyancy may be independent of changes in density of 

surrounding sea water (Bienfang and Szyper 1982), and of any morphological adaptations 

to suspension (Smayda and Boleyn 1966a, b), though some morphological adaptations 

(like the production of chitin fibres by Thalassiosira weissflogii, see Walsby and Xypolyta 

1977) may contribute to an increase in the coefficient of form resistance which will slow 

the sinking speed of the cell. Cell buoyancy may depend on the light and nutrient status of 

the organism (Steele and Yentsch 1960, Bienfang et al. 1982, Bienfang et al. 1983, 
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Table 2.1: List of symbols and definitions for Chapter 2. 

Symbol 

V 

8 

P 

P 
• i 

H 

r 

<t>r 

PAR 

t 

Chlt 

Chlt-At 

Kmax 

N 

Ks 

W 

Ts 

ws 

td 

P 

Definition 

Cell sinking rate 

Acceleration due 
to gravity 

Intracellular density 

Seawater density 

Dynamic viscosity of 
seawater 

Cell radius 

Coefficient of form 
resistance 

Photosynthetically 
available radiation 

time 

Chlorophyll 
concentration at time 

t 

Chlorophyll 
concentration on 

previous day 

Maximum specific 
growth rate 

Nitrate concentration 

Half saturation 
constant for nitrate 

uptake 
Total loss rate 

Timescale for 
increased sinking 

Maximum specific 
loss rate 

Time since N 
depletion 

Significance level 

Value 

variable 

9.8 

variable 

variable 

variable 

variable 

variable 

variable 

variable 

variable 

variable 

variable 

variable 

variable 

variable 
variable 

variable 

variable 

Units 

ms"1 

ms~2 

kgm"3 

kgm"3 

kg nr1 s"1 

m 

dimensionless 

umol quanta m"2 s"1 

d 

mgnr3 

mgnr3 

d-1 

MM 

MM 

d-l 
d 

d-1 

d 

dimensionless 
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Bienfang and Harrison 1984, Granata 1987, Waite et al. 1992a,b) and may require 

significant inputs of metabolic energy (Waite et al. 1992c). 

Buoyancy changes give phytoplankton distinct ecological advantages. For example, 

it can be advantageous for cells to have low excess density so they will remain suspended 

in the illuminated waters of the euphotic zone. Often, however, nutrient levels in 

illuminated waters do not become significant until well below the euphotic zone (e.g. 

Hayward 1991). Thus, buoyancy changes that cause cells to sink to deeper layers to obtain 

nutrients are also of great potential benefit. Sinking of cells following diatom blooms is 

thought to be a survival strategy whereby cells become "resting stages" in dark, cold water 

and are then ready to seed a new population when conditions are right (Smetacek 1985). 

Changes in buoyancy may also cause cell sinking rates to slow, and often result in 

accumulation of cells in subsurface maxima near nutrient gradients (Steele and Yentsch 

1960, Heaney et al. 1989). Lande and Wood (1987) calculated residence times of cells in 

the surface mixed layer and nutricline of a two-layer model of the upper ocean. Cells whose 

sinking rates slowed to 1 m d"1 at the top of the nutricline (from 4 m d_1 in the mixed layer) 

were shown to spend a substantially longer time in the mixed layer than cells with sinking 

rates that did not change, because the more slowly sinking cells had greater probability of 

being mixed back up to the surface. Prolonged cycles of sinking and resuspension meant 

that cells were "shuttled" between nutrient-rich (deeper) waters, and higher irradiance 

surface layers (Lande and Wood 1987). 

In this section, I focus on the buoyancy of a relatively small coastal marine diatom, 

and on the connection between cell buoyancy, nutrient status, and cellular chemical 

composition. Experiments performed in a 2.1 m tall laboratory water column showed that a 

population of nutrient-replete Thalassiosira weissflogii was almost neutrally buoyant, but 

once nutrients ran out the nearly-neutral buoyancy was lost. To determine the mechanism 

of sinking, I examined changes that occur in carbohydrate and protein during nutrient 

depletion and how changes in these constituents may affect cell sin ing rates. Results are 
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discussed in terms of the ecological advantages of buoyancy changes, both with respect to 

increased sinking rates upon nutrient depletion and decreased sinking rates when nutrient-

replete. Finally, I discuss the potential biogeochemical consequences of buoyancy changes 

through unbalanced growth. 

2.2 Methods 

2.2.1 Tank experiments 

Unialgal cultures of the marine diatom Thalassiosira weissflogii (Provasoli-Guillard 

Center for Culture of Marine Phytoplankton strain #1336) were grown in 10 1 

polycarbonate carboys which contained 81 of sterile-filtered artificial sea water (ASW)-

based f/2 medium (Guillard 1972) with nitrate concentration adjusted to 440 yM. Sterile 

filtration was done using a 0.2 u.m Culture Capsule filter (Gelman Sciences, Ann Arbor, 

Michigan). Cells were grown at 20°C, on a 16h:8h lightdark (L:D) cycle. Illumination was 

from 7 Vita-Lite fluorescent lamps providing a quantum scalar irradiance of 150 nmol m-2 

s"1 (photosyntheticaUy active radiation, PAR) as measured by a Biospherical Instruments 

QSL-100 4jt sensor placed just outside the culture containers 

Experiments were conducted in a 2.1 m tall, 0.29 m inner diameter (i.d.) opaque 

polyvinylchloride cylinder (Fig 2.1; see Heaney and Eppley 1981, CuUen and Horrigan 

1981). The bottom of the tank was surrounded by a barrel through which 9°C water was 

circulated to produce temperature stratification. The top portion of the tank was wrapped 

with an insulating blanket to conserve heat and to maintain a stable temperature gradient. 

Illumination was provided from above on a 12h:12h L:D cycle (lights on from 08:00 to 

20:00) using a 250-watt metal halide Grow Lamp (Applied Hydroponics, Inc., San Rafael, 

CA) shining through a running-water heat filter made of clear acrylic. Irradiance just below 

the surface water of the tank was approximately 150 (xmol m'2 s_1 PAR as measured with a 

QSL-100 submersible sensor. Room temperature averaged 20°C, though variations (± 3°C) 

! 
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Figure 2.1: Schematic of tank experiment apparatus. 
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occurred due to heating by the lamp during the day and cooling of the ambient air at night; 

variations in water temperature were minimized by the insulating blanket 

The tank was filled with 1001 of sterile-filtered ASW-based f/2 medium without 

nitrate, and was inoculated with the 8 1 culture of exponential phase Thalassiosira 

weissflogii described above. Nearly uniform vertical distribution of the culture was 

achieved by pumping the inoculum of T. weissflogii into the tank using a Masterflex 

peristaltic pump with 5 mm i.d. silicone tubing, while simultaneously mixing the tank by 

pulling the tube up and down. This resulted in an initial chlorophyll concentration of 

approximately 7 mg nr3, an initial nitrate concentration of 30 JIM, and an initial temperature 

of 20°C. Once these conditions were established, the 9°C water was circulated through the 

barrel surrounding the bottom of the tank, and a sharp thermocline at about 150 cm depth 

was established within 12 h of inoculation. This thermocline remained nearly constant for 

the duration of the experiment (Fig. 2.2a). Cells were allowed to adjust to tank conditions 

for approximately 4 days, after which routine sampling began. 

Vertical profiles were conducted using a double-tube profiling system much like 

that described by Cullen and Horrigan (1981) (refer to Fig. 2.1). Weighted silicone tubing 

(i.d. 1.6 mm) was lowered into the tank. One end of the tube ran from the tank, through a 

Masterflex peristaltic pump (flow rate approx. 30 ml mhr1) to the micro-flow-through cell 

of a Turner Designs Model 10-005R fluorometer. A return-flow tube carried this water to 

the depth from which it came, with little disruption of temperature stratification in the water 

column. Daily monitoring of 3 (3,4-dichlorophenyl)-l, 1-dimethylurea (DCMU)-induced 

fluorescence ratios (Roy and Legendre 1979, Vincent 1980) indicated no deleterious effects 

of pumping to photosynthetic capacity of cells. A thermistor was attached near the intake 

tube which gave vertical profiles of temperature. Using this double-tube system, profiles of 

fluorescence and temperature were performed at depth intervals of 20 cm. Vertical profiles 

were taken for 20 days, 6 times daily (at 01:00, 07:30, 11:00, 14:00, 17:00, and 20:00). 
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Figure 2.2: (A) Temperature profiles at three time points during the tank experiment, 

Day 1 (•), Day 4 (0), and Day 10 (x). (B) Irradiance profiles measured with distilled 

water in the tank (no cells) (•, with exponential curve fit as solid line) and modeled 

curves for Day 5 (—) and Day 10 (• • •) of the experiment. 
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Sampling times included one point at the end of the dark period (the 07:30 profile) and one 

point at the end of the light period (20:00). 

Samples for cell counts, chlorophyll, and nitrate concentration were removed from 

a T-connector in the return flow tube at 3 to 5 depths per profile. Depths chosen for 

sampling depended upon observed vertical distributions of fluorescence. Chlorophyll 

concentrations were determined by fluorescence after at least 24 h extraction in 90% 

acetone in the dark at -10°C (Strickland and Parsons 1972). Nitrate concentrations were 

determined by a Technicon Auto-Analyzer n, and cell counts were done with an inverted 

microscope on cells preserved with a 1% solution of paraformaldehyde and glutaraldehyde 

(1:1 by volume) to a final concentration of 0.01%. Fluorescence measurements were 

converted to chlorophyll concentration using a conversion factor calculated from 

determinations of chlorophyll at 3 to 5 depths in each profile, with intermediate values 

determined by linear interpolation of fluorescence:chlorophyll ratios. Specific rate of 

increase (k in d"*) of cells from the surface of the tank were determined by non-Unear least 

squares regression analysis of an exponential growth curve, fit to the chlorophyll time 

series before depletion of ambient nitrate. 

A profile of irradiance is shown in Fig. 2.2b. Due to the bulkiness of the light 

profiling apparatus, and its detrimental effects on thermal stratification in the tank, a light 

profile was determined only prior to the beginning of the experiment when the tank was 

filled with distilled water and there were no diatoms present. A rough approximation of the 

incremental attenuation of PAR due to increased chlorophyll throughout the experiment was 

modeled assuming a direct light path with attenuation due solely to absorption, with a 

specific absorption coefficient for phytoplankton of 0.015 m2 mg chl_1 (Kirk 1994) (Fig. 

2.2b). 
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2.2.2 Batch culture experiments 

For batch culture experiments, triplicate cultures of Thalassiosira weissflogii were 

grown in 101 polycarbonate carboys which contained 71 of ASW-based f/2 medium with 

nitrate concentration adjusted to near 30 U.M. Cells were grown at 20°C on a 12h:12h L:D 

cycle, and were illuminated with Vita-Lite fluorescent lamps providing an irradiance of 150 

umol m-2 s"1 measured just outside culture containers. A time-course experiment was 

conducted during which triplicate samples from each culture were taken morning and 

evening (just before lights on and off) for analysis of chlorophyll, nitrate, protein, and 

carbohydrate. Chlorophyll and nitrate were analyzed as described for tank experiments, 

protein was analyzed by the Biuret-Folin method of Dorsey et al. (1978) using bovine 

serum albumin (BSA) as standard, and carbohydrate was measured as glucose equivalents 

by the phenol-sulphuric acid method of Dubois et al. (1956). Samples were taken before 

and after depletion of nitrate from the culture medium. Cells were allowed to go without 

nitrate for 3 days, after which 100 U.M of NaN03 was added to observe recovery of cells 

and accompanying changes in the accumulation of cellular constituents. Specific growth 

rates (k in d"1) were determined by non-linear least squares regression analysis of an 

exponential growth curve, fit to the chlorophyll time series obtained before depletion of 

ambient nitrate. 

2.3 Results 

2.3.1 Nearly-neutral buoyancy in nitrate-replete Thalassiosira weissflogii 

grown in the experimental water column 

A total of 103 profiles were performed during the 20-day tank experiment. Under 

nitrate-replete conditions, Thalassiosira weissflogii had a specific rate of increase of 0.3 d"1 

at the surface of the tank, reaching chlorophyll concentrations of 100 mg m"3 after 10 days 
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(Fig. 2.3a). Cells exhibited nearly-neutral buoyancy during this period. This assertion is 

based upon the following observations: i) growth rates of cells at the surface of the tank 

were the same as cells in batch cultures under similar conditions (0.3 d"1, discussed 

below), indicating that significant numbers of cells were not lost to sinking, ii) chlorophyll 

yield was as predicted for an initial nitrate concentration of 30 U.M (using a 

nitrate-chlorophyll relationship of 0.3 umol jag-1 established during batch culture work), 

and iii) there was no noticeable accumulation of cells at the bottom of the tank (210 cm) 

until after nitrate was depleted from upper layers (see Fig. 2.3a to 2.3c and Fig. 2.4). 

Chlorophyll profiles done at 20:00 each day (Fig. 2.4) show increases near the 

surface with minimal accumulation at depth until after day 10, at which time the profile 

changed dramatically showing accumulation at mid-depth (Fig. 2.4), then deep in the tank 

(Fig. 2.4). Cell counts (Fig. 2.5) confirm that cells disappeared from surface waters. Cell 

count data and surface chlorophyll data (Fig. 2.3a) showed that cells did not sink 

immediately upon depletion of nitrate from the medium. Qualitative examination of 

chlorophyll data shows a time lag of appioximately 48 h; a slightly longer lag (60 h) is 

indicated by cell count data. The difference is consistent with a change in chlorophyll per 

cell after depletion of nitrate from culture medium (Fig. 2.5). 

A diel series of profiles taken between 01:00 and 20:00 on a typical day before 

nitrate depletion shows rapid accumulation of chlorophyll between 11:00 and 14:00 with 

profiles keeping their characteristic shape throughout the day (Fig. 2.6). 

2.3.2 Growth of cells and changes in carbohydrate and protein during batch 

culture experiments 

Batch culture experiments examined changes in chlorophyll, protein, and 

carbohydrate during nitrate-replete and nitrate-depleted growth of Thalassiosira weissflogii. 

Initially, cells grew exponentially at a rate of 0.3 ± 0.01 d"1 (mean ± SE of triplicate 

cultures) reaching chlorophyll levels of near 100 mg m"3 after 6.3 days (Fig. 2.7a). By that 
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Figure 2.3: Time-course of (A) chlorophyll (•) and nitrate (0) in tank surface 

waters, (B) chlorophyll at mid-depth (110 cm) and (C) at the bottom (210 cm) during 

growth of Thalassiosira weissflogii in the tank- Error bars are ± SE of triplicate 

measurements. Symbols with error bars are true chlorophyll determinations, those 

without error bars are chlorophyll values converted from fluorescence profiles. 
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Figure 2.4: Representative chlorophyll profiles done at 20:00 daily during the tank 

experiment. (A) Profile on Day 1 (initial), (B) Day 7, (C) Day 10, (D) Day 11, (E) 

Day 12, (F) Day 13, (G) Day 15, and (F) Day 16. Ambient nitrate was depleted after 

Day 10 of the experiment 
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Figure 2.5: Time course of cell counts (•) and chlorophyll per cell (0) of 

Thalassiosira weissflogii taken from surface water of the experimental tank. Error bars 

are ± SE of triplicate measurements. Arrow indicates time at which nitrate was 

depleted from surface waters. 
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Figure 2.6: Diel series of chlorophyll profiles done on a representative day (Day 8) 

before depletion of nitrate from surface waters of the tank. Profiles were done at 01:00 

() , 07:30 (•),11:00 (A),14:00 (T),17:00 (O), and 19:30 (x). The 07:30 profile is 

just before lights-on; 19:30 is just before lights-off. Error bars are ± SE of triplicate 

measurements. 
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Figure 2.7: Time-course of (A) chlorophyll, (B) nitrate, (C) protein, (D) 

carbohydrate, (E) carbohydrate:protein ratio during batch culture experiments with 

Thalassiosira weissflogii. Symbols represent triplicate cultures treated identically. 

Arrow indicates time at which nitrate was added back to the medium. Error bars are + 

SE of triplicate measurements. 
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time, ambient nitrate had disappeared (Fig. 2.7b), protein synthesis had slowed (Fig. 

2.7c), but cells continued to synthesize carbohydrate in a period of unbalanced growth 

(Fig. 2.7d). As in tank experiments, there was a noticeable decrease of chlorophyll after 

nitrate was depleted from culture mecuum (Fig. 2.7a). Overall, carbohydrate per ml of 

culture increased between 2.3 and 5.2 times during the nitrate-depleted phase of the 

experiment Accordingly, time-course measurements of carbohydrate:protein ratios showed 

increases from pre-depletion values of 0.1 to values of over 2.5. When nitrate was re

introduced after close to 3 d of nitrate depletion, however, cells recovered completely (Fig. 

2.7c, d, and e). Protein synthesis increased, carbohydrate levels declined rapidly, and 

carbohydrate:protein ratios returned to their original values within 2 d. 

2.4 Discussion 

2.4.1 A model of nitrate-dependent sinking 

Daily profiles conducted during the growth of Thalassiosira weissflogii in the 

experimental water column showed that this diatom was almost neutrally buoyant under 

well-stratified conditions. Maintenance of buoyancy seemed closely tied to the nutrient 

status of the cells and changed after depletion of ambient nitrate. To quantify and examine 

this process, changes in chlorophyll and nitrate at the surface of the tank were described by 

an exponential growth equation modified by a Michaelis-Menten term for nitrate uptake and 

a loss term due to sinking: 

Chlt= Chlt.A-^ ™"^+*J ) (2.2) 
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where CA/^and Chlt-At are chlorophyll concentrations (mg m"3) at day t and t-At 

respectively, Kmax is the maximum specific growth rate (d"1), N is nitrate concentration 

(u.M) at day t, Ks is the half saturation constant for nitrate (uM), A* is the time since last 

time step in days, and W is a lo?s term (d_1), due to sinking. Some component of this loss 

term is also due to chlorophyll degradation, as will be discussed later. These parameters are 

included in the list of symbols and definitions for this chapter (Table 2.1). Changes in 

surface water concentrations of chlorophyll and nitrate were modeled as discrete changes 

from an initial chlorophyll concentration of 7 mg m"3, an initial nitrate concentration of 30 

u,M (initial values during the tank experiment), and a nitratexhlorophyll ratio of 0.3 îmol 

lig"1 (determined during batch culture experiments). Generally, W was modeled as: 

*-—̂ W (Z3) 

l + 100-<?1 /T'} 

where w$ is the maximum specific loss rate (d"l), f is time in days, ̂ i s the time of nitrate 

depletion (d), and Ts is a time scale for increased sinking (d). This formulation varies W 

100-fold, from 1% to 100% of the maximum specific loss rate, ws, with a sigmoid 

function consistent with changes in chemical composition during unbalanced growth 

(Cullen and Lewis 1988); cells reach 10% of ws at approximately 2.5 Ts. 

Parameters for equations (2.2) and (2.3) were estimated by a least squares non

linear curve fitting routine in SYSTAT, version 5.2.1. The optimal combination of 

parameters was determined using a grid search method on a spreadsheet, where the aim 

was to minimize the sum of the squared deviations of the modeled vs. measured 

chlorophyll. 
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Four possible time-courses were modeled by varying the form of W, the loss term. 

Chlorophyll and nitrate distributions were modeled for the case where there was no sinking 

of cells upon nitrate depletion, that is, if W was set to zero through the entire time series 

(Fig. 2.8a), and for the case where W remained constant with time and was set to w$, the 

value of which was determined by the grid search method (Fig. 2.8b). Tank experiment 

data showed that sinking losses were not detectable before depletion of ambient nitrate. 

Therefore, modeled distributions shown in Fig. 2.8c and Fig. 2.8d have sinking initiated 

after nitrate depletion. Chlorophyll and nitrate distributions are shown if sinking of cells 

occurred immediately after ambient nitrate depletion (Fig. 2.8c). In this case, Ts was set to 

the arbitrary low value of 0.0001 days. Finally, distributions are shown for the case where 

sinking of cells starts slowly after nitrate depletion, then accelerates (following a sigmoid 

function) to the maximum specific sinking rate (Fig. 2.8d). This was the best-fit equation 

as determined by F-ratio test (Moore and McCabe 1993) (see Table 2.2). According to this 

chlorophyll-based model equation, the time scale for increased sinking after depletion of 

ambient nitrate was 25 h (1.04 d). Thus, cells reach 10% of ws approximately 62 h after 

nitrate depletion. The model equation also gave a maximum specific growth rate (£max) of 

0.3 d"1, a Ks value of 1.95 |iM, and a maximum specific sinking (loss) rate of 0.22 d"1. 

This loss rate corresponds to a sinking rate of 0.04 m d_1 over an arbitrary surface stratum 

of 20 cm. 

An unknown component of the loss term (which I have considered due entirely to 

sinking) is due to the degradation of cellular chlorophyll upon nitrate depletion. 

Quantification of the degradation component is difficult. The use of chlorophyll data from 

batch culture experiments (which are not confounded by sinking losses) predicts a 

chlorophyll degradation rate of 0.14 d"1. If this rate is applied directly to the model 

immediately after nitrate depletion, it results in a gross overestimate of the actual loss of 

chlorophyll. In fact, it predicts that all the loss of chlorophyll from the surface of the tank 

could be from chlorophyll degradation. I know from cell count data, however, that cells 
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Figure 2.8: Fits of model equations (—) to observed chlorophyll (•) and nitrate (0) 

data. (A) Fit of model equation with nitrate-dependent growth of cells but no sinking 

of biomass, (B) Fit of model equation with constant sinking rate, (C) Fit of model 

equation with no delay between depletion of ambient nitrate and initiation of sinking, 

(D) Fit of model equation with nitrate-dependent growth and nitrate-dependent sinking 

where cells reach 50% of their maximal sinking rate 115 h after depletion of ambient 

nitrate. 
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Table 2.2: F-ratio comparison of fits of four versions of Eq. (2.2) to observed 
surface chlorophyll distributions during growth of Thalassiosira weissflogii in the 
experimental tank. The 4 versions of Eq. (2.2) are: Model A = no sinking of 
biomass, Model B = constant sinking of biomass, Model C = immediate nitrate-
dependent sinking, Model D = nitrate-dependent, sigmoid-shaped sinking 
function. I compare only the fit of Model D to the fits of the other three models. 
Values for sum of the squared deviations of modeled chlorophyll from observed 
values (=SS dev model - obs) were determined by spreadsheet calculations. 
Degrees of freedom (d.f.) are the number of parameters in each model. The F-
statistic was determined according to the equation: 

F-statistic = f(SS dev model 1 - SS dev model 2Wd.f. model 2 - d.f. model 1)1 

(SS dev model 2/No. of obs - d.f. model 2) 

where model 1 and model 2 were designated such that model 1 has the higher sum 

of squared deviations of the model from the observed data. F-ratio analysis shows 

that the fit of Model D was significantly better than the fits of the other three 

models at p = 0.001, as the calculated F-statistics were all greater than the critical 

value of 56.18 (according to Table F, Moore & McCabe 1993). 

Comparison 

Model D to 
Model A 

Model D to 
Model B 

Model D to 
Model C 

SSdev 
Model - Obs 

2121 
13224 

2121 
184247 

2121 
41170 

Degrees 
of 

Freedom 

4 
2 

4 
3 

4 
3 

No. of 
Observations 

48 
48 

48 
48 

48 
48 

Calculated 
F-statistic 

150.3 

3778.19 

810.15 

Significant at 
p=0.001? 

yes 

yes 

yes 
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were lost from the surface. This decline in cell numbers actually represents a minimum 

estimate of sinking losses, because cell division continues after the depletion of ambient 

nitrate (Fig. 2.5). The absence of a clearly defined relationship between cell numbers and 

nitrate disappearance precluded modeling cell numbers vs. time, so the exact contribution 

of sinking to losses from the tank must lie somewhere between the minimum estimation 

from cell count data (0.1 d"1, according to a least squares regression negative exponential 

curve fit) and the maximum specific loss rate of 0.22 d"1 determined by the model fit to 

chlorophyll data. 

2.4.2 Neutral buoyancy and sinking upon nitrate depletion 

Nutrient-replete Thalassiosira weissflogii exhibited nearly-neutral buoyancy. There 

are at least three previous reports of neutral buoyancy in marine diatoms. In a similar 

experiment with a much larger tank, Strickland et al. (1969) observed neutral buoyancy 

during nitrate-replete growth of the relatively large (cell length approx. 40 urn) diatom, 

Ditylum brightwellii, but they did not run the experiment to complete exhaustion of 

nutrients. Eppley et al. (1967) noticed neutral buoyancy in Thalassiosira weissflogii under 

specific culture conditions, and though they suspected that a fraction of these cells were 

neutrally buoyant in nature, they did no further investigation of this buoyancy or of the 

effects of nutrient depletion on buoyancy. Takahashi and Bienfang (1983) found that 

natural populations of ultraplankton (size range < 3 u.m) were neutrally buoyant, i.e. they 

had no measurable sinking rates. Both neutral and positive buoyancy have been reported 

for the large (>100 |im) diatoms Rhizosolenia and Ethmodiscus (Villareal 1988, Villareal 

1992). 

My observation of nearly-neutral buoyancy in nitrate-replete Thalassiosira 

weissflogii was based upon the interpretation of chlorophyll profiles derived from in vivo 

fluorescence, which were then used as a proxy for biomass distribution. Though I 

recognize the inherent variability in fluorescence per chlorophyll and in chlorophyll per cell 
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(as discussed above), cell counts done on surface samples agree with the pattern of 

biomass distribution inferred from chlorophyll profiles and I believe that these profiles are 

representative of changes in overall biomass distribution. However, one clarification is 

necessary: the conversion from fluorescence profiles to chlorophyll profiles was done 

using 3 to 5 direct chlorophyll measurements as calibration points, while values between 

these points were determined by linear interpolation. There was not always a surface 

sample taken for each profile, so apparent decreases in chlorophyll near the surface (see 

Fig. 2.6, for example) may be artifacts of extrapolating outside the range of measurements. 

Thalassiosira weissflogii sank under nutrient-depleted conditions. It could be 

argued that sinking might have occurred at some critical concentration of biomass even if 

cells were not depleted of nutrients (Jackson 1990), however, the timing of the sinking 

response was consistent with changes in chemical composition (discussed in the next 

section) and with results previously reported in the literature. Much attention has been paid 

to the effects of nutrient depletion on cell sinking rate, though results in the literature are 

often contradictory. Steele and Yentsch (1960) recognized early that nutrient status and cell 

buoyancy are closely related. Their experiments with Skeletonema costatum showed that 

sinking rates increased when nutrients were depleted from culture medium, but that sinking 

rates of nutrient depleted cells decreased considerably when cells were re-enriched and 

placed in the dark. Later work that measured sinking rates of cells in relatively small 

columns (Bienfang 1981a) found that nitrate depletion caused either a decrease (Bienfang et 

al. 1982) or no significant change (Bienfang 1981b, Bienfang and Harrison 1984, 

Bienfang et al. 1986) in cell sinking rates, though sinking rate increases were seen in 

response to depletion of other nutrients like phosphate and silicate (e.g. Bienfang and 

Harrison 1984). More recent work on the dynamics of the sinking of spring blooms 

showed that termination and sinking of blooms occurred consistentiy at limiting nitrate 

concentrations (Waite et al. 1992a) and that Thalassiosira species were the most nutrient-



27 

sensitive, that is, their sinking rates increased most dramatically upon nitrate depletion 

(Waite et al. 1992b). 

Some generalizations can be made between apparendy contradictory evidence in the 

literature. Measurements which found no significant change in cell sinking rate with nitrate 

depletion were often done on natural populations which included a variety of phytoplankton 

types (e.g. Bienfang 1981b, Bienfang and Harrison 1984), and all phytoplankton do not 

necessarily respond to nitrate depletion in the same way. There seems to be at least genus-

specific differences in sensitivity to nitrate exhaustion (Waite et al. 1992a, b) as well as 

variation in sinking rates due to the pre-conditioning nutrient history of the population 

(Bienfang 1981b) and growth phase (Bienfang 1981c), so it is not surprising that there 

could be no obvious overall changes in sinking rates due to nutrient depletion. Different 

cells may react differently to nitrate depletion, but no change in the sinking rate of the 

population would be observed if sinking rates of mixed populations are measured using 

bulk biomass (not taxon specific) estimates such as total chlorophyll. 

The early work of Steele and Yentsch (1960) involved experiments with a 

monospecific culture (as was mine), while the later work of Waite et al. (1992a,b) dealt 

with blooms composed of only a few genera of diatoms (dominated by Thalassiosira 

aestivalis). Species-specific changes in cell sinking rates, therefore, should be more 

obvious for the case of monospecific populations than for more diverse assemblages of 

phytoplankton As well, the termination of spring blooms due to nitrate exhaustion is similar 

to my "bloom" and its termination in the tank. 

The sinking of cells from surface waters of the tank occurred some time after the 

depletion of ambient nitrate. Chlorophyll data indicated that this sinking commenced 

approximately 24-48 h after ambient nitrate depletion. Cell count data, however, show that 

the time scale for increased sinking was closer to 60 h. The time scale is likely 

underestimated by the chlorophyll data, as results from batch culture experiments and 

measured chlorophyll per cell during the tank experiment both show evidence of 
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chlorophyll degradation. The model using chlorophyll as the biomass parameter thus 

overestimates actual sinking losses, as discussed earlier. Batch culture experiments showed 

little change in carbohydrate:protein ratios for the first 30 h after ambient nitrate depletion, 

then ratios increased rapidly to the end of the nitrate-depleted phase of the experiment. This 

indicates, perhaps, that cells were responding to depletion of internal nitrogen pools rather 

than to prevailing concentrations of nitrate, though no measurements of internal pools were 

made. 

There is some support for delayed sinking in the literature. Bienfang (1981b) cites 

pre-conditioning nutrient history as a possible explanation for why he found no significant 

relationship between ambient nutrient concentrations and sinking rates of heterogeneous 

phytoplankton populations. In direct contrast to my work, however, Waite et al. (1992a) 

found that initiation of sinking of a spring bloom occurred before complete exhaustion of 

ambient nitrate, at threshold levels between 1-2 |XM. It is not clear why these results differ, 

though increased aggregation of cells under low nutrient conditions (Ki0rboe et al. 1990) 

may have played a role. I noticed no aggregation of Thalassiosira weissflogii during 

microscopic examination of surface samples taken from the tank. 

2.4.3 Increased intracellular density through unbalanced growth 

It is instructive to ask why nutrient depleted cells sank from surface waters of the 

tank. Changes in cellular carbohydrate and protein during batch culture experiments could 

be responsible for changes in cell buoyancy observed during the tank experiment, so I 

performed calculations using literature values to determine how changes in carbohydrate 

and protein affect intracellular density of a model cell. Initial values of carbohydrate and 

protein per cell were taken from Myklestad (1974) for nutrient-replete cultures of 

Thalassiosira fluviatilis and were converted to carbohydrate per jim3 cell volume and 

protein per fim3 cell volume using cell volume data of Conover (1974) for the same 



29 

organism. Resulting concentrations were 2.0 x 10"7 (j.g [iirr3 and 1.2 x 10"7 jig |im"3 for 

carbohydrate and protein, respectively. 

The model cell was composed only of carbohydrate, protein, and sea water. The 

total carbon pool of the cell, therefore, was determined by the total amount of carbon 

contained in carbohydrate and protein, assuming that carbohydrate (as laminarin) was 

44.4% carbon and protein was 50% carbon by weight (West and Todd 1963). Starting 

from initial values stated above, the weight of a 1 u,m3 volume was computed and 

expressed as density in units of kg-m"3. For this calculation, the densities of carbohydrate 

and protein were assumed to be 1600 kg m"3 and 1300 kg m"3, respectively (Oliver and 

Walsby 1984). The remainder of the 1 fim3 volume was assumed to be occupied by sea 

water. I then varied both the partitioning of total carbon (between carbohydrate and protein) 

and the total carbon pool to determine concurrent changes in intracellular density. To 

convert changes in intracellular density to changes in sinking rate of the model cell, I 

applied the equivalent changes in density to a cell of 7.5 (im radius, and computed sinking 

rate from Stokes* law for a sphere (Eq. 2.1), assuming a sea water density of 1029 kg-m"3 

and a dynamic viscosity of 1.072xl0"3 kg m"1 s"1 at 20°C (Vogel 1981). 

The relationship between sinking rate and carbohydrate:protein ratio was examined 

for three cases (Fig. 2.9). For case 1,1 assumed that the total carbon content of the cell 

remained constant, but that the partitioning of carbon between carbohydrate and protein 

changed. Total volume of the cell was kept constant. Potential variations in cell volume due 

to changes in relative amounts of carbohydrate and protein were countered by changes in 

cell water content. For case 2,1 assumed that cell protein remained constant, but that 

carbohydrate could increase or decrease. As with case 1, changes in volume occupied by 

carbohydrate were balanced by changes in water content so that total volume of the cell 

remained constant. For case 3, cell protein was held constant, carbohydrate was allowed to 

fluctuate, and the cell was allowed to get larger or smaller. Maximum change in cell radius 

within the range of the model was ± 8%. 
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Figure 2.9: Model output of changes in sinking rate expected with concurrent 

changes in carbohydrate:protein ratio for a model cell of radius 7.5 u,m (similar to the 

radius of Thalassiosira weissflogii). Solid line (—) shows expected sinking rate 

changes for a cell that keeps its total carbon content constant but shunts newly-

acquired carbon into carbohydrate instead of protein (case 1). Dashed line (---) shows 

expected sinking rate changes if a cell increases its carbohydrate but keeps both its 

protein and cell volume constant (case 2). Dotted line (• • •) shows expected sinking rate 

changes if a cell increases its carbohydrate, keeps its protein constant, but gradually 

increases its overall cell volume (case 3). 
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Model calculations (Fig. 2.9) show that the smallest ballast-related changes in 

sinking speed would be experienced by a cell that keeps its total carbon content constant, 

and merely shunts carbon acquired under nitrogen depleted conditions into carbohydrate 

rather than protein. The greatest changes in cell sinking rate would be experienced by a cell 

that changes its cellular content of carbohydrate but keeps both its volume and its cellular 

content of protein constant. Intermediate between these values is the cell that changes its 

cellular carbohydrate and volume, but keeps its protein content constant. Over the course of 

nutrient depletion, that is, from carbohydrate:protein ratios of 0.1 to those of slightly less 

than 3.0, (the maximum range of carbohydrate:protein ratios determined during batch 

culture experiments, refer to Figure 2.7e), these cells could experience changes in cell 

sinking rates of up to 4.5 cm-h"1 or 1.1 m-d"1 (using Fig. 2.9). It would take 

approximately 60 h for these changes to occur, which agrees well with the range of time 

scales for increased sinking determined during the tank experiment. During batch culture 

experiments, reversal of carbohydrate:protein ratios was rapid. Within 24 h after nitrate 

was added back to the medium, carbohydrate :protein values decreased to 1.0 from a value 

close to 3.0 (using Fig. 2.7e), which could translate to a sinking rate decrease 2.8 cm h"1 

or 0.7 m d'1 (using Fig. 2.9). Overall, these calculations indicate that increases in 

carbohydrate ballast alone could have caused the changes in cell buoyancy observed during 

growth of Thalassiosira weissflogii in the experimental water column. 

Though batch culture experiments and modeling exercises showed that increases in 

intracellular carbohydrate due to nitrate depletion could have resulted in the changes in 

buoyancy observed during the tank experiment, our calculations assume that the cell is 

com .; ed only of carbohydrate, protein, and water. As this is untrue, calculated density 

changes and calculated sinking rates should be considered only as relative changes. They 

do not represent absolute values for cell sinking rates. True sinking rate of the cell will 

depend on many other factors, including silicification, ionic content, lipid content, and 
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morphological characteristics (see review by Smayda 1970). The model of density change 

which allowed cell volume to increase is the more ecologically-relevant, since cell volume 

tends to increase with growth of Thalassiosira weissflogii until cell division (Conover 

1974). 

Changes in intracellular density were calculated based only upon the measurement 

of carbohydrate as glucose equivalents which are detected by the phenol-sulphuric acid 

method. Any incorporation of carbon into storage products other than /3-1,3-glucan was 

not measured and was not considered in our analysis. The incorporation of carbon into 

lipid, for example, would affect intracellular density as the density of lipid is much lower 

than that of carbohydrate and protein. This would affect cell sinking rate by counteracting 

increases in sinking rate due to accumulation of carbohydrate. The degree of accumulation 

of lipid under nitrogen stress varies with phytoplankton species between 10 and 40% of 

total 14C incorporation (de Madariaga 1992). 

2.4.4 Ecological consequences and biogeochemical implications of 

buoyancy changes and changes in chemical composition during unbalanced 

growth 

I have shown that Thalassiosira weissflogii can be almost neutrally buoyant, and 

that its sinking rate can change significantly (perhaps by as much as 1 m d"1) as the result 

of accumulation of carbohydrate through unbalanced growth. I have also shown that the 

chemical composition of T. weissflogii can revert rapidly upon exposure to nitrogen. These 

observations may have important ecological consequences. The model of Lande and Wood 

(1987) showed that cells whose sinking rates slowed under nutrient-replete conditions 

spend a substantially longer total time in the surface mixed layer because of greater 

probability of re-entrainment back into the mixed layer. I did not show that the rates of cells 

sinking from the surface of the tank slowed once they reached the nutrient gradient. Data 

from batch cultures, however, showed clearly that the physiology of these cells is plastic 

I 
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enough to change intracellular density and thus permit fairly rapid buoyancy reversals. This 

would confer a distinct ecological advantage. According to the Lande and Wood (1987) 

model, nutrient-dependent buoyancy changes allow cells to be shuttled between the top of 

the nutricline (where there is low light but high nutrient concentrations) and shallower 

depths (where there is high light but low or no nutrients). Access to both high light and 

high concentrations of nutrients may result in greater overall levels of primary productivity 

and growth than if buoyancy changes were not possible. 

The vertical movements of phytoplankton represent an input of nitrogen to the 

euphotic zone and are a form of new production as defined by Dugdale and Goering 

(1967). Because, in the dark, nitrate can be taken up without concurrent uptake of carbon 

(Terry 1982), cells will instead combine nutrients acquired at depth with carbon acquired in 

surface waters; that is, the processes of nutrient uptake and carbon uptake become 

uncoupled in space and time (Cullen 1985, Fraga et al. 1992). Thus, the input of nitrogen 

through vertical movements of cells is not coupled to the input of carbon in the Redfield 

ratio (Redfield 1958), as is the case for physically-transported dissolved nutrients (see 

Eppley and Peterson 1979). Since photosynthesis occurring in surface waters requires a 

carbon source, and since stoichiometric equivalents of carbon are not brought to the surface 

by cells in coupled transport with nitrogen, new production resulting from buoyancy-

assisted uptake of nutrients could result in the net removal of carboa from oceanic surface 

waters which, in turn, could affect the air-sea exchange of carbon dioxide. 

A clear example of the uncoupled movements of carbon and nitrogen due to vertical 

movements of phytoplankton was shown by Fraga et al. (1992) through their 

measurements of Broecker's parameters (Broecker 1974). These parameters, known as 

"NO", "CO", and "PO", are intended to be conservative properties that characterize water 

masses. If biochemical reactions in the water mass are occurring in Redfield proportions, 

each of Broecker's parameters will be constant with depth. During a red tide of the 

dinoflagellate Gymnodinium catenatum, however, Fraga et al. (1992) found distinct 
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vertical differences in their measurements of Broecker's parameters indicating that 

biochemical reactions in the water mass were not occurring in Redfield ratios. They 

attributed these deviations to vertical migrations by the dinoflagellates, whereby 

carbohydrate synthesis at the surface and nutrient uptake at depth resulted in a carbon 

deficit near the surface and a nitrogen deficit below. 

The ecological consequences of uncoupled carbon and nitrogen uptake have been 

oudined previously by Goldman et al. (1992). Similar to my observations during batch 

culture experiments with Thalassiosira weissflogii, Goldman et al. found uncoupling 

between photosynthesis and nutrient uptake in cultures of the diatom Stephanopyxis 

palmeriana. Carbon accumulation continued well into stationary phase of the growth of this 

diatom, long after nutrients were depleted from the growth medium. Though C:N uptake 

ratios during exponential (nutrient-replete) growth were in Redfield proportions 

(approximately 6:1), large deviations from Redfield stoichiometry occurred during the 

nutrient-depleted period of carbon accumulation (to C.N ratios of 12:1). These observations 

are not restricted to laboratory experiments: removal of carbon from nutrient depleted 

waters of the North Adantic has been noted by Sambrotto et al. (1993) and Michaels et al. 

(1994). Goldman et al. (1992) point out the ecological consequences of unbalanced 

growth: the conventional definition of new production assumes that the flux of particulate 

organic carbon (POC) as new production can be calculated by multiplying new production 

as particulate organic nitrogen (PON) by the Redfield ratio of 6.6 (by atoms). It assumes a 

balance between the input of nutrients to the euphotic zone and the flux of organic matter to 

the deep ocean, even over short time scales. If, however, C:N ratios are higher due to 

excess carbon accumulation during unbalanced growth, then the conventional definition of 

new production must be revised. By failing to consider the continuation of photosynthesis 

by some phytoplankton species after nutrient depletion, estimates of new production could 

be grossly underestimated (Goldman et al. 1992). 
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Goldman et al. (1992) also recognized the potential contributions of excess carbon 

accumulation to increased sinking speed of cells. In their study, nutrient depleted cells 

formed highly condensed gelatinous masses, probably as the result of cellular excretion of 

complex heteropolysaccharides. Aggregation of these cells into large masses, and their 

subsequently high sinking speeds, would lead to direct export of cells from the euphotic 

zone with minimal losses to grazing. The loss of "photosynthetically heavy" cells from the 

euphotic zone, however, is not necessarily an irreversible process. As I have shown by my 

batch culture experiments with Thalassiosira weissflogii, cells that have been accumulating 

carbon during unbalanced growth have the capacity to respond rapidly to increased 

nutrients, even after fairly long periods of nutrient deficiency (in this case up to 3 d). 

Rather than considering unbalanced growth and sinking as a one way process, then, 

perhaps the process should be viewed as a cycle. That is, carbon accumulation provides 

adequate ballast to increase sinking speed, but the recovery from nutrient deficiency 

(perhaps to return to a state of increased buoyancy) allows cells to more easily return to the 

well-lit waters of the euphotic zone. The observed recovery of cells from nutrient 

deficiency also lends support to the purported ability of cells to migrate vertically in nature 

(Villareal et al. 1993). 

Thus, changes in cell buoyancy may be viewed as inherent consequences of cell 

physiology. The increase in cellular excess density provided by carbohydrate as the result 

of unbalanced growth followed by slowing of sinking rate due to uptake of nutrients and 

the use of stored carbohydrate is, in effect, a built-in buoyancy regulating mechanism. 

Rapid increases of cell sinking rate upon nutrient depletion, and rapid returns to increased 

buoyancy when nutrient replete may represent an ecological adaptation to environments 

where light and nutrients are spatially-separated. 
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Chapter 3 

Physiological properties of Rhizosolenia 
formosa in the context of open ocean vertical 
migration 

3.1 Introduction 
Large diatoms of the genus Rhizosolenia (cell volumes up to 107 |im3) are 

commonly found in open ocean ecosystems such as the Sargasso Sea (Carpenter et al. 

1977, Villareal 1988, Villareal and Lipschultz 1995), the Caribbean (Carpenter et al. 1977, 

Villareal 1988), the Eastern Pacific Ocean (Alldredge and Silver 1982, Martinez et al. 1983) 

and the Central North Pacific Gyre (Villareal and Carpenter 1989, Villareal et al. 1993). 

Rhizosolenia cells can be solitary, or can exist in the form of chains, multi-species mats, or 

rafts (Venrick 1974, Villareal and Carpenter 1989) and can be both positively and 

negatively buoyant (Villareal 1988, Villareal and Carpenter 1989). Mats of Rhizosolenia, 

for example, can ascend at average rates of 3.6 m h"1 (Villareal and Carpenter 1989). 

Observations of pronounced changes in its buoyancy state first led to the hypothesis that 

Rhizosolenia may undergo vertical migrations in nature (Villareal and Carpenter 1989), 

similar to migrations of dinoflagellates (Heaney and Eppley 1981, Cullen 1985, Watanabe 

et al. 1991). Later evidence strongly supported this hypothesis: particulate nitrogen of 

Rhizosolenia collected in nitrate-depleted surface waters of the Central North Pacific Gyre 

contained 815N signatures (i.e., ratios of the natural abundance of stable isotopes of N) 
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characteristic of cells that had exploited deep water sources of nitrate (Villareal et al. 1993). 

As well, positively buoyant Rhizosolenia had significantly higher internal nitrate 

concentrations than sinking cells, consistent with vertical movements between surface and 

deep (>100 m) waters (Villareal et al. 1993, Villareal and Lipschultz 1995). Vertical 

migrations to deep sources of nutrients gives cells a distinct ecological advantage in areas 

such as the Central North Pacific Gyre, where nitrate does not become available until well 

below the euphotic zone (e.g. Hayward 1991). Access to both saturating irradiance at the 

surface and high concentrations of nutrients at depth may result in greater overall levels of 

primary productivity and growth than if migrations were not possible (Gran 1929), and 

may explain the relative success of large phytoplankton in areas otherwise dominated by 

picoplankton and highly regenerative food webs. The importance of large phytoplankton in 

open ocean regions is becoming better-recognized (Sancetta et al. 1991, Goldman et al. 

1992, Goldman 1993) and has led to hypotheses about their potential roles in 

biogeochemical cycling (Goldman et al. 1992, Villareal et al. 1993) and in the air-sea 

exchange of carbon dioxide (Yoder et al. 1994). 

Migrating phytoplankton may have significant effects on water column chemistry 

through their influence on the cycling of nutrients like carbon, nitrogen, phosphorus, and 

oxygen (Fraga et al. 1992). When nitrate is taken up at depth and transported to the 

euphotic zone by vertical movements of phytoplankton, the resulting growth represents a 

form of new production as defined by Dugdale and Goering 1967 (Moore 1994, 

Richardson and CuUen 1995). Further, in many oceanic regimes, the top of the nutricline is 

below the euphotic zone (see Hayward 1991) so uptake of nitrate will occur in the dark 

without accompanying uptake of carbon (see Terry 1982). Cells will instead combine 

nutrients acquired at depth with carbon acquired in surface waters; that is, the processes of 

nutrient uptake and carbon uptake become uncoupled in space and time (Cullen 1985, 

Fraga et al. 1992). Thus, the input of nitrogen through the vertical movements of cells is 

not coupled to the input of carbon in the Redfield ratio (Redfield 1958) as is the case for 
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physically-transported dissolved nutrients (see Eppley and Peterson 1979). Because 

photosynthesis occurring in surface waters requires a carbon source, and since 

stoichiometric equivalents of carbon are not brought to the surface in coupled transport with 

nitrogen, new production resulting from vertical movements of phytoplankton could result 

in the net removal of carbon from oceanic surface waters if migrating organisms are in 

sufficient concentrations. This, in turn, could affect the air-sea exchange of carbon dioxide 

(Richardson and Cullen 1995). 

When this work was initiated, evidence supporting purported vertical migrations of 

Rhizosolenia had been collected mainly from field experiments; relatively little work had 

been done in the laboratory. Accordingly, laboratory experiments using cultures of 

Rhizosolenia formosa were performed to determine whether physiological characteristics of 

this large diatom were consistent with the ability to migrate vertically in the open ocean, 

Time-course experiments examined changes in chemical composition and buoyancy during 

nitrate (N)-replete growth, N-starvation and after re-introduction of N to culture medium in 

order to simulate conditions that would be experienced by cells migrating in nature. Nitrate 

uptake rates were determined for batch cultures under varied conditions of light and 

nutrients. Photosynthesis vs. irradiance (P-I) measurements under N-replete and N-

depleted conditions were used to determine whether the photosynthetic capabilities ofR. 

formosa show adaptations consistent with vertical migrations in nature. Determination of 

rates of carbon and nitrate uptake are also necessary first steps awards examining potential 

larger-scale effects of Rhizosolenia on biogeochemical cycling. 

3.2 Methods 

3.2.1 Culture conditions. 

Unialgal cultures of the marine diatom Rhizosolenia formosa (Clone B8, isolated 

from the Sargasso Sea near Bermuda in August 1992 by T.A. Villareal) were grown in 41 



39 

glass Erlenmeyer flasks containing 3 1 of MET-44 medium (Schone and Schone 1982), 

with trace metals and vitamins adjusted to K/20 and K medium concentrations, respectively 

(Keller et al. 1987). The medium was filter-sterilized using a 0.2 urn Culture Capsule filter 

(Gelman Sciences, Ann Arbor, Michigan). Cells were grown at 20°C, on a 14:10 h L:D 

cycle with illumination provided from the side by 5 Cool-White fluorescent lamps. Two 

layers of blue LEE gel filters (#061) separated the lamps and culture containers, giving a 

quantum scalar irradiance of approximately 50 u,mol quanta m"2 s"1 (photosynthetically 

active radiation, PAR) as measured with a Biospherical Instruments QSL-100 An sensor 

placed just outside the culture containers. 

Large diatoms are notoriously difficult to culture (Goldman 1993). Members of the 

genus Rhizosolenia, in particular, are fragile and very sensitive to disturbance. Growth 

rates are reduced significantly and often cultures do not survive when routine (i.e. frequent) 

sampling procedures are used. All experiments in this study were constrained by the 

frequency with which cells could be sampled (every 3 d or so at best). Ambient nitrate 

could be measured more frequently, as cultures could be sampled gendy and thorough 

mixing (to obtain an evenly dispersed sample of cells) was not required, 

3.2.2 Chemical composition time-course experiment 

A time-course experiment was conducted to examine changes in chemical 

composition of Rhizosolenia formosa during N-replete growth and N-starvation. Six 3 1 

cultures of R. formosa were grown as described above, but nitrate was adjusted to an initial 

concentration of 10 uM. Samples for chlorophyll, cell counts, particulate carbon and 

nitrogen, carbohydrate, protein, and ambient nitrate were taken initially, at one time point 

before N-depletion, and at one time point after N-depletion. Ambient nitrate was monitored 

more frequendy to determine approximate time of N-depletion. Once ambient nitrate was 

exhausted, the six cultures were divided into three groups of two. Duplicate cultures were 

left for 24 h, 30 h, or 53 h without nitrate, after which nitrate was re-introduced to the 
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culture medium to a final concentration of approximately 15 |iM. Cells were left for a 

further 24 h to allow for incorporation of nitrate before the final samples were taken. 

Chlorophyll a, corrected for phaeopigment, was determined fluorometrically using a Turner 

Designs model 005R fluorometer calibrated with pure chlorophyll a (Sigma Chemical Co., 

St. Louis, MO, USA). Samples were collected in triplicate on Whatman GF/C filters and 

were extracted in 10 ml of 90% acetone in the dark for at least 24 h at T10°C. Cell counts 

were done with an inverted microscope on cells preserved with acid Lugol's solution 

(Throndsen 1978). Ambient nitrate was determined with a Technicon Autoanalyzer II on 

GF/C-filtered samples. Particulate carbon and nitrogen were determined using a Perkin-

Elmer 2400 CHN Analyzer on material collected on precombusted GF/C filters. 

Precombusted GF/C filters were used as blanks; acetanilide was used as a calibration 

standard. Carbohydrate was determined as glucose equivalents by the phenol-sulfuric acid 

method (Dubois et al. 1956), and protein was analyzed by the heated biuret-folin method 

(Dorsey et al. 1978) using bovine serum albumin (BSA) as a standard. Since protein 

measurements were inconsistent with measurements of particulate nitrogen and uptake of 

inorganic nitrogen, BSA standard curves were scaled by measurements of particulate 

nitrogen using the assumptions of Dorsey et al. (1978) assuming that protein is 16% 

nitrogen by weight (West and Todd 1963). Growth rate of Rhizosolenia formosa was 

determined by non-linear least squares regression analysis of a negative exponential curve 

fit to changes in ambient nitrate with time. Similarly, growth rates based on increases in 

particulate nitrogen, particulate carbon, and chlorophyll were estimated from data points 

before depletion of ambient nitrate from culture medium. 

3.2.3 Buoyancy time-course experiment 

A time-course experiment was conducted to determine whether changes in chemical 

composition might affect cell buoyancy. Triplicate 3 1 cultures of Rhizosolenia formosa 

were grown as described above, with initial nitrate adjusted to 10 \LM. Samples for 

I 
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particulate carbon and nitrogen analyses and ambient nitrate were taken initially, at one time 

point before N-depletion and at two time points after N-depletion (which was at least 48 h 

after cells exhausted the ambient nitrate). Cell buoyancy measurements (described below) 

were done on cells before and after N-depletion; measurements done on cells before N-

depletion were done at mid-day, those on N-depleted cells were done just before the end of 

the normal photoperiod (20:00). At the end of the photoperiod, nitrate (final concentration 

40 uM) was added back to culture medium and cells were placed immediately in darkness 

overnight to allow for incorporation of nitrate. Cell buoyancy measurements and sampling 

for particulate carbon and nitrogen analyses were repeated after re-introduction of N to 

culture medium, once prior to the normal photoperiod (07:00) and once near the end of the 

photoperiod (19:00). 

Cell buoyancy was determined by placing an evenly mixed sample from each 

culture into one of three sinking columns (each with a total volume of 420 ml) as described 

by Bienfang (1981a). Each column was surrounded by a water jacket through which 20°C 

water was circulated from a water bath. This ensured that the columns remained isothermal 

to minimize convection (see Bienfang 1981a). Cells were allowed to settle for 1 h, during 

which time they separated into three arbitrarily-defined fractions: the top 70 ml, the middle 

265 ml, and the bottom 85 ml of each column. The volume of each fraction was determined 

by the location of sampling ports. Cell buoyancy measurements on N-replete and N-

depleted cells were done with columns illuminated from the side by 2 Cool-White 

fluorescent lamps. One blue LEE gel filter (#061) separated the lamps from the columns, 

resulting in an irradiance of 50 umol quanta m~2 s"1 PAR. Buoyancy measurements on 

cells after re-addition of nitrate were done either in the dark (for measurements prior to the 

photoperiod) or with columns illuminated as described above (for measurements at the end 

of the photoperiod). The percentage of cells in the top, middle, and bottom fractions of 

sarh sinking column was expressed as a percentage of the total population by dividing the 

number of cells in each fraction by the total number of cells in the column multiplied by 
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100. The number of cells in each fraction was determined from cell count data; the average 

number of cells from triplicate determinations was multiplied by the total volume of water 

in that fraction. 

The sinking velocity of negatively buoyant cells was calculated from average 

changes in the percentage of cells in the top fraction of the columns over the 1 h incubation, 

as follows. The top fraction represents 17% of the total volume of the column. Assuming 

that cells are uniformly distributed after being mixed and placed into each column, 17% of 

the cells should be found in the top fraction. The change in the percentage of cells, i.e. the 

initial percentage minus the percentage in the top fraction after the 1 h incubation, was 

expressed as a fraction of the initial 17%, resulting in a specific loss rate (h"*). This was 

then multiplied by the height of the top fraction of the column (0.1 m) giving the sinking 

velocity of the negatively buoyant portion of the population. This sinking velocity may be 

underestimated to the extent that cells from below rise into the upper fraction. 

3.2.4 Nitrate uptake experiments 

Nitrate uptake rates were determined for triplicate cultures of N-replete and N-

depleted cells, both in the dark and in the light. Nitrate concentrations were determined as 

described above. For dark nitrate uptake experiments, disappearance of nitrate was 

calculated for an overnight incubation of triplicate cultures of both N-replete and N-depleted 

Rhizosolenia formosa. For N-replete cells (nitrate =30 uM) samples for ambient nitrate, 

cell counts, and particulate carbon and nitrogen were taken from exponential phase cultures 

at the beginning of the dark period of the normal L:D cycle. From the same cultures 

sampled initially, identical post-incubation samples were taken at the end of the dark cycle 

(before lights-on), approximately 10 h later. Exact incubation time was calculated as the 

time from lights-off in the culture room to the time of filtration of each culture. All culture 

containers were covered with black plastic bags to exclude light until samples were filtered. 

Cell counts and particulate carbon and nitrogen analyses were as described above. 
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For N-depleted cells (nitrate < 0.5 uM for 24 h before the experiment), samples for 

ambient nitrate, cell counts, and particulate carbon and nitrogen analyses were taken from 

exponential phase cultures at the beginning of the dark period of the normal L:D cycle. 

Nitrate (5 uM) was added to each culture, a sample for ambient nitrate was taken, and cells 

were incubated overnight (approximately 10 h). Post-incubation samples for ambient 

nitrate, cell counts, and particulate carbon and nitrogen analyses were taken just before the 

end of the dark period, and incubation time was calculated as described above for N-replete 

cells. Nitrate was never fully depleted by the end of the incubation period. Cell counts and 

particulate carbon and nitrogen analyses were done as described above. 

For determination of nitrate uptake rates in the light, disappearance of nitrate was 

calculated for incubations N-replete and N-depleted cells incubated during the light phase of 

the normal L:D cycle. Initial samples for ambient nitrate, chlorophyll, cell counts, and 

particulate carbon and nitrogen analyses were taken just before lights-on, then identical 

post-incubation samples were taken just before lights-off (approximately 14 h later). Nitrate 

was added to N-depleted cells as described above. Statistical analysis of all nitrate uptake 

data was done by a two-way analysis of variance (ANOVA) using SYSTAT for Macintosh 

version 5.2.1. 

3.2.5 Photosynthesis vs. Irradiance 

A modified method of Lewis and Smith (1983) was used to measure 

photosynthesis as a function of irradiance (P-I) in cultures of Rhizosolenia formosa grown 

as described above. Samples of 400 ml were inoculated with 14C-bicarbonate (final 

radioactivity was 0.01 juCi ml"1) and 36 aliquots of 10 ml each were dispensed into 20 ml 

capacity glass scintillation vials. Total 14C in each sample was determined by subsampling 

50 U.1 into scintillation vials containing 10 ml of Ecolume fluor and 500 ul of 

phenylethylamine. Phenylediylamine reacts rapidly with CO2 to form carbamates which are 

stable in liquid scintillation cocktails, thereby avoiding the problem of losing labeled 

I 
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inorganic carbon from acidic (pH ~ 6.0) fluor (Iverson et al. 1976). A range of irradiances 

was provided from below with four 250 W ENH tungsten-halogen projection lamps 

directed through a heat filter of circulating water, and attenuated with a range of neutral 

density screens and a blue LEE #061 gel filter. Irradiance in each position was measured 

with a Biospherical Instruments QSL-100 4rc sensor inserted into an empty scintillation 

vial. Inoculation and sub-sampling were conducted in very low light, and three time-zero 

aliquots were taken for each experiment. Time-zero samples were 10 ml of labeled culture 

added to scintillation vials containing 500 ul of buffered formalin. Incubations began 

within 15 min of 14C inoculation, and were terminated after 45 min by the addition of 500 

ul of formalin to each vial. Temperature during the incubations was held at 20 + 0.5°C and 

was kept constant with a circulating water bath. Dissolved inorganic carbon was driven off 

by adding 1 ml of 6 M HC1 and agitating the open vials for at least 4 h (usually overnight) 

in a fume hood. Ten ml of Ecolume fluor were added to each vial, each vial was mixed 

vigorously, and vials were allowed to sit overnight before counting with a Beckman LS 

3801 Liquid Scintillation Counter. The H# method was used to correct counts for 

quenching. Total dissolved inorganic carbon was assumed to be 2.2 mM and no correction 

for isotope a^scrirnination was made. 

Triplicate P-I curves were determined for each of triplicate cultures of both N-

replete and N-depleted cells, with the exception of one culture of N-replete cells for which 

only two P-I curves were determined. Nitrate-replete cultures had approximately 30 uM 

ambient nitrate, while N-depleted cultures had less than 0.5 uM nitrate for at least 48 h 

prior to the experiment (determined by frequent monitoring of ambient nitrate near to N-

depletion). Chemical composition of cultures used for P-I experiments is summarized in 

Table 3.1. Ambient nitrate, particulate carbon and nitrogen, and cell counts were 

determined as described above. Chlorophyll was determined spectrophotometrically, as 

described by Richardson et al. (1996). 

Results were modeled using the equation of Piatt et al. (1980): 



Table 3.1: Chemical composition of N-replete (NR) and N-depleted (ND) Rhizosolenia formosa used for P-I experiments. 
Values are averages ± standard errors. Initial concentration of nitrate in culture medium was 40 uM for NR cultures and 

10 uM for ND cultures. 
Culture 

NR 

NR 

NR 

Avg± 
s.e. 

ND 

ND 

ND 

Avg± 
s.e. 

Nitrate 
(uM) 

27.4 ±0.8 

28.8 ±1.1 

28.9 ±1.1 

28.4 ±0.5 

0.14 ± 0 

0.17 ± 0 

0.21 ± 0 

0.17 ± 0 

Chi 
(mg m*3) 

12.2 ±0.3 

12.6 ±0.4 

12.1 ±0.5 

12.3 ± 0.2 

6.8 ± 1 

7.4 + 0.1 

9.9 ± 1 

8.0 ± 1 

Cell counts 
(cells l-i) 

24200 
±870 

26 800 
±3350 

21900 
±2200 

24 300 
±1400 

22 900 
±900 

21 100 
±1700 

22 400 
±750 

22105 
±520 

POC 
(mg m-3) 

1200 ±74 

1 130 ± 50 

1 190 ± 41 

1170 ±23 

1 100± 
110 

1 100 ±23 

1 400 ± 36 

1200±77 

PON 
(mg m-3) 

200 ± 17 

200 ± 12 

200 ± 8 

200±1 

110±5 

100 ± 5 

110±9 

110 + 4 

C:N 
(g:g) 

6.0 

5.5 

5.9 

5.8 ±0 .1 

10.3 

11.6 

12.2 

11 ± 1 

C:Chl 
(g=g) 

99 

89 

98 

95 ± 3.0 

162 

155 

136 

150 + 8 

Cell volume 
(x 106 um3) 

4.0 ±0.6 

4.0 ±1.1 

3.8 ±0.6 

3.9 ±0 .1 

5.0 ±0.8 

4.4 ±0.7 

4.2 ±0.8 

4.5 ±0.2 



46 

P» = P?(l-e(-^)Je(-^) 
(3.1) 

where fB is the rate of photosynthesis normalized to chlorophyll (g C g Chi"1 h"1), / ^ i s 

the maximum rate of photosynthesis in the absence of photoinhibition (g C g Chi"1 h"1), / 

is irradiance (umol quanta m"2 s"1), a is the initial slope of the P-I curve (g C g CM"1 h"1 

(umol quanta m"2 s"1)-1), and /Sis a parameter which characterizes photoinhibition (g C g 

Chi"1 h"1 (umol quanta m"2 s"1)'1). These parameters are included in the list of symbols for 

this chapter (Table 3.2). Curves were fitted to P-I data using a least-squares nonlinear 

curve-fitting routine in Kaleidagraph for Macintosh, version 3.0.1, which uses a 

Levenberg-Marquardt algorithm. For fitting the data, the intercept, P0 (g C g Chi"1 h"1), 

was included as a parameter. The inclusion of PQ means that the curve is not forced 

through a zero intercept, resulting in an increase in the variability explained and an 

improvement in the distribution of residuals. Values for /^max-me realized maximum rate 

of photosynthesis, and/k, the conventional index of light saturation (Tailing 1957), were 

calculated using the method of Piatt et al. (1980) from values of />B
S, a, and /3 determined 

by curve fitting. Statistical analyses of differences between N-replete and N-depleted 

cultures were done by Student's t-test for difference of means (Sokal and Rohlf 1981). 

3.3 Results 

3.3.1 Chemical composition time-course experiment 

During N-replete growth, the six cultures of Rhizosolenia formosa reached 

chlorophyll concentrations of 6.7 to 9.1 mg m'3 (Fig. 3.1a) and cell concentrations of 
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Table 3.2: List of symbols and definitions for Chapter 3. 

Symbol 

Chi 
C 
N 
P 
I 

PAR 

pB 

PB 
r max 

^Bs 

a 

P 

>k 

Nt0p 

Nmid 

Nbott 

Co 

V 

Fl 

Si 

P 

Definition 

Chlorophyll 
Carbon 

Nitrogen 
Photosynthesis 

Irradiance 
PhotosyntheticaUy 
available radiation 
Photosyntheic rate 

Maximum realized 
rate of 

photosynthesis 

Potential rate of 
photosynthesis 

Initial slope of the P-
I curve 

Photoinhibition 
parameter 

Intercept of P-I 
curve 

Irradiance where P is 
maximal 

Cells in top fraction 
of sinking column 

Cells in middle 
fraction of column 

Cells in bottom 
fraction of column 

Initial concentration 
of cells in column 
Total volume of 
sinking column 

Fraction of rising 
cells 

Fraction of sinking 
cells 

Significance level 

Value 

variable 
variable 
variable 
variable 
variable 
variable 

variable 

variable 

variable 

variable 

variable 

variable 

variable 

variable 

variable 

variable 

4 

420 

variable 

variable 

Units 

g 
g 
g 

gCgChlh"1 

umol quanta m"2 s"1 

umol quanta m"2 s"1 

g C g Chi h"1 

gCgChlh"1 

gCgChlh"1 

g C g Chi"1 h"1 

(umol quanta m"2 s"1)"1 

g C g Chi"1 h"1 

(umol quanta m"2 s"1)"1 

g C g Chi"1 h"1 

umol quanta nr 2 s"1 

cells 

cells 

cells 

cells ml"1 

ml 

dimensionless 

dimensionless 

dimensionless 
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Figure 3.1: Time-course measurements of A) chlorophyll, B) cell numbers, C) 

nitrate, D) carbohydrate:protein, and E) C:N ratio for cultures of Rhizosolenia 

formosa. Different symbols represent replicate cultures. Error bars represent standard 

errors of triplicate measurements for each culture. Arrows indicates times at which 

nitrate was re-introduced into the medium (varied with culture). 
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15 000-20 000 cells l"1 after 11 days from initial conditions of approximately 9 uM nitrate 

and 2 mg m"3 chlorophyll (Fig. 3.1b). Cells divided at least once after the sampling on Day 

11, reaching concentrations of 25 000-30 000 cells l"1 by Day 18 (Fig. 3.1b). Growth rate 

determined by disappearance of nitrate from culture medium was 0.14 d"1. The estimated 

growth rate of R. formosa based on chlorophyll measurements during the N-replete phase 

of growth was 0.10 d"1, while similar rates of increase of 0.14 d-1 and 0.10 d"1 were 

estimated from increases in particulate nitrogen and particulate carbon, respectively, over 

the N-replete portion of the experiment. 

Depending on the culture, nitrate was depleted from the medium between Days 16 

and 18 (Fig. 3.1c). After depletion of nitrate, cellular chemical composition changed 

noticeably. The ratio of C:Chl increased from an average value of 120 (g:g) for N-replete 

cells to 200 after depletion of ambient nitrate (Table 3.3). Carbohydrate ml"1 of culture 

increased and protein, on average, stayed constant during the N-depleted phase of the 

experiment (Table 3.3). Thus, carboyhydrate:protein ratios increased from pre-depletion 

values of 1.0 to values between 3 and 4 (Fig. 3. Id), while C:N (g:g) changed from values 

of just above 6 to values close to 13 (g:g) (Fig. 3.1e). 

Cultures were allowed to go between 24 h and 53 h without nitrate. After each 

nitrate-depleted phase, cultures were re-enriched with nitrate to concentrations of 

approximately 15 uM. Within 24 h, ambient nitrate had once again decreased by between 

5.2 uM and 7.7 uM (Fig. 3.1c). In most cultures, carbohydrate ml"1 of culture decreased 

and protein ml"1 of culture increased after re-introduction of nitrate to the medium. As a 

result, the observed increases in carbohydrate:protein, C:Chl, and C:N during N-depleted 

growth reverted, with average values tending towards pre-depletion values independent of 

the amount of time that cells were left without nitrate (Fig. 3.Id and 3.1e). 

"" •^v 
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Table 3.3: Ambient nitrate concentrations and chemical composition of 

Rhizosolenia formosa before and after depletion of nitrate and after re-introduction 

of nitrate to culture medium. N-replete cells are diose sampled at the pre-depletion 

point (Day 11) in the time-course experiment. N-depleted cells were sampled after 

24 h (Cultures A and B), 53 h (Cultures B and C), or 30 h (Cultures E and F) 

without ambient nitrate. Carbos refers to carbohydrate concentration (ug ml"1). 

N-

repl 

N-

depl 

N re-

add 

Culture 

C:Chl 

teg) 

Carbos 

(ugml"1) 

Protein 

(ug ml"1) 

C:Chl 

(g:g) 

Carbos 

(ug ml"1) 

Protein 

(ug ml"1) 

C:Chl 

(g:g) 

Carbos 

(ug ml"1) 

Protein 

(ug ml"1) 

A 

161 

0.6+0.1 

0.69+ 

0.04 

179 

2.1+0.5 

0.55+ 

0.07 

167 

1.8±0.2 

0.76+ 

0.01 

B 

146 

0.6+0.2 

0.73+ 

0.04 

201 

2.1+.3 

0.73+ 

0.06 

197 

1.7±0.2 

0.73± 

0.05 

C 

115 

0.6+0.2 

0.71+ 

0.03 

221 

2.4±.3 

0.76± 

0.02 

208 

1.7±0.3 

0.57± 

0.02 

D 

109 

0.5+0.2 

0.8± 

0.02 

226 

2.3±.5 

0.76+ 

0.07 

195 

1.9+.0.3 

0.82+ 

0.04 

E 

77 

0.6±0.3 

0.67± 

0.02 

171 

2.4±.3 

0.69+ 

0.03 

146 

2.3±0.3 

0.84+ 

0.08 

F 

109 

0.8±0.3 

0.72± 

0.09 

199 

2.2±.7 

0.73± 

0.08 

190 

2.0+0.4 

0.9± 

0.02 

Overall 

Avg± s.e. 

120±17 

0.6±0.1 

0.72± 

0.03 

200±13 

2.3±0.1 

0.7± 

0.05 

183+13 

2±0.1 

0.77± 

0.07 
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3.3.2 Changes in buoyancy with N status 

For N-replete cells, an average of 11 ± 2% of cells were found in the top fraction 

(Fig. 3.2a), 44 ± 1% of cells were found in the middle fraction (Fig. 3.2b), and 44 ± 3% 

of cells were found in the bottom fraction of the settling column (Fig. 3.2c) after the 1 h 

incubation. After N-depletion, the percentage of cells found in the top fraction decreased to 

4 ± 0.3% (Fig. 3.2a) and the percentage of cells found in the middle fraction decreased to 

17 ± 4% (Fig. 3.2b), while the percentage of cells in the bottom fraction increased to 79 ± 

4%. Twelve hours after re-addition of N to culture medium, the percentage of cells in the 

top fraction of the column increased (compared to values for N-depleted cells) to 9 ± 0.6% 

(Fig. 3.2a); there were correspondingly small (but detectable) decreases in the percentage 

of cells in the bottom fraction to values of 73 ± 4% (Fig. 3.2c). Twenty four hours after N-

readdition, at the end of the photoperiod, the percentage of cells in the top fraction (8 ± 1%) 

was still greater than for N-depleted cells, while the percentage of cells in the bottom 

fraction had decreased further to average values of 70 + 3%. Regardless of nitrate status, 

visual inspection showed that essentially all cells found in the top fraction of the settling 

column after the 1 h incubation were found in the top 2.5 ml of the 70 ml total volume. 

That is, the cells were concentrated against the top surface of the settling column rather than 

being dispersed throughout the entire top fraction. 

The average sinking velocity of cells sinking from the top fraction of the column 

was 0.04 m h"1 when cells were N-replete, but this increased to 0.08 m h"1 when cells 

became N-depleted (Table 3.4). After N re-supply, sinking velocities slowed to 0.05 m h"1 

for measurements done both in the dark and in the light. Increased and decreased sinking 

velocities were consistent with increased and decreased C:N ratios (Fig. 3.3). It should be 

noted that these sinking velocities are minimum estimates as they are a function of the 

height of the column over which the calculation is performed. 
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Figure 3.2: The percentage of nitrate-replete, nitrate-depleted, and nitrate-resupplied 

cells found in the A) top, B) middle, and C) bottom fractions of settling columns. Note 

that the axes are scaled differently to reflect differences between treatments. 



Table 3.4: Calculation of minimum estimates of sinking velocities of negativelj 

buoyant Rhizosolenia formosa with variations in N status. 

Treatment 

N-replete 

N-
depleted 

N re-
supplied 

Dark 

N re-
supplied 

Light 

Initial % 
of total 
cells in 

top 
fraction 

(A) 

17 

17 

17 

17 

% 
present 
after 1 h 

(B) 

11 

4 

9 

8 

% Change 

(A-B=C) 

6 

13 

8 

9 

Specific 
loss rate 

(h"l) 

(C/A) 

0.35 

0.76 

0.47 

0.52 

Depth of 
top 

fraction 
(m) 

(D) 

0.1 

0.1 

0.1 

0.1 

Sinking 
velocity 
(mh-l) 

(DxC/A) 

0.04 

0.08 

0.05 

0.05 
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3.3.3 Nitrate uptake experiments 

Biomass concentrations, chemical composition, and absolute and specific nitrate 

uptake rates were determined for N-replete and N-depleted Rhizosolenia formosa in the 

light and in the dark (Table 3.5). Average rates of nitrate uptake were always higher for N-

depleted cells, and rates were slightly higher in the light than in the dark. According to 

atwo-way ANOVA, however, there were no significant differences between any of the 

treatments (calculated P value for irradiance treatment = 0.367, for nutrients P = 0.308; P 

values > 0.05 were not considered significant). This reflects the fact that variation within a 

group (e.g. within triplicate N-replete cultures) was greater than variation between groups 

(e.g. N-replete vs. N-depleted cells). The two-way ANOVA also indicated no significant 

interaction between nutrient and irradiance treatments (P = 0.86). 

3.3.4 Photosynthesis vs. Irradiance 

Measurements of P-I were done for both N-replete (Fig. 3.4) and N-depleted (Fig. 

3.5) cultures. Nitrate-replete cultures of Rhizosolenia formosa had average P^mSK values of 

2.6 ± 0.1 g C g Chi"1 h '1 (Table 3.6), while values of ,PB
maxfor N-depleted cells were 

significantly lower (Table 3.6) with an average PB
max of 1.0 ± 0.1 g C g Chi"1 h"1. Values 

of a, fl, and / k were both significantly lower for N-depleted cells than for N-replete cells 

(Table 3.6). 

3.4 Discission 

3.4.1 Growth rate and chemical composition 

The growth rate of Rhizosolenia formosa calculated from nitrate disappearance 

during the time-course experiment was 0.14 d"1. A growth rate of 0.14 d"1 converts to a 

doubling time of almost 5 d. This is a slow growth rate if compared to smaller diatoms (see 



Table 3.5: Biomass concentrations, chemical composition, and rates of nitrate 
uptake in the light and the dark by N-replete and N-depleted Rhizosolenia formosa. 

NRLT and NDLT refer to N-replete and N-depleted triplicates, respectively, where 
measurements were done in the light. NRDK and NDDK indicate N-replete and N-
depleted triplicates, respectively, where measurements were done in the dark. 

Culture 

NRLT 

NRLT 

NRLT 

Average 
± s.e. 

NDLT 

NDLT 

NDLT 

Average 
± s.e. 

NRDK 

NRDK 

NRDK 

Average 
± s.e. 

NDDK 

NDDK 

NDDK 

Average 
± s.e. 

Average 
cell cone. 

(cells 1-1) 

3730 

4770 

3680 

4060 
± 360 

10650 

4850 

8650 

8050 
+ 1700 

19 900 

14 700 

16 000 

16 900 
±1600 

7190 

5230 

6900 

6440 
± 600 

Average 
POC 

(Ug H ) 

260 

290 

260 

270 ± 9 

630 

620 

670 

640 
± 14 

890 

690 

600 

730 
± 85 

630 

570 

550 

580 
± 25 

Average 
PON 

(ug i-1) 

39 

51 

40 

44 ± 4 

71 

69 

76 

72 ± 2 

149 

109 

98 

119+16 

79 

76 

71 

75 ± 2 

C:N 

(g:g) 

6.7 

5.7 

6.5 

6.3 
± 0.3 

8.8 

9.0 

8.8 

8.9 
± 0.1 

6.0 

6.3 

6.1 

6.1 
+ 0.1 

8.0 

7.4 

7.7 

7.7 
+ 0.2 

Uptake 
rate 

(nmol 
cell-l 
h-l) 

0.015 

0.010 

0.016 

0.014 
+ 0.002 

0.004 

0.044 

0.017 

0.022 
± 0.012 

0.005 

0.004 

0.009 

0.006 
± 0.002 

0.014 

0.007 

0.022 

0.014 
± 0.005 

Specific 
uptake 

rate 
(h-l) 

0.020 

0.013 

0.020 

0.017 
± 0.003 

0.008 

0.044 

0.027 

0.03 
± 0.01 

0.01 

0.006 

0.02 

0.012 
± 0.004 

0.018 

0.006 

0.031 

0.018 
± 0.007 
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Figure 3.4: Photosynthesis vs. irradiance (P-I) curves for N-replete cultures of 

Rhizosolenia formosa. A), B), and C) are triplicate cultures of R. formosa, each of 

which had triplicate determinations of P-I as indicated by dotted, dashed, and solid lines 

(with the exception of B) which had only two P-I determinations). 
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Figure 3.5: Photosynthesis vs. irradiance (P-I) curves for N-depleted cultures of 

Rhizosolenia formosa. A), B), and C) are triplicate cultures of R. formosa, each of 

which had triplicate determinations of P-I as indicated by dotted, dashed, and solid 

lines. 
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Table 3.6: Summary of parameters determined from photosynthesis vs. irradiance 

(P-I) experiments done with N-replete (NR) and N-depleted (ND) Rhizosolenia 

formosa. Values reported are averages of triplicate measurements from each culture 

± standard error of the mean, except for the second NR culture for which only two 

P-I curves were determined. Values for the overall averages of N-replete and N-

depleted parameters are compared using a Student's t-test for comparison of means. 

Calculated values of the t-statistic are compared with the critical value of t (2.1318) 

at the 0.05 significance level and 4 degrees of freedom. 

Culture 

NR 

NR 

NR 

Overall 
avg± s.e. 

ND 

ND 

ND 

Overall 
avg± s.e. 

t-statistic 

Sig. Diff? 

PBmax 
(gCgChl-lh'1) 

2.6±0.1 

2.5±0.1 

2.6±0.0 

2.6 ±0.1 

1.0+0.09 

1.2±0.05 

0.8±0.04 

1.02 ±0.1 

15.2 

Yes 

a 
(gCgChl-lh-1 

(umol m"2 s"1)"1) 

0.029±0.001 

0.028+0.007 

0.032+0.004 

0.03 ±0.002 

0.017±0.006 

0.016±0.0002 

0.015±0.003 

0.016 ±0.002 

10.1 

Yes 

P 
(gCgChl-lh-1 

(umol m"2 s"l)"l) 

0.0009±0.00007 

0.0008±0.0001 

0.0005±0.0001 

0.0007 ±0.0001 

0.0002±0.0001 

0.0002+0.00004 

0.00014±0.0001 

0.0002 ±0.00004 

4.6 

Yes 

Ik 
(umol m"2 s"l) 

361+21 

368±65 

378±44 

370 ±20 

259±57 

334±19 

301±51 

298 ±13 

3.2 

Yes 
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Geider 1984, Goldman et al. 1992), yet it is near rates predicted by allometric relationships 

(Geider et al. 1986) and those determined previously for this diatom (Moore 1994). These 

relatively low growth rates are also consistent with C:Chl ratios determined during this 

study (90 to 120 (g:g) for N-replete cells and close to 200 (g:g) for N-depleted cells) which 

are high compared with values for smaller diatoms at similar irradiances (see Geider 1984). 

Cells with high C:Chl ratios tend to grow slowly because cells have to photosynthesize 

more at a given irradiance (than cells with lower C:Chl) to double their relatively large 

amount of carbon. Growth rate predicted from PB at growth irradiance (approximately 1 g 

C g Chi"1 h"1) and a C:Chl ratio of 100 (g:g) was 0.14 d"1, which agrees well with 

estimates by nitrate disappearance and by increases in POC and PON. 

In the present study, C:N ratios for N-replete cells ranged from 5.5 (g:g) to 7.2, 

while values for N-depleted cells ranged from 9.1 to 14.0 (g:g). Both C:N and C:Chl ratios 

agree well with values for Rhizosolenia mats collected in the field. Carpenter et al. (1977) 

reported average C:N ratio of mats from the Sargasso Sea of 9.7, while Martinez et al. 

(1983) gave values of 7.2+1.3. Villareal and Carpenter (1989) found C:N ratios of 

7.4±2.8 (mol:mol) and C:Chl ratios of 150±100 in mats from the Central North Pacific 

Gyre. Villareal et al. (1996) divided mats into ascending and sinking assemblages during 

two cruises in the Central North Pacific Gyre, and analyzed C:Chl, C:N, and 

carbohydrate:protein ratios. Values of C:N for ascending (and presumably N-replete) mats 

were 7.4 and 8.1 (during two different cruises), while values for sinking (and presumably 

N-depleted) mats were between 9.6 and 11.3. Ratios of C:Chl for ascending mats were 

115±21 and 146±24, while sinking mats had higher ratios (187±43 and 174±47). 

Carbohydrate:protein ratios determined for cultures in the lab differ somewhat from 

ratios determined for field samples. Villareal et al. (1996) found that ascending mats of 

Rhizosolenia had carbohydrate:protein ratios of 0.87 and 0.62 during two different cruises. 

Sinking mats had ratios of 1.5 and 1.6. These values from those of uV present study (1.0 

for N-replete cells and between 3 and 4 for N-depleted cells). This may be because 

m 
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protocols used for analysis of carbohydrate and protein differed between our study and that 

of Villareal et al. (1996), but the extent to which this may have influenced the overall 

carbohydrate:protein ratios is not known. It should be noted, however, that even though 

the absolute values for carbohydrate:protein ratios differ, the trend of higher ratios in 

sinking mats is the same as the higher values observed for N-depleted cells. 

3.4.2 Nitrate uptake, changes in chemical composition, and cell buoyancy 

The chemical composition time-course experiment showed that C:N, C:Chl, and 

carbohydrate:protein increased noticeably upon depletion of ambient nitrate. Similarly, cell 

buoyancy (as indicated by percent of cells in the top fraction of the settling column) 

decreased, and the sinking velocity of cells leaving the top fraction of the column increased. 

Changes in chemical composition indicate clearly that cells were in a state of unbalanced 

growth (Eppley 1981), that is, the uptake of carbon continued well after the depletion of 

ambient nitrate. The uncoupling of photosynthesis from nutrient acquisition has been noted 

previously in the diatoms Stephanopyxis palmeriana (Goldman et al. 1992) and 

Thalassiosira weissflogii (Richardson and Cullen 1995), and it seems likely that this is a 

general phenomenon. Goldman et al. (1992) found large deviations from Redfield 

stoichiometry, and Richardson and Cullen (1995) observed large increases in 

carbohydrate:protein ratio, during nutrient-depleted periods of carbon accumulation. These 

observations are not restricted to the laboratory: removal of carbon from nutrient-depleted 

waters of the North Atlantic (consistent with carbon uptake out of Redfield ratio) has been 

reported by both Sambrotto et al (1993) and Michaels et al. (1994). 

After re-introduction of nitrate to the culture medium, the chemical composition of 

Rhizosolenia formosa reverted, tending towards pre-depletion values. All cultures took up 

nitrate after the period of N-depletion and most cultures showed concomitant reductions in 

carbohydrate and increases in protein. This is consistent with the mobilization of 

carbohydrate combined with the use of newly-acquired nitrogen for the production of 
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protein (Cuhel et al. 1984, Cullen 1985). Two cultures, however, showed no increase in 

protein to account for the disappearance of nitrate from the culture medium, though there 

were decreases in cellular carbohydrate. It is possible that nitrate was still being stored in 

the vacuole as intracellular nitrate, and that protein synthesis had not yet been initiated at the 

time of sampling. The role of carbon storage compounds such as lipid was not investigated 

during this study. I assume that hpids make only small contributions to the total pool of 

carbon in these cells. Calculations of the relative contribution of lipid to the total carbon 

pool (by weight) show that lipids may account for 25% of the total carbon pool in N-replete 

R. formosa and only 12% of the carbon pool in N-depleted cells, assuming that the 

majority of total cellular carbon is in the form of carbohydrate, protein, and lipid. Carbon in 

carbohydrate accounted for 64% of the total cellular carbon in N-depleted cells, thus I will 

assume that changes in carbohydrate make the highest relative contributions to changes in 

cell buoyancy, discussed below. 

Overall, reversion of chemical composition occurred whether cells were without 

nitrate for 24 h, 30 h, or 53 h. No significant mortality of cells was observed even though 

two cultures were without detectable nitrate for over 2 d. These reversions have important 

ecological implications, as will be discussed below. The recovery of cells from almost 3 d 

of nitrate depletion was also observed by Richardson and Cullen (1995) using the smaller 

coastal diatom Thalassiosira weissflogii while Strickland et al. (1968) noted similar 

reversions in chemical composition when cultures of the dinoflagellate Cachonina niei 

grown in a deep tank were depleted of nitrogen for 5 d, and then re-inoculated with nitrate. 

Changes in cell buoyancy were noted when nitrate was re-introduced to culture 

medium. The percentage of cells in the top fraction of the settling column increased and the 

percentage of cells in the bottom fraction decreased in response to nitrate re-addition, 

though shifts were small percentages in either direction. The sinking velocity of cells 

leaving the top fraction also decreased after re-introduction of nitrate to culture medium. 

I H 
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Although they represented only a small percentage of the total population (4-10%), 

cells were always present in the top fraction of the sinking column after the 1 h incubation. 

Their presence could be explained in at least three ways. First, assuming that the entire 

population of cells was negatively buoyant, these cells could represent the most slowly 

sinking portion of the population, i.e. cells that were still present because they did not sink 

out of the top fraction during the 1 h incubation time. It could be argued that if the 

experiment was left longer than 1 h then the number of cells in the top fraction would 

decrease with time. Second, these could have been neutrally buoyant cells which had no 

detectable sinking rate and thus were there when the experiment started. Third, cells in the 

top fraction could have been positively buoyant cells which rose to the top during the 1 h 

incubation. Using the settling column method alone it is not possible to prove that any one 

or combination of the above reasons is correct However, visual observations of cells in the 

upper layer support the contention that cells found in the top fraction of the columns after 

the incubation period were positively buoyant, because cells were not found dispersed 

through the entire fraction but were instead concentrated within the top 2.5 ml of the 70 ml 

upper fraction. Rhizosolenia formosa in culture also shows similar behavior: the majority 

of cells are found on the bottom of the culture vessel, but a layer of cells is always found 

floating at the surface (T. L. Richardson, T. A. Villareal, J. K. Moore, pers. obs.). 

The contention that cells in the upper fraction were concentrated near the surface, 

and, thus, were positively buoyant can be supported by an algebraic calculation of the 

positively, neutrally, and negatively buoyant fractions. The calculation uses the volumes of 

each fraction of the column, the total volume of the column (V), the initial concentration of 

cells in the column (C0), and the number of cells observed in each fraction of the column 

after the 1 h incubation (Ntop* Nmid, and NbottX as follows: 

Ntop= [C0 x 0.17 V]+[F1 (C0 x 0.83 V)]-[Si (C0 x 0.17 V) (3.2) 

I 
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Nmid=[C0 x 0.63 V]-[Si (C0 x 0.63 V)]-[F1 (C0 x 0.63 V)] (3.3) 

Nbott=[C0 x 0.20 V]-[F1 (C0 x 0.20V)]+[Si (C0 x 0.80 V)] (3.4) 

The initial concentration of cells, C0 (cells ml-1) is the concentration of cells at time zero (4 

cells ml"1 for the N-replete experiment), V is the total volume of the column (420 ml), and 

Si and Fl are the fractions of sinking and floating cells, respectively (dimensionless 

numbers with values less than 1). The top fraction occupies 17% of the total volume (0.17 

V), the middle fraction occupies 63% (0.63 V) and the bottom fraction occupies 20% (0.20 

V). The calculation assumes that all positively buoyant cells have left the middle and bottom 

fractions of the column (together occupying 0.83 V) and that all negatively buoyant cells 

have left the top and middle fractions of the column (together occupying 0.80 V) by the end 

of the 1 h incubation. The limitations of this assumption are discussed below. 

To solve for Fl and Si, only two of the above equations are needed. Equations 3.2 

and 3.3 were solved simultaneously using data from the N-replete experiment (where Ntop 

= 238 cells and Nmid = 772 cells) which gave values of Fl=0.017 (1.7%) and Si=0.25 

(25%). By subtraction, the proportion of neutrally buoyant cells would then be 0.733, or 

73.3%. These values are substantially different from those obtained by calculations using 

the settling column. However, the calculation assumes that the cells are distributed evenly 

throughout the entire volume of the top and bottom fractions and the calculation is sensitive 

to the concentration of cells as opposed to the number of cells. 

Knowing that the cells found in the top and bottom fractions were concentrated 

against the top and bottom of the column in volumes of approximately 2.5 ml, this 

calculation was repeated with the volumes of each fraction adjusted accordingly. The 

equations then become: 

Nt0p= [Co x 0.006 V]+LF1 (C0 x 0.994 V)]-[Si (C0 x 0.006 V) (3.5) 

I I 
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Nmid=[C0 x 0.988 V]-[Si (C0 x 0.988 V)]-[F1 (C0 x 0.988 V)] (3.6) 

Nbott=[C0 x 0.006 V]-[F1 (C0 x 0.006V)]+[Si (C0 x 0.994 V)] (3.7) 

Values for Nt0p, Nmid, V, and C0 remained the same. Using equations 3.5 and 3.6, values 

for Fl and Si were calculated to be 0.14 (14%) and 0.40 (40%), respectively, making the 

neutrally buoyant fraction 0.46 (46%). These calculated values are much closer to those 

determined during buoyancy experiments on N-replete cells (11%, 44%, and 44% for cells 

in the top, middle, and bottom layers) and, overall, these calculations show that the cells in 

the top and the bottom fractions were concentrated in volumes much smaller than the 

volume of the entire arbitrarily-defined fraction. The concentration of cells in the top of the 

column was due to the positively buoyant nature of the cells and thus, from now on, the 

cells in the top, middle, and bottom fractions of the column will be referred to as positively, 

neutrally, and negatively buoyant, respectively. 

In general, the percentage of positively buoyant cells (for either N-replete or N-

depieted cells) determined during this study are lower than values determined previously 

for Rhizosolenia (Moore 1994). This may be due to decreases in cell size. The extent to 

which a diatom can control its buoyancy is partly determined by the ratio of total cell 

volume to internal cell volume. Assuming equal thickness of cells walls, smaller cells will 

have smaller capacities for changing internal cell density. In Moore's (1994) study, 40% of 

cells 129 u.m in diameter were positively buoyant at an iiradiance of 50 uxnol quanta m"2 s" 

1 (used for experiments in the present study), but this number decreased to 0% for cells 

117 (im in diameter. The cultures used for the present study are the same strain as that of 

Moore (1994), however the cultures are now older and have decreased in size as the culture 

has aged (attempts at inducing auxospore formation have not been successful). 

Measurements done on cells during P-I experiments showed that these cells now have a 
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maximum diameter of 90 urn, consistent with the expected decrease in percentage of 

positively buoyant cells compared to 129 ftm diameter cells, though 11 % of the N-repleie 

cells were still positively buoyant even at this relatively small cell size. The percentage of 

positively buoyant cells in natural populations may be much higher values (as high as 30%) 

as Rhizosolenia will be reproducing naturally and should not experience reductions in size 

with successive divisions. High concentrations of positively buoyant cells in nature have 

been observed by Barber et al. (1994) and Yoder et al. (1994) who describe concentrations 

of Rhizosolenia at a convergence region in the Equatorial Pacific; concentration of cells in 

convergence regions requires them to be positively buoyant. As well, cultures of the same 

Rhizosolenia formosa used for buoyancy experiments were grown in an experimental 

mesocosm and, after inoculation and a short period of adjustment, all cells floated to the top 

of the tank and remained there for several days (T. L. Richardson, unpublished data). This 

infers that there may also be "container effects" which prevent cells from expressing their 

full range of buoyancy control. That is, cells exposed to a gradient of light in the large 

volume experimental mesocosm behaved differently than cells in the smaller volume 

settling columns where the light environment was relatively constant. 

The low values of positively buoyant cells observed during my study may also be a 

result of the settling column method used to estimate the percentages of positively buoyant, 

neutrally buoyant, and negatively buoyant cells. The study of Moore (1994) did not use a 

settling column but instead used a standard laboratory petri dish in which an evenly mixed 

sample of cells was left for 5 min. then the number of cells at the top and bottom of the dish 

were counted and compared to the total number of cells in the dish. The tirnescale of 

Moore's (1994) measurements (5 min vs. 1 h for the present study), and the spatial scale 

over which measurements were made (1.5 cm vs. 50 cm) were vastly different from the 

ones employed here. Cells that are only slightly positively buoyant (i.e. with very low 

ascent rates) would be identified as positively buoyant using Moore's (1994) method, but 

may not reach the top of the settling column to be counted as such by my method. 

I I 
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Similarly, cells that are only slightly negatively buoyant may not reach the bottom fraction 

and thus may be included in the neutrally buoyant fraction (as would the slowly ascending 

positively buoyant cells) even though not truly neutrally buoyant. However, the settling 

column method does not take into account the fraction of neutrally buoyant cells already 

present in the top and bottom sections of the column, which may be mistakenly counted as 

positively or negatively buoyant, respectively. As calculated above and as experimentally 

determined, this fraction may be as high as 46%. 

As has already been discussed, the absolute values of the percentages of positively, 

neutrally, and negatively buoyant cells are likely not representative of natural populations 

and measurements from this study differ even from measurements performed on the same 

organism using another protocol. However, consideration of the trends in the data show 

that both the direction of buoyancy changes in response to nutrient deprivation and re-

supply, and the timescales of these buoyancy changes are both consistent with vertical 

migrations: the percentage of negatively buoyant cells increased when cells ran ou; of 

nitrate, and more cells became positively buoyant when re-enriched with nitrate even within 

12 h of nitrate re-addition. It is these relative changes in buoyancy that may be important 

within the context of vertical migration. 

The results of time-course experiments showed clearly that the physiology of 

Rhizosolenia formosa is extremely flexible, an attribute consistent with vertical migrations 

in nature. Rhizosolenia formosa could maintain unbalanced growth for at least 53 h without 

nitrate. Since cells are expected to spend some portion of their migration cycle in N-

depleted waters and since internal nitrogen stores will eventually run out, Rhizosolenia 

must be capable of accumulating large amounts (perhaps one full cell quota or more) of 

carbon during this N-depleted, but illuminated, phase of migration. Cellular capacity for 

changes in chemical composition will be determined by the extent to which photosynthate 

can be stored for later use after nutrient acquisition. As shown by buoyancy experiments, 

the nutritional status of the cell also affects cell buoyancy. The percent of positively 

P 
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buoyant cells decreased upon N-depletion, possibly due, in part, to increases in cellular 

carbohydrate. Carbohydrate has been shown to play a significant role in the regulation of 

buoyancy of blue-green algae such as Trichodesmium (Romans et al. 1994, see also review 

W Oliver 1994) because of its fairly high density (1600 kg m"3). 

Reversion to negative buoyancy would remove cells from illuminated, N-depleted 

waters and would allow them to sink to deeper waters which contain high concentrations of 

nutrients. I have shown that Rhizosolenia formosa is capable of resuming uptake of nitrate 

upon returning to N-replete waters. In the open ocean, nitrate often does not become 

detectable until well-below the euphotic zone (see Hayward 1991) so it is necessary fori?. 

formosa to have the ability to take up nitrate in the dark if migrations are to be ecologically 

useful. Buoyancy experiments also showed that N-depleted cells can revert to positive 

buoyancy when re-enriched with nitrate in the dark. The resumption of nitrate uptake after 

prolonged unbalanced growth, the ability to take up nitrate in the dark, and the reversal of 

buoyancy upon N-repletion are all consistent with, and critical to, the ability of 

Rhizosolenia to migrate vertically in nature. 

Nitrate uptake measurements verified that both N-replete and N-depleted cells can 

take up nitrate in the dark, and that rates in light and darkness were comparable. Calculation 

of an overall average from ritrate uptake data yielded an N-specific uptake rate of 0.02 h" *. 

Previous work has shown that prior N-starvation often increases the specific rate of (or 

induces) nitrate uptake in phytoplankton (e.g. Harrison 1976, see also Syrett 1981); 

however, the variability within treatments made it impossible to detect the effects of 

treatments such as N-depletion on uptake rate. 

Moore (1994) provided the first evidence that Rhizosolenia formosa could take up 

nitrate in the dark. During the dark period of a 24 h time-course experiment, intracellular 

nitrate of/?, formosa increased by at least 6 mM over a 6 h time period. The uptake of 

nitrate in the dark has also been observed in other diatoms and in other vertically-migrating 

phytoplankton (Harrison 1976, Bhovichitra and Swift 1977, Syrett 1981, Cullen 1985). 

• 
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Bhovichitra and Swift (1977) found that the large dinoflagellate Pyrocystis fusiformis took 

up nitrate at comparable rates during both day and night. Nocturnal uptake of nitrate is a 

well-known phenomenon in coastal dinoflagellates, and may contribute to the formation of 

dinoflagellate blooms (Eppley and Harrison 1975, Harrison 1976, Cullen 1985). 

Nitrogen-specific uptake rates (0.02 h"1 which converts to 0.48 d"1) were higher 

than estimated N-specific growth rates (0.15 d"1). This indicates that over a short time scale 

cells have the ability to take up nitrate in excess of that necessary for immediate metabolic 

requirements. Nitrate can be stored in the relatively large vacuole of Rhizosolenia (see 

Moore 1994, Villareal and Lipschultz 1995); from which it can be mobilized, reduced, and 

combined with carbon acquired during photosynthesis in surface waters to mak'" ; roteins. 

The enhanced ability of a cell to take up nitrogen in excess of its immediate requirements 

has been demonstrated for other marine phytoplankton (McCarthy and Goldman 1979, 

Glibert and Goldman 1981, Horrigan and McCarthy 1981, 1982). The last authors showed 

that Thalassiosira pseudonana and Skeletonema costatum had enhanced uptake of 

ammonium and urea even for nutrient-saturated cultures. Enhanced uptake allows 

phytoplankton to exploit the episodic pulses of nutrients often encountered in the marine 

environment, thereby satisfying their daily quota of nitrogen (see also Glover et al. 1988). 

For the case of migrating Rhizosolenia, the "patchiness" of its nutrient environment is in 

the form of intermittent exposures to sources of nutrients deep within the water column. 

3.4.3 Photosynthetic physiology of Rhizosolenia formosa 

The photosynthetic physiology of Rhizosolenia fomosa and possible adaptations to 

vertical migration were examined through measurements of P-I and in vivo and in vitro 

absorption. Overall, values for PB
m a x determined here for N-replete R. formosa (average= 

2.6 g C g Chi"1 h"1) are in good agreement with production rates calculated previously for 

cultures of R. formosa in the laboratory, and with 14C determinations of primary 

productivity of mats collected in the field. Moore (1994) calculated an apparent production 
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rate for nutrient-replete R. formosa of 2.9 g C g Chi"1 h"1 from experimentally-determined 

growth rates and C:Chl ratios. In the Equatorial Pacific at temperatures > 25°C, Yoder et al. 

(1994) determined a daily production rate of 68 g C g Chi"1 d"1 which converts to 

approximately 5.7 g C g Chi"1 h"1 assuming a 12 h photoperiod. Alldredge and Silver 

(1982) measured the primary productivity of mats of Rhizosolenia castracanei and/?. 

imbricata var. shrubsolei in the boundary waters of the Central North Pacific Gyre and 

found average maximal photosynthetic rates of 5.8 g C g Chi"1 h"1. In mats of similar 

species composition, Carpenter et al. (1977) found that primary productivity was variable, 

but ranged between 2.8 and 10.4 g C g Chi"1 h"1. More recent estimates of the primary 

productivity of Rhizosolenia mats based on Op evolution rates gave C fixation rates of 4.7 g 

C g Chi"1 h"1 for sinking mats and 7.3 g C g Chi"1 h"1 for floating mats (Villareal et al. 

1996). 

Photosynthetic rates determined for N-replete cells agree with those determined in 

the field, but rates for N-depleted cells from this study are generally lower than observed 

field values. It is possible that the growth temperature of Rhizosolenia formosa in culture 

has affected its maximal photosynthetic rate when compared to natural populations. Li and 

Morris (1982) examined the effects of growth temperature on P^msK of Phaeodactylum 

tricornutum and found that F B
m a x increased as growth temperature increased with a Q\Q of 

about 2.6. Thus, I would not expect R. formosa grown in the laboratory at 20°C to have 

exactiy the same /3B
max as mats of Rhizosolenia collected from 28-30°C surface waters in 

the open ocean. Also, Rhizosolenia mats collected in the field are assemblages of various 

species, and therefore should not necessarily reflect the Pm a x of any particular species. 

Values of PB
max and a measured during this study for N-depleted Rhizosolenia 

formosa were significandy lower than those determined for N-replete cells. Similarly, 

Villareal and Lipschultz (1995) found decreases in both P^mSK and a during progressive 

depletion of internal nutrient stores of the vertically-migrating diatom Ethmodiscus. 

Decreases in / ^ o v and a in N-depleted cells were likely due to the dependence of cellular 
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physiology on available nitrogen as reduction in available nitrogen will decrease the 

production of chlorophyll and accessory pigments (Zevenboom 1986, Sosik and Mitchell 

1991, Latasa and Berdalet 1994). The effects of nutrient depletion on phytoplankton 

photosynthesis have been examined previously (e.g. Yentsch and Lee 1966, Welschmeyer 

and Lorenzen 1981, Pr6zelin andMadick 1983, Cleveland and Perry 1987). Welschmeyer 

and Lorenzen (1981), for example, found that both a and the quantum yield of 

photosynthesis decreased as cultures of Thalassiosira pseudonana entered stationary phase. 

Average values for the saturation parameter, /k, determined during P-I experiments 

were 370 [irnol quanta m"2 s"1 for N-replete cells and 298 |imol quanta m"2 s'1 for N-

depleted cells. Since there is a direct dependence of/k on / 'Bmax (Henley 1993) and the rate 

of the dark reactions of photosynthesis decrease during N-depletion, it was not surprising 

that 7k shifted to lower light intensities (see Yentsch and Lee 1966). It is likely that 7k has 

been influenced by growth irradiance (50-100 umol quanta m"2 s"1) (see Kana and Glibert 

1987a), however, values of 7k determined by Villareal et al. (1996) for field samples of 

Rhizosolenia generally agree well with these data: sinking mats had 7k = 140±22 u.mol 

quanta m"2 s"1 while / k for floating mats was 241±36 umol quanta m"2 s_1. Examples of 

/k values considered indicative of a truly high-light adapted population were found by Jitts 

et al. (1976), who determined saturation irradiances of approximately 600 |imol quanta m"2 

s"1 for surface phytoplankton collected at 3°S in the Pacific Ocean, and Takahashi et al. 

(1989), who found 7k values of over 700 (irnol quanta m"2 s"1 for phytoplankton collected 

at 10 m in the Pacific Ocean off Japan. Finally, values of / k determined for another 

vertically-migrating diatom, Ethmodiscus , averaged 575±191 |imol quanta m"2 s"1 

(Villareal and Carpenter 1994). Comparisons of/k data from different sources should be 

done with caution, however. Henley (1993) outlines clearly the potential problems with 

comparing Ik data determined by different methods, including the fact that the 7k for net 

photosynthesis (as would be determined by 0 2 evolution) is not the same as that for gross 
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photosynthesis (determined by 14C uptake). The value for 7k for net photosynthesis is that 

for gross photosynthesis minus the compensation irradiance (Henley 1993). 

The parameter of photoinhibition, j3, determined during this study ranged from an 

average of 0.0007 g C g Chi"1 h"1 (fimol quanta m"2 s"1)"1 for N-replete cells to 0.0002 g 

C g Chi"1 h"1 (umol quanta m~2 s"1)"1 for N-depleted cultures. Photoinhibition is defined 

as the depression of photosynthesis at supra-optimal light (Neale 1987) and is a 

complicated phenomenon. Thus, values for /? generated in the laboratory cannot be used to 

make any concrete conclusions as to the potential for photoinhibition of cells in nature. 

The parameter of photoinhibition for N-depleted cells was significantiy lower than 

that for N-replete cells. A possible reason for this is because N-depleted cells may lack the 

photoprotective mechanism that deactivates Photosystem II reaction centers thereby 

reducing shoa term photosynthesis at high irradiance, but promoting survival (see Neale 

1987; Henley 1993). This would be manifested as a lower /?, but the lack of 

photoprotection means that cells would not survive indefinitely. 

In general, measurements of 7k suggest that Rhizosolenia formosa is moderately 

high-light adapted. Some degree of high-light adaptation would be useful for cells 

migrating to high-irradiance surface waters, but because cells move vertically throughout 

the euphotic zone and are not confined to a particular depth stratum, maximal 

photosynthetic performance at high irradiance is not necessary for their survival. The shape 

of the P-I curve and the high ratio of 7k to growth irradiance both suggest that the 

photosynthetic physiology of Rhizosolenia formosa is flexible and that cells may be able to 

adapt to changes in irradiance as they move vertically through the water column (Sakshaug 

et al. 1987). Cells also show evidence of "excess photosynthetic capacity" (Kana and 

Glibert 1987b). Using measurements of particulate carbon taken during P-I experiments, 

values of PB
msx normalized to carbon were calculated to be 0.026 h"1 or 0.3 d"1. This 

value is three times the estimated C-specific growth rate of the diatom, indicating that its 

photosynthetic capabilities are flexible enough to respond to changing irradiance, and it has 



I 

73 

the capability to "shift up" its photosynthetic rate in response to episodic exposures to high 

irradiance. The assimilation of carbon in excess of immediate metabolic requirements in 

high irradiance surface waters was observed also by Rivkin et al. (1984) in a study of 

migrations of the open ocean dinoflagellates Pyrocystis noctiluca and Pyrocystis 

fusiformis. 

3.4.4 Potential role of Rhizosolenia in new production and biogeochemical 

cycling 

This work has shown that the physiological characteristics of Rhizosolenia formosa 

are consistent with, and sometimes advantageous to, vertical migration. The capacity for 

unbalanced growth and for return to balanced growth as shown by changes in chemical 

composition is compatible with cells spending prolonged periods of time in N-depleted 

waters, and with the return to N-rich deep water. Their nitrate uptake machinery allows 

them to exploit deep sources of nutrients, and to take up nitrate in excess of their daily 

requirements. Finally, their photosynthetic physiology indicates that they are well-adapted 

to the continually changing irradiances encountered during vertical migrations, and their 

pigment composition affords some degree of protection against photoinhibition in high 

irradiance surface waters. Let us now consider the possible contribution of these migrations 

to new and primary production. 

It is becoming better-recognized that large diatoms like Rhizosolenia are ubiquitous 

in oligotrophic regions of the world's oceans (Goldman et al. 1992, Goldman 1993). Not 

only are they present, but they may make substantial contributions to global primary 

production and new production, and hence to the export of carbon from the euphotic zone 

(Michaels and Silver 1988, Sancetta et al. 1991, Goldman et al. 1992, Goldman 1993). 

These contributions have been largely overlooked, because the numerical abundance of 

large phytoplankton has likely been underestimated by traditional sampling with small 

volume bottles (Alldredge and Silver 1982; Michaels and Silver 1988; Goldman 1988; 
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Sancetta et al. 1991; Carpenter and Romans 1991; Goldman 1993), and by traditional 

sampling strategies which miss episodic blooms of large diatoms (Goldman 1993). 

Biological transport of nitrogen to the euphotic zone by migrations of Rhizosolenia 

represents a novel form of new production (Moore 1994; Richardson and Cullen 1995). If 

these organisms are sufficientiy abundant, their migrations may contribute significantly to 

global levels of new anr! primary production. I have shown that Rhizosolenia formosa can 

take up nitrate in the dark, and, because this dark uptake will occur without concurrent 

uptake of carbon, cells will instead combine nitrate acquired at depth with carbon acquired 

in surface waters. That is, the processes of nutrient uptake and carbon uptake become 

uncoupled in space and time (Cullen 1985, Fraga et al. 1992). Fraga et al. (1992) showed 

uncoupled movements of carbon and nitrogen by their measurements of Broecker's 

parameters (Broecker 1974) during a red tide of the dinoflagellate Gymnodinium 

catenatum. Broecker's parameters ('NO', 'CO', and 'PO') are intended to be conservative 

properties that characterize water masses. If biochemical reactions in the water mass are 

occurring in Redfield proportions, each of Broecker's parameters will be constant with 

depth. Fraga et al. (1992) found distinct vertical differences in Broecker's parameters 

during the red tide, indicating that biochemical reactions were not occurring in Redfield 

proportions. They attributed these departures from Redfield stoichiometry to vertical 

migrations by the dinoflagellates, whereby carbohydrate synthesis at the surface and 

nutrient uptake at depth resulted in a carbon deficit near the surface and a nitrogen deficit 

below. Nitrogen deficits below the euphotic zone may also be exhibited as negative 

preformed nitrate signals. Emerson and Hayward (1995) cite nitrate uptake by migrating 

diatom mats as a possible explanation for the layer of negative preformed nitrate observed 

in the subtropical North Pacific Ocean. 

Input of nitrogen to the euphotic zone during migrations of Rhizosolenia is not 

coupled to the input of carbon, as is the case for physically-transported dissolved nutrients 

(Eppley and Peterson 1979). Since photosynthesis occurring in surface waters requires a 

I 



75 

carbon source, and since stoichiometric equivalents of carbon are not brought to the surface 

by cells in coupled transport with nitrogen, new production resulting from vertical 

migrations might result in the net removal of carbon from oceanic surface waters if 

migrating organisms are abundant. This, in turn, could affect the ait-sea exchange of 

carbon dioxide (see also Richardson and Cullen 1995). 

Calculation of the potential contribution of Rhizosolenia to new and primary 

production relies on having robust estimates of nitrate and carbon uptake, thus, differences 

in photosynthetic rates between N-replete and N-depleted cells should be considered in 

estimates of total carbon consumption during migrations. Since Rhizosolenia may be N-

depleted during part of the migration cycle, carbon uptake would be overestimated if only 

N-replete rates are used. Determination of rates of carbon and nitrate uptake also help 

determine the timescale of the migration cycle, which will in part determine the timescale of 

the flux of nitrogen to the surface. The exact contribution of Rhizosolenia to new and 

primary production relies on robust estimates of cell abundance, but the geographical 

coverage of abundance estimates is not yet sufficient to determine the overall 

biogeochemical importance of Rhizosolenia. 
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Chapter 4 

Potential contributions of vertically-migrating 
Rhizosolenia to nutrient cycling and new 
production in the open ocean 

4.1 Introduction 
Although open ocean regions are often dominated by small plankton and highly 

regenerative food webs (Eppley and Peterson 1979), the occurrence and significance of 

large phytoplankton (>100 |lm, after Goldman 1988) in open ocean areas is now well 

documented (Beers et al. 1975, Alldredge and Silver 1982, Goldman 1988, Villareal 1988, 

Carpenter and Romans 1991, Karl et al. 1992, Villareal et al. 1993, Yoder et al. 1994). 

Large phytoplankton typically found in these regions include the cyanobacterium 

Trichodesmium (e.g. Bowman and Lancaster 1965, Villareal and Carpenter 1990, 

Carpenter and Romans 1991, Karl et al. 1992) and diatoms of the genera Ethmodiscus and 

Rhizosolenia (e.g. Villareal 1992, Villareal et al. 1993). In general, open ocean regions like 

the Central North Pacific Gyre are characterized by chronically low levels of nutrients in 

surface waters (Hayward 1991, Karl et al. 1992) which places large cells with small ratios 

of surface area to volume at a disadvantage in terms of nutrient uptake (Munk and Riley 

1952, Pasciak and Gavis 1974, see also review by Chisholm 1992). However, large 
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phytoplankters found in these regions have developed mechanisms to cope with the scarcity 

of nutrients. Trichodesmium, for example, can fix atmospheric nitrogen, easing the burden 

of nitrogen limitation, and uses buoyancy reversals to migrate below the nutricline to 

acquire phosphorus (Carpenter and Romans 1991, Karl et al. 1992). Recent evidence 

supports the hypothesis (Villareal and Carpenter 1989) that the mat-forming diatom 

Rhizosolenia and the single-celled diatom Ethmodiscus also use their ability to change 

buoyancy to undergo vertical migrations, allowing them to exploit sources of nutrients in 

deeper water (Villareal et al. 1993, Villareal and Carpenter 1994, Villareal and LipschuhV 

1995). Vox Rhizosolenia, this evidence includes 815N signatures (i.e. ratios of the natural 

abundance of stable isotopes of N) of surface-collected samples which are characteristic of 

cells that had exploited deep sources of nutrients (Villareal et al. 1993), and significantly 

higher internal mtrate concentrations in ascending cells than in sinking cells, consistent with 

the concept of nutrient replenishment by vertical movements between surface and deep 

waters (Villareal et al. 1993, Villareal and Lipschultz 1995). The large central vacuole of 

both Rhizosolenia and Ethmodiscus effectively increases the ratio of surface area to 

metabolic cell volume, permitting the accumulation of nutrients and facilitating buoyancy 

regulation (Villareal 1992) 

Movement of phytoplankton between nitrate-rich deep waters and nitrate-poor 

surface waters to support growth results in an upward transport of nitrogen to the euphotic 

zone, a form of new production as defined by Dugdale and Goering (1967). Since sources 

of nutrients are often located well-below the euphotic zone (Hayward 1991), the uptake of 

nitrate may occur in the absence of photosynthesis, that is, without the accompanying 

uptake of carbon (Moore 1994, Richardson et al. 1996). Therefore, the input of nitrogen to 

the euphotic zone by migrating phytoplankton is without accompanying inputs of carbon, 

as is the case for physically-transported dissolved nutrients (Eppley and Peterson 1979). 

Since photosynthesis requires a carbon source, and since no carbon is brought to the 

surface in coupled transport with nitrogen, cells will instead combine nutrients acquired at 
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depth with carbon acquired in surface waters. New production resulting from vertical 

movements of phytoplankton, therefore, could result in the net removal of carbon from 

oceanic surface waters as cells sink from the surface layer if celly are sufficiendy abundant. 

The potential contribution of diatom migrations to the vertical flux of nutrients and 

to new production in the open ocean are not considered in current models of 

biogeochemical cycling (e.g. Fasham et al. 1990). The contributions may be important, as 

oceanic habitats are responsible for most of the global ocean primary productivity (Martin et 

al. 1987). Areas such as the central ocean gyres are significant contributors to the export of 

carbon from the euphotic zone (Karl et al. 1992), mostly due to their large geographical 

area. It is difficult to estimate the potential contributions of diatom migrations to 

biogeochemical cycling as data on the abundance of migrating diatoms in these regions, the 

amount of nutrient assimilation associated with each migration cycle, and the frequency of 

vertical cycling are scarce. Accordingly, a numerical model of migrations of Rhizosolenia 

in a hypothetical open ocean region was developed to estimate fluxes of carbon and 

nitrogen (and hence new production) due to migrations of Rhizosolenia. The model also 

predicts the specific rate of increase of Rhizosolenia, the total migration cycle time, and the 

vertical distribution of a population of Rhizosolenia under steady state conditions, with a 

view towards using abundance data collected in the field to predict associated fluxes of 

carbon and nitrogen. 

4.2 Description of the Base Model 

4.2.1 Physical Structure 

The model represents a community of Rhizosolenia mats in the upper water column 

of an oligotrophic open ocean region (Fig. 4.1). The general structure is based loosely on a 

model by Kromkamp and Walsby (1990). Physiological rates used to specify parameters in 

the model were taken from a laboratory study by Richardson et al. 1996. Phytoplankton 
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Figure 4.1: Schematic of a box model of a Rhizosolenia migration cycle. Numbered 

boxes 1, 12, 13, and 24 correspond to boxes referred to in equations 4.15 to 4.22 (see 

text). Biomass ascends through boxes on the left hand side of the figure and sinks 

through boxes on the right hand side. Transfer of biomass from ascending to sinking 

paths (and vice-versa) occurs only at the top and bottom boundaries (boxes 12, 24, 1 

and 13). Irradiance is highest in the top boxes (12 and 24) and decreases exponentially 

with depth. Nitrate is available only in boxes 1 and 13. 
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biomass is represented as pools of particulate organic carbon (POC) and particulate organic 

nitrogen (PON) in 10 m intervals over a 120 m water column. The vertical structure 

simulates that found in oligotrophic regions of the world's oceans, where light and 

nutrients are spatially separated (see Hayward 1991). Nitrate is assumed *-"> be undetectable 

in the upper 110 m, and becomes available in an unlimited supply (i.e. never goes to zero) 

only below the euphotic zone (110-120 m). Dissolved inorganic carbon is assumed to be in 

an unlimited supply. PhotosyntheticaUy available radiation (PAR) (after Morel 1978) varies 

with depth and with time of day. Variation of surface irradiance with time of day is 

according to 

I*=L- s i n [ % . J for 0< t < DL (4.1) 

/„ = 0 foiDL<t<24 

(see Kirk 1994), while the variation of irradiance with depth is described by 

72=/0-exp(-fe) (4.2) 

where IQ is irradiance just below the sea surface (umol quanta m"2 s"1), 7m is maximal 

irradiance at the sea surface at noon (assumed to be 2000 umol quanta m"2 s"1), D^ is 

daylength (h, assumed to be 12 h), ris time (h), k is the vertical attenuation coefficient for 

PAR (0.06 m"1, assumed constant with depth and with time), z is depth (m) and Iz is PAR 

at depth z (umol quanta m"2 s"1), taken to be the irradiance at the depth of the middle of 

each box. A complete list of symbols and parameters used in the model is found in Table 

4.1. 

Changes in POC or PON in each layer are the net result of uptake from pools of 

dissolved inorganic carbon or dissolved inorganic nitrogen and/or increases or decreases in 
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Table 4.1: Model variables and parameters. Multiple numbers In the Value 

column refer to rates for nitrate-replete biomass and rates for nitrate-depleted 

biomass, respectively, and are used to define the range between which the actual 

value in the model varies (see equations 4.9,4.10, and 4.11 in text). 

Symbol 

/ 

h 
In 

DL 
t 
z 

Az 

k 

POCn 

PONn 

rn 

w 
A 
In 

Rn 

pN 

pN$ 

a" 

0N 

S 

V 

Definition 

Irradiance 
Surface irradiar.ce 

Max surface 
irradiance (noon) 

Daylength 
Time 
Depth 

Depth interval 
between boxes 

Vertical 
attenuation 
coefficient 

Particulate carbon 
in box n 

Particulate 
nitrogen in box n 

Absolute C 
uptake 

Descent velocity 
Ascent velocity 

Specific loss rate 
in box n 
Specific 

respiration rate in 
boxn 

N-specific carbon 
uptake rate 
Maximum 

potential rate of 
photosynthesis 

Initial slope of the 
P-I curve 

Parameter of 
photoinhibition 

Absolute N 
uptake rate 

N-specific nitrate 
uptake rate 

Value 

variable. 
2000 

12 

10 

0.06 

variable 
variable 
variable 

variable 

0.173, 0.085 

0.0016, 0.0013 

4.4xl0"5, 1.31x10-5 

0.02 

Units 

umol quanta nr^s"1 

umol quanta m"2 s"1 

umol quanta m"2 s"1 

h 
h 
m 
m 

m"1 

mgnr3 

mgm"3 

mg C m"3 h"1 

mh"1 

mh"1 

h"1 

h"1 

mg C mg N"1 h"1 

mg C mg N"1 h"1 

(mgCmgN"1^1) 
(umol quanta irr2 s"1)"1 

(mgC mgN"1 h"1) 
(umol quanta nr2 s"1)"1 

mg N m"3 h"1 

h"1 
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POC or PON due to migration into or out of the layer, and losses from the layer. Losses 

due to respiration also occur from the POC pool, and are modeled separately from other 

losses (assumed to be due to grazing, sinking, etc.). Ascending biomass has been modeled 

separately from sinking biomass (refer to Fig. 4.1), therefore, the total biomass m each 

layer is the sum of the ascending and sinking biomass. For ascending biomass (boxes on 

the left hand side of Fig. 4.1, excluding boxes 1 and 12 which will be discussed in section 

4.2.2 below),the general equations describing changes in POC or PON are: 

^=[W+((^)-ro^M (4-3) 

and 

\{A%)'PONn) + {ln.PONn)] (4.4) 

where POCn and PONn are the concentrations of POC and PON (mg m"3) in box n, 

POCn.] and PONn_j are the concentrations of POC and PON (mg m"3) in box n-1 (which 

is below box n), rn is the absolute carbon uptake (defined below) (mg C m"3 h"1), An_j is 

the ascent velocity of material moving up from box n-1 (m h"1), An is the ascent velocity of 

material leaving box n (m h"1), In is the absolute nitrate uptake rate (defined below) (mg N 

m"3 h"1), Az is the depth interval between boxes (10 m), Rn is the specific respiration rate 

(h"1) (see below), and ln is the specific loss rate of material from box n (h"1) due to 

processes other than respiration. In the base model, the specific loss rate was assumed to 

be constant with depth. To obtain a steady state solution, the value of ln was adjusted 

iteratively so that losses balanced increases in surface POC and PON for at least 5 

successive migration cycles and was later confirmed when calculated fluxes of POC and 

PON did not differ over at least 3 migration cycles. Thus, the model calculates specific rate 

of increase; losses due to respiration are also accounted for by first running the model with 

specific respiration rate set to zero, then re-running the model with specific respiration rate 

I 
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set to 10% of the specific rate of increase determined by the previous model run. For all 

variations of the model, the loss term, ln, represents the sum of all possible "losses" of 

biomass from the system, including grazing and irreversible sinking of biomass out of the 

system. 

For sinking biomass (boxes on the right hand side of Fig. 4.1, excluding boxes 13 

and 24 which will be discussed in section 4.2.2 below), changes in POC and PON were 

described by 

^ = [(n) + ( ( ^ ) - W C n + 1 ) ] - [ ( ( % ) . W C > ( / „ . W C j + (/?n-POCj] (4.5) 

and 

dPON, ^ [ ( ^ + ((*^)-WiV^)]4((%)-TOiV.) + (/.-/»OiVjj (4.6) 
dt 

where POCn+] and PONn+] are the concentrations of POC and PON (mg m"3) in box n+1 

which is just above box n, ̂ n is the descent velocity of material from box n (m h"1) and 

*F„ J.J is the descent velocity of material from box n+1 into box n. 

In all equations, absolute carbon uptake, Fn, is defined as: 

rn=PNPONa (4.7) 

where PNis the nitrogen specific carbon uptake rate (mg C mg N_1 h"1) formulated 

according to the equation of Piatt et al. (1980): 

P» = P»(l-e^l/PV)(e^!/P>U (4.8) 

1 
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except that PN is the rate of photosynthesis normalized to PON (mg C mg N"1 h"1) rather 

than to chlorophyll, PN
S is the maximum rate of photosynthesis in the absence of 

photoinhibition (mg C mg N'1 h"1), / is irradiance ((irnol quanta m"2 s"1), aNis the initial 

slope of the photosynthesis-irradiance (P-I) curve (mg C mg N"1 h"1 (umol quanta m"2 s"1) 
_1), and PN is a parameter which characterizes photoinhibition (mg C mg N"1 h"1 (umol 

quanta m^s"1)"1). 

Values I'sed for the parameters PN
S, a

N, and /? ̂ were determined experimentally 

by Richardson et al. (1996) (see Table 4.1). These values were determined at 20°C, thus 

the value for PN
S in the surface (0-10 m) layer v>&s multiplied by a QIQ of 2.6 (Li and 

Morris 1982) to account for the increase in PN
S expected at a surface temperature of near 

30°C. Values used for the photosynthetic parameters in the model also varied depending on 

whether the biomass was nitrate-replete or nitrate-depleted (see Richardson et al. 1996), 

thus PN
S was allowed to vary as a function of C:N ratio according to 

^ = 0 . 2 5 + (-0.013-r%wJ) ( 4 9 ) 

while a ^ varied according to 

a"=0.0018 + (-4.10-5 .(T O%„)) 
(4.10) 

ana fiNvaried according to 

r = (7'10-5) + ( -4 .4-10^-( r o%wJ) 
(4.11) 
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Equations 4.9,4.10, aH 4.11 are the equations that describe a linear increase or decrease 

in the parameter of interest between the range of values shown in Table 4.1. They are 

constrained by experimental measurements of the P-I parameters ofRhizosolenia formosa 

taken from Richardson et al. (1996). 

The absolute nitrate uptake rate (27̂ ) was defined as: 

Z =VPON 
(4.12) 

where V is the N-specific uptake rate (h"1). Nitrate uptake rates used for the model were 

determined experimentally for Rhizosolenia formosa (Richardson et al. 1996); V was set to 

a constant value of 0.02 h"1 as Richardson et al. (1996) showed that specific uptake rates 

of this diatom did not vary significandy with nutritional state or with incubation of cells in 

the light or in the dark. This value represents the average N-specific uptake rate determined 

during a 12 h incubation. This is not a maximal or a steady state uptake rate. A specific 

uptake rate of 0.02 h '1 allows luxury consumption of nitrate, that is, cells can take up 

nitrate in excess of their immediate metabolic requirements (Richardson et al. 1996). 

In the base model, movements of biomass were modeled using ascent and descent 

velocities that varied with the C:N ratio of the biomass at a particular layer. Ascent velocity 

(A, m h"1) was determined according to 

A-13 -(POC"/PON,) (413) 

Thus, ascent velocity goes to zero when the C:N ratio of the biomass is 13 (mol:mol). 

During model runs, ascent velocities were never negative because ascending biomass did 

not exceed C:N ratios of 13. Descent velocity (!P) is similarly defined as a function of C:N 

ratio, as follows: 

I 
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^ / "' (4.14) 

Descent velocities were never negative as the C:N ratio of descending biomass did not fall 

below 8.3 during the descent. Because ascent and descent velocities are functions of C:N 

ratio, these values continually change as the C:N ratio of the biomass changes both on a 

diel basis and due to migration to more higMy-iUuminatod layers, or to the nitrate-rich deep 

layer of the model. The movements of POC and PON were always in tandem; changes in 

the ratio of PGC to PON in any layer, therefore, was due to differential uptake of DIC oi 

DIN and was not due to differential migrations of POC and PON. 

The C:N ratio of each layer was also used to determine when biomass would sink 

from the surface (0-10 m) layer and when biomass would float up from the deepest (110-

120 m) layer. The base model was formulated such that biomass sank from the surface 

only when POC/PON >11.9; biomass ascended from the deepest layer only when 

POC/PON <8.3. Biomass accumulated in the surface or deepest layers until POC/PON 

reached these critical values. Parameterization of the critical values was based on C:N ratios 

of Rhizosolenia collected in the field by Villareal et al. (1996). 

4.2.2 Boundary conditions 

The model assumed no exchange of material across the air/sea interface and it had a 

closed bottom boundary. There was no horizontal advection, and there was no exchange 

between ascending and sinking biomass except at the top (0-10 m) and bottom (110-120 m) 

boundaries. Exchange of material occurred only when the C:N ratio of the top and bottom 

boxes reached 11.9 and 8.3 (mohmol), respectively. Changes in POC and PON in the top 

boundary boxes (Boxes 12 and 24, refer to Fig. 4.1) can be described by the following 

equations. For Box 12: 



87 

dPOC 

dt 
- = [ (^2)+(( A , ^)-^C u ) ] - [ (K. / 'OC 1 2 ) + (/12-/'(9C12) + (i?12.WC12)] (4.15) 

and 
dl 

dt 

For Box 24: 

^ ^ = [ ( ^ ) + ((V.)-JPON11)]-[(^-/>OiV12) + (/12./'OiV12)] (4.16) 

dPOC 

dt 

and 

^ - [ ( r 2 4 ) + (M-POC12)]-[((^).P(9C24) + (/24./'OC24) + (/?24.P(9C24)] (4.17) 

dPON2A 

dt 
= [{l2A) + {y2'PONn)]-[(<JV^yPON24) + {lMPON1A)] (4.18) 

The expression 1A-POCn or yt-PONn represents the amount of biomass transferred 

between boxes in the same layer, i.e. one half of the biomass was transferred every hour. 

The specific transfer rate of 34 was chosen so that C:N ratios did not exceed the range of 

possible values established experimentally. Specific Transfer rates greater than 34 did not 

noticeably affect model results. Changes in POC and PON in the bottom boundary boxes 

(1 and 13, refer to Fig. 4.1) are described by the following equations. For Box 1: 

^^=[(r1)+(/2-POC13)]-[((^)-/>oc1)+(/1.Jpoc1)+(i?1-wc1)] (4>19) 

and 

^^^^.PON^-^yPON^-PON,)] (42Q) 
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For Box 13: 

dPOC 
d ~ = [(ru) + ((V*)' POC1A)} - [(34 • POCn)* {In • ^ ) + ft, • POC,,)] 

and 

^ ^ ^ ( ^ j + ftV^'^JJ^lK-^^ + ̂ . P ^ ) ] (4.22) 

4.2.3 Initial conditions and other assumptions: 

This model considers only the contributions of Rhizosolenia to carbon and nitrogen 

fluxes and assumes that diffusive processes and advective processes other than migration 

of the diatoms are negligible. The growth of Rhizosolenia is assumed to be dependent 

entirely on nitrate; there is no consideration of possible ammonia-based growth. It is also 

assumed that these Rhizosolenia contain no nitrogen fixing endosymbionts as had been 

observed by Alldredge and Silver (1982) and Martinez et al. (1983), but later challenged by 

Villareal (1987) and Villareal and Carpenter (1989). 

The model starts with biomass evenly distributed from top to bottom in a C:N ratio 

of 8.3 (mohmol). Variations in the initial distribution of biomass or in the initial C:N ratio 

did not alter :he final results of the model. Initial abundances of POC and PON (180 umol 

C m"2 and 22 umol N m"2) were determined from literature data on Rhizosolenia mats in 

the Central North Pacific Gyre. These abundances were calculated from average values of 

0.3 mats nr3 and 2.5 umol N mat"1 (Villareal and Carpenter 1989) integrated to 30 m 

depth. Initial POC was calculated by multiplying initial PON by 8.3 (mohmol). 
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4.3 Variations in the Base Model 

To test the sensitivity of the model to changes in various parameters, the base model 

was altered by changing either the function which determines ascent or descent velocities, 

the critical values of C:N at which biomass sinks from the top or floats up from the bottom, 

or the amplitude of the loss term with depth. 

4.3.1 Variations in ascent and descent velocities 

The effect of variations in ascent and descent velocities was determined by setting 

ascent and descent velocities to constant values of 3 m h"], 6 m h"1, and 8 m h"1 instead of 

making them a function of C:N ratio as in the base model. Critical C:N ratios for sinking 

and floating were still applied, as in the base model. The range of ascent and descent 

velocities was chosen based on data for mats of Rhizosolenia in the Central North Pacific 

Gyre (Villareal and Carpenter 1989, Villareal et al. 1996). The velocity of 8 m h"1 is among 

the highest of ascent rates determined in the field, but was chosen to determine the 

sensitivity of the model to high ascent and descent velocities. 

4.3.2 Variations in critical values of C:N for sinking and floating 

To test the sensitivity of the model to choice of C:N criterion for sinking or floating, 

the critical C:N was varied as shown in Table 4.2. Choice of variations of the critical values 

was based partly on the range of C:N ratios of sinking and floating mats of Rhizosolenia in 

the Central North Pacific Gyre (Villareal et al. 1996), and partly on the minimum (7 

mol:mol) and maximum (15 mol:mol) values of C:N obtained for N-replete and N-depleted 

cells during batch culture experiments (Richardson et al. 1996). Richardson et al. (1996) 

made measurements of cell buoyancy, though these measurements were on cultures of a 

single species of Rhizosolenia and not on multi-species mats found commonly in the 

Central North Pacific Gyre (Villareal et al. 1993,1996), thus the data of Villareal et al. was 

I T ' ~ 
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Table 4.2: Variations of critical C:N ratios (mohmol) 

for sinking and floating. 

C:N to sink 

POC/PON > 11.9 

POC/PON > 10.7 

POC/PON > 15.4 

C:N to float 

POC/PON < 9.5 

POC/PON < 7.1 

POC/PON < 8.3 
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thought to be more relevant to this model of open-ocean vertical migration. As well, 

Villareal et al. (1996) had C:N ratios of mats that had been separated according to positive 

or negative buoyancy, thus better reflecting the composition of floating and sinking mats 

than C:N ratios done on a mixture of positively buoyant and negatively buoyant cells, as 

was done by Richardson et al. (1996). 

4.3.3 Variations in the amplitude of loss term with depth 

The base model had losses occurring equally from all layers. To test the sensitivity 

of the model to variations in specific loss rate with depth, the amplitude of the loss term 

was adjusted so that losses occurred 1) only from the top layer of the model (i.e., the 

specific loss rate of all other boxes was set to zero), 2) only from the bottom layer of the 

model, or 3) from the top and bottom layers only, but not from the middle boxes. As with 

the base model, the specific loss rate was adjusted to balance gains in surface POC and 

PON. The model was deemed to be in steady state when the net rate of increase of surface 

POC and PON was zero for at least 5 successive migration cycles; the model reached 

steady state no later than the third migration cycle of the model run. Rationale for the choice 

of the loss variations is in section 4.5.1. 

4.3.4 Calculations 

Equations 4.3 to 4.6 and 4.15 to 4.22 were solved by Euler integration with a time 

step of 0.25 h using Stella for Macintosh, version 2.2.1. Each model was run for 900 h 

(approximately 9 full migration cycles). Output from the model made possible the 

calculation of: 1) fluxes of POC and PON, 2) migration cycle times, 3) specific rates of 

increase, and 4) vertical distributions of POC and PON. 

Fluxes of POC and PON into the euphotic zone were defined as the upward flux of 

biomass across the 110 m interface, i.e., from the 110-120 m layer to the 100-110 m layer 

(or, from box 1 to box 2 in Fig. 4.1). Fluxes of POC and PON out of the euphotic zone 

I 
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were defined as the downward flux of biomass across the 110 m interface, i.e., from the 

100-110 m layer to the 110-120 m layer (or, from box 14 to box 13 in Fig. 4.1). Fluxes 

were calculated as the product of the ascent or descent velocity and the concentration of 

biomass in each box at intervals of 0.5 h. Average flux was calculated for an entire 

migration cycle and was expressed as umol C or umol N m"2 d"1, then, since there were 

small variations in the fluxes, an overall average was calculated for the last 3 migration 

cycles of the model run. Two types of fluxes were calculated, gross and net, net flux being 

calculated as the difference between gross upward and downward fluxes. 

Initially, POC and PON were distributed uniformly with depth. However, the 

residence time required to reach critical C:N ratios for sinking or floating caused 

accumulations of biomass in the top and bottom layers. Thus, once the model was in steady 

state, the ,< imass moved as "waves" of POC and PON. As the biomass moved through a 

migration cycle, peaks were observed in surface POC and PON. The total migration cycle 

time, therefore, was determined by calculating the time difference between peaks of surface 

POC and PON, and was confirmed by calculating the time difference between peaks of 

upward and downward fluxes. 

Vertical distribution of biomass in steady state was calculated by dividing the total 

amount of biomass in each layer (ascending plus sinking biomass) over a complete 

migration cycle by the total water column biomass over the same cycle. Vertical distribution 

was then expressed as a percentage of total POC or PON. 

4.4 Results 

4.4.1 Base Model Predictions 

Using the initial biomass of 180 umol C m"2 and 22 umol N m"2, the base model 

predicted a net downward flux of POC of 12 umoles C m"2 d"1 and a net upward flux of 
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PON of 3 umoles N m"2 d"1. The specific rate of increase predicted by the model was 0.12 

d"1, while the total migration cycle time was predicted to be 4 d. The predicted vertical 

distribution of POC was approximately 22% in the surface 10 m, 26% in the bottom 10 m, 

with the remainder of the biomass distributed through the water column (Fig. 4.2a). 

Particulate organic nitrogen had a similar predicted distribution, with 21% of the PON 

being found in the surface box, 28% in the bottom box and the remainder of the biomass 

distributed approximately evenly through the remainder of the water column (Fig. 4.2a). 

An uncoupling of the distribution of PON from POC was observed, i.e., the percentage of 

PON found in the deepest layer was higher than the percentage of POC; the opposite was 

true for the surface layer. The base model had ascent and descent velocities that were a 

function of the C:N ratio of biomass in each layer. The range of C:N ratios throughout the 

model (i.e. considering biomass moving at all depths) was between 7.1 and 15 (mohmol), 

which corresponds to ascent and descent velocities between 0 and 6 m h"1. Ascent and 

descent velocities used for flux calculations (i.e. velocities of biomass moving up from and 

down to the deepest layer, respectively) varied between 3 and 6 m h"1. 

4.4.2 Variations in ascent and descent velocities 

Variations in ascent and descent velocities affected the fluxes of POC and PON 

(Fig. 4.3), the specific rate of increase, and the total migration cycle time (Table 4.3) and 

the predicted vertical distribution of POC and PON (Fig. 4.2). Net flux of POC was in the 

downward direction and increased in a non-linear fashion with increasing ascent and 

descent velocity (Fig. 4.3). Net flux of PON was in the upward direction; net flux 

increased with increasing ascent and descent velocities until rates of 6 m h"1, after which 

there was no increase in the net upward flux of nitrogen. Total migration cycle time 

decreased with increasing ascent and descent velocities until 6 m h_1, beyond which 

changes were small. Increasing ascent and descent velocities to 10 m h"1 (output not 

shown) also resulted in no detectable increases in net upward flux of PON and nugration 
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Table 4.3: Predicted upward, downward, and net fluxes of POC and PON, specific 
rates of increase, and total migration cycle times with variations in ascent and descent 
velocities. 

Flux 
(umol m-2 d"1) 

Upward POC 

Downward POC 

Net flux POC 
(down) 

Upward PON 

Downward PON 

Net flux PON 
(up) 

Specific rate of 
increase (d"1) 

Total migration 
cycle time (d) 

Base Model 

79.9 

91.7 

11.8 

10.4 

7.2 

3.2 

0.12 

4.0 

3 mh-l 

67.4 

77.1 

9.6 

8.8 

5.8 

3.0 

0.11 

5.0 

6 m h-1 

124.4 

142.6 

18.2 

16.1 

11.7 

4.3 

0.14 

3.0 

8 m h-1 

121.0 

142.5 

21.4 

15.6 

11.5 

4.1 

0.15 

3.0 
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cycle time did not decrease. Specific rates of increase predicted by the model increased 

slighdy with increased ascent and descent velocities. With respect to predicted vertical 

distribution of biomass, as ascent and descent velocity increased, the highest percentages of 

biomass were found at the surface and in the deepest layer (Fig. 4.2). All ascent and 

descent velocity variations showed an uncoupling between the percentages of POC and 

PON found at the surface and in the deep boxes as described for the base model, above. 

4.4.3 Variations in critical C:N for sinking and floating 

Variations in the C:N ratio at which biomass sank or floated affected the predicted 

vertical distribution of biomass (Fig. 4.4). In general, the lower or higher the critical C:N, 

the longer the amount of time required in the surface or deep box, respectively, to reach the 

critical C:N, the greater the percentage of total migration cycle time spent in the box, and, 

therefore, the greater the predicted percentage of biomass found in the box. A greater range 

between critical C:N ratios resulted in more time being spent in the top and bottom boxes, 

(and less time at mid-depths) and therefore a greater percentage of total POC and PON in 

the top and bottom boxes (see Fig. 4.4c). 

Variations in the C:N ratio at which biomass sank or floated affected, to some 

extent, the magnitude of the predicted flux of POC, though there was no detectable 

difference in the flux of PON (Table 4.4). The total time of the migration cycle increased 

slightly compared to the base model when the critical C:N ratios were changed to 10.7 (for 

sinking) and 7.1 (for floating) and to 15.4 (for sinking) and 8.3 (for floating). Increases in 

specific rate of increase were detected only when the critical C:N ratio for sinking was 

increased to 15.4. 

4.4.4 Variation of the amplitude of the loss term with depth 

Variation of the amplitude of the loss terms affected the magnitude of the net fluxes 

of POC and PON (Table 4.5), but did not gready affect the predicted vertical distribution of 

r4 
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Fig. 4.4: Predicted vertical distributions of POC and PON for variations in critical 

C:N ratios (all mohmol) for sinking and floating. A) base model, where sinking 

occurred when the C:N ratio reached 11.9 and floating occurred when biomass reached 

C:N = 8.3, B) sinking occurred when C:N reached 10.7 and floating when C:N reached 

7.1, C) sinking occurred when C:N reached 15.4 and floating when C:N reached 8.3. 



Table 4.4: Predicted upward, downward, and net fluxes, specific rates of 

increase, and migration cycle times for variations in critical C:N ratios (mol:mol) for 

sinking and floating. 

Flux 
(umol nr2 

d-l) 

Upward POC 

Downward 
POC 

Net flux 
POC (down) 

Upward PON 

Downward 
PON 

Net flux 
PON 
(up) 

Specific rate 
of increase 

(d-1) 

Migration 
Cycle Time 

(d) 

Base Model 
C:N Sink = 

11.9 
C:N Float = 8.3 

79.9 

91.7 

11.8 

10.4 

7.2 

3.2 

0.12 

4.0 

C:N Sink = 
C:N Float = 

65.4 

79.6 

14.2 

9.5 

6.6 

2.9 

0.12 

4.3 

10.7 
: 7.1 

C:N Sink = 15.4 
C:N Float = 8.3 

64.2 

79.4 

15.2 

8.4 

5.16 

3.2 

0.14 

5.0 

I 
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Table 4.5: Predicted upward, downward, and net fluxes of POC and PON, specific 
rates of increase, and migration cycle times with variations in the amplitude of the loss 
term with depth. For models where losses were not uniform with depth, the specific 
rate of increase has been calculated from the actual loss rate used in the model and the 
percentage of total cycle time that the loss was applied. See Table 4.6 for unadjusted 
loss rates and conversion factors and see text for details. 

Flux 
(umol m"2 d-1) 

Upward POC 

Downward POC 

Net flux POC 
(down) 

Upward PON 

Downward PON 

Net flux PON 
(up) 

Specific rate of 
increase (d_i) 

Migration Cycle 
Time 

(d) 

Base Model 
(Loss even 
with depth) 

79.9 

91.7 

11.8 

10.4 

7.2 

3.2 

0.12 

4.0 

Top losses 
only 

88.4 

89.2 

0.8 

11.5 

7.1 

4.4 

0.12 

4.0 

Bottom 
losses only 

93.5 

151.7 

58.2 

12.1 

12.1 

0 

0.12 

4.0 

Top and 
bottom 

loss 

94.4 

123.3 

28.9 

12.3 

9.9 

2.4 

0.12 

4.0 
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biomass (Fig. 4.5). Total migration cycle time was not affected by variation in the 

amplitude of the loss term with depth (Table 4.5). As with all other models, the percentage 

of POC was predicted for the surface layer was higher than the percentage of PON, but 

higher PON than POC was predicted for the deepest box. Loss rates required to balance 

increases in POC and PON are shown in Table 4.6. Where losses were not applied 

uniformly with depth, loss rates were converted to specific rates of increase by multiplying 

the loss rate used in the model by the fraction of the total migration cycle time during which 

the loss rate was applied which is taken from the expected vertical distribution of biomass 

for the base model (see Table 4.6). The conversion of loss rate used for each variation of 

the base model to specific rate of increase resulted in rates identical to those of the base 

model (Table 4.6). 

4.5 Discussion 

4.5.1 Potential sources of error 

The many assumptions made in this model should be outlined clearly. First, the 

model assumes that the net growth of Rhizosolenia is entirely dependent upon nitrate and 

that uptake and use of ammonia is negligible. The nitrogen preferences of Rhizosolenia 

have not been investigated, however, the 815N signature of material collected in the field 

suggests that the predominant source of nitrogen for Rhizosolenia is one relatively enriched 

in 15N (Villareal et al. 1993). Enrichment in 15N is indicative of a deep water source of N; 

near-surface sources are relatively enriched in 14N (Altabet 1988). The deep water source 

of N may be nitrate, as high intracellular cc cntrations are found in this organism 

(Villareal and Lipschultz 1995, Villareal etal. 1996). The large size of Rhizosolenia may 

also preclude the use of nanomolar levels of ammonia found in areas such as the Central 

V 
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Fig. 4.5: Predicted vertical distributions of POC and PON for variations in the 

amplitude of the loss term with depth. A) base model, where losses occurred 

uniformly with depth at a specific loss rate of 0.12 d"1, B) where losses occurred from 

the top layer of the model only, at a specific rate of 0.58 d"1, C) where losses occurred 

only from the bottom layer of the model, at a rate of 0.46 d"1, and D) where losses 

occurred from the top and bottom layers only, but not at mid-depths, at a rate of 0.26 

d"l. 
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Table 4.6: Calculation of adjusted loss rates for models where the amplitude of 

the loss term with depth was varied. 

Loss model 
variation 

Top loss only 

Bottom loss only 

Top and bottom 

loss 

Loss rate in 
model (d"1) 

0.58 

0.46 

0.26 

Fraction of 
migration cycle 

time applied 

0.21 

0.26 

0.22+0.26=0.48 

= Adjusted loss rate 

(d"1) 

0.12 

0.12 

0.12 
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North Pacific Gyre if the half-saturation constant of this organism is high enough to 

prevent uptake of enough ammonia to support growth (see Eppley et al. 1969). 

The model assumes that buoyancy reversals and timescales of buoyancy changes 

are directly related to the C:N ratio of the biomass. The use of C:N criteria to determine 

buoyancy reversals was based primarily on data collected in the field, where mats of 

Rhizosolenia were sorted into positively buoyant, neutrally buoyant, and negatively 

buoyant fractions with C:N analysis being performed on the separate fractions (Villareal et 

al. 1996). Laboratory experiments have also shown that decreases in C:N ratio are 

correlated with increases in buoyancy, and that these increases occurred within 12 h of re-

introduction of nitrate to culture medium (Richardson et al. 1996). Other mechanisms of 

buoyancy change (such as ionic regulation) may also be responsible (see Smayda 1970), 

The separate formulations of ascent and descent velocity takes these unknowns partly into 

account. Fur example, according to equations 4.13 and 4.14, a cell with a C:N rado of 9.5 

(mol:mol) could have either an ascent velocity of 3.5 m h"1 or a descent velocity of 1.2 m 

h"1. While at first this may seem counterintuitive, it reflects the fact that C:N may not be the 

only determinant of buoyancy, and that cells of similar C:N ratio could have different 

buoyancy. The use of different formulations for ascent and descent velocity (and thus the 

potential for conflicting velocities) causes no problems in the model runs because ascending 

and sinking biomass were modeled separately and thus were only subject to one velocity 

formulation at a time. 

By having a bottom boundary, the model assumes that biomass cannot sink deeper 

than 120 m. In nature, cells may sink more than 10 m (the depth of the bottom box in the 

model) before buoyancy reversals occur, thus they would exceed the 120 m vertical extent 

of the migration cycle imposed by the model. Thus, migration cycle times predicted by this 

model would be underestimated and the resulting fluxes of POC and PON would be 

overestimated. According to the model, biomass entering the bottom layer with a C:N ratio 

of 13 would be sinking at a rate of 4.7 mh' 1 , which means that it would take only 2 h to 
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sink through the 10 m bottom layer. Decreases in descent rate will occur, however, as the 

C:N ratio of the biomass decreases because of uptake of nitrate from the bottom box. 

Though ascent and descent velocities and the relationships between chemical 

composition and buoyancy used to parameterize the critical C:N ratios in the model were 

based on field data (Villareal and Carpenter 1989, Villareal et al. 1993), rates of nitrate 

uptake and photosynthesis were determined in the laboratory on monospecific cultures of 

Rhizosoleniu formosa (Richardson et al. 1996). Rhizosolenia mats found in the open ocean 

are composed of several species, many of which are much larger than R. formosa and may 

differ physiologically (T.A. Villareal, pers. comm.). While acknowledging the differences 

between relatively small, monospecific cultures and multi-species mats of Rhizosolenia, 

and the application of rates determined from these cultures to a model of open ocean 

processes, I argue that the use of these rates was justified. First, no previous measurements 

of nitrate uptake rates had been made for this organism, thus, these were the only data 

available. Second, applying a Qio of 2.6 to maximum photosynthetic rates of cells at the 

surface brought these values within the range of rates determined for Rhizosolenia in the 

field, at least for cells in the top layer of the model. Yoder et al. (1994) determined a .PB
max 

of 5.7 g C g Chi-1 d"1 for Rhizosolenia collected in the Equatorial Pacific and Alldredge and 

Silver (1982) measured a /*B
max of 5.8 g C g Chi"1 d"1 for cells from the North Pacific. 

These values are near the P^max used in the model. In comparable units for nitrate-replete 

cells, I used 2.6 g C g Chi-1 d"1 multiplied by a Qio of 2.6 which converts to 6.8 g C g 

Chi"1 d"1. 

4.5,2 Migration cycle times and specific rates of increase 

The time for one complete migration cycle was estimated by the model to be 

between 3 and 5 d. These values agree well with the range of 3.6 to 5.4 d estimated by 

Villareal et al. (1996) who used measurements of photosynthetic rates, ascent and descent 

velocities, estimates of nitrate uptake, and an implicit assumption of one migration cycle per 
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generation time. In general, migration cycle times decreased with increasing ascent and 

descent velocity. The fastest migration cycle times of 3 d were predicted by models that 

used a constant value of 6 and 8 m h"1 for ascent and descent velocity. However, because 

of the time required by cells to reach critical C:N ratios in the top and bottom layers of the 

model, the total cycle time was not significantly decreased by increasing ascent and descent 

velocity past 6 m h"1. Total migration cycle time was increased to 5 d from 4 d when the 

critical C:N of the base model was altered to a critical C:N of 15 for sinking, due to the 

increased time required in the top layer to reach a C:N of 15. Variations in the amplitude of 

the loss term with depth did not significandy affect the total migration cycle time because 

migration cycle time is dependent upon ascent and descent velocities and on how fast 

carbon and nitrogen are accumulated so that the biomass reaches the critical C:N ratios, 

none of which are affected by changes in the amplitude of the loss term with depth. 

Specific rates of increase in POC and PON predicted by the model varied between 

0.11 and 0.15 d"1; the lowest and highest rates being predicted by models with the slowest 

and fastest ascent and descent velocities. Increasing ascent and descent velocities increased 

the proportion of time that biomass could accumulate carbon and nitrogen, resulting in 

increased specific rates of increase. 

4.5.3 Vertical distribution of Rhizosolenia in steady state 

The vertical distribution of Rhizosolenia in steady state was affected by variations in 

ascent and descent velocities and by variations in the critical C:N ratios for sinking and 

floating, but was not affected by variations in the amplitude of the loss term with depth. As 

ascent and descent velocities increased, smaller percentages of biomass were found at mid-

depths consistent with faster transit times between top and bottom layers. Variations in the 

critical C:N ratios for sinking and floating chrmged the expected vertical distribution as 

compared to the base model. A higher percentage of cells in the surface layer (>35%) 
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compared to the base model (20%) was predicted by the model that had a critical C:N ratio 

of 15 rather than 11.9, due to the increased amount of time necessary at the surface for 

biomass to reach a C:N ratio of 15. Similarly, the model with critical C:N for sinking of 

10.7 had only 15% of the biomass found in the surface layer, as less time was required at 

the surface to reach a C:N ratio of 10.7 compared with 11.9 or 15. 

Vertical distributions of biomass predicted by the model are only partly supported 

by observations of the vertical distribution of Rhizosolenia in nature. Accumulations of 

biomass at the surface gradually decreasing with depth have been reported (Alldredge and 

Silver 1982, Martinez et al. 1983, Villareal and Carpenter 1989, Villareal et al. 1993, 

Villareal et al. 1996), especially during periods of low winds over several days (Villareal et 

al. 1996). This is consistent with the predicted accumulation of Rhizosolenia in the top 10 

m of the model. To date, however, no accumulations of biomass have been found near the 

top of the nutricline. This is not surprising because, in nature, there is no bottom boundary 

at which biomass can accumulate while there is a top boundary, i.e. the sea surface. 

It is also important to note that, when running the model, I have made the 

assumption that the water column is completely static and that physical processes such as 

vertical and horizontal advection, upwelling, and wind-induced mixing are negligible. The 

effect of physical processes on the vertical distribution of biomass would be to distribute 

the biomass more evenly through the water column, the degree being dependent on the 

degree to which the water column is being mixed. 

4.5.4 Fluxes of POC and PON 

Fluxes of POC and PON due to migrations of Rhizosolenia were more greatly 

affected by variations in the amplitude of the loss term with depth than by variations in 

critical C:N ratios or ascent and descent velocities. Overall, variation in the amplitude of the 

loss term with depth affected the magnitude of gross and net fluxes due to differential 

effects on gains and losses of biomass. Variations of the model applied losses at different 
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stages of the migration cycle and, thus, for varying periods of time. A higher loss rate was 

required to balance increases in biomass when losses occurred only in the top layer, for 

example, because losses occurred only during the time the biomass was in the top layer and 

noi during the entire migration cycle. The model was very sensitive to where (and therefore 

when) losses were applied as compared to where (and when) accumulations of biomass 

occurred. 

When losses were applied only to the top layer of the model, the net downward flux 

of POC was reduced compared to the base model where losses were uniformly distributed 

with depth. This reduction in net downward flux of POC occurred primarily because the 

gross downward flux of POC was reduced (compared to the base model) because POC 

was removed from the top layer and therefore less w is available to return to deeper layers. 

Also, the gross upward flux of POC was increased (compared to the base model) because 

POC was not lost (except to respiration) during residence in deeper layers. The application 

of losses only to the top of the model increased the net upward flux of PON slightly 

because no losses were applied at the depth where PON accumulated (the deepest box) 

resulting in an increase in the gross upward flux of PON. 

Application of losses only to the bottom layer of the model also gready affected 

both gross and net fluxes of POC and PON. First, the magnitude of both gross upward and 

downward fluxes was increased compared to the base model because losses were not 

applied to layers where most of the POC accumulated, i.e. losses were applied only in the 

poorly-illuminated bottom layer where POC increase was minimal. The absence of losses 

from surface layers (where most POC accumulation occurred) also resulted in a larger 

downward flux of POC. Both of these factors combined resulted in a greater overall net 

downward flux of POC as compared to the case where losses were applied uniformly with 

depth. 

The application of losses to the top and bottom layers, but not to mid-depths, 

resulted in net and gross fluxes similar to those of the base model, though the net 
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downward flux of POC was slighdy higher. This may be due to increases in POC that 

occurred during the transit time from the top to the bottom layer. Since nitrate was available 

only in the bottom layer, the flux of PON was not greatly influenced by the reduction of 

losses in the mid-depth range. 

The choice of variations in the amplitude of the loss term with depth was somewhat 

arbitrary. Very little information exists about the fate of Rhizosolenia in the open ocean, 

especially about the vertical distribution of losses due to sinking and grazing. It was 

important, however, to examine whether concentration of losses at a particular depth made 

a difference to fluxes of POC and PON. Concentration of losses at the surface simulated 

possible grazing by copepods, euphausiids, and protozoans associated with dense surface 

aggregations of Rhizosolenia (Carpenter et al. 1977, Villareal and Carpenter 1989) as has 

been observed for the bloom-forming cyanobacterium Trichodesmium (O'Neil and Roman 

1992). Generally, concentration of losses in the top layer assumes that Rhizosolenia will be 

aggregated near the surface (which has been observed in several studies, including 

Alldredge and Silver 1982, Villareal et al. 1993, and Villareal et al. 1996) and that the 

distribution of grazers will be directly correlated with food supply, i.e. mats of 

Rhizosolenia (see Longhurst and Harrison 1989). Concentration of losses in the bottom 

layer of the model simulated irreversible sinking of biomass from the euphotic zone, which 

might occur if cells were unable to recover from periods of nitrate depletion in surface 

waters, and any grazing that might occur due to concentration of zooplankton in deeper 

layers (see Venrick, McGowan, and Mantyla 1973). Losses occurring only from the top 

and bottom layers represented a combination of these possibilities, as did the uniform 

distribution of losses with depth. Considering the importance of the variation of loss rate 

with depth to the predicted fluxes of POC and PON due to migrations of Rhizosolenia, 

further research on associated loss processes is warranted. 

In general, increases in ascent and descent velocities of biomass increased both the 

gross and net fluxes of POC and PON. Fluxes calculated using the base model were 

I 
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intermediate between those of the model where ascent and descent velocities were held 

constant at 3 m h"1 and those of the model where velocities were held constant at 6 m h"1 

because the ascent and descent velocities of the base model (used to calculate fluxes) varied 

as a function of C:N and ranged between 3.2 and 5.8 m h"1. The most unexpected result of 

variations in ascent and descent velocities was that the net upward flux of PON did not 

increase past 6 m h"1 while the net downward flux of POC continued to increase, though 

only slightly. This saturation in the net upward flux of PON is the result of the time 

necessary in the bottom box for biomass to reach the critical C:N ratio for floating. 

Increasing the ascent velocity did not result in increased flux because the biomass was still 

"waiting" to reach the critical C:N for floating. Similarly, the total migration cycle time 

(discussed below) also did not decrease when the ascent and descent velocities were 

increased to 8 m h"1. Time spent by biomass in the top and bottom layers constrained the 

total migration cycle time, such that increases beyond 6 m h"1 did not affect the total cycle 

time. 

Variations in the critical C:N ratios at which biomass sank or floated only slightly 

affected the magnitude of the fluxes of POC and PON due to migrations of Rhizosolenia. 

The effects of changing the critical C:N ratios could be manifested in at least three different 

ways. First, because of the way that the ascent and descent velocities are formulated in the 

base model, changes in the critical C:N will determine the velocity with which biomass 

sinks from the top layer or floats up from the bottom layer, which will affect the calculation 

of flux. Second, the critical C:N will also determine how long the biomass spends in the 

top and bottom layers, which will in turn affect the total cycle time, and thus will affect the 

calculation of average flux on a daily basis. Third, the critical C:N determines the 

concentration of POC or PON that is allowed to accumulate in the top or bottom box, thus 

affecting the calculation of downward or upward (and therefore net) flux. Overall, 

however, the model was not particularly sensitive to the choice of critical C:N ratios, 

especially when compared to the effects of variations in the amplitude of the loss term with 



II 

111 

depth on fluxes of POC and PON. In nature, therefore, differences in C:N ratios of cells 

will not be the key determinant of fluxes of POC and PON due to migrations of 

Rhizosolenia, rather, the vertical distribution of loss processes associated with their growth 

and their abundance in the water column (see below) will determine their relative 

contribution to fluxes of carbon and nitrogen. 

4.5.5 Relative contributions of Rhizosolenia migrations to nutrient cycling 

and new production in the open ocean 

This model so far has considered only one possible initial concentration of 

Rhizosolenia biomass when determining fluxes of POC and PON due to their migrations. 

The relationship between fluxes of POC and PON and the initial abundance of Rhizosolenia 

can be described by: 

where F is the net flux of POC or PON ((irnol m"2 d"1), C is the integrated water column 

abundance of Rhizosolenia in the form of POC or PON (|Jmol m"2), and <j> is the flux of 

POC or PON due to migrations of Rhizosolenia normalized to the initial biomass (d_1). 

Using values of net flux determined from the base model (see Table 4.3,4.4, or 4.5), the 

initial abundance of POC and PON, and equation 4.23, the value of <j> for net downward 

flux of POC was calculated to be 0.07 d"1, while a value of 0.14 d"1 was determined for 

the net upward flux of PON. Values of <j> for variations of the base model can be found in 

Table 4.7. Thus, no matter what the initial abundance of biomass, multiplication of 

integrated water column abundance by <j> will yield an estimate of the net downward flux of 

POC or the net upward flux of PON, provided that the conditions in the water column are 

similar to those defined in the base model or to the chosen variation of the base model. The 
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Table 4.7: Calculated values of <j> (d_1) for variations of the 

Rhizosolenia migration model. The product of <j) and the integrated 

water column abundance (umol nr2) of Rhizosolenia gives an estimate 

of net downward flux of POC or net upward flux of PON due to 

Rhizosolenia migrations. 

Model Variation 

Base 

Top loss only 

Bottom loss only 

Top and bottom loss 

Critical C:N 10.7, 7.1 

Critical C:N 15.4, 8.3 

A,r7=3m h"1 

A , ^ 6 m h"1 

<j> for POC (d"1) 

0.07 

0.004 

0.32 

0.16 

0.08 

0.08 

0.05 

0.10 

<t> for PON (d"1) 

0.14 

0.2 

0 

0.11 

0.14 

0.14 

0.14 

0.19 

A , ^ 8 m h"1 
0.12 0.18 
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values of 0 tell us that, using the base model, the net downward flux of POC is 

approximately 7% of the standing crop of Rhizosolenia (measured as POC) per day and the 

net upward flux of PON is approximately 14 % of the standing crop of Rhizosolenia 

(measured as PON) per day. 

It is now possible to determine the potential relative contribution of migrations of 

Rhizosolenia to fluxes of POC and PON, and thus to oceanic new production, by 

calculating fluxes based on a range of abundances obtained in the open ocean. Data on the 

abundance and distribution of Rhizosolenia, horizontally, vertically and on basin-wide 

spatial scales, are limited. Kilometre-scale estimates of Rhizosolenia abundance in the 

North Pacific Gyre range from values of 0.75 umol N nr 3 over the upper 4 m of the water 

column (Villareal and Carpenter 1989) to 1.75 umol N m"3 over the top 16 m of the water 

column (Alldredge and Silver 1982). These concentrations were converted from units of 

mats nr 3 using an average of 2.5 umol N mat"1 given by Villareal et al. (1996), although 

the size of mats varies considerably (Villareal et al. 1993) and therefore the value of 2.5 

umol N mat"1 should be considered approximate. 

In order to estimate net fluxes of POC and PON it is necessary to know integrated 

water column abundance. In general, it is difficult to determine the vertical extent of the 

Rhizosolenia mats, as measurements must be done by SCUBA divers who are limited to 

approximately 20 m of vertical descent. I will assume that the concentration of Rhizosolenia 

observed by Alldredge and Silver (1982) (1.75 umol N nr3) is found over the top 20 m of 

the water column instead of only the top 16 m. This may account for mats below 16 m 

which were not counted in their estimates, but is more conservative than integrating over a 

120 m water column. This results in an integrated water column abundance of 35 umol N 

nr2 . Using equation 4.23, and a value of <f> = 0.14 d"1 (from the base model), the estimated 

net upward flux of nitrogen to the euphotic zone would be at most on the order of 5 umol 

N m'2d"1. This value is within the range of previous estimates of nitrogen flux due to 

migrations of Rhizosolenia in the open ocean. Villareal et al. (1996) calculated the upward 

P 
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flux of nitrate-N carried by migrating Rhizosolenia to be between 3.9 and 40 umoles N nr 2 

d"l. It should be noted that Villareal's estimate takes into account only the upward flux of 

N, and doesn't consider the nitrogen which returns to deep water during the downward 

phase of the migration cycle, however it was calculated using a slightiy lower abundance of 

PON, thus the values are similar to those calculated using my model. From here on, I will 

use a net upward flux of 5 umol N m"2 d"1 as the maximum potential contribution of 

migrations of Rhizosolenia to new production in the open ocean. 

The importance of the predicted upward flux of N to total new production in open 

ocean regions can be estimated by comparing the predicted net upward flux of PON from 

the model to estimates of new production resulting from the turbulent diffusion of nitrate 

into the euphotic zone, new production from nitrogen fixation, and to estimates of export 

production from sediment traps. 

Estimates of the flux of nitrate into the euphotic zone of the oligotrophic ocean due 

to the turbulent diffusion of nitrate vary by more than two orders of magnitude ranging 

from 3 umoles N nr 2 d"1 (Carr et al. 1995) to 1644 umoles N m"2 d"1 (Jenkins 1988) (see 

Table 4.8). Not including the lowest (Carr et al. 1995) and highest (Jenkins 1988) fluxes, 

an average of these values is on order of 140 umoles N m"2 d"1. Thus, the upper limit of 

new production resulting from migrations of Rhizosolenia into the euphotic zone (5 umoles 

N m"2 d_1) may represent at most 4% of new production resulting from diffusive fluxes of 

N. Estimates of new production from nitrogen fixation are less variable than those from 

turbulent fluxes of nitrate, but variation still exists (Table 4.9). If 25 umoles N m"2 d"1 is 

used as a rough estimate, then the net upward flux of N to the euphotic zone represents 

20% of new production due to nitrogen fixation. In general, comparisons of new 

production due to Rhizosolenia migrations to that due to turbulent fluxes of nitrate should 

be done with caution. First, the variation in turbulent fluxes of nitrate (and in the estimates 

of new production due to migrations) is extremely high. This makes valid comparisons 

difficult. Second, none of the estimates of turbulent fluxes used for these comparisons 

if 
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Table 4.8: Estimates of new production from turbulent fluxes of nitrate into the 
euphotic zone for comparison with vertical fluxes of N due to migrations of 
Rhizosolenia in the open ocean. 

Location 

Sargasso Sea 

Western Pacific Warm Pool 

E. Atlantic 

26°N,28°W 

Sargasso Sea, off Bermuda 

E. Adantic 

28.5°N, 23°W 

Equatorial Pacific 

10°N, 150°W 

Nitrate flux 
(umoles Nm"2d"1) 

22-134 

250-310 

27 

1644 

139 

3 

Reference 

McCarthy and 

Carpenter 1983 

Penaetal. 1995 

Ledwelletal. 1993 

Jenkins 1988 

Lewis etal. 1986 

Carr etal. 1995 
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Table 4.9: Estimates of nitrogen fixation used for comparison with 

estimates of new production resulting from vertical migrations of 

Rhizosolenia in the open ocean. 

Location 

N. Adantic (SW) 

Caribbean 

Sargasso Sea 

N2 fixation 

(umoles N nr 2 d"1) 

38 

77 

1.4 

Reference 

Goeringetal. 1966 

Carpenter and Price 1977 

Carpenter and McCarthy 

1975 

I I 
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were done in regions where mats of Rhizosolenia are especially abundant (such as the 

Central North Pacific Gyre), so, again, comparisons must be made with caution. 

Estimates of new (export) production from sediment trap measurements, however, 

have been made in the North Pacific Gyre and the variability in nitrogen fluxes measured 

by sediment traps in both the Atlantic and Pacific Oceans is somewhat less (see Table 

4.10), though fewer measurements exist. At best, the net upward flux of nitrogen due to 

migrations of Rhizosolenia represents approximately 1% of new production as measured 

by sediment traps, using the new production estimate of 460 [imoles N m"2 d"1 of Martin et 

al. (1987). 

In general, the relatively low estimated contribution of migrations of Rhizosolenia 

to open ocean new production is a result of their relatively low standing crop. At a 

VERTEX station in the Central North Pacific Gyre, Karl and Knauer (1984) found the 

standing crop of POC to be approximately 1700 umoles nr3 , while the standing crop of 

PON was 160 umoles nr3 . Abundance estimates of Rhizosolenia used for this model 

(based on field collected data) were 1.5 |J.moles n r 3 for POC and 0.2 (imoles m"3 for 

PON, a difference of three orders of magnitude. The abundance estimated by Alldredge and 

Silver (1982) (1.75 umoles N m"3) is slightly higher, but it is still well below the total 

standing crop of PON which includes organisms other than Rhizosolenia. 

The contribution of Rhizosolenia to overall new production in the open ocean is 

small. These contributions can nonetheless be ecologically important because of the 

uncoupled nature of the cycling of carbon and nitrogen during migrations. Migrations of 

Rhizosolenia occur in regions where sources of light and nutrients are spatially separated. 

Often, nitrate does not become detectable until well-below the euphotic zone (see Hayward 

1991), thuf., uptake of nitrate by migrating Rhizosolenia will occur in the dark and, since 

photosynthesis reqiaires Kght, the uptake of nitrate will not be accompanied by the uptake of 

carbon (see Richardson et al. 1996). Nitrate transported to the surface by migrating 

diatoms, then, will not be accompanied by stoichiometric equivalents of carbon, as is the 

n 



Table 4.10: Estimates of new production as export production measured by 

sediment traps for comparison with vertical fluxes of N due to migrations of 

Rhizosolenia in the open ocean. 

Location 

N. Pacific Subtropical 

Gyre 

Sargasso Sea 

N. Pacific Subtropical 

Gyre 

Export production 

(linioles N m"2 d"1) 

460 

770 

714 

Reference 

Martin etal. 1987 

Michaels et al. 1994 

Karl and Knauer 1984 
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case for new production that results from the input of physically-transported dissolved 

nitrate to the euphotic zone (Eppley and Peterson 1979). Since photosynthesis at the 

surface requires a carbon source, and since carbon is not brought to the surface in coupled 

transport with nitrogen, photosynthesis at the surface may result in the net decrease of 

carbon from surface waters. The uncoupled uptake of carbon and nitrogen during vertical 

migrations of Rhizosolenia is potentially the greatest contribution that these migrations can 

make to biogeochemical cycling and new production. 

In general, uncoupled uptake of carbon and nitrogen also has implications for the 

estimation of primary productivity. Usually, upward flux of nitrate to the euphotic zone 

(new production) is converted to primary production by multiplying by the Redfield ratio. 

Uncoupled transport of N by migrating diatoms, and periods of unbalanced growth that can 

occur in N-depleted surface waters (see Richardson et al. 1996) do not obey Redfield 

stoichiometry. Calculation of primary productivity by multiplying upward transport of N 

by the Redfield ratio, therefore, will underestimate downward carbon flux (see also 

Goldman et al. 1992, Richardson and Cullen 1995). The model presented in the present 

study shows the uncoupling of C and N clearly, both by predicted veriical distributions of 

POC and PON, and by the predicted fluxes. Using the base model as an example, the 

predicted gross upward flux of PON (10.4 umolss N nr2 d"1) multiplied by 6.6 (mol:mol) 

(approximate Redfield proportions) gives an estimate of the downward flux of POC of 

68.6 umoles C nr2 d"1. The value returned by the model for the downward flux of POC 

was 91.7 umoles C m"2 d"1. Thus, multiplying upward N flux by the Redfield ratio would 

underestimate the downward flux of POC by approximately 20 %. 

In summary, this chapter describes a numerical model constructed to estimate the 

potential contributions of Rhizosolenia migrations to nutrient cycling in the open ocean. 

New production resulting from vertical migrations of Rhizosolenia is at most 4% of that 

resulting from upward fluxes of nitrate due to turbulent diffusion, and may contribute to 

roughly 1% of export production measured by sediment traps. Although these are small 
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contributions, the uncoupled nature of carbon and nitrogen cycling during migrations 

makes them ecologically important, as growth of Rhizosolenia at the surface fueled by 

nitrate acquired below the euphotic zone may result in the net removal of carbon from 

oceanic surface waters. However, because the abundance of these cells is relatively low, 

fluxes of carbon and nitrogen due to migrations of Rhizosolenia make only minimal 

contributions to global levels of new and primary production. 
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Chapter 5 

Conclusions 

The work presented in this thesis has focused on three main areas: 1) the effects of 

light and nutrients on the chemical composition of marine planktonic diatoms, 2) the effects 

of changes in chemical composition on cell buoyancy, and 3) how changes in cell 

buoyancy affect the cycling of carbon and nitrogen in the ocean. 

The chemical composition of Thalassiosira weissflogii and Rhizosolenia formosa 

changed significantly in response to variations in light and nutrient regimes. Both of these 

organisms had large capacities for unbalanced growth, that is, they continued to take up 

carbon in the absence of nitrate (N) for extended periods of time (2-3 days). In both cases, 

changes in chemical composition were reversible: high ratios of C:N and 

carbohydrate:protein induced by N deprivation decreased when cells were re-supplied with 

N. The reversibility of chemical composition, and the flexible nature of the physiology of 

these diatoms had not previously been studied in detail, and represents a novel contribution 

of this work to the overall area of phytoplankton physiology. 

Through effects on intracellular density, variations in cellular chemical composition 

affect cell buoyancy. The relationship between cellular chemical composition and cell 

buoyancy was examined through both laboratory experiments and modeling. I showed that 
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increases in carbohydrate:protein ratio could have been responsible for increased sinking of 

N-depleted Thalassiosira weissflogii grown in the experimental tank. Buoyancy 

experiments using Rhizosolenia formosa showed that the sinking rate and the percentage of 

negatively buoyant cells increased when cells became N-depleted, but that sinking rates and 

percentages of negatively buoyant cells decreased and the percentage of positively buoyant 

cells increased after N was re-supplied to culture medium. Increases in the percentage of 

positively buoyant cells were correlated with observed decreases in cellular C:N ratio; 

increases in the percentage of negatively buoyant cells and their sinking velocities coincided 

with increased C:N ratios. 

Changes in cell buoyancy affect the vertical movements of diatoms through the 

water column. For small to medium-sized diatoms, buoyancy changes may be manifested 

as increases or decreases in cell sinking rates. Work in the experimental water column 

showed that N-replete Thalassiosira weissflogii were near-neutrally buoyant, but that cells 

sank when they exhausted ambient nitrate. In nature, increased buoyancy upon re-exposure 

to nitrate will slow the sinking rates of cells as they reach the top of the nutricline. Lande 

and Wood (1987) showed that slowing of sinking rates at the top of the nutricline may 

result in increased residence of time of cells in the mixed layer of the ocean, which may 

result in greater overall levels of primary productivity and growth than if sinking rates did 

not decrease. For large diatoms such as Rhizosolenia, alterations between positive and 

negative buoyancy allow cells to migrate vertically, giving them access to sources of nitrate 

found deep within the water column. This is an ecological advantage that may be 

responsible for the success of these large organisms in oligotrophic regions. 

Whether in the form of sinking then resuspension by physical processes, or in the 

form of vertical migrations, movements of cells between the top of the nutricline and the 

euphotic zone affect carbon and nitrogen cycling in the ocean. The model of a steady-state 

Rhizosolenia migration cycle showed that new production resulting from transport of N to 

the surface during migrations is at most 4% of that resulting from the turbulent diffusion of 
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nitrate into the euphotic zone. This is a small contribution to oceanic new production, but 

the potential for transport of nitrogen uncoupled from the transport of carbon during 

migrations means that this form of new production may make disproportionately larger 

contributions to the net removal of carbon from oceanic surface waters. However, the 

relatively low abundance of these organisms means that fluxes of carbon and nitrogen due 

to migrations of Rhizosolenia are not important on a global scale. 

In summary, the results of Chapter 2 indicate that: 

• Under N-replete conditions, Thalassiosira weissflogii was near-neutrally 

buoyant in the experimental water column, but cells sank after depletion of 

ambient nitrate. 

• Increased carbohydrate ballast was sufficient to have caused the increased 

sinking of N-depleted cells. 

• Reversions in chemical composition due to changes in N status can result in 

detectable changes hi cell buoyancy, 

• Nutrient-dependent changes in cell buoyancy might result in increased residence 

time of cells in the mixed layer of the ocean, resulting in enhanced levels of 

primary productivity and growth. 

Work described in Chapter 3 found that the physiological responses of 

Rhizosolenia formosa to changes in nutrient regime were flexible and were thus consistent 

with the ability to migrate vertically in the open ocean. Specific conclusions are: 

• Cells could undergo prolonged periods of unbalanced growth, after which 

changes in chemical composition and increased buoyancy occurred upon re-

introduction of nitrate to culture medium. 

• Measurements of nitrate uptake showed that cells could take up nitrate in the 

dark at rates indicating the potential for luxury consumption of nitrate. 

• Photosynthesis-irradiance characteristics of this organism showed that cells may 

be adapted for growth under a wide range of irradiances. 
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In Chapter 4, a numerical model was used to estimate the potential contributions of 

migrations of Rhizosolenia to nutrient cycling and new production in the open oce^n. The 

most significant results from the model suggest that: 

• New production resulting from the transport of N to the euphotic zone during 

migrations of Rhizosolenia is at most 5 [imoles N nr 2 d"1 though this estimate 

may vary by as much as an order of magnitude higher or lower because of 

uncertainties in estimates of the integrated water column abundance of this 

organism. 

• New production resulting from Rhizosolenia migrations is at most 4% k '* that due 

to turbulent fluxes of nitrate into the euphotic zone, but may make 

disproportionately higher contributions to the removal of carbon from surface 

waters because the upward transport of N during migrations is not coupled to the 

upward transport of carbon. 

Calculation of the exact contribution of migrations of Rhizosolenia to new and 

primary production still relies on robust estimates of cell abundance. The geographical 

coverage of abundance estimates is not yet sufficient to determine their overall 

biogeochemical importance, although evidence presented here indicates that their 

contributions to biogeochemical cycling may be negligible. 
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