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Abstract 

Nitrate utilization by marine phytoplankton is an important component of 

the marine nitrogen cycle. The 1 5 N / 1 4 N ratio that is created during nitrate assimilation can 

be propagated throughout marine food webs, throughout nitrogen pools in the water 

column, and recorded in the organic fraction of marine sediments. Variations in the 
1 5 N / 1 4 N ratio are potentially useful for understanding processes of the nitrogen cycle on a 

variety of spatial and temporal scales. Our present understanding of the processes 

involved in nitrogen isotope fractionation does not allow us to confidently interpret the 
1 5 N / 1 4 N signal in the various pools of nitrogen in the ocean. 

Using laboratory batch culture experiments, the uptake and assimilation 

characteristics of nitrate during growth in light, temperature, and iron limiting conditions 

were determined as a means to investigate the variability and possible physiological 

mechanisms of nitrogen isotope fractionation by marine phytoplankton. 

Irradiance level had the most significant impacts on nitrate assimilation and 

nitrogen isotope fractionation. The phytoplankton species that expressed an uncoupling 

between the uptake and assimilation processes under low light conditions had relatively 

large isotope fractionation factors. The marine diatom Thalassiosira weissflogii showed 

the largest isotope discrimination, with an observed epsilon value of 6.2 per mil in high 

light, and 15.2 per mil in low light. 

Under a 12h lightdark cycle, the isotope fractionation factor was dependent on the 

light versus dark nitrate assimilation rates. A coccolithophorid, Emiliania huxleyi, with 

no dark nitrate assimilation, had the same fractionation compared to growth in 24 hours 

of continuous light, whereas three marine diatoms displayed higher fractionation factors 

during nitrate uptake in the dark, and therefore had higher fractionation factors than when 

grown in 24 hours of continuous light. 

The growth limiting effects of temperature or iron had little influence on isotope 

fractionation in the two marine diatoms that were measured. Despite the lower growth 

rate, isotope fractionation was similar to conditions of higher temperature (18°C) and 

high iron concentrations in cultures of Thalassiosira weissflogii and Thalassiosira 
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pseudonana. These results indicate that the mechanism of isotope fractionation is not 

altered by slow growth rates induced by temperature or iron limitation. 

Lastly, the isotope fractionation mechanism of Thalassiosira weissflogii was 

investigated by measuring the 1 5 N / 1 4 N ratio of nitrate inside and outside the cell during 

growth in the four growth conditions described above. The results show that the 1 5 N / 1 4 N 

ratio is higher in the internal pool of nitrate than in the nitrate in the medium, and 

therefore the fractionation step that produces the overall phytoplankton 8 1 5 N value is a 

result of assimilation processes inside the cell. The 1 5 N / 1 4 N values of the internal nitrate 

pool in the different growth conditions suggested that the overall isotope fractionation by 

marine phytoplankton is a result of the isotope discrimination step during nitrate 

reduction combined with the efflux of nitrate from the cytoplasm to the external medium. 

A linear correlation was observed between the magnitude of isotope fractionation and the 

relative efflux: influx ratio that suggests that fractionation associated with nitrate 

reductase was 23 per mil. 

The results and discussion in this thesis describe how isotope fractionation by 

marine phytoplankton varies as a result of species composition, nutrient, and light 

conditions. The variations in the magnitude of nitrogen isotope fractionation imply that 

an accurate interpretation of a specific nitrogen isotope signal will depend on knowledge 

of the growth parameters that control phytoplankton species composition and nitrate 

utilization. 
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Chapter 1: General introduction 

Int roduct ion 

The use o f the stable isotopic composition o f several elements has emerged as a 

powerful tool for elucidating complex biological and chemical processes in nature. In 

particular, variations in the natural abundance o f the stable isotopes o f nitrogen in marine 

and freshwater ecosystems have attracted considerable attention in recent years (Raven 

1992, Robinson 2001). The ability to detect small differences in the 1 5 N / 1 4 N ratio o f 

various pools o f nitrogen, combined wi th knowledge o f kinetic isotope fractionation 

during chemical and biochemical reactions, provides novel ways to monitor nitrogen 

fluxes in the ocean. Nitrogen isotoperatio variations have been applied to studies o f 

phytoplankton bloom dynamics and particle fluxes (Saino & Hattori 1980, Altabet 1988, 

Minagawa et al. 2001), food web dynamics (Minagawa & Wada 1984), 

paleoceanography (Calvert et al. 1992, Altabet & Francois 1994), the source o f new 

nitrogen to ecosystems (Karl et al. 1997), and pollution monitoring (McClelland & 

Valiela 1998). These studies demonstrate that measuring the natural abundance o f the 

stable isotopes o f nitrogen can provide insight into the processes governing the nitrogen 

cycle in the ocean that operate on time scales ranging from seconds (chemical and 

biochemical reactions) to thousands o f years (glacial cycles and climate change). 
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Kinetic Isotope Fractionation 

Kinetic isotope fractionation can occur when a mixture o f stable isotopes o f an 

element undergoes a chemical or biochemical reaction. Due to the subtle difference i n the 

masses o f the isotopes, the light isotope w i l l react faster than the heavy one, and this rate 

difference w i l l produce a product enriched in the light isotope (relative to the substrate). 

For nitrogen, the isotope ratio is defined as: 

R = 1 5 N / 1 4 N 

The absolute abundance o f the isotopes cannot be measured accurately, but the difference 

in the abundance ratio between a sample ( R s a m p i e ) and a standard (Rstandard) can be 

determined wi th high accuracy and precision wi th modern mass spectrometers (Fogel & 

Cifuentes 1993). The result o f this measurement is commonly reported in the 8 notation: 

8 1 5 N %o = (RSample- Rstandard /Rstandard) * 1000 

The conventional standard for nitrogen isotope analysis is N 2 in air. Due to the small 

variations o f 1 5 N in nature, most 8 values are expressed in parts per thousand (Mariott i et 

al. 1981). 

Kinetic isotope fractionation results from the discrimination, during net transport 

or chemical transformations, between molecules bearing different isotopes o f a given 

element. Due to the difference in masses, the rate o f transport or reaction w i l l be 

different, and usually faster for the light isotope relative to the heavier isotope (e.g. 1 4 N 

versus 1 5 N) . Isotope fractionation is defined as: 

a = ki/ki 

2 



where a is the fractionation factor, and k i and k 2 are the transport or reaction rate 

constants o f the light and heavy isotopes, respectively. The conventional term to express 

fractionation factors accounts for the small differences between reaction rates, and is 

defined as the enrichment factor: 

8 = (a-1) x 1000 

Therefore, for any reaction where the light molecule reacts faster than the heavy 

molecule, a > 1.000, and 8 > 0. 

For a single-step, unidirectional reaction (e.g. NO3" —> NO2*) the magnitude o f 

fractionation can be modeled and calculated using the equations described by the 

Rayleigh model (Mariott i et al. 1981). Fig. 1.1 illustrates Rayleigh fractionation using a 

hypothetical reaction in which the substrate is converted to the product wi th an isotope 

fractionation (s) o f 10%o. The initial 5 1 5 N o f the substrate, the magnitude o f s, and the 

extent that the source has been depleted determine the 8 1 5 N o f product. These parameters, 

i f known, provide the information for many o f the studies o f the variability o f stable 

nitrogen isotope ratios in ecology and oceanography. For example, a relatively low 8 1 5 N 

in the substrate (Fig. 1.1) corresponds to a high concentration o f the NO3", whereas a high 

8 1 5 N would indicate that nearly all the NO3" has reacted. 
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1.0 0.8 0.6 f 0.4 0.2 0.0 
S-~P 

Figure 1.1: Rayleigh fractionation for a hypothetical reaction o f a nitrogen substrate (S), 

wi th 5SUbstrate, to the instantaneous and accumulated product (P) o f the reaction (8ipr0duct 

and 8 a product) that undergoes an isotope fractionation (s) o f 10. The x-axis represents the 

fraction o f unreacted substrate remaining. From Mariott i et al. (1981). 

Applications of Nitrogen Isotope Fractionation 

Kinetic isotope fractionation o f 1 5 N and 1 4 N is known to occur in many o f the 

biochemical and chemical transformations within the nitrogen cycle. Wada et al. (1987) 

measured the 8 1 5 N o f inorganic nitrogen, plants, and animals o f an area in the Southern 

Ocean and showed that 8 1 5 N increases wi th trophic level. The observed 3-4 per mi l 

increase is a result o f the excretion o f waste products that are enriched in 1 4 N (Minagawa 

& Wada 1984). The diatoms eaten by the herbivores were responsible for setting the 



init ial 8 1 5 N values. Relatively low 8 1 5 N values in organisms at the top o f the food web 

indicate a simple community structure, whereas high 8 1 5 N values are found in long or 

more, complex food chains (Altabet 1989b). 

Nitrogen isotope fractionation has proven valuable for studying the f lux o f 

nutrients and organic matter through the water column. Thus, an increase in the 8 1 5 N o f 

particulate organic nitrogen (PON) corresponds to a decrease in nitrate concentrations 

during phytoplankton bloom events (Altabet & Deuser 1985, Altabet 1991). The increase 

in 8 1 5 N o f PON is consistent with one-step Rayleigh fractionation kinetics, and occurs as 

phytoplankton utilize the nitrate pool in the euphotic zone. This change provides a strong 

source signal for studying the pathways o f nitrogen in the open ocean on time scales o f 

weeks to months, which are relevant to the residence time and the f lux o f particles 

(Altabet et al. 1991). The 8 1 5 N surface signal is propagated into the deep ocean by 

sinking particles. The signal is conserved in the sinking particles despite the fact that 

degradation by bacteria is occurring in the water column (Altabet & Francois 1994). The 

isotope values also suggest that sinking particles are quite different from suspended 

particles, and reflect different oceanographic processes (Saino & Hattori 1987, Altabet et 

al. 1991). Nitrogen isotope measurements also support the paradigm that the magnitude 

o f nitrate input to the euphotic zone is responsible for the degree o f PON flux out o f the 

euphotic zone (Altabet & Deuser 1985). 

Comparisons o f 8 1 5 N between the Western North Pacific and the Equatorial 

Pacific have also helped to explain and quantify the contributions o f processes such as 

nitrogen fixation and denitrification (Saino & Hattori 1987). Studies in the Atlantic have 
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shown the relative contributions o f regenerated vs. new production by comparing 5 1 5 N o f 

the various nitrogen pools within the euphotic zone (Altabet 1989a). 

The preservation o f a PON-5 1 5 N surface-signal in sea-floor sediments is a 

potentially useful tool for analyzing past relative nutrient utilization in the ocean. The 

reliability o f this palaeoceanographic application relies on the faithful preservation o f the 

8 1 5 N signal in sediment, which can potentially be altered by post-depositional 

decomposition o f organic matter and trophic level changes (Montoya 1994). However, 

the signal is indeed transferred to and preserved in the sediments as shown by the low 

8 1 5 N values o f Equatorial Pacific sediments underlying the nitrate-rich surface waters o f 

the upwelling region, which increase to the north and south as nitrate in the surface 

waters decrease (Altabet & Francois 1994, Farrell et al. 1995). A similar result was found 

in the Southern Ocean (Francois et al. 1992). Ganeshram et al. (1995) found that patterns 

o f denitrification and upwelling during glacial-interglacial periods could be elucidated 

from the 8 1 5 N o f sediments in the eastern tropical North Pacific. Farrell et al. (1995) 

observed a decline in 8 1 5 N values during the last glacial maximum as recorded in the 

sediments o f the northwestern equatorial Pacific. Lower 8 1 5 N values imply that more 

nitrate was available to phytoplankton, which could stimulate an increase in primary 

production. These results have important consequences for understanding the global 

carbon cycle and climate change because o f the tight l ink between N and C in primary 

production, and the influence o f primary production on atmospheric CO2. 

In addition to these studies, the 1 5 N / 1 4 N signature is used to trace anthropogenic 

nitrogen movements through ecosystems. The movement o f nitrate wi th distinctive 8 1 5 N 

values from sewage and fertilizer can be easily detected in estuarine and marine 
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environments, and has proven useful for detecting potential eutrophication threats before 

more deleterious effects occur (McClelland et al. 1997, Tucker et al. 1999). 

Isotope Fractionation by Phytoplankton 

One o f the key processes in all o f the applications mentioned above is the 

assimilation o f inorganic nitrogen by phytoplankton. The fractionation associated wi th 

this step determines the 1 5 N / 1 4 N o f phytoplankton. This is the baseline for the isotope 

composition o f organic matter moving through the food web, through the depths o f the 

ocean and to the sea floor. Nitrate is one o f the most important nutrients for 

phytoplankton, as it can l imit new primary production (Eppley & Peterson 1979). Thus, 

the fractionation associated with nitrate assimilation is a fundamental aspect o f stable N 

isotope systematics in the ocean (Sigman & Casciotti 2001). Despite the growing interest 

in this f ield, little is known about the mechanisms o f nitrogen isotopic fractionation in 

phytoplankton, mostly because only a few physiological studies have been conducted 

(Goericke et al., 1994). Consequently, it is often diff icult to draw meaningful conclusions 

from 1 5 N / 1 4 N values, as environmental and physiological variables may each affect the 

isotopic composition o f phytoplankton, and this can lead to multiple interpretations o f a 

given data set. 

Several studies have reported the magnitude o f N isotope fractionation by 

phytoplankton. Fractionation during the uptake o f NO3", NO2", and NFL,"1" has been 

estimated in natural assemblages o f estuarine (Montoya et al. 1991), coastal (Goering et 

al. 1990), and oceanic (Altabet & McCarthy 1985) phytoplankton. These studies have 

reported a range in s for nitrate-based production o f between 4 and 9%o. Laboratory 
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studies have been used for determining changes in 8 N o f phytoplankton during nitrogen 

utilization and have yielded estimates o f the fractionation factor for isolated species under 

controlled conditions (Table 1.1). Early work by Wada and Hattori (1978) reported an 

inverse relationship between e and growth rate for the diatom Phaeodactylum 

tricornutum grown on nitrate. Moreover, at the lowest growth rate, e was four times 

higher than at the maximum growth rate. Montoya and McCarthy (1995) determined 

fractionation in six species o f phytoplankton and reported a significant difference in 

fractionation between diatoms (6-12%o) and flagellated organisms (l-3%o) when grown 

on NO3". Their results also showed a growth rate effect for only one species, 

Thalassiosira weissflogii. Pennock et al. (1996) determined fractionation for 

Skeletonema costatum, and concluded that there is no change in fractionation between 

cultures grown at 20 p M or 100 p M initial concentrations, suggesting that laboratory 

experiments can be related to natural environments where nitrate is typically less than 40 

p M . 

It is diff icult to directly compare many o f the s values presented in Table 1 

because o f the variations in culture conditions (Goericke et al. 1994). Wada and Hattori 

(1978) used batch cultures with variations in stirring, shaking and continuous light but 

varying in intensity. Montoya and McCarthy (1995) used continuous cultures in 

continuous light, and Pennock et al. (1996) used large batch cultures growing on a 

12h:12h light/dark cycle rather than continuous light. From these studies, it is clear that 

variability in fractionation exists (e.g.Montoya & McCarthy 1995), but the significance o f 

the differences between studies is unclear. 
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Table 1.1: Nitrogen Isotope fractionation values measured for phytoplankton growing on 
nitrate. * a- Needoba et al. (Needoba et al. In Press), b- Montoya & McCarthy (Montoya 
& McCarthy 1995), c- Waser et al.(Waser et al. 1998a), d- Wada & Hattori (Wada & 
Hattori 1978), e- Pennock et al. (Pennock et al. 1996), f- Wada (Wada 1980). 

Species e ± S E * 
(%o) 

Culture type Notes 

Baciilariophyceae 
Thalassiosira weissflogii 6.2 ± 0.4 a batch 

12 ± 3 b chemostat 

Thalassiosira pseudonana 5.2±0.2 C batch Identical conditions 
as present study 

Chaetoceros simplex 2 . 7 ± 0 . 3 a batch 

Chaetoceros sp. 0.9-4.5d batch 
Skeletonema costatum 2 . 7 ± 0 . 3 a batch 

9 ± 2 b chemostat 

9 ± 0.2 e batch 12h l ightdark cycle 

Ditylum brightwellii 3 .3±0 .4 a batch 

Phaeodactylum tricornutum 4 . 8 ± 0 . 3 a batch 

l -23 d batch Various light 
intensities, culture 
conditions 

Prymnesiophyceae 
Emiliania huxleyi 4 . 5 ± 0 . 2 a batch No flagella or 

coccoliths 
Isochrysis galbana 3 .2±0 .4 a batch 

3.2 ± 1.0b chemostat 

Pavlova lutheri 3 .6±0 .5 a batch 

0 . 9 ± 3 . 5 b chemostat 

Cricosphaera carterae 7Al batch No stirring or 
aeration 

Dinophyceae 
Amphidinium carterae 2 . 2 ± 0 . 3 a batch 

Prorocentrum minimum 2.5 ± 0.3 a batch 

Chlorophyceae 
Dunaliella tertiolecta .2.2 ± 0.2 a batch 

3.4 ± 1.9b chemostat 

Cryptophyceae 
Ghroomonas salina 2 . 2 ± 0 . 9 b chemostat 

Cyanophyceae 
Synechococcus 5.4 ± 0.6 a batch 
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The most recent work on nitrogen isotope fractionation in phytoplankton (Waser 

et al. 1998a, Waser et al. 1998b, Waser et al. 1999, Needoba et al. In Press) has been 

carried out wi th batch cultures using identical laboratory conditions and techniques. This 

research allows for a more direct comparison o f fractionation values for different forms 

o f nitrogen, species variations, and differences between growth conditions. Results from 

these studies show that e values for NO3", NO2", and NEC/ are considerably different 

(Waser et al. 1998a) and indicate that cellular differences in nitrogen uptake and 

assimilation have a significant influence on fractionation. The nutritional history o f the 

cells is also important as there are changes in the magnitude o f fractionation depending 

on the nitrogen status o f the cells (Waser et al. 1998b, Waser et al. 1999). Using the same 

culture techniques, Needoba et al. (In Press) demonstrated that differences between 

species are apparent, although no clear trends emerge between Bacillariophyceae, 

Dinophyceae, Prymnesiophyceae, or Chlorophyceae. 

The magnitude o f isotope fractionation by the phytoplankton community is an 

important variable for many o f the stable isotope applications outlined above. Despite the 

significant contributions o f the field and laboratory studies, no clear mechanism has 

emerged that explains how isotope fractionation occurs, nor how variable the process is 

in nature. 

Objectives of Thesis 

The research presented in this thesis aims to provide new insight into the 

processes o f nitrate utilization and stable nitrogen isotope fractionation by marine 
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phytoplankton. The major objective was to determine nitrogen isotope fractionation 

associated with the utilization o f nitrate by phytoplankton under environmental 

conditions that influence growth rate and that are ecologically important. Four 

environmental variables were changed in order to produce an effect on growth rate: 

1. Irradiance levels 

2. L ightdark cycle 

3. Temperature 

4. Iron concentrations 

Each o f these parameters can have a direct influence on photosynthesis and growth, and 

can directly or indirectly affect the processes o f nitrate uptake and incorporation into 

organic matter. Strategies employed by phytoplankton to utilize nitrate in these different 

conditions may result in changes in nitrogen isotope fractionation, both within a single 

species and between species or groups o f phytoplankton. 

The fol lowing chapters present growth experiments that measure the isotope 

fractionation factor o f phytoplankton in each o f the conditions listed above. For the light 

experiments, measurements o f four species are presented (Chapter 2 and 3). The species 

that show considerable variation from each other in these experiments were then grown 

in low temperature and low iron conditions (Chapter 4). Chapter 5 presents the results o f 

additional measurements for the diatom Thalassiosira weissflogii that further investigate 

the mechanism o f nitrogen isotope fractionation that determines the 8 1 5 N value o f 

phytoplankton growing on nitrate. 
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Chapter 2: Nitrogen Isotope Fractionation by Light-limited 
Phytoplankton 

INTRODUCTION 

Light energy is ultimately responsible for determining a phytoplankton cell's 

ability to grow and reproduce. Differences in light availability are found with changes in 

latitude and throughout the depth o f the euphotic zone. Phytoplankton are exposed to 

changes in irradiance on relatively long time scales (years) due to seasons, and on much 

shorter time scales (hours or days) due to water column mixing. In addition, a common 

strategy for nutrient sequestration by phytotoplankton in oligotrophic water is to migrate 

to depth in order to access a non-depleted nutrient environment. Some species wi l l 

remain in this low light environment (often observed as a chlorophyll maximum), but this 

imposes light limitation on the cells, whereas other species w i l l actively migrate back 

towards the surface to utilize the nutrients acquired from depth (Cullen & Horrigan 1981, 

Vil lareal et al. 1993). 

Adaptations by marine phytoplankton to cope wi th low irradiance levels include 

increasing the light harvesting abilities o f the cell (Perry et al. 1981) and reducing the 

energy required for growth (Richardson et al. 1983, Thompson et al. 1990, Thompson et 

al. 1991). Many phytoplankton pigments permit absorption o f light energy across the 

visible spectrum, and allow for growth at depths in the water column where the high 

energy wavelengths have been absorbed or scattered. However, when photon f lux 

densities become low (at any wavelength) phytoplankton have the ability to increase the 

size or amount o f photosynthetic units per cell, therefore optimizing the ability to capture 

the available energy (Falkowski & LaRoche 1991). Energy conserving mechanisms are 
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also important for growth in low irradiance environments. These include the reduction in 

protein content and cell volume (Thompson et al. 1991, Thompson et al. 1993). It has 

been hypothesized (e.g.Thompson et al. 1991) that smaller cells may sink more slowly, 

reduce grazing pressure, and improve their ability to sequester nutrients. A slow growth 

rate, induced by very low irradiance, may also reduce cellular maintenance costs, thereby 

directing more o f the available energy to reproduction (Geider et al. 1985). 

The processes resulting in uptake and assimilation o f nitrate by phytoplankton 

have important energy consuming considerations in low light environments. The 

formation o f amino acids from nitrate requires more energy relative to nitrite or 

ammonium (Syrett 1981). Nitrate must first be reduced to nitrite, then to ammonium 

before it is converted to organic compounds. For the reduction o f one nitrate molecule, 

nitrate reductase (NR) and nitrite reductase (NiR) require 2 and 6 electrons, respectively. 

Ultimately the reductant, usually N A D H or NAD(P)H, must come from energy captured 

by photosynthesis. In addition, there is an energy requirement for transport across the 

plasmalemma (i.e. uptake) into the cell. Uptake has two separate forces that must be 

accounted for, resulting from the chemical gradient (concentration difference), and the 

electrical gradient (electrical charge) across the plasma membrane (Baker & Hal l 1988). 

For marine phytoplankton these driving forces are not wel l understood; however, studies 

o f macroalgae and terrestrial plants suggest that the electrochemical gradient should be 

uphil l for nitrate transport into phytoplankton (Raven 1988). This conclusion is supported 

by: a) the relatively high internal concentration o f nitrate (usually in the m M range) 

compared to the low (pM) concentration in seawater (Dortch 1982, Dortch et al. 1984, 

Collos 1986) and, b) the voltage gradient o f -40 to -140 m V from the medium to the 

13 



cytoplasm o f phytoplankton cells (Gradmann & Boyd 1995, Boyd & Gradmann 1999). 

Given these considerations, it is expected that nitrate transport and assimilation are 

important energy sinks for phytoplankton when growing on nitrate and low light. 

The combined process o f nitrate uptake and assimilation by phytoplankton 

requires the formation o f an internal pool o f nitrate inside the cell. The size o f this pool 

depends on several factors, including the uptake versus assimilation rate, the ability o f a 

cell to store nitrate, and the magnitude of leakage, or efflux, from the cell. I f the 

assimilation rate is lower than the uptake rate, nitrate w i l l accumulate inside the cell. I f 

the cell can store nitrate in the vacuole, than it may be stored for future use. However, i f 

nitrate is in the cytosol there exists a potential for efflux from the cell. Storage o f nitrate 

has been wel l documented, and is generally a feature o f phytoplankton wi th large 

vacuoles, such as diatoms and dinoflagellates (Cullen & Horrigan 19.81, Dortch 1982, 

Dortch et al. 1984, Collos 1986, Villareal et al. 1993). 

Over twenty years ago, Wada and Hattori (1978) showed an effect o f growth rate 

on the nitrogen isotope fractionation by the diatom Phaeodactylum tricornutum. They 

observed relatively large isotope fractionation (see Table 1.1, Chapter 1) in the slow 

growing cells. Low growth rates were achieved by lowering the continuous light intensity 

o f the cultures. The authors postulated that under low light the rate-limiting step o f 

growth on nitrate was the conversion o f nitrate to nitrite, and created the circumstances 

for a greater chance o f unreacted nitrate to efflux from the cell. This loss o f nitrate could 

result in a change in the 1 5 N / 1 4 N o f the phytoplankton i f the 8 1 5 N o f the nitrate that was 

effluxed was different than the 8 1 5 N o f the nitrate that is assimilated, due to the kinetic 

fractionation by the N R enzyme. 
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The objectives o f this chapter were to measure the growth characteristics o f four 

species o f phytoplankton in a low light environment, and to determine the isotopic 

fractionation o f nitrogen associated wi th growth on nitrate. Physiological constraints 

from energy limitation may influence the amount o f discrimination against the heavy 

isotope that can be expressed by the cell. The null hypothesis states that there is no effect 

o f energy (light) l imitation on the isotopic discrimination against the heavy N isotope by 

growing phytoplankton cells. Additionally, variations in life history characteristics that 

have evolved in phytoplankton may complicate the isotope fractionation patterns, so a 

multi-species approach was used in order to provide a broader understanding o f the 

physiological processes and the oceanographic consequences o f such effects. 
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MATERIALS A N D METHODS 

Phytoplankton Species 

Four species o f marine phytoplankton (Table 2.1) were acclimated to growth 

saturating and growth l imit ing irradiances. Three o f the species were diatoms, 

Thalassiosira weissflogii, Thalassiosira pseudonana, Thalassiosira rotula, and one is a 

prymnesiophyte, Emiliania huxleyi. The diatoms are from the same genera but have 

distinctly different cell sizes. T. weissflogii and T. pseudonana are coastal species, and 

their physiological characteristics have been well studied. T. rotula is found in coastal 

and oceanic temperate environments, and is a common spring bloom diatom (Kent et al. 

1995). Emiliania huxleyi, a coccolithophore, is widely distributed (coastal and oceanic) 

and important for a number o f ecological reasons, owing to its intense bloom forming 

characteristics. This clone is capable o f forming a CaC03 cell wall (coccoliths); however 

the high nutrient conditions typical o f laboratory studies cause the organism to stop 

producing coccoliths (Lecourt et al. 1996). 
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Table 2.1: Description o f the phytoplankton species used in this study. 

Species Clone Location o f Isolation 

Thalassiosira pseudonana CCMP 1335,3H Moriches Bay, Forge R., 
Long Island, N Y 

Thalassiosira weissflogii CCMP1336, Act in Gardiner's Island, Long 
Island, N Y 

Thalassiosira rotula CCMP CS32 La Jolla, CA 

Emiliania huxleyi NEPCC 732 N E Pacific 

Cul ture Conditions 

Each species was grown in semi-continuous batch cultures in the artificial 

seawater ESAW (Harrison et al. 1980) fol lowing a modified recipe (Harrison et al. 1980, 

Price et al. 1987). Nitrate was added at an initial concentration o f 200 p M . Phosphate and 

silicate were added to achieve final concentrations o f 100 p M and 500 p M , respectively. 

These concentrations ensured that exponentially growing cells would use nitrate unti l it is 

exhausted without the culture medium becoming l imited by another macronutrient. 

Carbon limitation was prevented by daily additions o f sodium bicarbonate (~ 2 m M ) 

during the exponential growth period. A l l other nutrients, including trace metals and 

vitamins were as described for the modified ESAW recipe (Price et al. 1987). 

Each species was inoculated into 2 or 3 liter borosilicate flasks containing filter-

sterilized culture medium. The flasks were placed in a water bath at a controlled 

temperature o f 18°C. A magnetic stir bar, rotating at 120 rpm, was used to suspend the 

cells in the medium and ensure a representative sample was obtained for each 

measurement. 
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Cool white fluorescent bulbs on the outside o f the water bath provided continuous 

light. Light levels were measured using a 4n light sensor (Li-Cor) inside a clean water 

f i l led culture flask. The whole growth chamber was provided wi th saturating light, 

approximately 200 pmol photons m" 2 s"1. Light was then reduced to the desired level wi th 

neutral density screens placed around the water tanks. In this fashion, light levels were 

reduced to 140 pmol photons m"V for the high light cultures and 10-15 pmol photons 

m 'V 1 for the low light cultures. A l l experiments reported here were conducted after the 

cells had been acclimated for at least eight generations in this environment. Given the 

low growth rates caused by low light, this procedure often took many weeks. 

Biomass and Nutrient Analysis 

Growth rates were determined by in vivo fluorescence (Turner 10-AU 

fluorometer) and cell counts were measured on a Coulter Counter® (model T A 11 or Z2). 

Cell volume was estimated from the Coulter Counter® results assuming the cells 

approximated spheres. Although this assumption is not valid for all phytoplankton 

species, it is a reasonable assumption for the spherical cell shape o f the species in this 

study. Specific growth rate (p) was calculated from the equation N=N 0 e
M t , where N is 

either a measure o f cell density or in vivo fluorescence, p is the specific growth rate and t 

is time. 

Nitrate concentrations were monitored by U V absorption (Collos et al. 1999) 

during the experiments in order to predict when the cells would reach stationary phase. 

The accuracy o f the nitrate concentration measurements ranged from ±4% at 200 p M to 

±15% at 20 p M . Determinations o f nitrate used for calculations were measured by the 

18 



spongy cadmium colorimetric technique (Jones 1984). This method provides precise 

nitrate determinations down to < 1 p M and is preferable to cadmium column reduction 

(Parsons et al. 1984) for laboratory analysis o f high concentrations o f nitrate. Nitrite and 

ammonium analyses were carried out using standard manual colourimetric techniques 

(Parsons et al. 1984). 

Internal Pool Measurements 

Internal pools o f nitrate were measured for all cells growing exponentially. The 

extraction o f nitrate from the phytoplankton cells was carried out using the boil ing water 

extraction technique o f Thorensen et al. (1982). This method reliably extracts the nitrate 

by cell lysis with boil ing water. A specific volume o f cells was removed from the culture, 

counted, and filtered onto a 25 mm glass fiber (GF/F) filter. The filter and cells were 

washed with 3% NaCl in double distilled water (DDW) in order to remove nitrate that 

may be on the filter due to the previous step. The cells were then ki l led with boil ing 

D D W in order to extract the cellular contents. Nitrate was determined using the spongy 

cadmium method (Jones 1984). The Coulter Counter was used to determine the number 

and size o f the phytoplankton cells. Previous studies have usually presented internal pool 

measurements as a concentration normalized to the entire cell volume (mmoles/L cell 

volume). This is reasonable for comparisons between species assuming that nitrate is 

distributed evenly throughout the cell. Any compartmentalization would change the 

realized concentration. Diatoms very likely store nitrate in their vacuole (Raven 1986), 

therefore internal pools o f nitrate are also reported as an absolute value and as a percent 

o f total cellular nitrogen (both o f which are not dependent on cell volume). 
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PN and N Isotope analysis 

Samples for the determination o f particulate nitrogen (PN) and 8 1 5 N were 

collected on glass-fiber filters (GF/F) by gentle (10 mm Hg) vacuum filtration. The filters 

were dried in an oven at 60 °C and preserved in a desiccator until analysis. Nitrate 

concentrations in the filtrate were determined as described above. The majority o f 

nitrogen isotope ratios and PN were determined wi th an ANCA-GSL-HYDRA 20/20 

mass spectrometer connected on-line to a CFfN analyzer. These measurements were 

carried out by Dr. David Harris at the Stable Isotope Facility, University o f California-

Davis. Results for two o f the experiments, the high light measurements for T. weissflogii 

and E. huxleyi, were determined on a V G PRISM mass spectrometer by Bente Nielsen 

and Kathy Gordon at the University o f British Columbia. Results o f the isotopic analyses 

are reported in the conventional delta notation, as described in Chapter 1. 

Isotope Fractionation 

The isotope fractionation factor (enrichment factor) was calculated from the accumulated 

product equation o f Mariott i et al. (1981): 

Sproduct = 5substrate, t=0 " 6*(-f ln f / ( l - f ) ) 

where 8 p r oduct is the 5 1 5 N o f PN, 8SUbstrate, t=o is the initial 8 1 5 N o f the nitrate, s is the 

enrichment factor, and f is the fraction o f nitrate remaining in the culture. This is the 

appropriate equation to describe isotope fractionation that occurs in a closed culture 

where the product accumulates during the depletion o f the substrate, and a positive 

enrichment factor indicates discrimination against the heavy isotope (see Figure 1.1, 

Chapter 1). 
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Samples were collected throughout the range o f nitrate draw-down and a linear 

regression o f the 8 1 5 N p r o duct versus the value for f * In f /(1-f) (referred to hereafter as F 

value) was calculated. A small correction was made to the 5 1 5 N o f PN to account for the 

fact that some PN was introduced by the inoculation o f the cultures (Waser et al. 1999). 

The slope o f the linear regression provides a robust measure o f e, and the y-intercept 

should be the same as the 8SUbStrate at t=0 in the accumulated product equation. This model 

o f isotope fractionation applies only to a one-step unidirectional reaction. The nitrogen 

mass balance provides a check on the validity o f the experimental calculation. A t 

stationary phase, the concentration o f PN should equal the initial dissolved nitrate 

concentration o f 200 p M . In addition, a further check on the validity o f the Rayleigh 

distillation model is given by the 8 1 5 N o f the PN at stationary phase, which should equal 

the initial 8 1 5 N o f the nitrate. 

RESULTS 

Growth Characteristics 

Growth rates were calculated from the exponential portion o f the growth curves 

for both the change in fluorescence and the change in cell numbers over time. Table 2.2 

presents the growth rates averaged for both measures o f growth for the replicate cultures. 

T. pseudonana was the fastest growing culture, wi th an average specific growth rate o f 

1.8 d"1. This species is the smallest o f the diatoms used in this study, and had a cell 

volume o f 72 p m 3 in the high light conditions. This growth rate and cell size are in 

agreement wi th previous studies presented using the same clone in this laboratory (Waser 
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1998). A t 15 umol photons m"2 s"1 the growth rate was 0.29 d" 1, and the cell volume was 

36 pm 3 . The growth rates o f T. weissflogii and T. rotula were lower than T. pseudonana 

in high light, and they also had higher cell volumes, 800 and 2500 p m 3 respectively. Both 

o f these diatoms also showed a decrease in cell volume when growing in the low light 

conditions. The growth rate o f the high light culture o f Emiliania huxleyi was 

intermediate to the diatoms and showed a decrease in cell volume when irradiance was 

decreased. This general trend o f a decreasing cell size wi th decreasing light levels has 

been previously observed for many other species (Thompson et al. 1991), and is thought 

to be an acclimation response to reduce the amount o f energy required for cell division 

(Richardson et al. 1983). A n additional consideration for the diatoms when comparing 

cell size is that the silica frustule decreases in size after each successive cell division 

(Harrison et al. 1976). The experiments presented here are separated by a period o f time 

that may influence the size o f the cells in this manner, and therefore direct comparisons 

o f cell size between treatments for the same species may be influenced by this factor. 

However, Thompson et al. (1991) observed a large decrease (37%) in cell volume for T. 

pseudonana over a period o f hours when transferring cells from high light to low light. 

The cell volume o f Emiliania huxleyi is not influenced by long-term cell division 

constraints, and therefore the entire change in volume is likely due to acclimation to a 

change in irradiance. 
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Table 2.2: Summary o f the growth rate and cell volume characteristics for the high and 

low light experiments. 

Species Replicates Growth rate (d" 1) Cell Volume (pm 3 ) 

High Light 

(140 pE n f 2 s" 
X) 

Low Light 

( 1 5 p E r n 2 

High 
Light 

Low 
Light 

% 
decrease 

Thalassiosira 
pseudonana 

2 3 1.8 ± .01 0.29 ±0.03 72 36 50% 

Thalassiosira 
weissflogii 

4 3 0.89 + 0.14 0.19 ±0.04 800 400 50% 

Thalassiosira 
rotula 

3 3 0.57 ±0.01 0.31 ±0.02 2500 2300 8% 

Emiliania 
huxleyi 

4 4 0.74 ±0.31 0.22 ±0.03 36 27 25% 

Nitrate Uptake and Isotope Fractionation Measurements 

The nitrate drawdown, particulate nitrogen increase, and 8 1 5 N measurements are 

presented for each species in the fol lowing subsections. The mass balance diagrams 

indicate the nature o f the decrease in nitrate, the increase in particulate nitrogen, and the 

mass balance o f these two pools o f nitrogen. Balanced growth implies that nitrate is 

disappearing from the medium at the same rate that PN is being formed; this result is 

expected for cells properly acclimated to the culture conditions. This was confirmed for 

each culture and can be visually confirmed in the mass balance diagrams. A loss o f 

nitrogen from this two-component system represents either experimental error in 

measurement or a physiological process that produces another form o f nitrogen that is 

released from the cell. There was no measurable nitrite produced from the cells in any o f 

the cultures. Ammonium was commonly detected near the end o f the experiments, as the 
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cultures run into nitrate l imitation, but the concentration never exceeded 5% o f the initial 

nitrate values, and therefore it is not l ikely to substantially influence the 8 , 5 N value. In 

addition, ammonium released during balanced, exponential growth would be quickly 

acquired again, because ammonium is generally preferred over nitrate by most marine 

phytoplankton. Thus, this process would not alter the 8 1 5 N value o f the phytoplankton 

culture on time scales longer than a few minutes. The release o f dissolved organic 

nitrogen (DON) may have a more substantial influence on the mass balance. D O N is 

produced by healthy phytoplankton in cultures (Collos et al. 1992) and in natural 

assemblages (Bronk et al. 1994). D O N may be taken up again (Admiraal et al. 1986, 

Antia et al. 1991, Collos et al. 1992), but i f it is not re-absorbed it may affect the isotope 

ratio i f there is isotopic fractionation associated wi th its release. D O N was not measured 

for any o f the cultures, but its presence may be suggested from the mass balance 

diagrams and w i l l be discussed separately for each species. 

The results o f the 8 1 5 N measurements are presented as a linear regression on the F 

value (see Methods and Materials), in order to show the calculation o f the isotope 

fractionation value (e). A summary o f the isotope fractionation results for the high and 

low light experiments for all four species is given in Table 3. Note that the two high light 

experiments for E. huxleyi and T. weissflogii were conducted using nitrate from a 

different batch o f N a N 0 3 . The 8 1 5 N value for this batch was 3.8%o, while the 8 1 5 N o f the 

NaN03 for all other experiments presented in this thesis was 1.2%o. The absolute 8 1 5 N 

values for these two cultures with a different NaN03 source wi l l therefore be different 

than the other cultures, but the e values are not affected. 
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Thalassiosira pseudonana 

The mass balance diagram (Fig. 2.1 A ) indicates that nitrate was converted to 

particulate nitrogen in a unidirectional reaction wi th no significant loss o f nitrogen from 

the system. Whereas, duplicate cultures for growth rates and internal pools (see below) 

were measured, only one culture was used for isotope fractionation and mass balance 

measurements because o f the similarity o f the initial results to the well established results 

by Waser et al. (1998), who used the same species and culture techniques. The epsilon 

value for the high light cultures was 5.4 +/- 0.3%o (Fig 2.2A), which is identical to the 

value o f 5.2 +/- 0.2%o found by Waser et al. (1998). The mass balance results o f the two 

replicates o f T. pseudonana in the low light cultures are shown in Figure 2.1 (B,C). 

Despite the slow growth rate, as reflected in the time required for nitrate drawdown, the 

unidirectional conversion o f nitrate to particulate nitrogen depicted in the high light 

culture is reproduced in the light-limited culture. The loss o f nitrogen from the system 

that occurred near the end o f the experiment may be a result o f D O N release as the cells 

encountered nitrate limitation and were no longer in exponential growth. 
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Figure 2.1: Nitrogen mass balance for T. pseudonana under high (A) and low light (B,C) 
growth conditions. Triangles represent nitrate, open diamonds represent particulate 
nitrogen, and the mass balance is shown as a line. 
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The 8 N values and the discrimination estimates for the low light cultures are 

shown in Figure 2.2B-D, and summarized in Table 3. The s value was 4.8 +/- 0.4%o, 

which is indistinguishable from the high light cultures measured here and previously 

(Waser et al. 1998). This finding suggests that light intensity does not alter isotopic 

discrimination during growth on nitrate, despite the influence that light has on growth 

rate and cell size. 

Thalassiosira weissflogii 

Fig. 2.3 shows the nitrogen mass balance for T. weissflogii. The decreases in the 

mass balance during the experiment are likely due to the low nitrate values, which may 

be attributable to experimental error, as it does not fol low the smooth trend illustrated by 

the remaining points. There was about a 15% depletion in the mass balance at the end o f 

the low light experiment (Fig 2.3C), however this effect was not present in the duplicate 

culture. Fig. 2.3 illustrates that the uptake o f nitrate followed the simple model o f 

balanced growth, wi th the only difference being the rate o f growth, as controlled by the 

available light energy. 

The e values for the T. weissflogii cultures are shown in Figure 2.4. The high light 

cultures had a value o f 6.2%o, a fractionation that was higher than the other species in this 

study. In addition, this fractionation was the highest o f all other phytoplankton that have 

been measured using identical culture conditions and techniques (Needoba et al. In 

Press). In contrast, the e value for the low light condition was 15.2%o, which is about 2.5 

times higher than in the high light cultures. 
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Figure 2.3: Nitrogen mass balance for T. weissflogii under high (A,B) and low light (C,D) 
growth conditions. Triangles represent nitrate, open diamonds represent particulate 
nitrogen, and the mass balance is shown wi th the line. 
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F value F value 

Figure 2.4: Linear regressions for the calculation o f the isotope fractionation factor (s) for 
T. weissflogii under high light (A-D) and low light (E-G) conditions 
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Thalassiosira rotula 

The high light cultures (Fig 2.5 A-C) exhibited a good mass balance, given that 

the initial NO3" concentration was 180 p M , not 200 p M . This is a result o f preparing the 

culture medium wi th a slightly lower nitrate concentration. The low light cultures showed 

a decline in the mass balance as the cultures depleted the nitrate, and therefore the final 

mass balance was missing approximately 25% o f the nitrogen. Since nitrate was clearly 

being depleted, the phytoplankton must have released another form o f nitrogen during 

growth. Nitrite and ammonium values remained low throughout the experiments 

(Appendix C), suggesting that these cultures may have produced DON. 

The high light cultures o f T. rotula had a low s value (2.7%o; Fig. 2.6). This value 

was lower than the other two diatoms in this study, but is in agreement wi th other 

measurements o f isotope discrimination for relatively large diatoms (Needoba et al. In 

Press). The e value for the low light condition is 5.6%o, approximately two times higher 

than the high light value. The r 2 values for the linear regressions were not as high as the 

values for the high light cultures, although they remained highly significant (P< 0.001). 

The variation in the relationship may be related to the release o f D O N ; however it is clear 

that this process does not significantly alter the e value o f the phytoplankton culture when 

it is measured in this fashion, based on the significant regressions and the intercept 

values. This observation supports the results o f Waser et al (2003, in review), that D O N 

release by exponentially growing cells has no isotope fractionation associated with it, and 

therefore does not alter the 8 1 5 N value o f phytoplankton. 
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Figure 2.5: Nitrogen mass balance for T. rotula under high (A-C) and low light (D-F) 
growth conditions. Triangles represent nitrate, open diamonds represent particulate 
nitrogen, and the mass balance is shown as a line. 
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Figure 2.6: Linear regressions for the calculation o f the isotope fractionation factor (e) for 
T. rotula under high light (A-C) and low light (D-F) conditions. 
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Emiliania huxleyi 

E. huxleyi showed similar nitrate depletion characteristics as the diatom species 

(Fig. 2.7). The high light cultures appeared to show a loss o f nitrogen from the two-

component system during the experiment. This is particularly evident in Figure 2.7A, 

where the mass balance begins to decrease as nitrate is depleted below 150 p M . 

The 8 values for E. huxleyi are shown in Figure 2.8. The highly significant fits for all o f 

the experiments indicate that despite the apparent release o f D O N , the 6 1 5 N o f the 

phytoplankton was unaffected, and the discrimination followed the Rayleigh model o f 

isotope fractionation during nitrate uptake and assimilation. The high light value was 

4.5%o, similar to T. pseudonana, but higher than values reported for other non-diatom 

species (Montoya & McCarthy 1995, Needoba et al. In Press). The low light cultures had 

an 8 value o f 9.4%o. This was an increase in fractionation o f approximately two times, 

again showing that low light conditions can influence the isotope fractionation o f marine 

phytoplankton. 
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Figure 2.7: Nitrogen mass balance for E. huxleyi under high (A , B ) and low light (C-F) 
growth conditions. Triangles represent nitrate, open diamonds represent particulate 
nitrogen, and the mass balance is shown as a line. 
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Figure 2.8: Linear regressions for the calculation o f the isotope fractionation factor (s) for 
E. huxleyi under high light (A-D) and low light (E-H) conditions. 
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Table 2.3: Isotope fractionation factors (%o ± 1 SD) and the percent difference between 
the high light and low light growth conditions. P values indicate a significant difference 
using a Student t test. 

Species 6 ( % o ) 

High Light Low Light Magnitude of change 
(High to Low) 

P 
value 

T. pseudonana -5.4 + 0.3 -4.8 ± 0.4 Not different 0.329 

T. weissflogii -6.2 ±0.4 -15.2 ± 1.5 145 % increase <0.001 

T. rotula -2.7 ± 0.9 -5.6 ±0.6 107 % increase <0.01 

E. huxleyi -4.5 ±0 .2 -9.4 ±0.8 109 % increase <0.001 

Particulate Nitrogen and Internal Pools of Nitrate 

Table 2.4 shows the results o f the internal pool measurements, and comparisons to 

the particulate nitrogen (PN) that was measured during isotope analysis. For the diatoms, 

T. pseudonana had the smallest amount o f nitrogen per cell, an obvious result given its 

small cell size (see Table 2.2). The value o f 1.3 pg/cell is the same as previous measures 

o f nitrogen for this clone under similar conditions (Berges & Harrison 1995a). There was 

no decrease in PN for this species under low light. The other two diatoms, T. weissflogii 

and T. rotula had similar nitrogen quotas, despite their large differences in cell size 

(Table 2.2). This finding suggests that T. rotula had a greater percentage of its cell size as 

vacuolar space as compared to T. weissflogii. The low light cultures followed different 

trends, wi th T. weissflogii slightly decreasing, and T. rotula increasing in cellular 

nitrogen. E. huxleyi had a nitrogen quota o f 2.5 pg in high light, and 1.4 pg in low light. 

A comparison o f E. huxleyi wi th T. pseudonana illustrates the importance o f vacuoles in 

diatoms, as there is more nitrogen in E. huxleyi cells relative to T. pseudonana, despite 

the smaller size o f E. huxleyi. Prymnesiophytes have little or no vacuole organelles; 
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therefore more o f the cell volume consists o f cytoplasm. When PN/cell is normalized to 

cell volume (Appendix A ) the influence o f the vacuolar space on cellular nitrogen content 

is apparent. 

T. pseudonana had the smallest nitrate pool o f the three diatoms, but larger than 

E. huxleyi (Table 2.4). The internal pool did not change between the two light treatments. 

The calculated nitrate concentration increased slightly (Table 2.4, P< 0.05), however this 

was due to a decrease in cell size and not an increase in the amount o f nitrate relative to 

total cellular nitrogen (Table 2.4). T. weissflogii and T. rotula exhibited a different trend 

in internal pool concentrations compared to T. pseudonana. There was a significant 

increase in the internal nitrate pool (fg/cell) under low light, and this is reflected in both 

the calculated concentration (mmoles/L cell volume) and the percent total nitrogen per 

cell (Table 2.4). Although T. rotula had the most nitrate per cell, T. weissflogii had the 

largest nitrate pool concentration because o f its smaller cell size. The percent nitrogen 

value indicated that under low light, T. weissflogii and T. rotula increased their nitrate 

internal pools (relative to total cell nitrogen) by 3.4 and 2.3 times, respectively. E. huxleyi 

had little or no measurable nitrate within the cell; the high light cultures had nitrate levels 

below the detection l imit and the low light cultures had amounts near the l imit o f 

detection. 

There was no significant relationship between the concentration o f nitrate in the medium 

and the internal nitrate pool; however, the values tended to decrease as nitrate was 

depleted below 50 p M (Fig. 2.9A,B). Figure 2.9C shows a graphical representation o f 

the comparisons o f internal nitrate pools described above. 
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Figure 2.9 : Internal nitrate pool (IP) during growth in high and low light for three 
diatoms. T W = Thalassiosira weissflogii, 3H= Thalassiosira pseudonana, TR = 
Thalassiosira rotula. A ) Measurements during saturating-growth light intensity batch 
cultures. B) Measurements during limiting-growth light intensity. C) Comparison o f the 
species as a function o f nitrate concentration (mmoles N/L cell volume or % o f 
particulate nitrogen (PN)). Error bars represent 1 SD, n=3. 
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DISCUSSION 

The variation in isotope fractionation reported here is related to the physiological 

acclimation that cells undergo to maximize growth efficiency in low light. This 

discussion w i l l focus on a) the acclimations to low light and the evidence for a 

mechanism o f isotope fractionation based on the uptake and assimilation o f nitrate w i l l be 

presented, and b) the consequences o f the results for a physiological understanding o f 

isotope fractionation. The implications for the use o f nitrogen isotope systematics in 

oceanographic research w i l l be further addressed in the Summary chapter o f the thesis. 

Acclimation to Low Light 

The phytoplankton species used in this study exhibited several acclimation 

strategies to low light conditions. A n increase in relative in vivo fluorescence (data not 

shown) indicated that chlorophyll/cell increased in the low light cultures for all species, 

although the effect was not quantifiable because chlorophyll/cell (via in vitro 

fluorescence) was not measured. Cell volume was another obvious change, as three o f the 

four species showed >25% decrease in cell volume under low light. The largest species, 

T. rotula, showed the smallest decrease in cell volume (8%). This result is consistent wi th 

previous studies that show a general but not universal reduction in cell volume with 

decreasing light (Thompson et al. 1991, Berges & Harrison 1995a). A smaller size may 

be advantageous in an energy-limited environment because it helps minimize the amount 

o f organic material required for cell division. However, the cell's ability to harvest light 
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is lessened by a reduction in cell volume because o f an increase in the self-shading effect 

(Richardson et al. 1983, Falkowski & Raven 1997). 

Another energy saving mechanism is to reduce the nutrient quota o f the cell 

(Richardson et al. 1983, Thompson et al. 1991, Thompson et al. 1993, Thompson et al. 

1994). Carbon quotas can be reduced by not accumulating the carbon storage products 

present in healthy cells. The status o f nitrogen in light-limited cells is unclear (Berges 

1993). For example, light-limited cells require more chlorophyll, and therefore more 

nitrogen, but the nitrogen quota could be offset by a smaller cell volume or decreased 

amount o f protein associated with carbon fixation. The nitrogen per cell presented in 

Table 4 provides additional information about the limitations o f reducing cellular 

material. Despite the large reduction in cell size (up to 50%), the nitrate quota decreases 

by only about 16% in T. weissflogii but does not change in T. pseudonana. In T. rotula, 

the 8% decrease in cell size is accompanied by a 22% increase in nitrogen per cell. Since 

energy is required for nitrate reduction, and the energy-limited cells do not always lower 

their nitrogen quotas (Table 2.4, Column 1), the nitrogen quota is probably near its 

l imit ing level, even in the high light cultures. Only E. huxleyi shows a large decrease in 

nitrogen content (48%) wi th a decrease in cell size. Since cell size and organic matter are 

more closely coupled in this non-vacuolated species, the diatoms may be primarily 

reducing the vacuole space, whereas E. huxleyi is likely reducing comparatively more 

cytoplasmic volume. 

Raven (1997) discussed the ecological advantages and disadvantages o f vacuoles 

in phytoplankton. The main benefits o f forming vacuoles are: a reduction in surface 

areaxytoplasm volume, a decrease in self-shading, nutrient storage, and buoyancy. The 
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most significant cost o f producing vacuoles is the cost o f building and maintaining the 

vacuolar membrane (tonoplast), which can account for up to twice the energy, twice the 

carbon, and 40% more nitrogen as compared to a smaller cell wi th the same cytoplasmic 

volume. Raven's (1997) main conclusion is that an equilibrium exists between the costs 

and benefits o f a vacuole in a given environment. It follows that diatoms should reduce 

the vacuole size in prolonged low light (and high nutrient) conditions, in order to allocate 

fixed C and N (from the tonoplast) to survival processes such as photosynthesis. 

Internal Nitrate Concentrations 

High Light 

The presence o f internal nitrate in the diatoms supports the suggestion that nitrate 

reductase is the l imit ing step in the nitrate assimilation pathway (Berges & Harrison 

1995a), and that nitrate uptake rates are not l imit ing even at high growth rates in the large 

diatoms. The internal nitrate concentrations presented in Table 4 for T. weissflogii and T. 

pseudonana in high light conditions are in good agreement wi th those determined by 

Dortch et al. (1982). Both studies suggest that diatoms store nitrate despite growing at 

maximal rates. These results also support previous data which show that T. weissflogii 

has a greater ability to store nitrate than other diatoms (Dortch et al. 1984). This is the 

first study to report internal nitrate concentrations for T. rotula and E. huxleyi. Dortch et 

al. (1984) reported nitrate concentrations for a prymnesiophyte o f 13.9 mmole/L cell 

volume, a value that agrees well wi th the relatively low internal nitrate pools found in this 

study for E. huxleyi. The results in Table 2.4 suggest that it is more useful to report 

internal pools as a percentage o f total nitrogen, rather than as a concentration, for species 

comparison. For example, there is no difference between T. weissflogii and T. rotula in 

43 



their ability to store internal nitrate under high light conditions (Table 2.4 Column 4), 

despite the apparent difference in internal nitrate concentration (Table 2.4 Column 3). 

However, the concentration value may provide insight into the potential electrochemical 

gradient acting on nitrate within the cell: the higher the concentration, the greater the 

force promoting efflux. 

Low Light 

To my knowledge, this is the first study to report internal nitrate pool 

concentrations o f marine phytoplankton after acclimation to low light. The changes in 

internal nitrate pools suggest that some diatoms can store more than three times more 

nitrate at low growth rates than during high growth rates. The increase in the size o f the 

internal pool with the size o f the species supports previous work that suggests larger cells 

have a larger storage capacity relative to their biomass (Stolte & Riegman 1995). The 

benefit o f a large internal pool o f nitrate under low light conditions is unknown. 

However, during wind mixing diatoms may become light l imited by being moved to 

deeper in the water column. Since nitrate concentration is higher at depth, it would be 

advantageous to accumulate nitrate unti l the cells were brought back near the surface and 

growth could continue immediately. Field studies have documented an increase in 

internal nitrate in low light environments (e.g.Cullen & Horrigan 1981, Villareal et al. 

1993, Villareal & Lipschultz 1995), usually associated wi th the acquisition o f nitrate at 

the base o f the photic zone, for use at a later time. The energetic costs o f transporting 

nitrate into the cells must be less than the benefits o f having an internal pool o f nitrate, 

since the energy-limited cells continue to accumulate inorganic nitrogen. The response is 

not common to all diatoms, as T. pseudonana does not show any increase in internal 
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nitrate pools (Table 2.4, Column 2 and 4). E. huxleyi has a detectable internal nitrate 

concentration in the low light cultures; however, the amount is very small compared to T. 

pseudonana, despite its similar cell size. 

A more pragmatic explanation o f the higher internal nitrate pool in the low light 

cultures is that the uptake-rate:assimilation-rate ratio is higher (relative to high light 

cultures), causing an increase in the internal pool. A n important implication o f this 

suggestion is that at steady state, i f the ratio remains greater than 1, there must be a 

sizeable efflux term. 

Isotope Fractionation 

The s values for the high light cultures reported here constitute part o f a larger 

study o f fractionation in several species o f marine phytoplankton which indicates that 

isotope discrimination is generally less than 6.5%o in continuous, saturating light 

(Needoba et al. In Press). T. weissflogii has the highest isotope fractionation, and T. 

rotula has a low fractionation, similar to another large diatom, Ditylum brightwellii 

(Table 1.1, Chapter 1). E. huxleyi has an s value o f 4.5%o, which is relatively high 

compared to values o f 0.9-3.6%o for marine 'flagellates' (Table 1.1, Chapter 1). The 

reasons for the low values in flagellates are unknown, but it has been suggested that 

swimming may reduce the boundary layer around the cell, and therefore reduce the 

fractionation associated with diffusive transport o f nitrate to the site o f active uptake 

(Montoya & McCarthy 1995). Since E. huxleyi does not normally have flagella in the 

asexually dividing form, it may have a higher fractionation due to its lack o f mobility. 
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The isotopic fractionation response to low light observed in this study was 

variable, ranging from no difference in T. pseudonana to a 2.5-fold increase in 

fractionation in T. weissflogii. The large isotope discrimination (15%o) in T. weissflogii 

under these conditions is higher than any recent values reported for phytoplankton growth 

on nitrate. The 8 value for E. huxleyi (9.4%o) is also the largest fractionation value 

reported for a species other than a diatom. These data add to the mounting evidence that 

isotope fractionation is not constant in a single species, but may change as a function o f 

environmental conditions that affect growth (Wada & Hattori 1978, Montoya & 

McCarthy 1995, Waser et al. 1998b). 

Influence of D O N Release 

The release o f D O N by phytoplankton during exponential growth can be inferred 

from the mass balance diagrams (see Results), given the small (less than 2%) production 

o f nitrite or ammonium during the drawdown period. Recent studies suggest that 

phytoplankton may release amino acids and other nitrogen-containing compounds during 

normal exponential growth (Bronk et al. 1994, Bronk & Ward 2000). The influence on 

the 5 1 5 N o f PN could be significant i f the process has a fractionation associated with it. It 

is expected that an active release o f D O N would produce a product enriched in 1 4 N , 

analogous to the food chain effect (Minagawa & Wada 1984, Raven 1987). This should 

make the phytoplankton enriched in 1 5 N . Therefore the 8 1 5 N o f the whole cell w i l l not 

reflect the isotope fractionation process during the incorporation o f nitrate. In other 

words, excretion processes should counter the discrimination o f 1 5 N during uptake. The 

data presented here (e.g. low light, T. rotula), however, suggest that the release o f D O N 

does not strongly discriminate against N isotopes, since the 8 1 5 N o f the PN follows the 
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Rayleigh model even in cases o f inferred D O N release. Montoya and McCarthy (1995) 

have determined the 8 1 5 N o f different intracellular portions o f organic nitrogen and have 

concluded that no clear trends are evident in the intracellular nitrogen distribution. I f 

D O N is leaked or released during normal growth, then it should release nitrogen wi th a 

8 1 5 N similar to the whole cell. Recent evidence supports this conclusion, as D O N 

production during growth o f healthy T. pseudonana has the same 8 1 5 N value as the PN 

(Waser et al. In review). 

Uptake and Assimilation 

The variation in N isotope fractionation observed in this study provides new 

information on the mechanism o f fractionation in phytoplankton that is consistent wi th 

previous work by Wada and Hattori (1978), Wada (1980), and Waser et al. (1998). 

During uptake and assimilation o f nitrate (see f ig. 2.10) there are a number o f chances for 

isotope fractionation to occur, namely, diffusion o f nitrate across the boundary layer o f 

the cell, active transport (uptake) into the cytoplasm, and reduction o f nitrate to nitrite by 

NR. There is no evidence that reactions downstream o f N R have an influence on the 8 1 5 N 

o f the whole cell. Wada and Hattori (1978) and Wada (1980) suggest that isotope 

fractionation occurs at the reduction step (Fig. 10c). Fractionation has been measured in 

laboratory studies using isolated NR, and found to range between 15-30 %o (Medina & 

Schmidt 1982, Ledgard et al. 1985, Schmidt & Medina 1991). As pointed out in Shearer 

et al. (1991), this step cannot alter whole cell 8 1 5 N values unless the 1 5 N enriched nitrate 

can efflux from the cell. This process may occur in cases when N R is the l imit ing step. 

Eff lux o f nitrate has been observed in marine phytoplankton (Stolte & Riegman 1995), 

and is routinely observed in higher plants (Crawford & Glass 1998). When uptake is 



l imit ing, the fractionation by N R should not be expressed because all nitrate transported 

into the cell w i l l be assimilated. In this case, Wada and Hattori (1980) and Raven (1987) 

suggest e approaches zero because they assume no fractionation occurs during active 

transport across membranes. This assumption has been supported by studies in higher 

plants that show no isotope fractionation during the transport o f nitrate into root cells 

(Evans et al. 1996). Montoya and McCarthy (1995) argue that fractionation is determined 

by the diffusion step (fig. 2.10a), and suggest that in low light environments there is 

insufficient energy to transport every molecule o f nitrate that reaches the plasma 

membrane. Therefore the lighter molecule (14NC»3") w i l l be transported preferentially i f i t 

diffuses across the boundary layer faster. This assumes that molecules o f mass difference 

o f one proton w i l l diffuse across the boundary layer at significantly different rates. 

Finally, Waser et al. (1998) and Wada and Hattori (1978) suggest that fractionation 

occurs at the reduction step. A strong piece o f evidence to support this theory is that cells 

growing on nitrite have a low s value. I f nitrite and nitrate move across the diffusive 

boundary layer (Riebesell 2002) and are transported into the cell in a similar manner 

(Glass & Siddiqi 1995), it is expected that fractionation would be similar for the two 

molecules. In fact, one might expect a higher fractionation for nitrite because the relative 

mass difference between the nitrite isotopes is greater. The very low fractionation values 

for nitrite (Wada 1980, Waser et al. 1998b) suggest that the fractionation step for nitrate 

occurs inside the cell, but before the processes downstream o f nitrite (i.e. after step c in 

Fig. 2.10). 
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Figure 2.10: Schematic depiction o f nitrate uptake and assimilation in a phytoplankton 
cell wi th a vacuole. Isotope fractionation o f nitrate can occur in the diffusive boundary 
layer (a), the uptake step (b), or in the chemical reduction to nitrite (c). Phytoplankton 
without a vacuole w i l l not have an additional internal pool o f nitrate. 

The results presented in this chapter suggest that isotope fractionation is 

significantly influenced by the reduction step o f nitrate inside the cell. The evidence 

comes from two main observations. First, intraspecific fractionation increases when 

internal nitrate increases (as seen for the diatom species), and second, fractionation can 

increase when cell size is reduced (as in E. huxleyi). These two cases w i l l be considered 

separately below. 

The only species in this study that showed no change in isotope fractionation 

between the two light levels was T. pseudonana. The cells are severely energy limited, 

since the growth rate was reduced by nearly 85% under low light conditions. The cells 

also decreased in size; however, there was no reduction in PN, suggesting that the 
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vacuole was condensed. The amount o f internal nitrate remained the same (the 

concentration increased due to cell size effects). Therefore, relative uptake and 

assimilation rates remained in proportion, and fractionation was unchanged. The situation 

was quite different in the two other diatoms. Both species increased the relative size o f 

the internal pool in low light, suggesting that the relative uptake rate was higher than 

assimilation rate in the low light compared to high light. Since the cultures exhibit 

balanced growth, the only way to keep an internal pool constant (and high) i f the uptake 

step is faster than the assimilation step is i f significant efflux o f nitrate was occurring. 

Therefore, increasing the internal pool w i l l increase the relative rate o f inf lux and efflux 

o f nitrate, providing a mechanism to enhance the expression o f isotope fractionation o f 

the N R enzyme. This process is variable; each species should express a different degree 

o f fractionation depending on the relative rates o f uptake versus assimilation. Uptake is 

dependent on several variables, including cell size. Therefore the boundary layer and 

surface area:volume ratio w i l l have an influence on gross uptake rates and may help to 

explain the variations seen in previous studies o f species differences in isotope 

fractionation. 

There was no significant accumulation o f nitrate in E. huxleyi, despite a 2-fold 

increase in isotope fractionation. In this case, two explanations can be invoked. The first 

is the boundary layer diffusion hypothesis (Montoya & McCarthy 1995), since nitrate 

transport would decrease in slow growing cells. However, the decrease in cell size would 

offset this effect to some degree, because the boundary layer o f the smaller cells w i l l 

decrease (Riebesell & Wolf-Gladrow 2002). In addition, the boundary layer is minimized 

in both the high and low light cultures because the cultures were stirred. 
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A second explanation can be considered using Raven's (1986) views o f ion 

transport in phytoplankton. Since there is no vacuole, nitrate transported into the cell 

must be immediately converted to organic matter, or it w i l l build up in the cytoplasm. 

Raven (1986) argues that cell leakiness is a function o f cell size, the smaller the cell the 

greater the chance o f solute 'leakiness' across the plasma membrane, possibly by the 

reverse action o f ion transporters. Therefore, E. huxleyi ( in low light) may be 

experiencing a greater inherent efflux f rom the cell because o f the reduction in size, thus 

increasing the expression o f fractionation o f NR. This is supported by the detectable 

levels o f nitrate in the slow growing cultures, giving further support to the influence o f 

the rate-limiting step o f N R as being the source o f isotope fractionation. 

CONCLUSIONS 

Nitrate utilization and isotope fractionation o f phytoplankton acclimated to high 

and low irradiance were investigated in four species o f marine phytoplankton. The results 

show that isotope fractionation is not constant in a single species, but is influenced by 

nitrate uptake and assimilation kinetics. Energy limitation reduces growth rate and forces 

acclimations in cellular nutrient composition and cell size. The phytoplankton species, T. 

pseudonana, T. weissflogii, T. rotula, and the prymnesiophyte E. huxleyi showed marked 

variations in the physiological responses to low light. These differences include changes 

in cell size and internal nitrate concentrations. The release o f dissolved organic nitrogen 

is inferred to have a very small influence on the isotope fractionation associated wi th 

growth on nitrate. The varied response in increased isotopic fractionation by the diatoms 

suggests that the size o f the internal pool o f nitrate influences the expression o f the 
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discrimination step o f nitrate reductase. Emiliania huxleyi also displayed an increase in 

isotopic discrimination during low light, which may also reflect an increase in the 

expression o f the fractionation process during nitrate reduction. The simple mechanism 

for fractionation, related to the relative uptake versus assimilation rates o f nitrate, w i l l be 

further explored in subsequent chapters o f this thesis. 
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Chapter 3 - Influence of a 12 hour Light:Dark Cycle on 
Nitrogen Isotope Fractionation by Phytoplankton 

INTRODUCTION 

The day:night cycle in tropical and temperate environments exerts a strong 

influence on phytoplankton growth. Diel periodicities in phytoplankton cellular processes 

are commonly observed (Prezelin 1992), and can be directly controlled by exposure to, or 

absence of, light, or by circadian rhythms that control metabolic and division processes in 

the cell (e.g. Chisholm 1981). Most major groups o f phytoplankton display a range o f 

physiological and ecological strategies to maximize utilization o f the daily light energy 

supply, and several studies suggest that many groups display cell synchrony wi th the 

l ightdark cycle. Many species o f euglenoids, dinoflagellates, raphidophytes, and 

prymnesiophytes separate the processes o f growth (i.e. GT phase o f cell cycle) from the 

mitotic processes involved in cell division (e.g. Chisholm 1981, Berdalet et al. 1992). 

Usually, the growth phase occurs in the light, when photosynthesis can generate organic 

material and energy, whereas cell division occurs in the dark period (Latasa et al. 1992). 

In contrast, cell division characteristics expressed by diatoms under a l ightdark cycle are 

thought to be fundamentally different than those o f other groups o f phytoplankton 

(Chisholm 1981). Growth rates are often faster than one doubling per day, and cell 

division occurs throughout the l ightdark period (Nelson & Brand 1979). Synchronous 

growth has often been observed, but this may simply be a reflection o f cell growth during 

optimal conditions (such as the beginning o f the light period) rather than a control by a 

circadian clock, as seen in other groups o f phytoplankton. 
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Circadian rhythms and the effects o f diel periodicity on nitrogen utilization are 

widely reported (Wheeler et al. 1983, Raimbault & Mingazzini 1987, Cochlan et al. 1991, 

Prezelin 1992, Probyn et al. 1996). The steps o f uptake, reduction, and assimilation o f 

inorganic nitrogen can potentially respond differently during the 24 hour cycle (Vincent 

1992). Dark nitrogen uptake is ecologically important for vertically migrating 

phytoplankton (Watanabe et al. 1991) and phytoplankton growing in patchy 

environments where nitrogen must be absorbed whenever i t is encountered (Dortch 1982, 

Collos 1986). Recently, Clark et al. (2002) and Clark and Flynn (2002) suggested that the 

ability to assimilate nitrate at night may help diatoms achieve higher growth rates than 

phytoplankton that only utilize nitrate during the photoperiod. Nitrogen uptake and 

assimilation processes are altered in the dark, and have different responses depending on 

the nitrogen status o f the cell (Syrett 1981). Energy from dark respiration can support 

metabolic processes that are necessary for nitrate utilization. This is accomplished with 

cellular carbon storage reserves that can be mobilized to provide reductant, ATP and 

carbon skeletons (Vanlerberghe et al. 1992). The additional reductant demand for nitrate 

compared to ammonium (see Chapter 2, Introduction) adds to the energy requirement for 

nitrate utilization in the dark; however, it is clear that uptake and assimilation o f nitrate is 

common in many natural habitats (Cochlan et al. 1991, Watanabe et al. 1991, Berges et 

al. 1995, Probyn et al. 1996). 

This chapter examines the effects o f a 12 hr l ightdark cycle on nitrate 

assimilation and stable nitrogen isotope fractionation by four species o f marine 

phytoplankton. The energy and nutrient status o f the cells in batch culture are non-

l imit ing, and therefore nitrate assimilation characteristics represent typical 'spring bloom' 
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conditions in the ocean. One o f the main objectives o f this chapter is to test the null 

hypothesis that uncoupling between nitrate uptake and assimilation due to the diel cycle 

(Raimbault & Mingazzini 1987, Watanabe et al. 1991, Vanlerberghe et al. 1992, Vincent 

1992, Berges et al. 1995, Clark et al. 2002) does not influence the isotope fractionation 

patterns that have been measured for batch cultures grown in continuous 24 hour light. 

MATERIALS A N D METHODS 

General 

Four phytoplankton species were acclimated to a 12 h l ightdark cycle. The 

species were Thalassiosira weissflogii, Thalassiosira pseudonana, Thalassiosira rotula 

and Emiliania huxleyi. A description o f the clones is given in Chapter 2, table 1. The 

general methodology used to measure growth parameters and nitrogen isotope 

fractionation was identical to the methods presented in Chapter 2. Each species was 

grown in batch cultures in artificial seawater (ESAW) fol lowing a modified recipe 

(Harrison et al. 1980, Price et al. 1987). A l l nutrient, temperature, stirring and other 

conditions are as described in Chapter 2. The fol lowing parameters were determined 

during the course o f the culture experiments: 

• Fluorescence 

• Cell number and volume 

• Nitrate, nitrite and ammonium concentration 

• 8 1 5 N and the particulate nitrogen (PN) o f the phytoplankton 

• Internal pool concentrations o f nitrate and nitrite 

Detailed descriptions o f the analytical techniques are provided in Chapter 2. Isotope 

ratios and PN values were determined wi th an ANCA-GSL-HYDRA 20/20 mass 

spectrometer connected on-line to a C H N analyzer by David Harris at the Stable Isotope 

Facility, University o f California, Davis. 



Light:dark Cycle 

The water bath incubation chambers were covered on all sides by thick black 

plastic that was impermeable to visible light. A l id was built to allow for sampling, but 

was kept closed at all other times. The fluorescent lights inside the growth chamber were 

connected to a timer that turned the light on at 0900 and o f f at 2100 hours. During the 

dark period, light levels were undetectable, even wi th the overhead laboratory lights 

turned on. Sampling during the dark period was carried out wi th the laboratory lights off, 

and therefore sampling did not introduce light to the cells outside o f the light period. 

Every effort was made to sample at the beginning and end o f the light period in order to 

monitor the diel changes in cell number and fluorescence. 

Light levels inside the growth chamber were set to 240 pE m" s". This is 

approximately double the light levels o f the 24-hour continuous light conditions 

presented in Chapter 2. These light levels provided the phytoplankton wi th similar 

amounts o f total energy available for growth between the two culture conditions. 

RESULTS 

Growth Characteristics Under 12 hour Light:dark Cycle 

The growth rate response between the l ightdark and continuous light conditions 

(Chapter 2) was species-specific. Growth rate was 32% lower under the l ightdark cycle 

for T. pseudonana and 39% lower for T. weissflogii. T. rotula showed an increase in 

growth rate by 77%, and E. huxleyi exhibited no difference between the two experiments. 

The maximum cell size decreased in T. pseudonana, T. weissflogii, and E. huxleyi and 

increased in T. rotula compared to continuous light (Table 1). Phytoplankton growth , 
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characteristics differed between a 12-hour l ightdark cycle and 24 hours o f continuous 

light, and instantaneous growth rates differed as a function o f the light cycle. 

Fluorescence showed a rapid increase in the initial hours o f the light period, and various 

patterns o f cell division occurred in the different species. However, when considered 

over a 24-hour period, the two parameters produced the same growth rate (Table 1). A n 

increase in fluorescence during the dark period represented an increase in chlorophyll and 

suggested that growth continued during the dark period. A n increase in cell number 

indicated that the cells were dividing, but this does not imply that metabolic processes 

such as nutrient assimilation or chlorophyll synthesis were occurring. The diel rate o f 

change was unique to each species, and depended on the parameter (either fluorescence 

or cells/ml) used to measure growth. For the diatoms, cell division was common during 

both the light and dark period, whereas the E. huxleyi population divided mostly at night. 

A n increase in fluorescence was coupled to an increase in cell numbers to varying 

degrees for the different species. T. weissflogii and T. rotula had the most coupled 

increase (during day and night). T. pseudonana showed a more rapid increase in 

fluorescence during the light period, and a more rapid increase in cell numbers during the 

dark period. E. huxleyi fluorescence increased primarily during the light period, whereas 

cell number increased primarily during the dark period. Note that for E. huxleyi, a sample 

was not taken immediately before the dark period began (Fig. 3.1), but the exponential 

increase during the day suggests that fluorescence reached the level o f the next light 

period before the dark period began. 
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Cell Division Characteristics 

Synchronous cell division of the populations can be inferred from the changes in 

cell numbers in Fig. 3.1 and the average cell size in Fig. 3.2. If all the cells divide 

together, the average cell volume of the population will decrease when the cells divide. In 

contrast, a culture growing in continuous light does not display variations in cell volume 

because cells are dividing at all times. Therefore the average cell volume of the 

population is a mixture of cells at all stages of growth and cell size. The phytoplankters 

displayed various degrees of synchrony in division; the most pronounced was E. huxleyi, 

followed by T. pseudonana, T. rotula and the least synchronized was T. weissflogii. For 

example, E. huxleyi cell division was slow during the day, with most cells dividing 

during the dark period, with a trend towards a smaller cell volume after the dark period, 

and a larger cell volume after the light period (Fig. 3.2D). In contrast, T. weissflogii 

showed only a small change in cell volume over a lightdark period (Fig. 3.2B). 
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Figure 3.2: Cell volume changes (% maximum +/-1 SD) for Thalassiosira pseudonana 
(TP), T. weissflogii (TW) , T. rotula (TR), and Emiliania huxleyi (EH) during a complete 
12-hour light/dark cycle. The light period is the interval between 9 and 21 hours. 
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Nitrate Uptake and Nitrogen Accumulation 

The mass balance diagrams (Fig. 3.3) show the nitrate disappearance and 

particulate nitrogen (PN) appearance over the course o f each l ightdark cycle and the 

nitrate drawdown period. The dotted vertical lines on the graphs represent the boundary 

between the light and dark period. Fig. 3.1 should be referenced to confirm which regions 

are in the light or dark period for each species. 

T. pseudonana exhibited repeatable patterns o f nitrate depletion and PN increase 

(Fig. 3.3A-C). Nitrate disappeared during both the light and dark period, wi th a 

subsequent and balanced increase in PN. 

T. weissflogii exhibited a similar pattern to T. pseudonana (Fig. 3.3D-F). 

However, due to a slower growth rate, the magnitude o f decrease over a 12 hour period 

was not as pronounced. The dips and spikes in the mass balance line were caused by the 

changes in nitrate concentration, and are not reflected in the PN measurement, suggesting 

that there is some experimental error in the nitrate measurements. Since samples with 

concentrations over 40 p M must be diluted for measurement, it is possible that some 

samples may have high or low nitrate values due to errors in the dilution process. 

However, the overall trends in nitrate drawdown are apparent, and discrepancies should 

be considered along wi th the PN measurements. 
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T. rotula showed a gradual decrease in the mass balance, which indicates the loss 

o f nitrogen from the two-component system (i.e. nitrate - » PN). Nitrite and ammonium 

concentrations were below 2 p M throughout the nitrate drawdown period (data not 

shown). The mass balance in all three replicates was considerably better after nitrate was 

depleted from the medium; this suggested that some o f the nitrogen released was taken up 

during the dark period fol lowing nitrate exhaustion (i.e. after hour 83). 

The pattern o f uptake for E. huxleyi was different from that o f the diatoms (Fig. 3.3 J-L). 

A careful analysis o f the three replicates reveals that nitrate drawdown and PN increase 

occurred only during the light period. Note that the PN values shown before the onset o f 

each dark period are estimates, rather than measurements, which were calculated based 

on the measured light-period specific growth rates (p) o f each culture, and are included to 

aid in the interpretation o f the results. The complementary values for nitrate are not 

included, but a qualitative inspection o f the drawdown curve supports the conclusion that 

nitrate uptake and incorporation was only occurring during the day. 

The rate o f dark PN incorporation varied between the species. Overall, the rate 

was lower during the dark period; however, the processes o f uptake and assimilation o f 

nitrate were important during both periods o f the l ightdark cycle. Fig. 3.4 shows the 

estimated light and dark nitrogen assimilation rates calculated from the PN accumulation 

over each light and dark period. This shows that the rate o f dark nitrogen assimilation 

was 49% o f light assimilation rate for T. pseudonana, 30% for T. weissflogii, 3 1 % for T. 

rotula, and 9% for E. huxleyi. 

64 



Figure 3.4: Nitrogen incorporation rate (pg N h"1) for each light and dark interval, 
calculated from the change (slope o f the line) in average particulate nitrogen o f the three 
replicates (+/-1 SD). 
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Particulate Nitrogen and Internal Nitrate Pools 

Variability in diel synchronicity and dark uptake rates produced a substantial 

variability in particulate nitrogen and internal nitrate pools among the different species. 

Figs. 3.5-3.8 show the diel changes in cellular nitrogen content and internal nitrate pools, 

and Table 3 summarizes the maximum and minimum values. The trends in PN and 

internal nitrate pools were complementary to the growth data and are useful for 

interpreting the isotopic changes presented below. 

Thalassiosira pseudonana 

There were no trends in the PN per cell or nitrate per cell wi th the changes in 

nitrate concentration in the medium (Fig 3.5A, B) , similar to the results in Chapter 2. 

Therefore, at concentrations used in this study, there is no relationship between nitrogen 

content o f the cell and nitrate concentration in the medium. However, there was variation 

in both PN/cell and the internal nitrate pool (Fig. 3.5C-F). In general, the PN/cell was the 

smallest after the dark period, and increased during the photoperiod. However, 

superimposed on the diel cycle is the cell division cycle that ( in this species) was less 

than once per day. There was a peak in PN/cell during the day (e.g. Fig. 3.5C, all light 

periods), followed by a subsequent decline that continued throughout the dark period. 

Even though a significant increase in PN/cell occurred during the day, the PN/cell 

measurement was strongly influenced by the effects o f synchronous cell division (e.g. 

compare Fig. 3.1A and Fig. 3.5C, 96-120 h). Nitrate/cell showed the opposite pattern; it 

increased during the dark period and decreased during the photoperiod (Fig. 3.5D-F). 

This is consistent wi th a simple view o f nitrate uptake and assimilation where 

assimilation rate is faster than uptake rate during the day, and slower during the night. 

67 



This uncoupling o f uptake and assimilation resulted in an increase in the internal nitrate 

pool at night, and a decrease (nearly to exhaustion) during the day. 

The variability in both the PN/cell and the NGV/cell are a result o f the variability 

between the three replicates and the influences o f more than one cell division per day. 

More extreme values would be expected i f all three replicates were identical in biomass 

and synchronicity. However, the underlying processes o f nitrate uptake and assimilation 

were still apparent wi th the available data for T. pseudonana (Table 3 and Fig. 3 . 5 ) and 

indicate that the nitrate uptake:assimilation rate ratio may be a dynamic (but simple) 

process governed by the l ightdark cycle. 
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Figure 3.5: Cellular nitrogen content o f T. pseudonana. Each data point is the average 
measurement for three replicates growing on a 12 h l ightdark cycle. The dotted vertical 
lines represent the boundary between the light and dark periods. A ) PN/cell over the 
entire range o f nitrate concentrations that were measured in the experiment. B) 
Concentration o f internal nitrate over the entire range o f nitrate concentrations that were 
measured in the experiment. C) PN/cell versus time D) Internal nitrate/cell versus time, 
E) % N in the internal pool versus time, and F) concentration o f nitrate/cell versus time. 
Refer to Table 3 for a summary o f the data presented in the graphs C-F. 
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Thalassiosira weissflogii 

As observed in T. pseudonana, fluctuations in nitrate uptake and nitrogen per cell 

were regular and corresponded wi th the l ightdark cycle. There was no relationship with 

nitrate concentration in the medium, and the data indicate that the variability was high 

(Fig. 3.6A,B). Fig. 3.6C shows the pattern o f increasing and decreasing PN/cell during 

the l ightdark cycle, wi th generally low values after the dark period, followed by an 

increase during the day. The slow growth rate and the variability between cultures acted 

to lessen the changes depicted in Fig. 3.6C; however, each replicate independently 

showed a much larger variation in the daily PN/cell (data not shown). The variability in 

PN/cell was 44% (Table 3), and reflects the relatively weak synchronicity o f this species 

in response to the l ightdark cycle. The NCV/cell values (Fig. 3.6D-F) suggest that nitrate 

assimilation was slower at night than during the day. This is supported by the increase in 

internal NO3" pool during the dark periods as uptake exceeds assimilation. The 

inconsistency in Fig. 3.6 was a result o f one replicate culture not dividing at the same 

time as the other two, thereby dampening the average changes that are presented. This 

was particularly evident between 138-162 hours, when the effects were reduced 

considerably by the large variation in the samples. However, patterns are clear when the 

cell division occurred in synchrony with the light cycle (e.g. 114-150 h, and 162-198 

hours). The values in Table 3 illustrate the variability that can be observed, and clearly 

show that the maximum and minimum values (corresponding to the beginning and end o f 

the light period) were significantly different. Even though there was a relatively small 

difference in PN (44%), due to lack o f synchronicity, there was a large change (450%) in 

71 



the internal NO3", which translates into even larger changes after normalizing to cell 

volume (Table 3, column 3) or particulate nitrogen (Table 3, column 4). 

Thalassiosira rotula 

T. rotula is the diatom with the largest cell size used in the study, and the only 

species whose growth rate was higher under continuous light cultures. As wi th the other 

two diatoms, there was no relationship between PN/cell and nitrate in the medium; 

however, the internal NCVper cell appeared to decrease during the course o f the 

experiments (Fig. 3.7A,B). Fig.3.7C illustrates the PN/cell changes, which suggest that 

some cell synchronicity occurred, wi th a difference between the high and low values o f 

67% (Table 3, Column 1). The internal pool o f nitrate showed a drawdown during the 

light period, but the subsequent dark period increase was not as dramatic as for the other 

two diatoms. The high internal nitrate pool at hour 46 suggests that the rates o f nitrate 

uptake and assimilation were uncoupled. Table 3 illustrates that there are differences 

between maximum and minimum values that fol low the same trends as T. pseudonana 

and T. weissflogii. The magnitude o f increase in PN (67%) lies between the measured 

increase o f the other two diatoms, suggesting that T. rotula is more synchronous than T. 

weissflogii, and less than T. pseudonana. This result is in agreement with the observations 

o f cell synchronicity shown in Figs. 3.1 and 3.2. The internal nitrate pool o f T. rotula 

showed a significant increase o f 180% in internal nitrate, which is equivalent to 300% 

when normalized to cellular nitrogen 
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114 126 138 150 162 174 186 198 114 126 138 150 162 174 186 198 

Time (hours) Time (hours) 

Figure 3.6: Cellular nitrogen content o f T. weissflogii. A ) PN/cell over the entire range o f 
nitrate concentrations that were measured in the experiment. B) Concentration o f internal 
nitrate during the entire range o f nitrate concentrations that were measured in the 
experiment. C) PN/cell versus time D) nitrate/cell versus time, E) % N in the internal 
pool versus time, and F) concentration o f nitrate/cell versus time. 
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Time (hours) Time (hours) 

Figure 3.7: Cellular nitrogen content o f T. rotula. A ) PN/cell over the entire range o f 
nitrate concentrations that were measured in the experiment. B) Concentration o f internal 
nitrate during the entire range o f nitrate concentrations that were measured in the 
experiment. C) PN/cell versus time D) nitrate/cell versus time, E) % N in the internal 
pool versus time, and F) concentration o f nitrate/cell versus time. 
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Emiliania huxleyi 

No internal pool o f nitrate could be detected in E. huxleyi. This suggested that 

either E. huxleyi had a faster assimilation than uptake rate, or that it could not store nitrate 

and therefore unassimilated nitrate effluxed from the cell. As with the other species, there 

was no relationship between PN and nitrate concentration (Fig. 3.8). However, the 

change between the light and dark period showed a cycle in the PN/cell concentration 

(Fig. 3.8B), with a maximum change o f 112% (Table 3, column 1). This illustrates that 

the more synchronous the division o f a population the greater is the change in PN/cell. 

The absence o f an internal pool also suggests that nitrate uptake did not occur in the dark, 

which is consistent wi th the data shown in Fig. 3.4. The absence o f dark nitrate uptake 

would enhance the differences in PN per cell, since most o f the cells divide at night, 

thereby reducing the PN/cell by half. 
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Figure 3.8. Cellular nitrogen content o f E. huxleyi in a 12h l ightdark cycle. A ) PN/cell 

over the entire range o f nitrate concentrations that were measured in the experiment. B) 

PN/cell versus time. 
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Isotope Fractionation Under a 1 2 Hour Light:dark Cycle 

The S 1 5 N values and the epsilon (e) calculations are presented for each species in 

Figs. 9-12. The change in 8 1 5 N over time is shown to illustrate the presence/absence o f a 

relationship between the 8 1 5 N value o f the phytoplankton and the l ightdark cycle. 

The increase in 5 1 5 N o f T. pseudonana (Fig. 3.9) indicates isotopic fractionation 

and the subsequent change in the accumulated product (Rayleigh model, see 

Introduction-Chapter 2). A change in 8 1 5 N occurred in both the light and dark periods 

(for example, between time 108 and 120) and corresponded to the nitrate drawdown (Fig. 

3.3). The linear regressions (P< 0.001) showed that the Rayleigh equation can predict the 

change in the 8 1 5 N o f the cells, wi th an average e value o f 6.8%o. A comparison between 

the isotope fractionation for the l ightdark and continuous light (Chapter 2) cultures 

(Table 2) shows that 8 for T. pseudonana under the l ightdark cycle was 26% higher 

(P<0.01) than the e value for continuous light. 

The 8 1 5 N values for T. weissflogii are shown in Fig. 3.10. The derived 8 values 

closely fol low the Rayleigh model, wi th an average value o f 10.9%o. This is 76% higher 

than the 8 for this species grown in continuous light (Table 2). The change in 8 1 5 N over 

time (Fig. 3.6, top panels) shows an increase in 8 I 5 N that mirrored the nitrate drawdown 

rate, wi th significant changes occurring in both the light and dark periods (e.g. graphs A 

and B, 173-185 h). The highly significant regressions shown in Fig 3. 6 (P<0.001) 

suggest that growth on nitrate follows the Rayleigh model despite diel changes in specific 

growth rate. 
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The regressions for each o f the T. rotula replicates (Fig. 3.11) had lower r 2 values 

than T. weissflogii or T. pseudonana, but remained highly significant (P<0.001). The 

8 1 5 N values at the end of the nitrate drawdown period are indistinguishable from the 5 1 5 N 

o f the source nitrate (1.2%o) suggesting that all the nitrate originally added was converted 

to PN. The lower R 2 values are the result o f the 8 1 5 N determinations made during the 

nitrate drawdown period between 71 and 83 hours. Some o f the values deviate from the 

regression line towards heavier 8 1 5 N values. One interpretation o f this pattern is that the 

expression o f isotope fractionation is lessened (and therefore the sample becomes more 

similar to the source) during the rapid drawdown between 71 and 83 hours. Another 

possibility could be the production o f D O N nitrogen wi th a higher 8 1 5 N value. 

Reabsorption o f this nitrogen pool at the end o f the experiment would have produced the 

heavier 8 1 5 N values in the PN after nitrate was depleted. The overall 8 value measured for 

T. rotula in the 12 h l ightdark cycle was 7.1%o, a 163% increase from the values 

measured for this species in continuous light. 
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The S 1 5 N values for E. huxleyi (Fig. 3.12) followed the Rayleigh model, 

indicating a close relationship between the one-step fractionation process and the 8 1 5 N o f 

the cells. As with the nitrate and PN values, the 8 1 5 N values appear to change mostly 

during the light period. Together, the available data strongly suggest that dark uptake o f 

nitrate did not occur. The average s value was 5. l%o, a value statistically 

indistinguishable from the continuous light cultures (Table 2). 

Table 3.3. Isotope fractionation (s) for four species o f marine phytoplankton growing on 
a 12 h l ightdark cycle. The amount o f change compared to continuous light is also 
shown, with the P value o f the Student t test presented for each comparison. 

Species E Comparison to continuous light P value 
(%o) (See Chapter 2) 

T. pseudonana 6.8 ±0.2 26 % increase 0.009 

T. weissflogii 10.9 ±0.4 76 % increase <0.001 

T. rotula 7.1 ±0 .9 163 % increase 0.004 

E. huxleyi 5.1 ±0.4 No difference 0.29 
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DISCUSSION 

The results presented in this chapter illustrate some o f the strategies that 

phytoplankton employ to maximize growth during a l ightdark cycle. The acclimation 

strategies that are apparent from the experiments are discussed here, while the effect on 

isotope fractionation and how it supports the proposed isotope fractionation model (from 

Chapter 2) w i l l also be discussed. 

Growth Dur ing a L igh t :dark Cycle 

During the light period, phytoplankton f ix carbon via photosynthesis and form 

organic material from inorganic nutrients via energy derived directly from photosynthetic 

mechanisms or indirectly from respiratory processes. During the dark period, only 

respiration can operate, and this limits the growth that can occur without light (Fig. 3.13). 

Various mechanisms may be employed to optimize growth on a l ightdark cycle. 

Phytoplankton can acclimate to the light cycle by segregating the processes that can only 

occur during the photosynthetic period from processes such as mitosis, which can occur 

during the night (Vanlerberghe et al. 1992). Alternatively, i f carbon is stored during the 

day, the cell can provide energy to processes such as protein synthesis via cellular 

respiration, and therefore continue to 'grow' at night (Turpin 1991). Therefore, 

phytoplankton that store carbohydrates during the day wi l l be able to grow in the dark for 

a longer period than phytoplankton that do not fix excess carbon during the light period. 

Differences in growth and cell division characteristics are known from studies 

which show that diatoms differ from other algal species because they tend to divide 

during the day and night, whereas other algal species have a maximum division rate at 
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night (Nelson & Brand 1979, Chisholm 1981, Olson & Chisholm 1983). In this study, 

different growth patterns can be observed between the diatoms and E. huxleyi. Latasa et 

al. (1992) observed that the cell volume o f the flagellates Hetercapsa sp. and 

Olisthodiscus luteus increased in the light, peaked at the dark-period boundary, then 

decreased until the next light period began. This pattern was observed here for E. huxleyi 

and suggests that the cultures are entrained in the light: dark cycle such that biomass 

increased during the light period, and cell division occurred during the dark. While 

growth (as measured by an increase in in vivo fluorescence) is accelerated during the light 

(e.g. Fig. 3.1, T. pseudonana), there is also growth during the dark period. 

There is no consistent pattern between growth rates in continuous light (Chapter 

2) and the growth rates in the 12 h l ightdark cycle. The growth characteristics o f the 

three diatoms in this study differed among species due to their cell size and therefore 

storage ability (see Stolte & Riegman 1995). For the largest species, T. rotula, growth on 

a l ightdark cycle was higher than continuous light, and the two smaller diatoms grew at a 

reduced rate. Brand (1981) measured growth rate under continuous light and l ightdark 

conditions and concluded that some species were adversely affected by continuous light, 

some species were not affected at al l , and some grew faster under a constant flux o f light. 

In that study, there was no consistent relationship among groups, and even different 

clones o f the same species displayed different responses. 
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PHOTOSYNTHETIC CARBON REDUCTION 

V 
Glucose 

Glycolate 

V 

Stored Carbohydrates 

V 
Serine, Glycine 3-Phosphoglycerate 

Pyruvate FATTY ACID SYNTHESIS 

V 
AMINO ACID SYNTHESIS 

NUCLEOTIDE SYNTHESIS 
PIGMENT SYNTHESIS 

V 
TCA CYCLE 

Figure 3.13. Generalized diagram o f metabolic processes downstream o f photosynthetic 
carbon fixation. Adapted from Falkowski and Raven (1997). 

Nitrate Uptake Characteristics 

Nitrate assimilation by cells in the dark can be inferred by the presence o f active 

nitrate reductase (NR) and determined by the disappearance o f nitrate and the appearance 

of particulate nitrogen in the cultures. Berges (1993,1995) provided a thorough 

examination o f N R activity during the l ightdark cycle and concluded that N R activity in 

both field and culture experiments o f marine phytoplankton is often found at high levels 

at night. In the present study, dark uptake o f nitrate was apparent from the changes in 

nitrate concentration and the increase in PN o f the cultures. The diatoms did utilize 

nitrate at night, but to a lesser extent than during the day. Relative to the maximum 
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uptake rate in the light, T. pseudonana had the fastest rate o f uptake, followed by T. 

rotula and T. weissflogii. There was little or no dark uptake inferred for E. huxleyi (Fig 

3.4). 

Nitrate taken up in the absence o f photosynthesis may either be stored or 

assimilated at the expense o f excess photogenerated reductant and carbon skeletons (as 

described above). Therefore, nitrate disappearance may not be equivalent to nitrogen 

assimilation i f the cells store nitrate in an internal pool unti l the light period. The nitrate 

concentrations in the internal pool o f this study did change over the diel cycle, but the 

dark-period internal pool did not accumulate sufficient nitrate to account for all o f the 

disappearance o f nitrate at night. Although the high internal pools detected in this study 

occurred during the dark period (Table 3), the cellular nitrogen that this pool represents 

has a maximum o f only 5% o f total cellular nitrogen. Raimbault and Mingazzini (1987) 

found an internal pool o f 13-15% for diatoms after the dark period; however, their study 

used nitrogen-deficient cells at the beginning o f their experiment, and therefore these 

results are not directly comparable to the nitrogen-sufficient cells in this study. The 

changes in the internal pools shown in Figs. 3.9-3.11 are l ikely a result o f the relative 

rates o f uptake and assimilation, similar to the processes described in Chapter 2. For 

example, the high rate o f growth during the light period results in a rapid assimilation 

rate, thereby reducing the internal pool, whereas the slower assimilation rate in the dark 

period causes an increase in the internal pool. The implications that this process has on 

nitrate efflux from the cell w i l l be further described in the fol lowing discussion on the 

isotope fractionation mechanism discussion. 
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Clark et al. (2002) recently reported dark uptake and assimilation patterns similar 

to the findings for the diatoms presented in this study. Their results can be interpreted as 

either a reliance on excess carbon uptake during the day to facilitate nitrate utilization at 

night, or an inability o f the cell to assimilate nitrate at a rate to keep up with 

photosynthetic carbon fixation. The latter view suggests that larger cells would be more 

affected than smaller cells, due to a smaller surface area: volume ratio for nitrate uptake. 

Furthermore, Clark and Flynn (2002) showed that flagellates have lower dark uptake 

rates than diatoms, a result consistent wi th the findings for E. huxleyi presented here. 

Although E. huxleyi and T. pseudonana have similar cell volumes, T. pseudonana 

sustains a higher 24-hour growth rate compared to E. huxleyi. This may be due to the fact 

that T. pseudonana continues to grow at night, while E. huxleyi is not capable o f dark 

nitrate assimilation. This may provide a selective advantage for diatoms compared to 

other phytoplankton growing in high nutrient conditions but longer night-time periods, 

typical o f early spring when diatom blooms are common. 

Isotope Fractionation 

In this study, large differences in isotope fractionation were found between 

continuous light and the l ightdark cycle. A l l three diatoms growing on a l ightdark cycle 

displayed a significant increase in e compared to continuous light conditions. There was 

no change in the s value for E. huxleyi between l ightdark and continuous light. In 

addition, E. huxleyi had the lowest e value o f the four species. The diatoms growing on a 

l ightdark cycle had s values that ranged from 6.8-10.9%o, values higher than any o f the e 
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values reported for cultures grown in similar conditions in continuous light (Needoba et 

al. In Press). 

The rate o f nitrate uptake and the capacity to assimilate nitrate varies on a 

l ightdark cycle. The change in fractionation can be understood by the characteristics o f 

light versus dark uptake observed in this study. As described in Chapter 2, the rate o f 

nitrate uptake, the rate o f nitrate assimilation by NR, and the efflux o f nitrate may control 

the amount o f isotope fractionation that is expressed on a whole cell basis. A n indication 

o f the relative assimilation versus uptake rates can be inferred from the accumulation or 

depletion o f the internal pool o f nitrate. A depleted pool o f nitrate within the cell suggests 

that nitrate entering the cell is being assimilated rapidly, whereas an accumulation o f 

nitrate in an internal pool suggests that the uptake step is faster than the assimilation step. 

The results obtained for the diatom cultures are consistent wi th this view o f 

isotope fractionation. The internal pool concentrations o f nitrate suggest that dark uptake 

was faster than dark assimilation, while daytime uptake was slower than daytime 

assimilation. The dark uptake may allow for a greater amount o f efflux, and this w i l l 

increase the 8 as a result o f the N R fractionation step. This is consistent wi th the s values 

found for the three diatoms. T. pseudonana, wi th an s o f 6.3%o, had the highest dark 

uptake, and the lowest fractionation. On the other hand, T. weissflogii had the lowest dark 

uptake, and the highest fractionation. Since the dark uptake by T. weissflogii and T. rotula 

was similar, a further explanation for the higher fractionation in T. weissflogii compared 

to T. rotula should include the effect o f the smaller surface area to volume ratio o f T. 

rotula, which would act to decrease efflux in T. rotula, as argued for cell leakage 
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scenarios by Raven (1986), and invoked as an explanation for isotope fractionation 

differences seen for E. huxleyi in Chapter 2. 

E. huxleyi grows rapidly during the light period, and only undergoes cell division 

at night. Therefore for E. huxleyi, nitrate uptake conditions are similar whether the light is 

supplied continuously or as a l ightdark cycle. The isotope fractionation value o f 5%o is 

the same as in the continuous light cultures, and therefore suggests that efflux is similar 

in both conditions. Furthermore, i f efflux is the only contributing process to fractionation 

by phytoplankton growing on nitrate, then this is likely the lower l imit o f fractionation 

(and efflux) for this species. 

Comparison to Other Studies 

To my knowledge, only one previous culture study measured nitrogen isotope 

fractionation during growth on nitrate and a 12 hour diel cycle (Pennock et al. 1996). The 

reported fractionation factor was 9%o for Skeletonema costatum growing in batch culture 

(Table 1- Chapter 1), comparable to the results for the diatoms in this study. The 8 value 

found by Pennock et al. (1996) was considerably higher than that found by Waser (1999) 

and Needoba (In Press) for the same species using similar culture conditions. However, 

the Pennock et al. (1996) experiments were carried out in a 12hr l ightdark cycle, and 

therefore the different results can be reconciled with the mechanism o f isotope 

fractionation presented here. Skeletonema costatum is a fast growing diatom known for 

dark assimilation o f nitrate (Smith et al. 1992), and given the results presented here, it 

would be expected to have a higher 8 in a l ightdark cycle than on 24 hours o f continuous 

light. 
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S U M M A R Y 

Isotope fractionation by marine phytoplankton may be influenced by the day:night 

cycle as it varies wi th latitude and season. Diatoms growing under a long photoperiod 

would have a relatively small expression o f fractionation, wi th the extreme case being 24-

hours o f daylight in high latitude regions which would produce 8 values similar to the 

relatively low values measured for continuous light conditions. As the daylight period is 

reduced, e should increase as a function o f the phytoplankton population's decreasing 

ability to utilize nitrate at night. This phenomenon should reach an upper l imit o f 

fractionation expression i f slow assimilation and high efflux permit the ful l expression o f 

fractionation at the N R step. Additionally, as the dark period increases and 

photosynthesis during the light period becomes insufficient for daytime carbon storage, 

the dark assimilation (and growth) would decrease and the 8 value would tend to be -

smaller. 

Nitrate taken up at sub-photic depths can make an important contribution to new 

production, either at the expense o f carbon reserves or upon re-entrainment to the surface 

layer (Probyn et al. 1996). Theses two scenarios should produce different fractionation 

values in mixed phytoplankton populations depending on the presence o f diatoms, and 

whether nitrate is assimilated during the night or during the fol lowing light period. Field 

estimates suggest that dark assimilation can account for 50% o f the nitrate utilized 

(Probyn et al. 1996), and this w i l l act to increase the 8 1 5 N o f the entire phytoplankton 

population. 
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Chapter 4: Effects of temperature and iron limitation on 
nitrogen isotope fractionation in marine diatoms 

INTRODUCTION 

Typical environmental conditions that influence phytoplankton growth may also 

influence nitrate utilization and nitrogen isotope fractionation. This chapter examines 

nitrogen isotope fractionation under two important conditions; growth-limiting 

temperature, and growth-limiting iron concentrations. Surface ocean temperatures vary 

with latitude and seasons, and are also influenced by physical processes such as 

upwelling and El Nino events. In addition, large regions o f the surface ocean have 

extremely low iron concentrations, which are mainly a result o f the chemical reactivity o f 

dissolved Fe in oxygenated seawater, which leads to a very short residence time o f the 

biologically available form o f the element in the ocean as a whole. Low iron availability 

results in low phytoplankton biomass and is responsible for the underutilization o f macro 

nutrients in the high nutrient, low chlorophyll (HNLC) regions that are characteristic o f 

the Southern Ocean, the Equatorial Pacific, and the North Pacific Gyre (Martin et al. 

1994, Boyd et al. 1996, Boyd et al. 2000). The influences o f temperature or iron on 

phytoplankton physiology have been subjects o f investigation for many years, but the 

effects on nitrogen isotope fractionation are currently unknown. 

Temperature 

Many physiological processes in cells are temperature dependent, and can 

strongly influence algal growth rate. Effects o f temperature have been reported on 
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photosynthesis (Raven & Geider 1988), cellular elemental composition (Thompson et al. 

1992a, Thompson et al. 1992b) and short-term nutrient uptake and metabolism 

(Raimbault 1984, Lomas & Glibert 2000). Temperature is generally thought to regulate 

the reaction rates o f enzyme-mediated biochemical processes; therefore, its effects are 

universally influential on cellular processes. 

The overall influence o f temperature on nitrogen metabolism is variable, owing to 

the variable responses o f different species and acclimation strategies across different light 

or nutrient regimes. Transient temperature fluctuations influence nitrate utilization and 

cause uptake to become uncoupled from assimilation. For example, dissimilatory nitrate 

reduction, and subsequent excretion o f inorganic nitrogen species, has been demonstrated 

in phytoplankton grown under low temperature and high irradiance levels (Lomas & 

Glibert 1999). Under steady state conditions, temperature acclimated cells display 

different patterns o f growth rate and elemental composition over a range o f temperatures. 

Some diatoms display a U-shaped pattern o f nitrogen and carbon quotas, while others 

show linear changes in C:N ratios over a temperature gradient (Thompson et al. 1992a, 

Berges et al. 2002). The variation in response to temperature is ultimately based on the 

enzyme kinetics o f particular reactions. In order to overcome the effects o f slow reaction 

rates, phytoplankton compensate by increasing the amount/concentration o f enzymes 

needed to maintain cell growth rate. This acts to mediate the effects o f temperature on 

growth rate and alters the chemical composition o f the cell. The ability o f individual 

species to acclimate to temperature in this manner is determined by the evolutionary 

adaptations that have developed for different species and groups o f phytoplankton. 

The enzyme nitrate reductase (NR) has a temperature optimum o f 10- 20°C in 
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marine phytoplankton (Gao et al. 2000). The lower l imit o f N R activity is a function o f 

the apparent activation energy required for the reduction o f nitrate to nitrite, and therefore 

determines the lower l imit for thermal acclimation o f enzyme catalytic function to low 

temperature. Gao (2000) demonstrated that the diatom Skeletonema costatum loses the 

capacity to assimilate nitrate by 50% for every 10°C decrease in temperature. This 

suggests that the nitrate assimilation rate at the N R step w i l l be affected at temperatures 

below the threshold where phytoplankton can compensate by increasing the amount o f 

enzyme, and therefore reducing growth rate. 

Iron 

Iron is an essential element in phytoplankton, owing to its many roles in enzyme-

mediated processes and as a central role in photosynthetic electron transport and 

respiratory electron transport systems (Raven 1990). Wi th respect to nitrogen 

assimilation, iron has both indirect and direct roles in uptake and assimilation processes. 

In addition to its role in photosynthetic production o f reductant (such as NAD(P)H and 

ferredoxin) that are usually required for nitrate reduction (La Roche et al. 1995), iron has 

a direct function as the cofactor in nitrate and nitrite reductase (Timmermans et al. 1994). 

Consequently, cells grown on nitrate have a higher iron demand than cells grown on 

ammonium (Maldonado & Price 1996). In iron-limited conditions, the additional iron 

demand is compensated for by physical acclimation process such as a reduction in cell 

volume (Maldonado & Price 1996, Muggl i et al. 1996, Sunda & Huntsman 1997) or by 

increasing the iron acquisition abilities, such as transport rates and siderophore-mediated 

iron acquisition (Maldonado & Price 2000). 
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Nitrogen Isotope Fractionation 

Nitrogen isotopic fractionation during growth on nitrate may be influenced by 

temperature and iron effects on phytoplankton growth. Under steady-state, low 

temperature conditions, the fractionation by the uptake and assimilation processes (see 

Fig. 2.10, Chapter 2) could be influenced by the slower kinetic reaction rates, or by the 

overall influence o f the assimilation processes, i f they are different than growth at non-

growth l imit ing temperatures. The observed fractionation may therefore be different for 

the same species growing at higher temperatures. Similarly, the influence o f low iron 

concentrations on cellular energetics (from reduced photosynthetic capacity) or nitrate 

assimilation (by reduced enzyme activity) could alter nitrate uptake and assimilation 

processes, such that isotope discrimination is affected. The objective o f the experiments 

described in this chapter was to test whether growth l imit ing temperature and iron 

conditions w i l l influence the nitrogen isotope fractionation factors measured for two 

species o f marine diatoms. 

MATERIALS A N D METHODS 

Low Temperature Experiments 

Two phytoplankton species, T. weissflogii and T. pseudonana were grown under 

identical growth medium and light conditions to those described for the 'high l ight' 

cultures in Chapter 2. Each species was grown in semi-continuous batch cultures in the 

artificial seawater ESAW (Harrison et al. 1980) fol lowing a modified recipe (Price et al. 

1987). Determinations o f the fol lowing parameters were made for each culture: 

• Fluorescence 
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• Cell number and volume 

• Nitrate, nitrite and ammonium concentration 

• 5 1 5 N and the particulate nitrogen (PN) o f the phytoplankton 

• Internal pool concentrations o f nitrate and nitrite 

Detailed descriptions o f the measurement techniques and general culture conditions are 

provided in Chapter 2. Nitrogen isotope analysis and PN values were measured wi th an 

ANCA-GSL-HYDRA 20/20 mass spectrometer connected on-line to a C H N analyzer by 

David Harris at the Stable Isotope Facility, University o f California-Davis. 

Cells were grown at 7°C and 12°C in a temperature controlled water bath. Growth 

rates measured for cells growing in 30 m l test tubes indicated that 12°C was sufficient to 

l imit the growth o f T. weissflogii, but not T. pseudonana. Therefore, 7 °C was used to 

l imit the growth o f T. pseudonana for the experimental period. 

Low Fe Experiments 

Standard trace metal techniques for growing phytoplankton in iron l imited 

cultures were employed to l imit the growth o f T. weissflogii and T. pseudonana by iron. 

Polycarbonate culture vessels were acid-cleaned and repeatedly rinsed wi th Mi l l i -Q trace 

metal clean water. Phytoplankton inoculations and transfers were carried out in a trace-

metal clean laminar f low hood. Culture media was prepared using the protocol described 

for the artificial seawater medium Aqui l (Morel et al. 1979, Price et al. 1989). The salt 

and macro-nutrient components were chelexed (Chelex 100 ion exchange resin, Bio-Rad 

Laboratories) to remove trace metal contaminants. Sterilization o f the medium was 

achieved by microwave radiation. Vitamins and trace metals were added using filter 

sterilized (0.2 pm Acrodisc) stock solutions. Finally, Fe-EDTA was added to achieve a 
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pFe value o f 2 1 , as calculated using the chemical equilibrium computer program 

MTNEQL (Westell et al. 1976). 

Temperature, nutrient (except iron) and light conditions are as described for the 

'high l ight' cultures in Chapter 2. Phytoplankton were acclimated in 30 ml polycarbonate 

tubes prior to transfer to 2 L culture vessels, where they were further acclimated for eight 

generations to the culture conditions before the nitrogen isotope fractionation 

measurements were made. 

RESULTS 

Growth Characteristics 
Temperature 

T. pseudonana had a growth rate o f 1.5 d"1 at 12°C and 0.49 d"1 at 7°C, 

representing 80 and 30%, respectively, o f its growth rate at 18°C. The cell volume at 7°C 

was 41 pm 3 . T. weissflogii had a growth rate o f 0.34 d" 1 when grown at 12 °C (Table 1), 

approximately 40% o f its growth rate at 18°C (see Chapter 2). The cell volume was 

approximately 650 pm 3 . The cell volumes o f both species were higher than in the low 

light cultures (Chapter 2), but lower than the maximum cell size observed in the high 

light cultures (Table 1). The lower temperature required to significantly lower growth 

rate in T. pseudonana compared to T. weissflogii is consistent wi th previous work that 

showed interspecies differences o f the temperature affects on enzyme kinetics and growth 

processes (Thompson et al. 1992a, Suzuki & Takahashi 1995, Berges et al. 2002). A t low 

temperature, both species displayed an exponential growth curve characteristic o f 

balanced growth, wi th fluorescence and cell concentration increasing simultaneously 
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(data not shown). 

Iron 

T. pseudonana did not display a discernible decrease in growth rate during the 

acclimation period in the low Fe medium, and therefore no further experiments were 

conducted under these conditions. T. weissflogii had a growth rate o f 0.36 d"1 in the low 

iron medium. The cell volume was 318 p m 3 , the lowest cell volume measured compared 

to low temperature, low light, or high light conditions. 

Nitrogen Utilization 
Temperature 

For both species at low temperature, nitrate was consumed and particulate 

nitrogen increased, as expected for cultures in balanced growth (Fig. 4.1A and B) , but the 

mass balance between the two pools o f nitrogen was less than 100% by the end o f the 

nitrate drawdown period. The T. pseudonana cultures (Fig. 1A) showed a substantial 

increase in PN after nitrate was depleted, suggesting that nitrogen in another form was 

being excreted and subsequently utilized again. The total amount o f nitrogen that was 

missing from the two pools o f nitrogen at the end o f the experimental period was less 

than 20%. In both experiments, no significant nitrite or ammonium was detected in the 

medium (data not shown). 

The PN per cell was lower in the low temperature grown T. pseudonana; 

however, when normalized to cell volume (Appendix A ) the cells had a slightly higher 

PN/cell under the lower temperature compared to 18°C. T. weissflogii had a similar PN 

per cell as the 18°C culture (when normalized to cell volume). For both species, when the 

internal nitrate pool was calculated as a concentration, there was no significant different 
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between growth at 12°C and 18°C (Table 2). I f the percent o f total nitrogen is 

considered, T. weissflogii had a slightly smaller internal nitrate pool compared to growth 

at 18°C. Overall, the internal pool data suggest that balanced growth at 12°C results in a 

similar internal nitrate pool as compared to growth at 18°C. 

Iron 

T. weissflogii cells acclimated to low Fe conditions were similar to low 

temperature cells in terms o f mass balance and internal pools. A loss o f nitrogen, as 

indicated by the mass balance (Fig. 4.2C), suggested that some form o f nitrogen (such as 

DON) was released from the cells, to the extent that approximately 25% o f the nitrogen 

that was removed from the nitrate pool was not present in the PN pool. The small PN per 

cell found for low iron conditions (Table 2) is a reflection o f the small cell volume o f this 

species. When normalized to cell volume, PN per cell was slightly higher than either low 

temperature or high light (Appendix A) . The small difference was not reflected in the 

internal nitrate pool (either as a concentration, or as % total N ) , which showed no 

significant difference between low iron and either low temperature or the 'high l ight' 

conditions (Table 2). 
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Figure 4.1 : Nitrogen mass balance diagrams for T. pseudonana (A) grown at 7°C, T. 
•weissflogii (B) grown at 12°C and T. weissflogii (C) grown in a low iron medium Filled 

circles represent nitrate, open circles represent particulate N, and the line represents the 

sum o f the two nitrogen pools. Error bars represent ±1 SD o f three replicate cultures. 
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Nitrogen Isotope Fractionation 

The 8 1 5 N values obtained for T. pseudonana and T. weissflogii under the low-

temperature and low iron conditions are shown in Fig. 2, and summarized in Table 3. The 

s value o f T. pseudonana is 3.6%o. Despite the loss o f nitrogen from the two-component 

system (see above), there is a significant Rayleigh relationship between the two 

components. However, the intercept (0.97 ± 0. l%o) was slightly lower than the 8 1 5 N o f 

the initial nitrate (1.6%o). I f organic nitrogen wi th a relatively high 8 1 5 N value was 

released (as DON) , the overall effect would be a loss o f 1 5 N from the two component 

system, and this would result in a lower y-intercept value o f the regressions used to 

calculate e. 

The e value for T. weissflogii was 6.696o for low temperature, and 5.7%o for low 

iron (Fig. 4.2 and Table 3). Despite the low growth rate, and some loss o f nitrogen from 

the two-component system, the s values are highly significant wi th respect to the 

Rayleigh fractionation model. The exception is replicate 2 o f the low iron experiment 

(Fig. 4 .2H), which has a smaller fractionation factor than the other two replicates, and 

does not display the expected 1.6%o intercept at the end o f the experiment. This culture 

did not have a significantly different growth rate, nor was bacterial contamination 

detected during cell counts with the Coulter counter. 

Table 3 compares the e values for low temperature, low iron, and those obtained 

in Chapters 2 and 3. A test o f the differences o f the mean s values (one-way Tukey-

Kramer HSD test, JMP I N v.4) for T. weissflogii revealed that the isotopic fractionation 
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associated with the low light and the light dark conditions were significantly different 

from each other and the other three conditions (Appendix A) . Similarly, the e obtained 

for T. pseudonana under low temperature was not significantly different from the high 

light (18°C) culture (Appendix A) . 

Table 4.3: Nitrogen isotope fractionation factor (%o, ± 1 S D , n=3) for the low temperature 
and low iron conditions. The results for continuous light, l ightdark cycle, and low light 
presented in Chapter 2 and 3 are also shown. 

Species Low temp Low Fe Continuous 
light 

12 hour light 
dark cycle 

Low light 

T. pseudonana 3.6 ±0.25 5.3 ±0 .7 6.8 ±0 .2 4.8 ±0.4 

T. weissflogii 6.6 ± 0.3 5.6 ±0 .6 6.2 ±0 .2 10.9 ±0 .4 15.2 ± 1.5 
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DISCUSSION 

Growth Characteristics 

Low Temperature 

A variety o f hypotheses have been proposed to explain how phytoplankton 

mediate the effects o f temperature on nitrate metabolism, including altering protein and 

enzyme abundance, changing affinity or activity o f nitrogen assimilation enzymes, and 

altering N quotas or cell volume (Gao et al. 2000, Lomas & Glibert 2000, Berges et al. 

2002). In this study, the N content remained the same or increased compared to growth at 

18°C. Cell volume was reduced in both T. pseudonana and T. weissflogii, but this may 

simply reflect the influence o f the time period since the cultures underwent sexual 

reproduction (Harrison et al. 1976), and therefore they had a smaller cell volume than 

when the 18°C cultures were grown. When normalized to cell volume, the PN per cell 

was slightly higher under low temperature for T. pseudonana, but i t was not different for 

T. weissflogii (see Appendix A) . The slightly higher PN per cell in T. pseudonana may 

reflect the additional protein that cells synthesize to compensate for slower enzymatic 

reaction rates, although the difference was relatively small compared to the increased N 

quotas for low light or the l ightdark cycle (Appendix A) . Berges et al. (2002) did not 

observe a difference in PN per cell for T. pseudonana in similar culture conditions, 

therefore the small difference measured here may not be indicative o f an acclimation 

mechanism in this species. 

For both T. pseudonana and T. weissflogii, the internal nitrate pools at low 

temperature were similar to the 18°C cultures. This suggests that the cells were in 
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balanced growth, and the processes regulating nitrate uptake and assimilation remained in 

a similar proportion. For example, i f nitrate reducatase activity was lowered as a 

consequence o f low temperature, the internal pool might have increased relative to the 

18°C cultures i f uptake rates were also not lowered. Alternatively, efflux rates could have 

increased under this scenario, and thereby reduced the size o f the internal pool. However, 

evidence from the nitrogen isotope dynamics does not support this hypothesis (see 

below). 

Low Iron 

Cell volume was significantly reduced in the low iron cultures o f T. weissflogii. 

This agrees with previous studies that show reduced cell volume in low iron culture 

media. The reduced cell volume is an acclimation to enhance Fe uptake ability by 

increasing the surface area to volume ratio (Maldonado & Price 1996) and/or lower 

sinking rates (Muggli et al. 1996). This acclimation results in similar cell volume changes 

as seen in cultures acclimated to low light (Chapter 2). The internal nitrate pool does not 

increase relative to cultures grown in iron replete conditions, which is in contrast to the 

results for low light cultures. The failure o f low iron acclimated cells to accumulate 

nitrate reflects the relative rates o f uptake versus assimilation, and suggests that iron 

acclimated cells down-regulate the rate o f nitrate uptake to match assimilation rates. The 

reason for the difference between low iron and low light acclimated cells could be due to 

differences in the evolutionary adaptations o f diatoms to these two different growth-rate 

controlling conditions. In nature, low light conditions are frequently encountered in the 

marine environment, and are often transient conditions due to water column mixing. 

Nitrate uptake is partially controlled by the amount o f nitrate transport proteins found in 

109 



the cell membrane, and therefore under low light, phytoplankton may not reduce the 

number o f membrane nitrate transporters because o f the potential for the irradiance levels 

to increase. However, low iron conditions are likely to be relatively long-lived wi th only 

sporadic iron fertilization events. Therefore, diatoms may reduce iron transporters in the 

membrane as an acclimation strategy to conserve energy and cellular protein. Iron 

addition events would thus initiate production o f transport proteins, which would be 

accompanied by a significant delay in the cell's ability to increase nitrate transport rates. 

A delay in nitrate uptake by iron-limited diatoms supplied wi th iron has been reported in 

shipboard and in situ iron addition experiments (Gall et al. 2001), and often results in 

diatom growth only after several days. The difference in these two suggested acclimation 

strategies would result in different internal nitrate concentrations given that nitrate 

reductase activity is reduced in both low light and low iron conditions (Timmermans et 

al. 1994, Berges & Harrison 1995b). 

Isotope Fractionation 

The results o f the e determinations suggest that neither temperature nor iron 

l imitation influences nitrogen isotope fractionation when diatoms are in balanced growth. 

A t 7°C T. pseudonana had a fractionation that was slightly lower than at 18°C, but the 

difference was not significant except when compared to the results f rom the l ightdark 

cycle (Appendix A) . T. weissflogii had a fractionation o f 6.6%o at low temperature, and 

5.7%o under low iron conditions. The uptake and assimilation processes exhibited 

balanced growth, wi th similar internal pools as compared to the high light cultures grown 

at 18°C. Therefore, the same processes o f isotope fractionation appear to operate in both 
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the fast and slow growing populations. This growth strategy would result in a low efflux 

term, given that uptake and assimilation steps are balanced. Therefore, the results are 

consistent wi th the mechanism o f isotope fractionation suggested in Chapters 2 and 3 that 

nitrate efflux is responsible for expression o f the isotope fractionation processes within 

the cell. In other words, i f the ratio o f uptake to assimilation is similar between high 

temperature, high iron and the conditions presented in this chapter, nitrogen isotope 

fractionation w i l l also be similar. 

The apparent production o f D O N in these cultures does not significantly influence 

the 5 1 5 N dynamics o f the phytoplankton. The strong relationship between 8 1 5 N and the F 

value (Fig. 2) suggests that the isotope fractionation can be modeled as described above, 

and any subsequent release o f organic nitrogen has a minor effect on the 8 1 5 N o f the 

whole cell. This is in agreement wi th results from Chapters 2 and 3, and implies that 

D O N release by marine phytoplankton w i l l have a similar 8 1 5 N value to the PN value, 

and therefore the release w i l l not affect e. 

T. pseudonana was not l imited by iron in the pFe 20.5 medium. It is recognized 

that different species have different abilities to acquire and utilize iron when it is present 

at low concentrations (Muggli & Harrison 1997), and there are various degrees o f iron 

l imitation for each phytoplankton species. Additionally, different processes become 

important at various degrees o f iron limitation (Maldonado & Price 1996), and therefore 

the degree o f l imitation for T. weissflogii at pFe 20.5 may not influence nitrate 

assimilation, despite the effect on growth rate. It is possible that in conditions o f stronger 

iron l imitation, nitrate assimilation may be affected to the point that it cannot reduce 

nitrate at the lower l imit o f the uptake (transport) rates, and therefore efflux would be 
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expected to increase, and isotope fractionation would be expressed at some higher value. 

Preliminary results indicate that this may be the case (Julie Granger, unpubl. results), and 

therefore further investigation on the influence o f strong iron limitation is warranted. 

Ecological Significance 

These results have significant implications for the use o f 5 1 5 N values in 

biogeochemical studies. Under steady state conditions, variations in temperature have 

small effects on isotope fractionation. Therefore, seasonal variability in temperature, and 

spatial variability as seen in latitudinal changes in ocean temperature, w i l l have limited 

influence on 8 1 5 N o f the phytoplankton and the isotope fractionation mechanism. 

Similarly, phytoplankton communities in the large areas o f the ocean that exhibit low Fe 

concentrations (HNLC regions) should exhibit similar 8 1 5 N characteristics to those in 

areas where Fe is not l imiting. These results also simplify the interpretation o f 8 1 5 N 

variations on a temporal scale. The variations in Fe supply to HNLC regions on time 

scales relevant to glacial/interglacial cycles are hypothesized to influence phytoplankton 

productivity, and therefore the nitrogen utilization in the ocean (Mart in 1990), and the 

8 1 5 N signal in sedimentary records is potentially a useful proxy for this process (see 

Chapter 1). Given the small variations in 8 1 5 N o f T. weissflogii under iron limitation, the 

proxy should not be affected by physiological changes in the isotope fractionation 

mechanism between conditions o f low and high iron supply. 

Gao et al. (2000) suggested that the low temperature uptake rate o f nitrate in the 

southern ocean might be responsible for the HNLC conditions, relative to warmer areas 

o f the ocean. Although it appears that iron has a more significant influence on 
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phytoplankton nitrate utilization in the southern ocean (Boyd et al. 2000), neither 

hypothesis would result in a complication o f the 8 I 5 N dynamics during growth on nitrate. 

However, species composition is strongly affected by both temperature and iron (eg 

(Suzuki & Takahashi 1995, Muggl i & Harrison 1997) and therefore it is important to 

consider the indirect role that these parameters w i l l have on isotope fractionation and 

8 1 5 N values o f phytoplankton, since different species have different isotope fractionation 

values (Montoya & McCarthy 1995, Needoba et al. In Press). 

S U M M A R Y 

The results presented in this chapter indicate that marine diatoms acclimate to low 

temperature and low iron conditions such that uptake and assimilation rates are balanced 

and result in nitrogen isotope fractionation that is similar to conditions o f high growth 

rate (when light is supplied continuously). Additionally, the release o f D O N that may 

accompany growth limitation by these conditions does not substantially alter the 5 1 5 N 

values for the whole cell, and therefore does not add a complicating factor to 8 1 5 N values 

o f phytoplankton. The mechanism o f isotope fractionation that relies on an efflux o f 

nitrate from the cell is supported by the results in this chapter, and w i l l be further 

developed in Chapter 5. 
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Chapter 5: Relationship between 5 1 5N of N03" and the 5 1 5N of 
the internal N03" pool of marine phytoplankton 

INTRODUCTION 

Mechanism of Isotope Fractionation 

The previous chapters o f this thesis described physiological and biochemical 

acclimation strategies that phytoplankton employ in response to variation in light, 

temperature, and iron availability. I t was hypothesized that these acclimation responses 

affected nitrate utilization and are responsible for the nitrogen isotope fractionation 

changes that were determined during phytoplankton growth. The proposed mechanism to 

explain the observed changes consists o f several parts, which together control the degree 

to which isotope fractionation is expressed: 

The nitrate assimilation process consists o f diffusion to the cell membrane, an 
active transport (uptake) step, and several consequent assimilation steps, each o f 
which have the potential to be rate l imiting. 

Kinetic isotope fractionation occurs during the reduction o f nitrate to nitrite inside 

the plasma membrane o f the cell. 

Nitrate efflux from the cytoplasm to the external medium is a result o f leakage, or 
transport o f nitrate out o f the cell. The physiological state o f the cell can influence 
the amount o f efflux that occurs. 

Nitrogen isotope fractionation, as measured on a whole cell basis, is a result o f 

efflux o f nitrate with a higher 5 1 5 N value than the nitrate that is transported into 

the. cell. 

Other researchers have proposed the same mechanism (for marine phytoplankton) based 

on the reasoning that chemical reactions and elemental bond breakage are necessary for 
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substantial isotope fractionation, i.e. the processes o f diffusion and active transport do not 

impart enough fractionation to account for the changes that are measured (Wada 1980, 

Shearer et al. 1991, Montoya & McCarthy 1995, Waser et al. 1998a). Shearer et al. 

(1991) provide the strongest evidence that efflux occurs in cyanobacteria, and developed 

a model to account for the change in fractionation as a linear function o f efflux. A similar 

model is used to interpret 8 ^ N values o f higher plants (Evans et al. 1996). 

Determination of 8 1 5 N of NO3" 

The most common technique to measure 8 1 5 N o f nitrate is the ammonium trap 

method (Sigman et al. 1997). This involves several methodological steps in order to 

produce a sample that can be analyzed by mass spectrometry. Briefly, nitrate in a sample 

is converted to ammonium using the reducing agent Devarda's alloy. The ammonium is 

converted to ammonia gas in a closed container, which is then trapped on an acidified 

filter, and the filter is introduced into the mass spectrometer. This method has produced 

the majority o f the 8 1 5 N values o f nitrate that are available in the literature, and has 

significantly advanced the field o f 8 1 5 N investigations. However, there is a nitrogen blank 

associated with the Devarda's alloy reaction step, and therefore low sample 

concentrations are subject to significant error. Additionally, ammonium and labile D O N 

must be removed from the sample prior to nitrate reduction, and failure to remove these 

nitrogen species from the sample w i l l result in incorrect 8 1 5 N determinations o f nitrate. 

A recent method developed by Dr. Daniel Sigman at Princeton University, USA, 
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(Sigman et al. 2001) provides a way to make direct measurements o f the 8 1 5 N o f nitrate 

both inside and outside the cell, allowing part o f the proposed 'eff lux model' to be tested. 

The method exploits the bacterial community responsible for dissimilatory nitrate 

reduction. This group o f bacteria uses NOV as an electron acceptor for respiratory 

reactions, and converts nitrate to N2O and N2 gases. The bacterial communities can be 

found in areas that have low environmental O2 concentrations. Bacteria wi th a mutation 

that stops the reduction steps at N 2 0 were cultured and a method that exploits these 

chemical reactions to produce N 2 0 (that can be directly measured on a mass 

spectrometer) from NO3" was developed. The two primary advantages that this method 

provides (for the present study) are a low nitrogen blank, so that samples wi th small 

nitrate concentrations can be accurately measured, and the utilization o f only nitrate by 

the bacteria, since ammonium and D O N are not converted to N 2 0 and do not interfere 

wi th the 8 1 5 N measurement. 

This chapter addresses the outstanding question o f the 8 1 5 N relationship o f the 

internal nitrate pool and the nitrate in the medium. T. weissflogii was grown under growth 

conditions o f low light, l ightdark cycle, low temperature and low iron, each wi th defined 

fractionation factors and variable internal nitrate concentrations. In collaboration wi th Dr. 

Sigman, the 8 1 5 N o f NO3" in both the medium and the internal pool was determined using 

the bacterial method described above. The results and discussion provide new evidence 

for the efflux model o f isotope fractionation in marine phytoplankton. 
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MATERIALS A N D METHODS 

Determinations o f 8 1 5 N o f the medium and internal pools were made by culturing 

T. weissflogii in 3 litre culture vessels in each o f the four culture conditions that were 

identical to the growth and culture conditions described either for low light (Chapter 2), 

l ightdark (Chapter 3), or the low temperature and low iron conditions (Chapter 4). The 

iron and temperature bottles were grown as the fourth replicates in the experiments 

described in Chapter 3. The l ightdark cycle and the low light cultures were grown in 

culture conditions similar to the experiments in Chapters 2 and 3. Due to sample number 

limitations, only one bottle was harvested for the 5 1 5 N measurements. Midway through 

the nitrate drawdown period, the culture was sampled for 8 1 5 N analysis o f the particulate 

nitrogen, the nitrate in the medium, and the internal nitrate pool. For the internal pool 

samples, 300-500 m l per sample were filtered onto 47mm GF/F filters, and the internal 

pool was extracted wi th 60 ml o f boil ing DDW, as described in Thoresen et al. (1982). 

Sixty ml o f the medium was filtered through a 25 mm GF/F. The filtrate was frozen and 

later used for the determination o f 8 1 5 N03*, and the filters were dried and preserved for 

8 1 5 N analysis o f the particulate nitrogen, as described in Chapter 2. Samples were also 

taken for measurements o f cell number and cell volume using a Coulter Counter, as 

described in Chapter 2. The frozen nitrate samples were sent to Dr. Sigman at Princeton 

University, USA, for determination o f 8 1 5 N of nitrate using the bacterial method. The PN 

samples were analyzed by Dr. David Harris at the University o f California, Davis, as 

described in previous chapters. 
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RESULTS 

8 1 5 N of In terna l Pools 

T. weissflogii was chosen for measurements o f the 8 1 5 N o f the internal nitrate pool 

because o f the range o f concentrations o f the internal nitrate pool and the large range o f e 

values that are found in different growth conditions (Chapters 2 ,3 , and 4). The 

concentration and 8 1 5 N o f PN, nitrate in the medium, and nitrate in the internal pool are 

shown in Table 5.1. The low light culture was harvested twice, when nitrate was 

approximately 50 and 75% depleted. The l ightdark culture was harvested after 50% o f 

the nitrate was depleted, two times during one l ightdark cycle (2.5 h after the light period 

began and 8.5 h after the light period began). The low iron culture was harvested once 

when nitrate was depleted by approximately 60%, and the culture grown in low 

temperature was harvested twice after the nitrate was depleted by 60%. 

The PN, nitrate, and internal pool concentrations showed the patterns o f nitrogen 

utilization described previously for each condition. For example, the internal nitrate 

concentration fluctuated in the l ightdark cycle as a function o f the length in the light 

period (see Chapter 3). Also, the internal pool was higher in the low light culture than in 

the low temperature and low iron cultures. 

The 8 1 5 N values in all four conditions changed as a function o f the amount o f 

nitrate used (Fig. 5.1). Also plotted in Fig. 5.1 are the predicted Rayleigh curves (See 

Chapter 1, Fig. 1.1), using the e values for T. weissflogii presented in Chapter 3, Table 

3.3. The data points for the 8 1 5 N o f PN and 8 1 5 N o f nitrate indicate that the 8 1 5 N 

dynamics o f each culture fol low the predicted (Rayleigh) patterns as expected by the e 
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values obtained in the experimental results presented previously in this thesis. The close 

f i t o f the nitrate values to the Rayleigh curve supports the assumption used throughout 

this thesis that nitrate in the medium reflects the fractionation process that determines the 

8 1 5 N o f the phytoplankton, as proposed by Mariott i et al. (1981). 

The 8 1 5 N o f the internal nitrate pool was higher than the 8 1 5 N o f nitrate in the 

medium in all conditions examined. The difference between the two pools was largest in 

the low temperature and low iron conditions, and was smallest in the low light conditions. 

In the l ightdark cycle, the difference increased between the morning and the afternoon 

time points (Fig. 5.1). 

The fractionation factor and the difference between the 8 1 5 N o f the internal pool 

and the 8 1 5 N o f the nitrate in the medium showed a negative correlation (Fig. 5.2). The 

value o f 23%o for the y-intercept o f the regression (Fig. 5.2) is the highest s value that is 

predicted by this relationship. Assuming that fractionation only occurs within the cell, 

then the difference between the 8 1 5 N o f the nitrate inside and outside the cell must be a 

function o f nitrate efflux, wi th higher efflux causing a smaller difference in the 8 1 5 N 

values, and a larger expression o f fractionation (Fig. 5.2). 

The afternoon sample for the l ightdark experiment ( l ightdark, Samples 3 and 4, 

Table 5.1) was omitted from the regression shown in Fig. 5.2. The large difference in the 

afternoon sample between the internal-nitrate and the medium-nitrate 8 1 5 N is probably a 

result o f low efflux during the light period (see Chapter 3), and therefore should have a 

fractionation factor lower than the 10.9%o value associated wi th the overall fractionation 

(see Discussion). 
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Figure 5.2: Relationship between the isotope fractionation factor versus the 8 1 5 N 
difference between the internal nitrate pool (IP) and the nitrate in the medium. A smaller 
difference is indicative o f a higher efflux rate. The y-intercept should reflect the isotope 
fractionation associated with nitrate reductase within the cell (see text). 
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DISCUSSION 

Proposed Model of Isotope Fractionation 

The results o f the internal nitrate pool 5 1 5 N measurements provide evidence for 

the hypothesis that nitrogen isotope fractionation by marine phytoplankton is a result o f a 

fractionation step at nitrate reductase, coupled wi th nitrate efflux from the cell (see Fig 

5.3). The fol lowing discussion w i l l illustrate how these combined processes could be 

responsible for the magnitude o f fractionation that is expressed on a whole cell basis, and 

how this mechanism o f fractionation can be applied to the measurements o f e in 

phytoplankton. 

medium 
B 

S 1 5 NQ 3 " IP C > 5 1 5 NQ 2 ' 5 1 5 N PN 

Figure 5.3: Conceptual model o f the important fluxes in the isotope fractionation 
mechanism described in the text. A - influx, B - efflux, C - nitrate reduction by nitrate 
reductase. The kinetic fractionation (e) occurs at k 3 , and the whole cell expression is a 
function o f the relative rate o f B to A. (Adapted from Shearer et al. (1991), and Evans et 
al. (1996)) 

The 8 1 5 N values for internal nitrate are always higher than the nitrate outside the 

cell (Fig. 5.1). This observation rules out the possibility that isotope fractionation only 
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occurs during the uptake step, as this would require that the 8 1 5 N o f the internal nitrate be 

lower than the medium, and the same as the whole cell 8 1 5 N value. This supports 

previous circumstantial evidence against the diffusion or transport step as a plausible 

cause o f fractionation, such as the low fractionation factor associated wi th nitrite 

utilization (Waser et al. 1998a). 

Fig. 5.1 suggests that efflux is occurring, and 5 1 5 N values o f phytoplankton 

depend on the magnitude o f the efflux term. Fig. 5.2 illustrates that the e measured for the 

phytoplankton cell is proportional to efflux, as measured by the difference between the 

5 1 5 N o f the internal pool and the 8 1 5 N o f the medium. The greater the difference, the less 

efflux that would occur, and the lower the effect the nitrate reductase fractionation step 

on the whole cell 8 1 5 N. I f no efflux occurred, there would be no difference between the 

whole phytoplankton cell and the nitrate 8 1 5 N , despite fractionation steps within the cell. 

It is noteworthy that the available estimates o f the fractionation factor o f nitrate reductase 

range between 15-30%o (Ledgard et al. 1985, Schmidt & Medina 1991), suggesting that at 

the highest efflux (predicted by the data in Fig 5.2) the ful l expression o f the nitrate 

reductase enzyme could be accounted for. Shearer et al. (1991) proposed that the 

relationship between efflux:influx and the observed fractionation in Synechococcus 

would be linear i f k3 (Fig. 5.3) is the only rate that changes, or assimilation steps 

associated with the fractionation process are constant. The linear relationship for T. 

weissflogii shown in Fig. 5.2 suggests that the efflux:influx ratio can be roughly 

determined from the isotope fractionation factor. For example, the fractionation 

associated with low light (15.2 %o) corresponds to an x-axis value o f 7.2 (Fig. 5.3). Since 
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the range o f x-axis values (0-21) covers most o f the range o f fractionation values possible 

(0-24), the extremes should represent efflux rates o f 100% o f the influx when x 

approaches 0 and 0% when x approaches 21. Therefore, an x-value o f 7.2 would indicate 

that the ratio o f efflux: influx is (21-7.2)/21, i.e. 66% o f the nitrate is effluxed after it is 

transported into the cell. The low iron cells would have an efflux:influx ratio o f 22-15/22 

= 32%. Figure 5.4 illustrates the relationship derived between 8 1 5 N and efflux in this 

fashion. More complex models o f this process have been applied to isotope fractionation 

in cyanobacteria (Shearer et al. 1991), and widely developed for higher plant models o f 

isotope fractionation (Evans et al. 1996, Robinson et al. 1998, Comstock 2001). 

Additional data similar to that in Fig. 5.1 for other species are required in order to 

develop similar models for marine eukaryotic phytoplankton. 
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Figure 5.4: Proposed relationship between the isotope fractionation factor and the eff lux 
o f nitrate during growth by the marine diatom T. weissflogii. 

Analysis of Fractionation Factors 

The relationship shown in Fig. 5.4 can be used to explore some o f the processes 

responsible for setting the e values obtained in this thesis, and can also be applied to the e 

values summarized in Chapter 1, Table 1.1. 

The fractionation factors between 2- 6%o that have been observed in many 

different phytoplankton species (Chapter 1, Table 1.1) suggest that efflux rates vary 

between 9-20%. This is not surprising for cultures that are growing in continuous light at 

a high specific growth rate, since efflux is expected to be low, as most o f the nitrate 
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entering the cell would be assimilated to account for the high growth demands. Eff lux by 

vascular plants grown on nitrate (measured wi th the radioactive tracer 1 3 N ) has been 

shown to be as high as 30% (Crawford & Glass 1998). Low growth rate could also be 

accompanied by low efflux i f the uptake rate and the assimilation rate are similar, as 

described for the low temperature and low iron conditions (see Chapter 4). These trends 

suggest that changes in cell volume and growth rate w i l l only influence isotope 

fractionation values by influencing the influx:efflux ratio. For example, Raven (1986) 

argues that efflux (i.e. leakage) would be higher in small cells, suggesting that the 

difference between the fractionation factor o f small diatoms such as T. pseudonana (5%o) 

and large diatoms such as Ditylum brightwelleii (2%o) in similar culture conditions 

(Chapter 1, Table 1. l j is a result o f higher relative efflux by the smaller cell. 

Low Light 

Low light conditions produce relatively high e values, both in this study and in 

that reported by Wada (1980). Given the efflux model, this implies that low light cultures 

have a high efflux:influx ratio. The reason for high efflux may be related to the 

evolutionary adaptations to low light, as argued in Chapter 4 for the difference between 

the low Fe and low light 8 results. To reiterate, the potential for rapid changes in light 

found in many environments would select for phytoplankton that can quickly react to 

such changes. This may result in cells retaining the ability to transport nitrate at high 

rates, despite the low growth conditions. This suggests that the ability to transport nitrate 

is linked to the potential for efflux. One possible scenario for this explanation would be i f 
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nitrate 'leaked' from the cell via the nitrate uptake transport protein, as discussed below. 

LighV.Dark Cycle 

The results o f the experiments in Chapter 3 suggest that the light: dark cycle w i l l 

influence isotope fractionation o f phytoplankton species that assimilate nitrate in the 

dark. The resulting isotope fractionation is a combination o f the low expression o f 

fractionation during the day (high growth rate and low efflux) and high expression during 

the dark ( low growth rate and high efflux). E. huxleyi, which does not display dark nitrate 

assimilation, has an expression o f fractionation similar to the high light cultures (high 

growth rate, low efflux). For T. weissflogii, this trend illustrates why the afternoon 

sample in Table 5.3 was excluded from Fig. 5.2. The 10.9%o fractionation was probably 

not reliable for the afternoon sample, as it should have been more similar to the 6%o value 

obtained for continuous light. The dark period fractionation factor is probably more 

similar to the low light condition (i.e. 15%o), and the combination o f the two efflux 

effects produced the s o f 10.9%o estimated for the l ightdark cycle. This is clear from the 

increasing difference between the internal nitrate pool and the medium 5 1 5 N shown for 

the l ightdark cycle between the two time points (Fig 5. IB) . I f an s o f 6%o (for the 

afternoon time point) is used for the relationship in Fig. 5.2, the data point would fal l on 

the line, close to the other data points corresponding to a lower efflux condition. 

Low Iron and Low Temperature 

The 5 1 5 N dynamics demonstrate that the iron and temperature l imited cultures are 

in balanced growth, as described in Chapter 3. The relatively small fractionation factor 

suggests that efflux is 30% o f influx, and is likely similar to the fast growing cells in 

continuous light. This is not surprising, if, as discussed in Chapter 3, cells acclimate 
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to the low growth rate conditions by lowering their nitrate transport ability. However, 

under more severe iron limitation, i t is possible that the assimilation step could become 

even more impaired, and would result in a higher efflux and therefore a higher e value. 

Comparison of Batch and Continuous Cultures 

I t is possible to conceptually reconcile the larger s values for the same species 

between Montoya and McCarthy (1995) and Needoba (In Press) by applying the efflux 

mechanistic model to the results o f the continuous culture experiments described in 

Montoya and McCarthy (1995). In those experiments, the continuous culture technique 

requires e to be calculated as the difference between the phytoplankton 8 1 5 N and the 

source 8 1 5 N. The new nitrogen (from dilution in the continuous culture experiments) 

would act to counter the increase in 8 1 5 N o f the medium that was caused by efflux. This, 

in turn, would create a lower 8 1 5 N o f nitrate outside the cell than in batch cultures (where 

no 'new' nitrate is added). Therefore, the influx would also have a relatively lower 8 1 5 N 

(compared to batch cultures) and the particulate nitrogen formed would also have a lower 

isotope ratio, thus resulting in a higher calculated e. The flagellate species in the 

continuous cultures have similar (and low) s values to the batch cultures o f Needoba (In 

Press). This also agrees with the efflux model, as the dilution wi th new nitrate in the 

continuous culture experiments would not influence the expressed isotope fractionation i f 

efflux was low, and therefore should produce isotope ratios that do not differ f rom batch 

culture experiments. 

Comparison to Carbon Isotope Fractionation 
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The efflux model described here has similarities to models o f carbon isotope 

fractionation. The complications surrounding carbon isotope fractionation, such as use o f 

C0 2 versus HC03" (Burkhardt et al. 1999), the influence o f the carbon concentrating 

mechanism (Sharkey & Berrey 1985, Falkowski & Raven 1997), and the influence o f 

external versus internal carbonic anhydrase (Riebesell et al. 2000), all act to complicate 

the mechanisms o f C isotope fractionation in phytoplankton. However, the simplest 

proposed model (O'Leary 1981) describes a fractionation mechanism similar to the one 

presented for nitrate. In the O'Leary model, C isotope fractionation o f C0 2 occurs during 

the fixation o f carbon by Rubisco, and the expression o f fractionation (on a whole cell 

basis) is through the efflux o f C0 2 from the cell. Therefore, when diffusion o f C0 2 is 

l imit ing, the fractionation is low, and when diffusion is rapid, compared to the 

carboxylation step, fractionation expression o f the carboxylation step is high. 

Fractionation associated with diffusion is important in the terrestrial plant example that 

O'Leary uses; however, in water, the diffusive flux o f C0 2 has a small isotope 

fractionation. Therefore the main fractionation step is the enzymatic carboxylation step, 

and expression is a function o f the relative efflux. Eff lux is easier to explain in this 

model, as CO2 can freely diffuse across the plasma membrane. The overall model for 

phytoplankton is therefore linked to growth rate, cell size, and CO2 concentration, all o f 

which dictate the efflux term that determines the expression o f isotopic fractionation. 

Wi th respect to uptake and assimilation, NO3" differs from C0 2 in several 

important ways. The uptake step is always via active transport, and therefore diffusion to 

the cell membrane is separated from the diffusion processes within the cell. However, i f 

either growth rate increases, or surface:area to volume decreases, diffusion limitation to 
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the cell membrane w i l l become more important, and may result in a lowering o f the 

influx rate (relative to nitrate assimilation rate). This would result in a lower efflux since 

most o f the nitrate would be quickly incorporated (also see Waser et al. 1999). This 

mechanism would also explain the small fractionation in large diatoms (such as T. rotula, 

Chapter 2), due to the small surface area:volume ratio. This effect was not seen for T. 

weissflogii (see results, this chapter); however, the slow growth rate o f the smallest cells 

(i.e. iron and light l imited cells) would offset the increased diffusion rates from the larger 

surface afea:volume ratio. The cell size effect, however, might be important when 

comparing two species with much greater differences in cell volume. 

Overall, the nitrate isotope fractionation model is similar to the early models o f C 

isotope fractionation, but (at this point) i t does not suffer from the wide range o f 

complications that result from carbon acquisition strategies by phytoplankton. 

Ef f lux Mechanism 

At present there are no accepted hypotheses for the mechanism o f nitrate efflux 

from the cell. One mechanism could be a back reaction o f the nitrate transport proteins. 

Since the concentration gradient ( m M inside versus p M outside) and the electrical 

gradient (more negative inside) would act to create a thermodynamic free energy gradient 

against nitrate movement into the cell (Boyd & Gradmann 1999), it is possible that 

marine phytoplankton either lose nitrate through back reactions at the transport protein 

(no energy required), or even use the free energy gradient for a biochemical purpose, 

analogous to the coupled proton-solute transporters common in many other aquatic 

systems (Raven 1984). 
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S U M M A R Y 

The experiments reported in this chapter show that the difference between the 

8 I 5 N o f nitrate inside and outside a phytoplankton cell was correlated wi th the magnitude 

o f isotope fractionation that was expressed by phytoplankton cells. These results support 

the model o f isotope fractionation that is similar to nitrogen isotope fractionation models 

in higher plants, cyanobacteria, and carbon isotope fractionation models for marine 

phytoplankton. The results indicated that fractionation expressed by nitrate reductase is 

expressed on a whole cell basis (via nitrate efflux) to varying degrees depending on the 

relative rates o f uptake, assimilation, and efflux o f nitrate. These processes are strongly 

influenced by light l imitation and a l ightdark cycle, and to a lesser extent, or not at al l , 

by temperature or iron limitation, when cultures exhibit balanced growth. 
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Conclusions and Future Directions 

GENERAL CONCLUSIONS 

The results o f the experiments presented in this thesis demonstrate some o f the 

acclimation strategies that marine phytoplankton employ in response to variations in 

supply o f nutrients, light regime and temperature, factors that are known to affect growth 

rate and species composition. For nitrogen, these strategies include; 1) changes in cell 

volume and nitrogen content o f cells, 2) dark uptake and assimilation o f nitrate, 3) the 

relationship between nutrient uptake and assimilation under steady state l imit ing 

conditions, and 4) the presence o f significant nitrate cycling via efflux across the plasma 

membrane. These acclimation strategies are important in an ecological context, as they 

help to explain species fitness in the context o f the biological nitrogen cycle o f the 

surface ocean. 

The main findings o f this thesis, as they relate to the nitrogen isotope fractionation 

factor (s) during growth on nitrate are: 

The Influence of L igh t on e: 

Low light l imits phytoplankton growth rate and has a strong influence on 8. The 
magnitude o f 8 that is expressed is dependent on the nitrogen uptake and assimilation rate 
ratio. For three o f the four species measured under low light conditions, the assimilation 
rate was less than the uptake rate, and this resulted in an increase in the internal pool o f 
nitrate and a relatively high efflux rate. Therefore, for low light cells, the increase in the 
expression o f the isotope fractionation factor o f N R was greater than for cells grown at 
high light. 

The l ightdark cycle produces a variable 8 compared to continuous light which 

leads to a constant 8. The relative rates o f uptake and assimilation are altered between the 

light and dark periods, and therefore expression o f s at the N R step is a result o f the 

influence from both periods. Dark uptake has a higher 8 than light uptake, as a result o f a 

higher efflux: influx ratio. A l l three diatoms used in this study exhibited dark uptake and 
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increased e. Species wi th no dark uptake have a similar s as growth in 24 hours o f 

continuous light, as demonstrated by E. huxleyi. 

The Effects of Growth Rate on e: 

Cultures that were growth rate l imited due to low temperature and low iron did 
not show a difference in fractionation compared to high growth rate conditions. During 
balanced growth, fast and slow growing cells had similar uptake and assimilation ratios 
and hence similar efflux:influx ratios. This resulted in a similar expression o f 8 at the N R 
step on a whole cell basis. 

Cultures that were growth rate l imited due to low irradiance levels had a higher 
fractionation expression than at high irradiance. This suggests that acclimation to low 
light is different from other growth controlling conditions with respect to the efflux:influx 
ratio. 

The Effects of Cell Size on e: 

Cell volume had an impact on the relative efflux:influx ratio, either through 
diffusional l imitation at the uptake step (greater for larger cells), or through increased 
efflux (greater for smaller cells). The overall influence o f cell size with respect to nitrate 
assimilation dynamics alters the 8 via the fractionation model described below. 

The Effects of N release on e: 
Although no D O N measurements were made, inferred D O N production by slow 

growing cells at low temperature, low Fe, or low light was shown by the mass balance 
diagrams. This was possible because NO3", NO2", and N H / measurements were included 
in the mass balance calculations, therefore significant deviations from the expected mass 
balance are very likely due to D O N release. 

The significant relationship o f the 8 1 5 N measurements to the Rayleigh 

fractionation model strongly suggests that D O N production did not significantly alter the 

Rayleigh fractionation dynamics, indicating that fractionation processes associated wi th 

D O N release are small. I f D O N production was accompanied by significant fractionation, 

as is suggested for animals, the 5 1 5 N o f the phytoplankton would be expected to be higher 

than that predicted by the Rayleigh model. Since this was never observed in this study, it 

strongly suggests that D O N production does not alter the 8 1 5 N signal o f the 

phytoplankton cell. 
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Mechanism of Isotope Fractionation for Phytoplankton Growing on Nitrate: 

The model o f isotope fractionation where s at the N R step o f nitrate assimilation 
is partially expressed on a whole cell basis via the relationship between influx, 
assimilation, and efflux is supported by the results presented in this thesis. This model is 
similar to early models o f carbon isotope fractionation. 

The difference between the internal pool 8 1 5 N o f nitrate and the 5 1 5 N of nitrate in 

the medium was inversely proportional to e. Assuming efflux is entirely responsible for 

the observed s, a rough estimate o f efflux between 5 and 70% o f influx was determined 

from the e values measured in T. weissflogii. 

The efflux model can be used to interpret the measured fractionation factors in the 
growth conditions o f low light, l ightdark cycle, low temperature, and low iron. In 
addition, the efflux model reconciles differences between measured fractionation factors 
between continuous culture and batch culture techniques. 

IMPLICATIONS FOR M A R I N E ECOLOGY A N D PALAEOCEANOGRAPHY 

1 5N/ 1 4N as a Proxy For Nitrate Utilization 

One o f the main goals in current stable isotope research is to correctly interpret 

the 1 5 N / 1 4 N o f the deposited organic matter in sea-floor sediments as a proxy for nitrate 

utilization in the past ocean (Altabet & Francois 1994). A n important aspect o f this 

approach is the influence o f isotope fractionation during phytoplankton growth. Estimates 

o f e from field studies o f mixed plankton assemblages range from 4-9 per m i l , wi th an 

average o f ca. 5%o (Altabet 2001). The experimental results presented in this thesis 

suggest that e is variable, depending on the species and the environmental conditions that 

are present. However, certain aspects o f this work support the notion that fractionation is 

relatively low and constant in the marine environment. The largest fractionation would be 

expected when phytoplankton growth is unbalanced (i.e. uptake rate > assimilation rate). 
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I f conditions change, and alter the species composition or assimilation processes on short 

time scales, e would be expected to fluctuate. On the other hand, during periods o f 

stability, phytoplankton would quickly acclimate (relative to geochemical perturbations) 

and fractionation would be expressed as a function o f relative efflux in an environment 

supporting balanced growth. Since the sedimentary record consists o f long periods o f 

stability and short periods o f change, it is expected that the balanced growth processes 

would dominate the 8 1 5 N signal generated by phytoplankton. Using the results presented 

in this thesis, detailed studies could predict the fractionation to an accurate degree using 

other proxies, such as opal (diatom) accumulation rate, in order to account for growth rate 

and species composition effects. 

Relationship to e in laboratory studies to natural populations 

Few field studies have attempted to determine s by methods similar to the 

laboratory experiments described here. Recently, estimates o f e were obtained from on-

deck bottle incubations, and showed that the community had a fractionation o f 7-9 %o 

(Appendix B). Experiments that make use o f large scale iron additions to measure 

fractionation during a nitrate drawdown should prove beneficial in determining 

fractionation by natural assemblages o f phytoplankton. 

The fractionation factors observed in natural populations w i l l be influenced by 

other forms o f nitrogen that are used for growth. These include: nitrite, ammonium, urea, 

and dissolved organic nitrogen. The fractionaiton factors associated wi th the first three 

have been measured previously (Waser et al. 1998b), and indicate that fractionation is 

high for ammonium, and low for nitrite and urea. Therefore, the 8 1 5 N value o f natural 
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phytoplankton populations w i l l be influenced by the cumulative influences o f all nitrogen 

sources that are available. 

In addition to the forms o f nitrogen that are available, the relative utilization o f 

each form must also be accounted for when 8 1 5 N signals are to be interpreted for natural 

phytoplankton populations. For example, the relatively large isotope fractionation that 

accompanies growth on ammonium wi l l only be expressed i f ammonium concentrations 

remain high in the water. This is rarely seen, as growth supported by regenerated 

production (i.e. ammonium) is often limited by the rate o f ammonium production, and 

therefore no isotope fractionation wi l l be expressed. 

Influence on other Applications of 8 1 5 N 

Nitrogen isotope studies o f food webs and marine pollution are also at the 

forefront o f 8 1 5 N research in oceanography. Variability in e reported here might be more 

important in these studies than for the effects on the palaeo-record. For example, 

communities o f zooplankton that feed on large diatoms growing in the low-light region o f 

the water column (e.g. the chlorophyll maximum at the base o f the euphotic zone) would 

be expected to have a lower 8 1 5 N value than zooplankton feeding on small flagellates in 

the upper water column, because o f the greater fractionation by the diatoms growing in 

low light. Early work (Minagawa & Wada 1984) has shown that there is an increase in 

8 1 5 N with an increase in trophic level, but the accepted 3.5 %o increase per trophic level is 

actually less than the range in s values observed between conditions and species in this 

study. Therefore it is important to characterize the phytoplankton community and growth 

conditions before making conclusions on trophic level status from 8 1 5 N measurements. 
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Seasonal changes in light availability and the duration o f the light period should 

influence the 8 1 5 N o f phytoplankton, due to the constraints that light imposes on the 

isotopic fractionation mechanism that are described in Chapters 2 and 3. Therefore, a 

seasonal variation in isotope fractionation is expected due to changes in light availability, 

in addition to the added complications o f species succession patterns that are often 

observed in a given environment over the course o f a year. 

Collos and Slawyk (1977) showed that, in some cases, 90% o f the nitrate taken up 

by natural communities over a 6 hour period can be found inside the cells as 

unassimilated nitrate, suggesting that unbalanced growth is common in nature. Our 

understanding o f nitrate uptake, assimilation, and eff lux are important for characterizing 

the nitrogen utilization processes o f marine phytoplankton. The 8 1 5 N values and isotope 

fractionation estimates would be useful to help interpret these processes, as an additional 

indicator o f nitrate assimilation dynamics. 

FUTURE DIRECTIONS 

Different Day: Night Cycles 

Varying the length o f the photoperiod is predicted to have a strong influence on s. 

A threshold in the ability to store carbon for dark nitrate assimilation w i l l be reached as 

the light period is decreased, and this would cause fractionation to decrease as the 

photoperiod became shorter. Alternatively, as the light period increases the fractionation 

associated with the light period w i l l dominate the s signal, and decrease fractionation. 

Light and Iron Co-limitation 
/? 
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Iron has a strong influence on photosynthetic ability. Therefore, under low light 

and low iron conditions growth limitation is further exacerbated. This dual stress o f low 

light and low iron may act to increase fractionation even more than under iron or light 

l imitation alone. 

Si Limitation 

Silicon limitation slows diatom frustule formation and lowers the growth rate o f 

diatoms. However, energy limitation is not a factor, as it is in iron or light l imitation, 

therefore, it is not clear what influence Si l imitation would have on the nitrate 

assimilation pathways or isotope fractionation. 

Ammonium Fractionation 

Collos (1986) showed a consistent relationship between uncoupled growth and 

internal ammonium pools, such that species that have highly coupled growth (i.e. uptake 

= assimilation rate) tend to have low internal pools, and species that have uncoupled 

growth tend to have higher internal pools o f ammonium. Waser et al.( 1998a) found that 

T. pseudonana had a high N isotope fractionation when grown on ammonium. The 

mechanism o f isotope fractionation for ammonium may be similar to that o f nitrate and 

C O 2 , although the ecological significance in most regions is questionable since 

ammonium concentrations are low and it is recycled quickly, and therefore isotope 

fractionation may not be expressed. 
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Appendix A: Additional Data Analysis and Statistical Tests 

This appendix presents data for 1) the PN/cell characteristics o f each species measured in 
the thesis, normalized to cell volume (Fig. A. 1), and 2) the comparison o f PN/cell (Fig. 
A. 2) and 3)the comparison o f s values o f each species in the different growth conditions 
tested in the main chapters o f this thesis (Fig. A.3). 
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Figure A. 1: PN/cell ( fmol /pm 3 ) normalized for cell volume for phytoplankton in the 
growth conditions presented in Chapters 2,3 and 4. 
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Appendix B: Nitrogen Isotope Fractionation by 
Phytoplankton in an HNLC Region 

Originally presented as a poster at the PICES X meeting in Victoria, Brit ish Columbia. 
October 4-10,2001. 

Authors: Needoba, J.A., T.Wagey, D. Sigman and P.J. Harrison. 

ABSTRACT 

The stable nitrogen isotope fractionation that occurs during uptake and 

assimilation o f nitrate by phytoplankton was directly measured at Ocean Station Papa in 

the HNLC region o f the Eastern North Pacific. Iron addition in onboard incubations 

stimulated growth and caused the nitrate in the system to be completely utilized after 144 

hours. This drawdown o f nitrate provides a direct measurement o f the change in 8 1 5 N in 

the nitrate and particulate nitrogen pools. The change over the course o f the experiment 

followed Rayleigh type kinetics, and allowed us to measure the isotope fractionation 

factor o f phytoplankton growing on nitrate, as has been done in laboratory settings1. The 

fractionation values presented here support recent estimates o f isotope fractionation by 

phytoplankton from the Southern Ocean and the North Pacific (see discussion). This is 

the first study to directly measure isotope fractionation o f the natural phytoplankton 

community in onboard bottle incubations and provides important information for 

interpretation o f 8 1 5 N in food webs, suspended particulate matter, and ocean sediments. 

INTRODUCTION 

The use o f stable isotopes has emerged as a leading method for elucidating 

complex biological and chemical processes in nature. Isotopes o f carbon and nitrogen 

have particular importance, as their biological transformations are central to the global 

carbon cycle 2. In the marine environment, the stable isotopes 1 4 N and 1 5 N provide a 

means to characterize movements and transformations o f organic matter in a wide range 

o f spatial and temporal scales. This is due in part to the preferential uptake o f the lighter 
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isotope o f nitrogen ( 1 4 N) during nitrate assimilation by phytoplankton and the subsequent 

transfer o f this signal to other pools o f nitrogen within the water column and sediments. It 

is hoped that the isotope ratio in these pools w i l l allow researchers to quantitatively 

characterize the nitrogen cycle on large temporal and spatial scales3. 

For a single-step, unidirectional reaction (e.g. NGy — • NGy) the discrimination 

against the heavy isotope o f nitrogen can be calculated using the accumulated product 

equation derived from the Rayleigh model 4. The isotope ratio (expressed as 8 1 5 N) is 

determined by the magnitude o f fractionation (e) and the extent to which the reaction has 

occurred. Once the reaction has gone to completion, the 5 1 5 N o f the product w i l l be the 

same as the 8 1 5 N o f the substrate before the reaction began. 

The fractionation associated with nitrate assimilation by phytoplankton is well 

known, but poorly quantified in natural communities. This study is designed to measure 

the value for s in an open ocean environment. 

METHODS 

The experiment was conducted aboard the J.P. Tully at Ocean Station Papa in 

September 2000. Water was collected near the surface and 2nM FeCl3 was added to 

triplicate 10L polyethylene bottles. The bottles were then incubated under natural light 

and kept at sea surface temperature for the entire experiment. Samples were collected on 

a daily basis for 8 1 5 N measurements o f the particulate material (>0.7pm) and nitrate. 

Additional samples were taken for nutrient concentrations and chlorophyll. 

The particulate fraction was filtered, frozen and later analyzed for 8 1 5 N and 8 1 3 C on a 

high resolution mass spectrometer at the University o f California, Davis. The nitrate 

remaining in the seawater was analyzed for isotopic composition using a recently 

published method that utilizes a denitrifying bacteria to convert nitrate to N 2 0 , which is 

then measured on a mass spectrometer6. This method has proven to be accurate at low 

concentrations o f nitrate, and is not affected by dissolved organic nitrogen (DON) or 

ammonium that may be present in the sample. 

RESULTS 
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Figure B . l : Measurements taken during the shipboard Fe addition experiment. Fe was 
added at time 0. Particulate nitrogen (PON) and Nitrate are used to calculate isotope 
fractionation. Error bars represent the standard error for three replicate bottles. 
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Figure B.2: The 5 1 5 N o f nitrate and particulate nitrogen for two bottles in the Fe additions 

experiment. The results show the Rayleigh fractionation typical o f a one step 

unidirectional reaction (See Introduction). The difference between the 8 1 5 N o f nitrate and 

the 8 1 5 N o f the PN at the start o f the drawdown period is an estimate o f the isotope 

fractionation factor. 
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Figure B.3: Calculation o f the fractionation factor (e) for the particulate nitrogen (i.e. 
phytoplankton) in the three bottles o f the Fe addition experiment. Dotted lines represent 
9 5 % confindence intervals 
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Figure B.4: Calculation o f the fractionation factor (s) for the nitrate in two bottles o f the 
Fe addition experiment. Dotted lines represent 95% confidence intervals. 

DISCUSSION 

The isotope fractionation associated wi th nitrate utilization by phytoplankton has 

been estimated to be approximately 5-6%o for open ocean phytoplankton, although recent 

studies have suggested that i t can be as high as 7 - 1 0 %o3-7. This is the first study to 

directly measure the fractionation factor (e) during an entire nitrate drawdown episode. 

Our values from the nitrate 8 1 5 N (figure 4) are between 3.9- 5.0 %o, while the 

phytoplankton 8 1 5 N signal (figure 3) gives a fractionation o f 6.2-8%o. Finally, the 

difference between the 8 1 5 N o f the nitrate and the PN gives an estimate o f s between 9.5-

9.9 %o (figure 2). 
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This study provides new information on the relationship between the 8 1 5 N o f 

particulate nitrogen and the nitrogen source. The high values for s in the phytoplankton 

pool are in agreement wi th recent estimates from Station P and the Southern Ocean. In 

addition, laboratory studies have also shown that phytoplankton are capable o f relatively 

high isotope fractionation when growing on nitrate 8. 

The discrepancy between the nitrate fractionation and the PN fractionation in this 

study is an important finding. I f chemical reactions after nitrate assimilation further alter 

the isotope signature o f phytoplankton, then organic nitrogen may not be related to nitrate 

5 1 5 N in a simple one-step fashion. The release o f dissolved organic nitrogen during 

growth may be important in determining the final 5 1 5 N value o f phytoplankton, and 

therefore must be understood for accurate models o f 5 1 5 N transformations in the water 

column. On the other hand, bacteria may also be uti l izing some o f the nitrate pool during 

phytoplankton growth, and altering the the isotope fractionation value that we measure 

from nitrate. This discrepancy must be resolved i f we are to have confidence when using 

e for predicting nitrate utilization from organic 8 1 5 N in the water column and the 

sediment. 
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Appendix C: Additional Nitrogen Measurements 

The fol lowing tables present the nitrite and ammonium concentrations for the 
experiments o f T. rotula presented in Chapter 2 and Chapter 3. 
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