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Dissertation Director:

Paul G. Falkowski

The goal of this thesis is understand how the physiological ecology of phytoplankton
impacts the competitive success between biogeochemically-significant phytoplankton
taxa More specificaly, the effect of a variable nutrient regime on resource competition
and successions between diatoms and coccolithophores was studied using a prognostic
numerical model. Numerical simulations assessing the impact of nutrient vacuole present
in diatoms but not in coccolithophorrids were conducted and results were verified with
laboratory experiments. The vacuoles advantage diatoms with pulses up to 24 hours or
few divisions. Diatoms result then to prevail in a high turbulent mixing environment
with high nutrient concentrations and coccolithophores in a more stable and depleted

water column.
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1 Introduction

"The biotas of pelagic ecosystems are far too complex to be analyzed species by species.”

Bruce Frost 1984

Observed variations in phytoplankton community composition are driven by the
synergistic interactions between physical, biological, and chemical processes [Margalef,
1960 #350]. The net result of these synergistic interactions is to maintain a high
phytoplankton diversity [Smayda, 1980 #347] and references therein). Given this, a
fundamental question for oceanographers is to understand how key environmental factors
select for a particular phytoplankton assemblage and to understand the potential impact
on the biogeochemical cycling of elementsin the oceans [Falkowski, 1998 #354; Hedges,
1992 #566]. For example how is carbon and silica cycling in the oceans impacted by a
shift from silicifying diatoms to calcifying coccolithophores. Phytoplankton community
dynamics has been related to many chemical and physical parameters which all operate
over a range of space and time scales (Daly and Smith 1993). It is well known that
phytoplankton production is regulated by a combination of factors such as light (Kirk
1983; Litchman and Klausmeier 2001; Mitchell et al. 1991; Morel 1978; Peterson et al.
1987; Platt and Jassby 1976), temperature (Arrigo and Sullivan 1992; Cloern 1977;
Eppley 1972; Goldman and Ryther 1976; Li 1985), macronutrients such as nitrogen and
phosphate (Hein and Riemann 1995; Raven 1997; Riegman et al. 2000) and silica
(Dugdale and Wilkerson 1998; Egge and Aksnes 1992; Paasche 1973; Walsh 1971) and

micronutrients such as iron (Banse 1995; Martin 1992). The relative impact of each these



environmental variables on the community dynamics will be determined by the
physiological capacity of phytoplankton to maximize growth under a given condition.
(Margalef 1960)

Therefore my research has focused on understanding the physiological-forcing of
phytoplankton community dynamics between marine diatoms and coccolithophores. |
have formulated a ssmple numerical prognostic competition model for these two taxa in
order to study how their bloom dynamics is impacted by nutrient availability. More
specificaly | have studied how different nutrient pulse frequencies and durations impact
the competition and succession of coccolithophores and diatoms.

My main hypothesis is that nutrient pulses with different frequency, length and
intensity, regulate the abundance, dominance, and succession of coccolithophores and
diatoms. Thisis an extension of the intermediate disturbance hypothesis (Connell 1978),
and the physical disturbance hypothesis comparable to Margalef's phytoplankton
"mandala’ (1978) that proposes water column mixing and turbulence (Figure]
B) regulate phytoplankton community composition and succession (Lewis et al. 1984;

Margaef 1997).
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Figure 1. Alternation between successional dynamics and discontinuous resetting. On the left water
column thermocline variation during a year in relation to planktonic succession. On the right
seasonal variation of water temperature, mixing, heat amount in water and energy. From

(Margalef 1997)
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Figure 2. The phytoplankton "mandala’. Dominance and succession of different phytoplankton organism it
is explained with a correlation between different combinations of environmental factors. From
(Margalef 1997)



| hypothesize that diatoms will an advantage when turbulent mixing maintains
high nutrient concentrations into the euphotic zone, while coccolithophores are positively
selected under more stable conditions when nutrient fluxes are low during periods of
stratification. Thisis based on diatoms having storage vacuoles and high nutrient uptake
capacities (Raven, 1997), while coccolithophores lack storage vacuoles and have lower
nutrient uptake rates (Eppley et a., 1969; Riegman et al., 2000). Given this, we have
focused our efforts to understand how the succession of diatoms and coccolithophores is
driven by the concentration of nitrate. The appropriateness of considering nitrate aloneis
reasonabl e as biologically-useable nitrogen, limits ocean primary production over annual
and geologic timescales (Ryther 1956).

My prognostic model simulates diatoms as having a Droop-type physiology
(Droop 1973), which describes the growth rate as a function of the extracellular and
intracellular concentration of the limiting nutrient, while coccolithophores growth more
closely follows a Monod type of physiology, which is dependent on the extracellular
substrate concentration.  These model results were combined with laboratory
measurements that allowed me to parameterize and initialize the numerical ssimulations.
The modeling philosophical goals, modeling approaches, and physiological profiles for

the test organisms are outlined below.



1.2 Succession and resource competition: theory and related algal

growth models

Descriptive models of interspecific competition were first developed as the
logistic equation of Pearl and Reed in 1920 and revised to the Lotka and Volterra model
in 1925 and 1926. This model can be used to study the competition coefficient and the
carrying capacities of the algae in terms of rates of utilization and renewal of resources
(Morin 1999). Given this, the model describes not only the interaction between species
but a so the interaction between consumers and external resources.

To test the effects of different frequency of nutrient pulses on the competition
between diatoms and coccolithophores, two mechanistic models were used (a Monod
model and a mixed Droop-Monod model). The Monod model implicitly assumes that
growth rate is regulated exclusively by extracellular nutrient concentration. This is
appropriate for coccolithophores that lack nutrient vacuoles. For the diatoms, which
containing vacuoles, a mixed model was adopted, using Monod type kinetics for the
coccolithophore and a variable interna store (V1S) based on the Droop equation (Droop
1973). In general, more frequent pulses should be advantageous for diatoms, which have
a fast uptake rate, a higher haf saturation constant; and the vacuoles that allow these
organisms to maintain a higher growth rate between nutrient short pulses. With less
frequent nutrient pulses, the high affinity coccolithophores have assimilating nitrogen
will provide them a competitive advantage under low nutrient conditions (Eppley et al.
1969). A more detailed model description is provided below. [Table 1|reports the symbols

of the variables used in the two models, which will be successively introduced.



Table 1. Symbols used in models of resource competition and their units

Symbol Units M eaning

State variables:

N cell L™ Popul ation density

R pmol L™ Resource availability

Q umol cell™ Cell quota

Physiological functions:

m ht Growth rate

0 umol cell* h?  Uptakerate

Parameters:

D h? Dilution rate

R° pmol L™ Constant nutrient inflowing rate
Y cell pmol™ Cell yield constant

Himax ht Maximal growth rate

Ki umol cell™ Growth rate half saturation constant
Qo umol cell™ Minimal cell quota

Qrrex umol cell™® Maximal cell quota

Ko pmol L™ Half saturation constant for uptake

Notational conventions:
i Subscript to distinguish terms pertaining to
agiven species

t h Time

1.2.1. Monod model

The Monod model describes phytoplankton growth as a function of dissolved
extracellular nutrient concentration. Monod (Monod 1950) first applied this model to
describe bacteria growth rate based on two simple parameters, substrate (R) and growth
rate (). He found a hyperbolic function between the two, and adopted the Michaglis-
Menten equation for enzyme kinetics to describe this relation between substrate and

growth rate. In this model, the cell growth rate is given by the following equation (Eg. 2)



dN, [, (R
L= : . -D (Eq.1).
i EKﬁRHm' (Eq. 1)

and the resource consumption is given by

where N is the cell density of the i™ species, pmax iS the maximum growth rate achievable
when the concentration of the growth-limiting nutrient R is not limiting, K; is the
concentration of the growth-limiting nutrient at which the specific growth rate is half the
maximum value. K; represents the affinity the organism has for the nutrient. D is the
death (dilution) rate of the organism considered (Monod, 1950). An example of the
specific growth rate against the concentration of the growth-limiting nutrient is shown in
For the run presented in[Figure 3] NOs is the limiting nutrient and the diatoms
and coccolithophores are the two organisms. These are parameterized in This
model illustrates the immediate response of the cell growth rate to the external resource
concentration. The change in population density results as a balance between the growth

rate and the dilution rate.
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Figure 3. Growth function for Emiliania huxleyi (red line) and Thalassiosira pseudonana (green ling)
according a Monod model. The two organisms are parameterized as described in (T able 4).

When equilibrium is reached between loss and growth rates, there will be a superior

competitor, which has the smaller resource requirement (R;") (Tilman 1977).

. DK.
= T Eqg. 3
R p'maxi_D (q )

This parameter can be used as a predictor of the competitive outcome at equilibrium and
in absence of competitors (Grover 1989). The prediction given by R may change if the

system does not reach an equilibrium, as in the case of a variable resource supply.



1.2.2. Droop model

In the late 1960's, Droop introduced the use of chemostats to limnology and
biological oceanographic studies. The Droop model is derived by an empirical relation of
a specific growth rate in a steady state system to the nutrient status (Droop 1973). Droop
formulated his model studying the effect of vitamin B1, on phytoplankton growth rate.
The Monod model was not sufficient to explain the relationship between growth rate and
external concentration of vitamin By, but by introducing a term for cell quota and using
equation 5, the growth rate could be modeled based on B1, concentrations. This model is
based on the assumptions that the uptake of the resource (p) in steady state is a function
of the growth rate and the internal nutrient concentration (Q) (Eq.7).

Under nutrient-limited conditions, there appears to be little relationship between
algal growth rates and extracellular nutrient concentrations for the same species. Due to
mobilization of intracellular pools, growth rates can be more closely related to the sum of
intracellular nutrient pools and storage (often referred to as the cell quota, Eppley and
Strickland, 1968). When intracellular storage is exhausted and intracellular nutrient pools
are a minimal levels, growth rates are regulated by the external rate of supply of the
limiting nutrient. When supply rates and growth rates are closely coupled under nutrient
depletion, there may be a less clear relationship between the extracellular nutrient
concentrations and algal growth rates due to continuous uptake by nutrient- starved algae
(Fisher and Butt 1994).

The effects of extracellular nutrient concentration and cell quota on algal growth

rates can be summarized as follows:
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H = s Q E Q.

This equation was modified by (Caperon and Meyer 1972), who found that growth rate
was better modeled by taking into account the difference between the cell quota (Q) and

the minimal cell quota (Qg) when considering macronutrients.

Moo (Q—Q:)

Eqg. 5
+@Q-q) ¥

u:

p=p@Q  (Eq.6)

M indicates the growth rate, pmax represent the maximal cell division rate, Q is the cell
quota for a given nutrient, Qo is the minimal cell quota, kg is the half saturation constant
for cell division and p is the uptake rate. p can also be expressed as a function of the

maximal uptake, substrate concentration, and half saturation constant.

Prax R
=—™ _ (BEq.7
PR (Eq. 7)

r

The presence of intracellular storage (e.g. avacuole) introduces atime lag between the
exhaustion of the extracellular nutrient concentration and the actual nutrient limitation of

growth. Asthe extracellular pool becomes smaller, intracellular storage and pools are
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reduced; there will be atime delay between depletion of the extracellular pool of the

[imiting nutrient and the reduced rate of growth.

1.3  Phytoplankton functional groups

The functional group concept is based on the idea that in all ecosystems, certain
organisms have significant biogeochemical and ecological roles. Within the notion of
functional group then, organisms can be related through common biogeochemical
processes rather than phylogenetic affiliation. In the case of oceanic diatoms, these are
the most successful group and major contributors to the globa ocean primary production
in the modern ocean, account for approximately 40% of the global annua primary
production (Falkowski and Raven 1997). Given this, they occupy a key position in
regulating the carbon dioxide flux and biological pump (Longhurst and Harrison 1989).
At the same time, they convert soluble ortho silicic acid to solid hydrated amorphous opal
(Busby and Lewin 1967; Paasche 1973; Sullivan 1976; Sullivan 1977). In contrast
coccolithophores calcify; they convert dissolved inorganic carbon and calcium to solid
phase calcite and aragonite (Young et a. 1991) (Eq. 1) atering the equilibrium of the
inorganic carbon system and alkalinity of seawater according to [Holligan, 1996 #749;

Denman, 1999 #745]

Ca* + 2HCOs « CaCOs+H,0+CO,  (Eq. 8)
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To put coccolithophores in prospective in the contemporary ocean Emiliania huxleyi
forms seasonal blooms that globally represent the single largest source of biogenically
produced calcite (Westbroek et a., 1989), and accounts for 20-30% of the total calcium
carbonate buried in the ocean ([Broecker, 1982 #743]; Honjo et a., 1982). On a short
time scale, calcification leads to an imbalance in the carbonate system and increases the
carbon dioxide flux from the ocean to the atmosphere. Over geologica time the system
can be brought back to a steady state by adjusting the lysocline depth and the calcium
carbonate buria time (103-104 y). Rock weathering restores alkalinity by adding free
calcium on longer time scales of about a million years. Given that free calcium residence
time is longer than a million years, the short-term changes in akalinity can significantly
affect the global carbon cycle (Quay, 1992; Heimann and Maier-Reimer, 1996; Joos and

Bruno, 1998).
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1.4 Coccolithophores

Emiliania huxleyi is the most abundant coccolithophore in the modern
ocean. Coccolithophores shield their cells with calcium carbonates platelets, named
coccoliths. This species belongs to the Prymnesiophytes family, which evolved in the
mid-Triassic [Lipps, 1993 #751].

Emiliania huxleyi is spherical, with a diameter of about 5 um. The small dimension
provides an advantage in stratified, oligotrophic waters by the high surface to volume

ratio, which enhances nutrient diffusion and nutrient uptake at low concentrations.

Figure 4. SEM photography of Emiliania huxleyi (http://www.soc.soton.ac.uk/SUDO/tt/eh/)

This speciesis globally distributed and in favorable conditions can form massive bloom,
reaching extensions up to 100,000 km? of ocean surface [Brown, 1994 #758].
Coccoliths distinguish Emiliania huxleyi from other prymnesiophytes. They have an

important role in the sinking rates of Emiliania huxleyi that is not a motile cell, and they
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can be used as ballast. Coccolithophores can in fact vary their sinking rate by detaching
or producing the platelets [Eppley, 1967 #746]. Under high nutrient conditions a loss of
coccoliths has been reported by Klaveness and Paschee (1979). The opposite
phenomenon, high calcification under low nutrient concentrations, alows the cellsto sink
faster and reach deeper nutrient rich waters, while enhancing nutrient diffusion at the
same time (Wilburn and Watabe 1963, [Linschooten, 1991 #537]). Other proposed
functions for coccoliths are to act as protection from parasites and predators (Paasche
1967) Y oung, 1994).

From an evolutionary point of view, calcium carbonate platelets are an optimum solution
in comparison to silicate, cellulose or other organic polymers. The reason for thisis that
calcium carbonate platelets are energetically less costly than organic polymers, which
require carbon dioxide reduction by NADPH (Brand 1994). The silica necessary for
diatom frustules is at a limiting concentration in most ocean photic zones, whereas
calcium carbonate is at a supersaturating concentration in tropical and temperate photic

zones [Broecker, 1982 #743].
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1.4.1. Biology and physiology

Emiliania huxleyi can live in a wide range of temperatures, from 1 to 31 °C
(Mclintyre et a., 1970). In redlity, there are many different clones of the same species
that are adapted to different portions of this wide temperature range. Emiliania huxleyi
clones isolated from the Sargasso Sea showed higher growth rates, between 18 and 24 °C
(Watabe and Wilburn 1966), are genetically different from the clones isolated in the cold
waters of the Gulf of Maine (Brand 1982) adapted to lower temperature, and from those
isolated from coastal waters south of Cape Cod (Fisher and Honjo, 1991).

Emiliania huxleyi has a broad salinity range, from 41 ppt in the Red Sea (Winter et al.,
1979), to 11 ppt in the Black Sea (Bukry, 1974).

In contrast with other coccolithophores, Emiliania huxleyi is the only species dightly
inhibited by continuous light [Brand, 1981 #621]. Laboratory and field productivity vs.
irradiance (PI), curves in which Emiliania huxleyi was acclimatized to and tested at high
light intensities, do not become photo-inhibited, even at the highest light intensities likely
to be encountered in nature [Nanninga, 1996 #691]. This lack of photoinhibition may be
a reason underlying their apparent success at high light. The photoperiod of Emiliania
huxleyi has shown a strong dependency on calcification. Emiliania huxleyi divides
primarily during the dark (Nelson and Brand 1979), and its N-assimilating enzymes,
nitrate reductase and nitrite reductase, showed higher activity during the light period of
the cycle (Eppley et al. 1971).

(Eppley et a. 1969) reported half saturation constants for nitrate and ammonium uptake

for 16 species of phytoplankton. They found there was a strong adaptation of Emiliania
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huxleyi to low nutrient conditions. Similarly, Emiliania huxleyi also has a low iron
requirement [Brand, 1991 #7296].

Emiliania huxleyi can use both inorganic and organic forms of phosphorous because it
can hydrolyze the latter by a phosphatase present on the cell surface [Riegman, 2000
#673]. Emiliania huxleyi also requires thiamine (Carlucci and Bowes 1970). As most
coccolithophores, Emiliania huxleyi reproduction is by asexual binary fission. This specie
can divide up to 2.5 times a day (Brand and Guillard 1981). reports the main

biological and physiological features of this organism.



Table 2. Emiliania huxleyi general characteristics
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Parameter Units Reference
Cell diameter Hm 4-8 Present work*
4 (Tyrrell 2000)
Cell volume um3 30-260  Present work®
35-60 (Muggli and Harrison 1996; Payne and
Price 1999)
Hrmax d* 19-25  Present work®
0.3-2.6 (Muggli and Harrison 1996; Nelson and
Brand 1979)
Chl acell™ pgcell’ 0.12+0.06 Present work®
0.04-0.29 [Muggli, 1996 #536; Fernandez, 1996
#663]
Temperature range °C 1-31 (Mcintyre et a., 1970)
N cell™ pgcell  19+0.1  Present work®
1.4-5.6 (Muggli and Harrison 1996; Payne and
Price 1999)
°Cecell™ pgeel™  31+0.8  Present work®
10-32 (Muggli and Harrison 1996; Muggli and

Harrison 1997)

* Cellsgrown in f/2 at 18°C, in continuous light 150 pE m?s* CCMP 0374

°C.itistheisthetotal carbon including the coccolith carbon.

1.4.2 Diversity and biogeography

Coccolithophores appear to be more diverse and ubiquitously distributed in the

Cretaceous (146-65 mya) geological records than at present time (Tappan, 1980). These

derive as shown in (Figure 6) from a secondary endosymbiosis that gave rise to the

photosynthetic stramenopiles (including diatoms, chrysophytes, and brown agae that

occurred over a billion years ago [Knoll, 1996 #8095]. In the modern ocean, the highest
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diversity of coccolithophores is found in the subtropical oceanic gyres (Hulburt, 1963,
Haidar, Thierstein et al. 2000). In temperate and subpolar waters higher abundance is
found but this coincides with lower diversity (Hulburt, 1963). Also in coastal waters,
there are fewer number of coccolithophores species found, but they are never a dominant
component of the community in this environment.

Most coccolithophores today are found in warm, stratified, nutrient poor offshore waters,
and prevail over other species in temperate waters only during the spring and summer.
They are permanently present in tropical waters. There are some cases where Emiliania
huxleyi becomes very abundant in nutrient rich waters (Balch et a. 1996a; Balch et al.
1996b). This phenomenon happens along the edges of subtropical central gyres, in
upwelling regions and on the outer portion of continental shelves. (Brand 1994).

Distribution of Emiliania huxleyi based on satellite datais shown in[Figure 5

Figure 5 Annual composite of classified coccolithophore bloomsin SeaWiFS imagery dating from October
1997 to September 1999. The bloom class is white, the non-coccolithophore bloom class is blue,
theland isblack and theiceis gray
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1.5 Diatoms

Diatoms belong to the class Bacillariophyceae and division Chromophyta. As
Prymnesiophytes diatoms derive from a secondary endosymbiosis (Figure 6). There are
10,000 extant diatom species of which half are marine (Falkowski and Raven 1997).
These can range in diameter from about 2 pm to over 1000 um. Some species form
colonies and/or aggregates in which mucilage or spines hold single cells together. All
species are characterized by siliceous frustules. Diatoms have a variety of strategies to
keep them in the euphotic zone and regulate their buoyancy. These range from
morphological features, cell surface to volume ratios and vacuoles' ionic regulation. All
these can change the frictional drag of the cells determining different sinking rates.
Sinking rates vary from 0 to 30 m aday (Bienfang 1985; Bienfang et al. 1982).

For the present work, Thalassiosira pseudonana was chosen as a model organism
representative of diatoms, even though different species of diatoms and different clones
of the same species can present a wide range of different physiological attributes. The
reason for choosing this particular speciesis primarily due to its size, which matches the
size of Emiliania huxleyi. This allows one to consider the difference in physiological

responses, which do not have to be size dependent.
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1.5.1 Biology and physiology

Reproduction in diatomsis usually by asexual division leading to fast growth. As
diatoms reproduce, they generate smaller and smaller cells until they reach a critical
minimal size then they need to reproduce sexually, and a small zygote enlarges to form
an auxospore. Thalassiosira pseudonana in a 14:10 LD cycle showed two peaks in
division, one in the middle of the light, another in the middle of the dark period
(Brzezinski 1985; Chisholm et al. 1980).

(Paasche 1980) showed a temperature dependence in variation of Si:C in Thalassiosira
pseudonana, with a higher ratio of 0.23 (gSi/gC) at the higher temperature of 25 °C. Ina
continuous Si-limited culture, Thalassiosira pseudonana produced a hyperbolic
relationship between the growth rate and Si content (Paasche 1973). (Olsen and Paasche
1986) instead suggested that there is no simple mathematical expression that connects the
growth rate and Si quota. In these experiments the growth was light saturated at 20 °C
with 170 uE. The cell's C and N accumulates during the daylight as division proceeds at
low rate, while silica accumulates just prior to division bursts, because diatoms can not
store sufficient silicon for new valve formation (Azam, 1974; (Sullivan 1977); Binder,
1980). Datafrom (Brzezinski 1985) suggests that the net effect of the photoperiod on the
Si:C:N composition of diatoms over diurnal period is small and not distinguishable from
the one of culture grown at constant light. The Si:C:N ratio can be effected from
temperature and nutrient limitation. Overall, silica limits distribution of diatoms and
abundance in the global ocean. In[Table 3 the main biological and physiological features

of this organism are reported.



Table 3. General characteristics of Thalassiosira pseudonana
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Parameter Units Reference
Cell diameter Hm 3-6 Present work*
4-6 CCMP*

Cell volume pm’ 95-115  Present work®

95-136 (Brzezinski 1985)
i d* 0.7-29  Present work®

0.7-4.8 (Brand and Guillard 1981,

Davidson et a. 1999)
Chl a pg cell™ 022+05  Present work®
0.13-0.33  (Sakshaug et al. 1987)

Temperature range °C 4-25 CCMP*
N cell™ pg cell™ 10.64 (Brzezinski 1985)
Cecel? pg cell™ 50 (Brzezinski 1985)
Si cell™ pg cell™ 5.88 (Brzezinski 1985)

*Provasoli-Guillard National Center for Culture of Marine Phytoplankton (CCMP)

database

* Cellsgrown in f/2 at 18°C, in continuous light 150 HE m™?s* CCMP 1335 clone 3H

1.5.2 Diversity and biogeography

Diatoms are globally distributed, and in nutrient rich environments often

dominate community structure. The global distribution of diatoms can be derived by

annual production of opaline in the world ocean (Bishop 1989).
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Figure 7. Annual production of opaline silica in the world ocean (g Si, m? y?) (from Lisitzin, 1972).

Key:1= <100; 2= 100-250; 3=250-500; 4=>500. The cross-hatched area at 15°S and 180°W is
from a printing error in early primary productivity maps and should be <100 (see Berger et a

Diatoms have been abundant in the ocean since the Jurassic (160 mya) and lower

Cretaceous (100 mya), and diatomaceous ooze deposits are records of their abundance

over geological times (Harwood and Gersonde, 1990).
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2 Material and Methods

Experiments were performed on diatoms and coccolithophores grown in
semicontinuous or batch cultures. The two organisms were Thalassiosira pseudonana
(Bacillariophyceae) CCMP 1335, clone (3H), and Emiliania huxleyi (Prymnesiophyceae)
CCMP 374. These two organisms were chosen because they have the same cell size,
thereby avoiding size dependent nutrient uptake, carbon fixation and growth rate
responses. The cultures have been maintained and were kept under continuous light 150
HE m? s to have unsynchronized growths. The two organisms were cultured in f/2
media or derivatives as /10 and f/2 with a nutrient Redfield ratio (Guillard 1975;
Guillard and Ryther 1962). The cultures were bubbled with air and stirred with magnetic

stirrers to keep cells in suspension.

2.1. Growth rates and cell size

For all experiments, live samples were counted with a Beckman Coulter
Multisizer |1 particle size analyzer [Parson, 1973 #570]. A 70 um aperture tube was used
and measurements were made on a 500 uL sample. For the competition experiments and
some time in concomitance of in vivo sampling, fixed samples (with Lugol's iodine
solution) were collected and stored in the dark, and counted with a hemacytometer slide
and a Zeiss Axioplan microscope with a 40X objective no later than ten days after

fixation. A minimum of a 100 cells was counted for each sample.
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2.2. Chlorophyll a

Duplicate samples of pigments samples were collected by filtration on Whatman
GF/F Glass Microfiber Filters. The filters were stored at -20 °C until the end of the
experiment, and then used to extract chlorophyll a. Chlorophyll a was extracted in a 90%
acetone solution (Strickland and Parsons 1972) with the aid of a mechanica tissue
grinder, and was allowed to steep for aminimum of 2 hours, and a maximum of 24 hours
in the dark at 4 °C to ensure a thorough extraction. The filter Slurry was centrifuged at
1000 g for 5 minutes to clarify the solution. An aliquot of the supernatant was transferred
to a glass cuvette and absorbance was measured using an AMINCO DW2000
spectrophotometer. The pigment concentration was then computed as described by

Jeffrey and Humphrey (1975).

2.3 Fast Repetition Rate (FRR) fluorescence

Variable fluorescence was measured on 1 mL of in vivo samples with a bench
Fast Repetition Rate fluorometer (FRR) (Kolber et a. 1998). The sample was dark-
adapted for about a minute and then successively measured. Fm indicates the maximum
fluorescence level of Chl a fluorescence measured after dark-adaptation. Fq indicates the
minimum fluorescence level of Chl a fluorescence measured after dark adaptation. Fv
indicates the variable fluorescence and is the difference between the maximum and
minimum fluorescence level of Chl a. The benchtop FRR was use to measure the

maximum quantum yield of photochemistry in Photosystem Il (Fv/Fm). The FRR
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technique applies a sequence of subsaturing excitation pulses at microsecond intervals to

induce fluorescence transients, generating a single turnover and multiple turnover flashes

2.4  Emiliania huxleyi N cell quota

Samples for CHN analysis were collected on 13 mm Whatman GF/F Glass
Microfiber Filters, precombusted at 375° for 12 hours. Ten mL samples were run
through a syringe with a swinex containing the precombust filter. Following filtration,
clean forceps were used to transfer each filter to a clean aluminum foil involucres. The
sample was labeled and stored frozen at -20°C. CHN was measured with a PerkinElmer
2400. Standard procedures for instrument warm-up were followed. Primary PC/PN
standards were prepared using acetanilide (CgHgNO; mol. wt. = 135.16). Filters were
packed in a standard tin capsule and dried in a dessicator for 24 hours before analysis
(Sharp, 1974). Blanks were prepared by analyzing combusted GF/F "experiment filters'
and the mean value subtracted from the sample value. Tin capsule blanks were run for

every 5 samples.

25 Nutrients

Nitrate, phosphate and silicate were measured for the competition experiment,
and nitrate was also measured for an Emiliania huxleyi nitrate uptake experiment. All the

nutrients were measured with a Lachat Quick Chem Autoanalyzer following a modified
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(Grasshoff 1976) protocol. More specifically standard autoanalyzer methods were used
such as the Lachat QuickChem Method 31-107-04-1-A for NOgs, Lachat QuickChem
Method 31-115-01-3-A for PO,” and Lachat QuickChem Method 31-114-27-1-A for
SiO,. Sterile sampling procedures were used throughout the experiments. Ten mL
samples were filtered through Whatman GF/F Glass Microfiber Filters, and collected in
BLUE MAX JR. disposable centrifuge tubes, polystyrene, and frozen at -20°C. Check
standards were run for every 9 samples, and they always gave a result within 5% of the

expected value.



28

2.6  Emiliania huxleyi nitrate uptake

Six different treatments (200, 100, 50, 25, 12.5, 6.3 uM of NO3) with three
replicates each were prepared to measure nitrate uptake in Emiliania huxleyi. At time
zero, 250 mL Erlenmeyer flasks were inoculated with 1 mL of culture with a cell density
of 10° cell/mL. These were sampled at 0, 5, 15, 30 and 60 minutes. Ten mL samples

were filtered and analyzed as described in section 2.5.

2.7 Competition experiment

Two monospecific batch cultures, one of Thalassiosira pseudonana and the other
of Emiliania huxleyi, and one mixed batch culture were grown in a one liter Erlenmeyer
Polycarbonate Flask (NALGENE) to avoid Si contamination. A modified f/2 media with
aN:P 16:1 ratio was used. The cultures were bubbled with air and stirred with magnetic
stirrers, to keep cells in suspension. Cultures were kept in continuous light at 18 °C.
Dally sampling and measurements included: cell counts, variable fluorescence,

chlorophyll determination, and nutrients.

2.8 Numerical simulation

To develop the numerical smulations, Matlab 6 ® software package was used. A

Monod model (equations 1 and 2) and a mixed Droop-Monod based model (equations 4
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and 6) were parameterized using data from earlier literature and present laboratory

experiments (Table 4, [Table 5).

The set of differential equations for the cell density and nutrient concentration over time
in the Monod model, and the cell density, nitrate cell quota in diatoms and nitrate
concentration over time in the Droop model were all solved with the Matlab implemented
solver odel5s. The odel5s is a variable order solver based on numerical differentiation
formulas, and is a multi-step solver for stiff problems. A pulse function (pulsl.m in
appendix) was created to smooth the nutrient pulse, and a tenfold amplification of the
time step is implemented in the code for the same purpose. All runs where initialized
with 1000 cells for each species. The ssimulation of competition in the batch culture and
continuous resource supply were run for 300 model hours. This was the time necessarily
to stabilize the system. The simulation of competition with pulsed resource supply were
run for 1000 model hours, to verify the effect of the resource variable regime and alow at

least 8 pulses with a 120 hours period pul se test.
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3 Results

3.1 Emiliania huxleyi and Thalassiosira pseudonana growth rates and

variable fluorescence

Semicontinuous cultures of Emiliania huxleyi and Thalassiosira pseudonana were
grown and monitored. The maximal growth rate registered for Thalassiosira pseudonana
was 2.88 (d), which corresponded to a maximum quantum yield of photochemistry in
PSII (Fv/Fm) of 0.7. The maximal growth rate for Emiliania huxieyi was 1.92 (d™),
which corresponded to a maximum guantum yield of photochemistry in PSII (Fv/Fm) of
0.65. In and 7D, the relation between growth rate and variable fluorescence in

Thalassiosira pseudonana and in Emiliania huxleyi is shown.
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Figure 8. Growth rate and variable florescence for (a) Thalassiosira pseudonana; (b) Emiliania huxleyi
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3.2  Emiliania huxleyi N and total C cell quotas

Samples for CHN analysis were collected during the two uptake experiments.
The carbon results were for total coccolithophore carbon content, which includes cell
carbon plus coccolith carbon. Emiliania huxleyi presented constant N cell quota of about

1.2 + 0.04 pg cell™ and aratio of total Cto N of 11 (Figure 9).
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Figure9. Total C:N in Emiliania huxleyi determined by CHN.

Samples were not collected for Thalassiosira pseudonana, because there is abundant

information available in literature about this species C and N cell quotas.
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3.3  Emiliania huxleyi nitrate uptake

The uptake experiment for Emiliania huxleyi was performed to obtain the nitrogen uptake
rate for this organism given the lack of datain the literature. Data was noisy during the
first half hour reflecting the low signal. The results for the 30-60 minutes interval gave
uptake values ranged from 1.7 to 4.1 - 10° uM NO; cell™* h'. With a Hanes-Wolfe plot
not showed, it was possible to calculate a half saturation constant for Emiliania huxleyi of

0.3 pmol N mL™.

3.4 Competition experiment

Three replicates of the competition experiments between Emiliania huxleyi and
Thalassiosira pseudonana were performed and results were consistent between runs. In
the first three days the diatom had higher growth rates and cell abundance then
coccolithophores. Successively diatom growth rate and cell abundance was lower then
the coccolithophore one, permitting a switch in dominance in the mix treatment (
10). The switch in the phytoplankton dominance appeared due to the consumption of

slicatein the first 2 days of the experiment treatment (Figure 11]b).
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3.5 Numerical simulation

A Monod model (eg. 1 and 2) and a mixed Droop-Monod model (eg. 6, 7 and 1,

2) were parameterized from literature and laboratory experimental results ([Table 4} [Table]

B), for Thalassiosira pseudonana and Emiliania huxleyi. These models were used to test
the effects of variable nutrient environments on coccolithophore and diatom performance,
competition and succession. Both models produced reasonabl e estimates of growth rates
and competition results.

Both models assume that the phytoplankton are limited by only one resource, nitrate.
The resource is supplied as a series of pulses at intervals of 5, 13, 24, 120 hours to mimic

respectively water-mixing due to internal waves, semidiurnal and diurna tides, and

average storm eventsin the ocean (Figure 12).
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Figure 12. Power spectra of turbulence showing current data from ADCP from the Middle Atlantic Bight.
Spectra were determined from 1048 hours long measurements with 50% overlaps. The first
shows the spectra of the east and north components, plus the total spectrum, which isthe sum of
the spectra from the components, from 12.5 meters. (courtesy of Dr. C.N. Flagg)
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3.5.1 Monod model

This model gives an immediate response of the cell growth rate to the external
resource concentration but does not take into account intracellular nutrient storage. This
model has been adopted to compare the uptake kinetics of diatoms and coccolithophores.
With the given parameterization, and computing the equilibrium nutrient concentration
for a specie grown alone at a given pmax (R*) (Grover 1991), results that Emiliania
huxleyi with an R* of 1.26 is a a competitive disadvantage against Thalassiosira
pseudonana which has an R* of 1.4. The prediction given by the R changes if the
system does not reach an equilibrium as in the case of a variable resource supply or batch

mode.

Table 4. Parameters set for the Monod model

Parameter Reference

Thalassiosira pseudonana

Hmax (N7 012  Present work

Ky (umol mi™) 0.857  (Davidson and Gurney 1999)

Y (cells pmol™) 59x 10° calculated from (Davidson and Gurney 1999)
Emiliania huxleyi

Hmax () 0.08 Present work

K, (umol mi™) 0.3 (Tyrrell and Taylor 1995)

Y (cellspmol™) 7.8x 10° calculated from (Muggli and Harrison 1996)

D (dh 0.07
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3.5.1.1 Competition in batch culture

The run of the model parameterized in shows the dominance of
Thalassiosira pseudonana over Emiliania huxleyi, in a batch system saturated with
nutrients (Figure 13).

The outcome of this model is fully dependent on the maximal growth rate and the half
saturation constant of the two organisms. Given the higher half saturation constant of the
diatom, the only condition coccolithophores can dominate is in a starting nutrient
concentration less than 1 pM NO; (Figure 14). This and the following run could be
considered representative of a mid latitude summer condition with a stratified water
column that has no nutrient input.

The higher affinity of the coccolithophore for nitrate allows it to outcompete the diatom
in alow nutrient environment, as registered in the Sargasso Sea and vice versain nutrient
rich water as in the New York coastal waters diatom are the dominant with their fast

uptake and higher half saturation constant (Hulburt 1970).
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Figure 13. (a) Cell density of Emiliania huxleyi (red solid line) and Thalassiosira pseudonana (green solid
ling); (b) nutrient concentration in the system; (c) growth rate of Emiliania huxleyi (red dots)
and Thalassiosira pseudonana (green dots) according to the Monod model without cell death or
wash-out and with a starting NO3 concentration of 5 uM.
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Figure 14. (a) Cell density of Emiliania huxleyi (red solid line) and Thalassiosira pseudonana (green solid
line); (b) nutrient concentration in the system; (c) growth rate of Emiliania huxleyi (red dots)
and Thalassiosira pseudonana (green dots) according to the Monod model without cell death or
wash-out and with a starting NO3 concentration of 5 uM.
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3.5.1.2 Competition in continuous resource supply

By adding a component to the model that considers washout or death of the cells,
it is possible to obtain a constant nutrient concentration in the system. If thisis above the
critical value of 0.8 uM, then the diatom will always dominate and the coccolithophore
will eventually be washed out of the system (Figure 15), vice versa if the nutrient

concentration is maintained at 0.8 uM or lower (Figure 16).
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Figure 15. (a) Cell density of Emiliania huxleyi (red solid line) and Thalassiosira pseudonana (green solid
ling); (b) NOs concentration in the system; (c) growth rate of Emiliania huxleyi (red dots) and

Thalassiosira pseudonana (green dots) according to the Monod model (eq. 1) with a starting
NO; concentration of 2 UM and a constant input of 2 pM.
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Figure 16. (a) Cell density of Emiliania huxleyi (red solid line) and Thalassiosira pseudonana (green solid
ling); (b) NOs concentration in the system; (c) growth rate of Emiliania huxleyi (red dots) and
Thalassiosira pseudonana (green dots) according to the Monod model (eq. 1) with a starting
NO; concentration of 0.8 uM, a constant input of 0.8 pMh™, and adilution rate of 0.7.
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3.5.1.3 Competition with a pulsed resource supply

For competition in pulsed nutrient regimes, the set of ordinary differential equation could
not be solved for pulses with lengths smaller than 15-30% of the pulse period, due to the
stiffness of the problem. Stiffness occurs when there are two or more very different
scales for the independent variable from which the dependent variables are changing.
The diatoms outcompeted the coccolithophores in the 5, 13, 24 hours pulse run, but the
coccolithophores completely dominated in the 120 hours pulse run. These runs were
made with a low background concentration of nitrate; the pulse of 3 umoles was
distributed on the minimal length required for the model to resolve al the pulses over a
1000 hours. The growth rate of diatoms is higher, than the dilution rate only in the 5
hours pulse run. In all others runs, both organisms were persistent for the 1000 hours of

the run but tended to be both washed-out.
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Figure 17. (a) Cell density of Emiliania huxleyi (red solid line) and Thalassiosira pseudonana (green solid
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ling); (b) NOs concentration in the system; (c) growth rate of Emiliania huxleyi (red dots) and
Thalassiosira pseudonana (green dots) according to the Monod model (eq. 1) with a starting

NO; concentration of 0.5 uM, a background input of 0.5 uMh™ and a dilution rate of 0.7, apulse
period of 5 hours and a pulse length of 3 hours.
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Figure 18. (a) Cell density of Emiliania huxleyi (red solid line) and Thalassiosira pseudonana (green solid
ling); (b) NOs concentration in the system; (c) growth rate of Emiliania huxleyi (red dots) and
Thalassiosira pseudonana (green dots) according to the Monod model (eq. 1) with a starting
NO; concentration of 0.5 uM, a background input of 0.5 uMh™ and a dilution rate of 0.7, apulse
period of 13 hours and a pulse length of 5 hours.
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Figure 19. (a) Cell density of Emiliania huxleyi (red solid line) and Thalassiosira pseudonana (green solid
line); (b) NO3 concentration in the system; (c) growth rate of Emiliania huxleyi (red dots) and
Thalassiosira pseudonana (green dots) according to the Monod model (eq. 1) with a starting
NO; concentration of 0.5 uM, a constant input of 0.5 pMh™ and a dilution rate of 0.7, a pulse
period of 24 hours and a pulse length of 6 hours.



49

o = =
: = 2, T
= E 2 ¥
= T = T = —
E
E —t — | (=] :
[} a [ = a2l 1=
§ B
= a g Y
%E ES =
ool = L 1= B 'EE Jd= 5
= e == = E.,
=
2
2
| 2 - 4B L &
= - =
£t g | i L 18 E
o= = = =
= z
a =
P =
- = -
E - =2 |- A= = w =
E a1 ] I.l'|E
'% =
B
3 =
Er 7T 18t 19 8
- =
: 5
: :
- gt 18 | 18 .
-
I_.1
: o
=
=
P
[
. L]
- g I ER & 2
=
=} - = . P’
i - m P —_ =] = 2 =
= = ) “on &l =] =]
| =)
(A ez A
=
P
=2
£

Figure 20. (a) cel density of Emiliania huxleyi (red solid line) and Thalassiosira pseudonana (green solid
ling); (b) NOs concentration in the system; (c) growth rate of Emiliania huxleyi (red dots) and
Thalassiosira pseudonana (green dots) according to the Monod model (eq. 1) with a starting
NO; concentration of 0.5 uM, a background input of 0.5 uMh™ and a dilution rate of 0.7, apulse
period of 120 hours and a pulse length of 15 hours.
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These results suggest that differences in the physiology of diatoms and coccolithophores
give them an advantage in different nutrient pulse regimes. The diatoms are aways
dominant in more turbulent environments. Water masses with higher mixing rates have
higher nutrient concentration than the more stable environment, where coccolithophores

are able to outcompete the diatoms.
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3.5.2 Mixed Droop-Monod model

To test the second hypothesis, which is the advantage of diatoms over the
coccolithophores in a pulsed regime, due to vacuole storage capacity, a mixed Droop-
Monod model was used. With these runs, | tested when and what type of nutrient pulseis
advantageous for the diatoms. This effect was simulated considering the growth rate
function, not only of the substrate concentration, but also of the N cell quota as presented

in equation 3.

Table 5. Parameters set for the Mixed Droop-Monod model

Par ameter

Diatom

Hmax (N7 0.12 Present work

K, (umol L™ 0.857 (Davidson and Gurney 1999)
Qumin (umol cell™) 5.0x 10°® (Davidson and Gurney 1999)
Qnmax (LMol cell™) 2.8x 107 (Davidson and Gurney 1999)
Omax (LMol cell™* hY) 1.7 x 10°® (Davidson and Gurney 1999)
Coccolithophore

Hmax (N7 0.08 Present work

Ky (umol mi™) 0.3 (Tyrrell and Taylor 1995)

Y (cells pmol™) 7.7x 10° calculated from (Muggli and Harrison 1996)
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3.5.1.3 Competition in batch culture

In the case of the mixed Droop-Monod model, the diatom growth rate is slightly lowered
in nutrient replete conditions, but confers an advantage between hours 140 and 160
(Figure 21). This reflects the storage capacity of the vacuole and allows the diatoms to
maintain a higher growth rate even when the nutrient concentration is close to zero.
Figure 21]shows the output for a batch mode condition without the addition of nutrients
and washout of cells. A stratified water column is simulated here with an absence of

mixing that brings nutrient and washes out cells.
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Figure 21. (8) cell density of Emiliania huxleyi (red solid line) and Thalassiosira pseudonana (green solid
line); (b) nutrient concentration in the system; (c) growth rate of Emiliania huxleyi (red dots)
and Thalassiosira pseudonana (green dots) according to the Mixed Droop-Monod model without
cell death or wash-out and with a starting NO3 concentration of 5 uM.



3.5.14 Competition in continuous resource supply

In the case of the continuously mixed Droop-Monod model, the critical NO;
concentration at which it is possible to see a switch in dominance is 2 uM. As shown in
starting with a concentration of 2 uM NO; and adding the same concentration,

the model indicates a switch of dominance from diatoms to coccolithophores at about 90.

3.5.1.5 Competition with pulsed resource supply

Diatoms clearly have an advantage in an environment in which nutrients are pulsed with

high frequency, 5, 13, 24 hours (Figure 23| |Figure 24} |

Figure 25). However at120 hours period pulse (Figure 26), coccolithophores outcompete

the diatoms.
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Figure 22. (a) cedl density of Emiliania huxleyi (red solid line) and Thalassiosira pseudonana (green solid
ling); (b) nutrient concentration in the system; (¢) growth rate of Emiliania huxleyi (red dots)
and Thalassiosira pseudonana (green dots) according to the Mix Droop-Monod model with a
starting NO; concentration of 2 uM, a constant input of 2 uM h™, and dilution rate of 0.7.
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Figure 23. (a) Cell density of Emiliania huxleyi (red solid line) and Thalassiosira pseudonana (green solid
line); (b) nutrient concentration in the system; (c) growth rate of Emiliania huxleyi (red dots)
and Thalassiosira pseudonana (green dots) according to the Mixed Droop-Monod model) with a
starting NO; concentration of 0.8 pM, a background input of 0.8 pMh™ and a dilution rate of
0.6, apulse period of 5 hours and a pulse length of 3 hours.
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Figure 24. (a) Cell density of Emiliania huxleyi (red solid line) and Thalassiosira pseudonana (green solid
line); (b) nutrient concentration in the system; (c) growth rate of Emiliania huxleyi (red dots)
and Thalassiosira pseudonana (green dots) according to the Mixed Droop-Monod model) with a
starting NO; concentration of 0.8 pM, a background input of 0.8 pMh™ and a dilution rate of
0.6, apulse period of 13 hours and a pulse length of 5 hours.
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Figure 25. (a) Cell density of Emiliania huxleyi (red solid line) and Thalassiosira pseudonana (green solid
line); (b) nutrient concentration in the system; (c) growth rate of Emiliania huxleyi (red dots)
and Thalassiosira pseudonana (green dots) according to the Mixed Droop-Monod model) with a
starting NO3 concentration of 0.8 uM, a background input of 0.5 uMh-1 and a dilution rate of
0.8, apulse period of 24 hours and a pulse length of 6 hours.
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Figure 26. (a) Cell density of Emiliania huxleyi (red solid line) and Thalassiosira pseudonana (green solid
line); (b) nutrient concentration in the system; (c) growth rate of Emiliania huxleyi (red dots)
and Thalassiosira pseudonana (green dots) according to the Mixed Droop-Monod model) with a
starting NO; concentration of 0.8 pM, a background input of 0.8 pMh™ and a dilution rate of
0.6, apulse period of 120 hours and a pulse length of 20 hours.
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4 Discussion

The laboratory experiments represent significant preliminary results. All the instrumental
techniques produced consistent data, that is, Chl a, CHN, coulter counter and nutrient
analyses gave numbers that reflect those previously found in the literature for both
organisms. The growth rates were also consistent with those one found in the literature
for similar experimental setups. A good agreement was found between the growth rate
and Fv/Fmcorroborating the relationship between the cells' phytophysiological efficiency
and growth rate.

The N cell quota of Emiliania huxleyi appeared constant and independent of the nutrient
treatment, supporting the use of the Monod model to simulate the physiology of this
organism. Future C and N cell quota experiments on coccolithophores will utilize bigger
filters, which will consent sub-samples to be measured for both total and organic carbon,
to verify the grade of calcification of the cells.

The results of the NO; uptake experiment, 1.7 to 4.1 - 10°uM NO; cell™* h, were in the
range of the uptake calculated by the growth rate times the cell quota, 1.2 to 7.6 - 10°uM
NOj3 cell™* ht [Muggli, 1996 #536; Muggli, 1997 #597; Fernandez, 1996 #663].

With the batch culture competition experiment, competitive dominance of diatoms to
coccolithophores was dependant on nutrient concentration. This experiment simulated a
stratified water column, typical of summer conditions at temperate latitudes. The diatoms
initially grew faster than the coccolithophores, after two days; however once the silica

was exhausted a switch of dominance was observed. Despite these are only preliminary
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results, it provides important data necessary to discriminate the basic kinetic and
physiological differences of the two organisms to help parametrize the model.

The importance of mixing events with periods of 5, 13, 24 and 120 hours are
evident from the power spectra of turbulence (Figure 12). From the same figure, it is also
evident that there is a higher energy for the lunar principal semidiurnal tidal mixing every
13 hours, and then there is comparable energy for the lunisolar diurnal tidal mixing and
storm events every 24 and 120 hours. This information provided frequency of nutrient
additions to test expected coccolithophore-diatom competition interaction in nature. Both
the Monod and the mixed Droop-Monod models confirm the hypotheses that diatoms
have an advantage in high turbulent mixing environments when nutrient pulse frequency
reflects internal wave and tidal periods, from 5 to 24 hours. The coccolithophores when
nutrient concentrations are low as observed in more stable aquatic environments, such as
during summer a mid-latitude, as shown with the batch culture simulations.
Coccolithophores a'so dominate with disturbance events every 120 hours, corresponding
to the average storm occurrence in the ocean (Figure 20). The fact that diatoms have
higher instantaneous growth rates at the moment of the pulse in long period mixing event
does not affect the final result of coccolithophore dominance. A switch in dominance
from diatom to coccolithophores occurs consistently as soon as the nitrate concentration
runs below a critical value of 0.8 uM for the Monod model. The advantage of vacuole
storage for the diatoms in highly nutrient-limiting conditions is evident in the mixed
Droop-Monod numerical simulation. This advantage only lasts a few doublings, when
the nutrient reserve is completely utilized. The numerical ssimulations confirm that

competitive exclusion is faster in a steady system than in a pulsed one (Grover 1988).
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These results can be interpreted in the context of two organisms with different niches and
r and K selection strategies (MacArthur and Wilson, 1967). | had the niche as n-
dimensional hypervolume where the organism lives and reproduces. | then had the
diatoms as the opportunistic r strategist, adapted to a more variable environment with a
faster potential growth rate. Viceversa coccolithophores are K strategist adapted to a
more stable environment, with a lower potential growth rate. This approach cannot be
fully adopted in the common notion of the r - K selection theory, because diatoms can
reach the carrying capacity of they environment. Coccolithophores at the same time in
comparison to the diatoms are not much bigger, and this is another divergence from the

classical r - K selection theory assumptions

5 Prospect

The laboratory and numerical simulation experimental work supported the initial
hypotheses of a selective effect of a variable resource environment on diatoms and
coccolithophores' dominance and succession. The differences between the Monod and
mixed Droop-Monod models showed mostly a quantitative but not a qualitative
difference between resource competition of diatoms and coccolithophores. The final
output of the different conditions tested did not vary, where instead there was a difference
in critical nutrient concentrations at which switch of dominance was registered. The
Droop model adopted for the diatoms in the mixed models resulted in alower metabolism
for this organism, with an advantage to keep a high growth rate in between short nutrient

pulses. These results were produced believing that understanding the mechanisms that
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lead to the succession of phytoplankton functional groups is essential to quantify the
global carbon cycle dynamics. An increase in succession with the shifting of the
ecosystem structure from diatom to coccolithophore-dominated communities has
biogeochemical consequences. For these reason, it is critica to have a better
understanding of succession and competition mechanisms between these two key
functional phytoplankton groups.

These results also illustrate how reliable mathematical approaches help us understand
marine phytoplankton successions which provide us with a tool to interpret observed
changes in nature and will contribute to a better assessment of the likely impact of
environmental change on natural populations of marine phytoplankton, and how these

popul ations change in space and time.
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Appendix (Source code)

Each model is composed of a main code, Monod.m and Droop.m, which calls 3 other
functions and loads variables from two text files (vard.txt and pul.txt). The MO.m and
DO0.m functions contain the set of ordinary differential equations that are solved by the
Matlab implemented ODE15s solver. The M2.m and D2.m functions back-cal culates the
cells growth rates, and the dilution and nutrient dilution from the solver output. The

nutrient pulse function, pulsel.m, is the same for the two models.

Monod model

Main code (Monod)

% Monod model for diatoms and coccolithophores
% Nitrogen based
% Sasha 15/07/2001 ver 0.0.0

% This file is calls functions MO, M2 and pulsel
clear all;

pack;

clc;

format long g;

a = load('vard.txt','r); % Load physiological variables
b = load('pul.txt','r"); % Load pulse charateristic

df=a(1)/10; % dilution factor (d-1)

Vmax_D = a(2)/10; % diatoms maximum specific division rate (h-1)

Vmax_C = a(3)/10; % cocclithophores maximum specific division rate (h-1)
KN_D = a(4); % Diatom half saturation constant (umol N ml-1)

KN_C = a(5); % Coccolithophores half saturation constant (umol N ml-1)

odeset('MaxStep', 0.25);
% odeset (‘NormControl', ‘on");
odeset ('‘RelTol', 1e-5);

D=input('Starting diatom cell density (cell ml-1):"); % Starting diatom cell density (cell mi-1)
C=input('Starting coccolithophore cell density (cell ml-1):');% Starting coccolithophore cell density (cell mi-1)
N=input('Starting N concentration (umol N ml-1):"; % Starting N concentration (umol N ml-1)
ht=input('Hours of run (h):"); % Hours of run (h)

idrun = input('ID Run:','s";
h=ht*10;

[t, y] = odel15s('MO', 1:h, [D, C, NJ);



X = M2(y);
M=1ly X];

% Output

fidl=fopen([idrun ".txt], 'w'");
fprintf(fid1, '%6.0f %6.0f %6.0f %6.0f %6.0f %6.2f %6.2f %6.0f\n', M");
fclose(fid1);

% Graph

figure(1);
set(l,...
‘Name','Monod Competition Model',...
‘NumberTitle','Off',...
‘MenuBar','None");

mout = M";

clf

X1=t/10; % Time (h)

Y1=mout(1,:); % Diatom density (cell ml-1)
Y2=mout(2,}); % Coccolithophores density (cell ml-1)
Y3=mout(3,:); % N concentration (umol N ml-1)
Y4=mout(8,:); % N input and dilution

Y5=mout(4,:); % Diatom u (h-1)

Y6=mout(5,:); % Coccolithophore p (h-1)

subplot(4,1,1);
handl=semilogy(X1,Y1,'g-,X1,Y2,'r-";
set(gca, 'FontSize', 7);
set(handl,'LineWidth',1);
set(handl,'MarkerSize',7);

grid off;

ylmax=ylim;

ylmax=ylmax(2);

axis([0 h/10 0 ylmax]);

ylabel(‘Cell mI*-"1''FontSize',7);
legend('Diatoms','Coccolithophores");
titte('Monod model for Diatoms & Coccolithophores','FontSize',7);

subplot(4,1,2);
handl=plot(X1,Y3,'b-");

set(gca, 'FontSize', 7);
set(handl,'LineWidth',1);
set(handl,'MarkerSize',7);

grid off

y2max=ylim;

y2max=y2max(2);

axis([0 h/10 0 y2max]);
ylabel('NO_3 (\muM)','FontSize',7);

subplot(4,1,3);
handl=plot(X1,Y5,'g:",X1,Y6,'r:");
set(gca, 'FontSize', 7);
set(handl,'LineWidth',1);
set(handl,'MarkerSize',7);

grid off

y2max=ylim;

y2max=y2max(2);
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axis([0 h/10 0 y2max]);

ylabel(\mu (h"-"1)','FontSize',7);

legend('Diatoms p ','Coccolithophores p');

subplot(4,1,4);
handl=plot(X1,Y4,'k-";
set(gca, 'FontSize', 7);
set(handl,'LineWidth',1);
set(handl,'MarkerSize',7);
grid off

y2max=ylim;
y2max=y2max(2);

axis([0 h/10 0 y2max]);

ylabel('NO_3 (\muM)','FontSize',7);

xlabel('Time (h)','FontSize',7);

strl = num2str(b(1));
str2 = num2str(b(2));
str3 = num2str(b(3));
str4 = num2str(b(4));

axes(‘position’,[0 0 1 1],'visible','off");

text(0,0,'Pulse Period:',...
'FontSize', 7,...
'horizontalalignment','left',...
‘verticalalignment','bottom);
text(0.10,0,str1,...
'FontSize', 7,...
'horizontalalignment','left',...
‘verticalalignment','bottom");
text(0.15,0,'(h)',...
'FontSize', 7,...
'horizontalalignment','left',...
‘verticalalignment','bottom);

text(0.2,0,'Pulse Lenght:',...
'FontSize', 7,...
'horizontalalignment','left',...
‘verticalalignment','bottom’);
text(0.32,0,str2,...
'FontSize', 7,...
'horizontalalignment','left',...
‘verticalalignment','bottom);
text(0.34,0,'(h)’,...
'FontSize', 7,...
'horizontalalignment','left',...
‘verticalalignment','bottom’);

text(0.38,0,'Pulse Intensity:',...
'FontSize', 7,...
'horizontalalignment','left',...
‘verticalalignment','bottom);

text(0.52,0,str3,...
'FontSize', 7,...
'horizontalalignment','left',...
‘verticalalignment','bottom");

text(0.55,0,'(umol N mIn-~1)',...
'FontSize', 7,...
'horizontalalignment','left',...
‘verticalalignment','bottom);

% Lower Left Graph Comment

% Lower Left Graph Comment

% Lower Left Graph Comment

% Lower Center Graph Comment

% Lower Center Graph Comment

% Lower Center Graph Comment

% Lower Center Graph Comment

% Lower Center Graph Comment

% Lower Center Graph Comment

text(0.68,0,'Backgroud N input:',... % Lower Right Graph Comment
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'FontSize', 7,...
‘horizontalalignment','left',...
‘verticalalignment','bottom);
text(0.83,0,str4,... % Lower Right Graph Comment
'FontSize', 7,...
'horizontalalignment','left',...
‘verticalalignment','bottom’);
text(0.87,0,'(umol N mI*-~1),... % Lower Right Graph Comment
'FontSize', 7,...
'horizontalalignment','left',...
‘verticalalignment','bottom);

saveas(gcf, [idrun ".fig);
fclose(all’);

Function MO

function [derivative] = MO(t,y)

% Monod model for diatoms and coccolithophores
% Nitrogen based
% Sasha 15/07/2001 ver 0.0.0

format long g;

a = load('vard.txt','r'); % Load physiological variables
b = load('pul.txt','r"); % Load pulse charateristic

df=a(1)/10; % dilution factor (d-1)
Vmax_D = a(2)/10; % diatoms maximum specific division rate (h-1)
Vmax_C = a(3)/10; % cocclithophores maximum specific division rate (h-1)

KN_D = a(4); % Diatom half saturation constant (umol N mi-1)

KN_C = a(5); % Coccolithophores half saturation constant (umol N ml-1)
QD = a(12); % Diatom yield coefficient (cell pmol N-1)

QC = a(11); % Coccolithophore yield coefficient (cell pmol N-1)

Period = b(1)*10;
PulseOnFor = b(2)*10;

Nin= b(4) + pulsel(t,PulseOnFor,Period)*(b(3)-b(4));

DN=(Nin-y(3))*df; % N dilution
DD=y(1)*df; % diatom dilution
DC=y(2)*df; % coccolithophore dilution

VD=(Vmax_D*y(3))/(KN_D+y(3)); % diatom p (h-1)
VC=(Vmax_C*y(3))/(KN_C+y(3)); % coccolithophore p (h-1)
d(1)=y(1)*vD-DD; % diatom cell density (cell ml-1)
d(2)=y(2)*vC-DC; % coccolithophore cell density (cell ml-1)
d(3)= DN-((VD*y(1))/QD)-((VC*y(2))/QC); % N concentration (umol N mi-1)

derivative = d";

Function M2

function [X]=M2(y);
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% This function is called by Monod.m
% Back calculates VC, VD, DD, DC, DN
% Sasha Tozzi 15/07/2001 Ver 0.0.0

format long g;

a = load('vard.txt','r'); % Load physiological variables
b = load('pul.txt','r"); % Load pulse charateristic

df=a(1)/10; % dilution factor (d-1)

Vmax_D = a(2)/10; % diatoms maximum specific division rate (h-1)
Vmax_C = a(3)/10; % cocclithophores maximum specific division rate (h-1)
KN_D = a(4); % Diatom half saturation constant (umol N mi-1)

KN_C = a(5); % Coccolithophores half saturation constant (umol N ml-1)

Period = b(1)*10;
PulseOnFor = b(2)*10;

len = length(y);
X=[;
for ii=1:len

Nin= b(4) + pulsel(ii,PulseOnFor,Period)*(b(3)-b(4));

DN=(Nin-y(ii,3))*df; % N dilution
DD=y(ii,1)*df; % diatom dilution
DC=y(ii,2)*df; % coccolithophore dilution

VD=(Vmax_D*y(ii,3))/(KN_D+y(ii,3)); % diatom p (h-1)
VC=(Vmax_C*y(ii,3))/(KN_C+y(ii,3)); % coccolithophore p (h-1)

X = [X; VD VC DD DC DNJ;

End

Function Pulsel

% Monod model for diatoms and coccolithophores
% Nitrogen based
% Sasha 17/07/2001 ver 0.0.0

function result=pulsel(t,onfor,T)

% this will be an on/off pulse with a gradual increase and decrease
% rather than a purely on-off function.

width = onfor/10;
result=0.0;
reducedt = mod(t,T);

if (reducedt<=onfor)
if (reducedt < width)
result = reducedt*width;
else if ( T-reducedt < width)
result = (T-reducedt)*width;
else
result = 1.0;
end
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end
end

Mixed Droop-Monod model

Main code (Droop)

% Mix Droop-Monod model for diatoms and coccolithophores
% Nitrogen based
% Sasha 17/07/2001 ver 0.0.1

% This file is calls functions DO and D2

clear all;
pack;
clc;

format long g;

a = load('vard.txt','r); % Load physiological variables
b = load('pul.txt''r"); % Load pulse charateristic

df=a(1)/10; % dilution factor (d-1)

Vmax_D = a(2)/10; % diatoms maximum specific division rate (h-1)

Vmax_C = a(3)/10; % cocclithophores maximum specific division rate (h-1)

KN_D = a(4); % Diatom half saturation constant (umol N ml-1)

KN_C = a(5); % Coccolithophores half saturation constant (umol N ml-1)
Amax_N_D = a(6)/10; % Diatom maximal uptake rate for N (umol N cell-1 h-1)
Qmin_N_D =a(7); % Minimal diatom N cell quota (umol N cell-1)

Qmax_N_D =a(8); % Maximal diatom N cell quota (umol N cell-1)

QND = a(9); % Starting diatom N cell quota (umol N cell-1)

Kg_N_D = a(10); % Diatom half saturation constant for cell quota (umol N cell-1)

% odeset('MaxStep', 0.25);
% odeset (‘NormControl', ‘on");
% odeset (‘'RelTal', 1e-5);

D=input('Starting diatom cell density (cell ml-1):"); % Starting diatom cell density (cell ml-1)
C=input('Starting coccolithophore cell density (cell ml-1):"); % Starting coccolithophore cell density (cell ml-1)
N=input('Starting N concentration (umol N ml-1):"; % Starting N concentration (umol N ml-1)
ht=input('Hours of run (h):"); % Hours of run (h)

idrun = input('ID Run:','s");

h=ht*10;

[t, y] = 0odel5s('D0', 1:h, [ D, C, N, QND]);

X =D2(y);
M=y X];

% Output
fidl=fopen([idrun ".txt], 'w");

fprintf(fid1, '%6.0f %6.0f %6.0f %6.0f %6.0f %6.2f %6.2f %6.2f %6.2f %6.0f\n', M");
fclose(fid1);

% Graph
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figure(1);
set(1,...
‘Name','Mix Droop-Monod Competition Model',...
'‘NumberTitle','Off',...
'‘MenuBar','None");

dout = M";

clf

X1=t/10; % Time (h)

Y1=dout(1,:); % Diatom density (cell ml-1)
Y2=dout(2,:); % Coccolithophores density (cell ml-1)
Y3=dout(3,:); % N concentration (umol N ml-1)
Y4=dout(10,}); % N concentration (umol N ml-1)
Y5=dout(5,:); % Diatom p (h-1)

Y6=dout(6,:); % Coccolithophore p (h-1)

subplot(4,1,1);
handl=semilogy(X1,Y1,'g-,X1,Y2,'r-";
set(gca, 'FontSize', 7);
set(handl,'LineWidth',1);
set(handl,'MarkerSize',7);

grid off;

ylmax=ylim;

ylmax=ylmax(2);

axis([0 h/10 0 ylmax]);

ylabel(‘Cell mI*-"1','FontSize',7);
legend('Diatoms','Coccolithophores");
title('Mix Droop-Monod model for Diatoms & Coccolithophores','FontSize',7);

subplot(4,1,2);
handl=plot(X1,Y3,'b-";

set(gca, 'FontSize', 7);
set(handl,'LineWidth',1);
set(handl,'MarkerSize',7);

grid off

y2max=ylim;

y2max=y2max(2);

axis([0 h/10 0 y2max]);
ylabel('NO_3 (\muM)','FontSize',7);

subplot(4,1,3);
handl=plot(X1,Y5,'g:",X1,Y6,'r:");
set(gca, 'FontSize', 7);
set(handl,'LineWidth',1);
set(handl,'MarkerSize',7);

grid off

y2max=ylim;

y2max=y2max(2);

axis([0 h/10 0 y2max]);
ylabel(\mu (h"-"1)','FontSize',7);
legend('Diatoms u ','Coccolithophores p');
%xlabel('Time (h)','FontSize',7);

subplot(4,1,4);
handl=plot(X1,Y4,'k-";
set(gca, 'FontSize', 7);
set(handl,'LineWidth',1);
set(handl,'MarkerSize',7);
grid off



y2max=ylim;
y2max=y2max(2);
axis([0 h/10 0 y2max]);

ylabel('NO_3 (\muM)','FontSize',7);

xlabel('Time (h)','FontSize',7);

strl = num2str(b(1));
str2 = num2str(b(2));
str3 = num2str(b(3));
str4 = num2str(b(4));

axes(‘position’,[0 0 1 1],'visible','off");

text(0,0,'Pulse Period:',...
'FontSize', 7,...
'horizontalalignment','left',...
‘verticalalignment','bottom);
text(0.12,0,str1,...
'FontSize', 7,...
'horizontalalignment','left',...
‘verticalalignment','bottom’);
text(0.15,0,'(h)',...
'FontSize', 7,...
'horizontalalignment','left',...
‘verticalalignment','bottom);

text(0.2,0,'Pulse Lenght:',...
'FontSize', 7,...
'horizontalalignment','left',...
‘verticalalignment','bottom");
text(0.32,0,str2,...
'FontSize', 7,...
'horizontalalignment','left',...
‘verticalalignment','bottom);
text(0.34,0,'(h)’,...
'FontSize', 7,...
'horizontalalignment','left',...
‘verticalalignment','bottom");

text(0.38,0,'Pulse Intensity:',...
'FontSize', 7,...
'horizontalalignment','left',...
‘verticalalignment','bottom);

text(0.52,0,str3,...
'FontSize', 7,...
'horizontalalignment','left',...
‘verticalalignment','bottom’);

text(0.55,0,'(umol N mIn-"1)',...
'FontSize', 7,...
'horizontalalignment','left',...
‘verticalalignment','bottom);

text(0.68,0,'Backgroud N input:',...

'FontSize', 7,...

'horizontalalignment','left',...

‘verticalalignment','bottom");
text(0.82,0,str4,...

'FontSize', 7,...

'horizontalalignment','left',...

‘verticalalignment','bottom);

text(0.87,0,'(umol N mIr-~1)',...

'FontSize', 7,...
'horizontalalignment','left',...

% Lower Left Graph Comment

% Lower Left Graph Comment

% Lower Left Graph Comment

% Lower Center Graph Comment

% Lower Center Graph Comment

% Lower Center Graph Comment

% Lower Center Graph Comment

% Lower Center Graph Comment

% Lower Center Graph Comment

% Lower Right Graph Comment

% Lower Right Graph Comment

% Lower Right Graph Comment
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‘verticalalignment','bottom);
saveas(gcf, [idrun '.fig");

fclose(‘all’);

Function DO

function [derivative] = DO(t,y)

% Mix Droop-Monod model for diatoms and coccolithophores
% Nitrogen based
% Sasha 17/07/2001 ver 0.0.1

format long g;

a=load('vard.txt','r"); % Load physiological variables
b=load('pul.txt','r"); % Load pulse charateristic

df=a(1)/10; % dilution factor (d-1)

Vmax_D = a(2)/10; % diatoms maximum specific division rate (h-1)
Vmax_C = a(3)/10; % cocclithophores maximum specific division rate (h-1)
KN_D = a(4); % Diatom half saturation constant (umol N ml-1)

KN_C = a(5); % Coccolithophores half saturation constant (umol N ml-1)
Amax_N_D = a(6)/10; % Diatom maximal uptake rate for N (umol N cell-1 h-1)
Qmin_N_D =a(7); % Minimal diatom N cell quota (umol N cell-1)
Qmax_N_D =a(8); % Maximal diatom N cell quota (umol N cell-1)

QND = a(9); % Starting diatom N cell quota (umol N cell-1)
Kg_N_D = a(10); % Diatom half saturation constant for cell quota (umol N cell-1)
QC = a(11); % Coccolithophore yield coefficient (cell umol N-1)

Period = b(1)*10;
PulseOnFor = b(2)*10;

Nin= b(4) + pulsel(t,PulseOnFor,Period)*(b(3)-b(4)); % ~ background N + pulse N
% Diatom N uptake (umol N cell-1 h-1)

A_N_D = ((Amax_N_D*y(3))/(KN_D+y(3)));

%A_N_D = ((Amax_N_D*y(3))/(KN_D+y(3)))*((Qmax_N_D-y(4))/(Qmax_N_D-Qmin_N_D)); % Alternative

ifA_N_D<O
A N_D=0;
end;
DN = (Nin-y(3))*df; % N dilution
DD = y(1)*df; % Diatom dilution
DC = y(2)*df; % Coccolithophore dilution

VD = Vmax_D*((y(4)-Qmin_N_D)/(y(4))); % Diatom p (h-1)
%VD=Vmax_D*((y(4)-Qmin_N_D)/(Kq_N_D + y(4)-Qmin_N_D)); % Alternative diatom p (h-1)
VC = (Vmax_C*y(3))/(KN_C+y(3)); % Coccolithophore p (h-1)

d(1)= y(1)*vD-DD; % Diatom cell density (cell ml-1)

d(2)=y(2)*vC-DC; % Coccolithophore cell density (cell ml-1)

d(3)= DN-(A_N_D*y(1))-(VC*y(2)/QC); % N concentration (umol N ml-1)

d(4)= A_N_D-VD*y(4); % Diatom N cell quota (umol N cell-1)

derivative = d’;
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Function D2

function [derivative] = D2(y)

% This function back calculates uptake, dilutions and p

% Mix Droop-Monod model for diatoms and coccolithophores
% Nitrogen based

% Sasha 17/07/2001 ver 0.0.1

format long g;

a=load('vard.txt','r); % Load physiological variables
b = load('pul.txt','r"); % Load pulse charateristic

df=a(1)/10; % dilution factor (d-1)

Vmax_D = a(2)/10; % diatoms maximum specific division rate (h-1)

Vmax_C = a(3)/10; % cocclithophores maximum specific division rate (h-1)

KN_D = a(4); % Diatom half saturation constant (umol N ml-1)

KN_C = a(5); % Coccolithophores half saturation constant (umol N ml-1)
Amax_N_D = a(6)/10; % Diatom maximal uptake rate for N (umol N cell-1 h-1)
Qmin_N_D =a(7); % Minimal diatom N cell quota (umol N cell-1)

Qmax_N_D =a(8); % Maximal diatom N cell quota (umol N cell-1)

QND = a(9); % Starting diatom N cell quota (umol N cell-1)

Kg_N_D = a(10); % Diatom half saturation constant for cell quota (umol N cell-1)

Period = b(1)*10;
PulseOnFor = b(2)*10;

len = length(y);

X=[;

for ii=1:len

% Diatom N uptake (umol N cell-1 h-1)

A_N_D = ((Amax_N_D*y(ii,3))/(KN_D+y(ii,3)));

ifAAND<O
A N D=0;
end;

Nin= b(4) + pulsel(ii,PulseOnFor,Period)*(b(3)-b(4));

DN=(Nin-y(ii,3))*df; % N dilution
DD=y(ii,1)*df; % Diatom dilution
DC=y(ii,2)*df; % Coccolithophore dilution

%VD=Vmax_D*((y(ii,4)-Qmin_N_D)/(Kg_N_D + y(ii,4)-Qmin_N_D)); % Alternative diatom p (h-1)
VD=Vmax_D*((y(ii,4)-Qmin_N_D)/(y(ii,4))); % Diatom u (h-1)
VC=(Vmax_C*y(ii,3))/(KN_C+y(ii,3)); % Coccolithophore p (h-1)

X =[X; VD VC DD DC A_N_D DN];

derivative=X;

end
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