
doi: 10.1098/rstb.1997.0145
, 1625-1645352 1997 Phil. Trans. R. Soc. Lond. B

 
Kevin J. Flynn, Michael J. R. Fasham and Charles R. Hipkin
 
uptake in marine phytoplankton
Modelling the interactions between ammonium and nitrate
 

Email alerting service
 herecorner of the article or click 

Receive free email alerts when new articles cite this article - sign up in the box at the top right-hand

 http://rstb.royalsocietypublishing.org/subscriptions go to: Phil. Trans. R. Soc. Lond. BTo subscribe to 

This journal is © 1997 The Royal Society

 rstb.royalsocietypublishing.orgDownloaded from 

http://rstb.royalsocietypublishing.org/cgi/alerts/ctalert?alertType=citedby&addAlert=cited_by&saveAlert=no&cited_by_criteria_resid=royptb;352/1361/1625&return_type=article&return_url=http://rstb.royalsocietypublishing.org/content/352/1361/1625.full.pdf
http://rstb.royalsocietypublishing.org/subscriptions
http://rstb.royalsocietypublishing.org/


Modelling the interactions between ammonium and
nitrate uptake in marine phytoplankton

KEVIN J. FLYNN1, MICHAEL J. R. FASHAM2 and CHARLES R. HIPKIN1

1Swansea Algal Research Unit, School of Biological Sciences, University of Wales Swansea, Singleton Park,
Swansea SA2 8PP, UK (k.j.flynn@swansea.ac.uk)
2Southampton Oceanography Centre, Empress Dock, Southampton SO14 3ZH, UK

CONTENTS page
1. Introduction 1625
2. Theoretical bases and model development 1626

(a) Model construction 1626
(b) Control of transport (figures 2, 3; equation 5.x in table 5) 1629
(c) Nitrate reduction to ammonium (figures 2, 3; equation 6.x in table 6) 1630
(d) Assimilation of intracellular ammonium and growth (figures 2, 3; equation 7.x

in table 7) 1633
(e) Operation in light–dark cycles 1635
(f ) Parametrization 1635

3. Results 1635
(a) Simulation of ammonium–nitrate interactions 1635
(b) Sensitivity analysis 1637

4. Discussion 1639
References 1643

SUMMARY

An empirically based mathematical model is presented which can simulate the major features of
the interactions between ammonium and nitrate transport and assimilation in phytoplankton. The
model (ammonium–nitrate interaction model), which is configured to simulate a generic microalga
rather than a specified species, is constructed on simplified biochemical bases. A major requirement
for parametrization is that the N:C ratio of the algae must be known and that transport and internal
pool sizes need to be expressed per unit of cell C. The model uses the size of an internal pool of
an early organic product of N assimilation (glutamine) to regulate rapid responses in ammonium–
nitrate interactions. The synthesis of enzymes for the reduction of nitrate through to ammonium is
induced by the size of the internal nitrate pool and repressed by the size of the glutamine pool. The
assimilation of intracellular ammonium (into glutamine) is considered to be a constitutive process
subjected to regulation by the size of the glutamine pool. Longer term responses have been linked
to the nutrient history of the cell using the N:C cell quota. N assimilation in darkness is made a
function of the amount of surplus C present and thus only occurs at low values of N:C. The model
can simulate both qualitative and quantitative temporal shifts in the ammonium–nitrate interaction,
while inclusion of a derivation of the standard quota model enables a concurrent simulation of cell
growth and changes in nutrient status.

1. INTRODUCTION

Nitrogen assimilation in eukaryotic algae is a re-
source-expensive process that is coupled closely with
autotrophic and heterotrophic carbon metabolism
(Turpin et al. 1988; Turpin 1991). Numerous stud-
ies over the last 40 years have demonstrated that
it is highly regulated and subject to reversible bio-
chemical modulation (e.g. rapid inhibition of nitrate
uptake on supply of ammonium) as well as coarser,
long-term control at the genetic level (e.g. induc-
tion and repression of enzymes and uptake systems

(Solomonson & Barber 1990)). Even so, our under-
standing of these processes in most marine phyto-
plankton is confined to the phenomenological level
and mechanisms for the fine control of enzyme sys-
tems are poorly understood. Nevertheless, there is
compelling evidence that an early organic product of
inorganic nitrogen assimilation plays a central role
in short-term and long-term metabolic regulation of
nitrate assimilation (Cullimore & Sims 1981a; Syrett
1981; Flynn 1991). It has been a major goal of marine
phytoplankton ecology to translate such knowledge,
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Figure 1. Plot showing the sigmoidal relationship be-
tween a rate process and the size of its regulatory pool
according to the general equation V = (1 − P)4/((1 −
P)4 + Kh), where the relative pool size is P = (pool ·
maximum pool−1), Kh is a constant and V is the rela-
tive rate of the controlled process. Curves for different
values of Kh are shown. For comparison, curves a and
b are rectangular hyperbolic (Michaelis–Menten type)
functions with equations V = 1 − (P/(P + K)) and
V = (1 − P)/(1 − P + K), respectively, with constant
K set at 0.05.

derived from both laboratory and field-based exper-
iments, into a practical understanding of the physio-
logical ecology of phytoplankton nitrogen nutrition.

Some of the most striking ecophysiological inter-
actions in algal nitrogen metabolism include those
that arise from the antagonism between nitrate and
ammonium assimilation (Conway 1977; Cresswell &
Syrett 1979; Blasco & Conway 1982; Wheeler 1983;
Glibert & McCarthy 1984; Lund 1987; Dortch 1990;
Flynn 1991). In particular, changes in the degree
of preference for ammonium over nitrate, especially
in terms of the nutritional status of the cells (e.g.
Dortch & Conway 1984; Syrett et al. 1986) have at-
tracted considerable attention. With increasing con-
cern over the implications of global warming, interest
in these interactions has heightened since the propor-
tion of phytoplankton growth supported by oxidized
forms of inorganic nitrogen (primarily nitrate) indi-
cates ‘new’ production (Dugdale & Goering 1967)
which is coupled with the transfer of fixed carbon
from surface waters to burial in sediments.

Progress requires the formulation of a mathemat-
ical model that will allow predictions about phyto-
plankton growth to be made in terms of the quantity
of available nitrate and ammonium. An advantage in
this approach is the simulation of transient interac-
tions that occur in nature at very low nutrient con-
centrations (nM, e.g. Harrison et al. 1996) which are
very difficult to reproduce in laboratory experiments.

The aim of this paper is to present a more com-
plete mathematical model than has been previously
formulated which is capable of simulating the tran-
sient responses of phytoplankton populations to the
supply of nitrate and ammonium. This in turn must

Figure 2. Overview of the model. NO3P, NH4P, GLNP
and Q are internal pools of nitrate, ammonium, glu-
tamine and other organic cellular N, respectively. NNiR
is nitrate–nitrite reductase, and GS glutamine synthetase
activities. NT and AT are nitrate and ammonium trans-
porters, respectively, NR describes the process of nitrate
reduction through to ammonium, and AA the synthesis
of amino acids and all other nitrogenous compounds from
GLN. ‘Promotion’, ‘regulation’ and ‘effector’ are used in
general terms, with no specific biochemical meaning, in-
dicating positive, negative or complex feedbacks, respec-
tively.

conform to the key elements in our knowledge of the
physiology of nitrate-ammonium interactions, sum-
marized in table 1.

2. THEORETICAL BASES AND MODEL
DEVELOPMENT

(a) Model construction

The model was formulated on the PowerSim pack-
age (Bergen, Norway), which is based on the for-
mat of ‘Forrester models’ (the formulation and use
of such models in biology is described by Haefner
(1996)). PowerSim models contain levels (state vari-
ables or accumulators such as internal nutrient pool
sizes and external nutrient concentration), constants,
auxiliaries (products or sums of constants, levels,
or other auxiliaries) and flows between levels (usu-
ally these are auxiliaries). The model could be con-
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Table 1. Summary of major aspects of the interaction between ammonium and nitrate use by phytoplankton

aspect example references

(i) above a threshold concentration of NH+
4 , NO−3 use is inhib-

ited
McCarthy et al. 1975; Maestrini et al. 1986;
Quegumer et al. 1986; Dortch 1990

(ii) N replete cells using NH+
4 cannot immediately use nitrate Syrett & Hipkin 1973; Syrett 1981

(iii) cells using NO−3 can immediately use NH+
4 at high rates Horrigan & McCarthy 1982; Dixon & Syrett 1988

(iv) NH+
4 inhibition of NO−3 uptake is not due to NH+

4 per se
but a product of its assimilation

Syrett & Morris 1963; Rigano et al. 1979

(v) NO−3 and NH+
4 do not share the same porter Raven 1980; Syrett 1981; Syrett & Peplinska 1988

(vi) affinity of transporters do not appear to alter with N stress Eppley et al. 1969b; Dortch 1990
(vii) ability to take up and assimilate NH+

4 and NO−3 develops
with N stress under certain conditions

Syrett 1956a; Hipkin et al. 1983; Syrett et al. 1986;
Syrett & Peplinska 1988

(viii) NH+
4 grown cells may have a higher N:C ratio Wood & Flynn 1995; Flynn et al. 1996

(ix) NO−3 and free amino acids readily accumulate, but NH+
4

accumulates to much lower concentrations within cells
Dortch 1982; Dortch et al. 1984

(x) NH+
4 grown cells have higher free amino acid pools and

higher glutamine and N stressed cells have small pools
Flynn 1990a,b; Wood & Flynn 1995

(xi) cells using NO−3 must expend significant amounts of energy
on reduction through to NH+

4 ; this may have adverse affects
on NO−3 assimilation in the dark

Syrett 1956b; Losada 1980

(xii) despite (viii)–(xi), there may be little if any improvement
in growth rates when using NH+

4 ; any improvement appears at
higher light

Thompson et al. 1989; Levasseur et al. 1993

(xiii) only N stressed cells (low N:C) can assimilate N in the
dark and this assimilation stops at a lower N:C ratio for NO−3
than for NH+

4

Syrett 1956b; Cullen & Horrigan 1981; Paasche et
al. 1984; Rainbault & Mingazzini 1987

(xiv) the enzymes of the NO−3 assimilation pathway are in-
ducible

Syrett 1981; Solomonson & Barber 1990

(xv) glutamine synthetase is constitutive but subject to post-
transcriptional regulation

Miflin & Lee 1980; Cullimore & Sims 1981a

(xvi) internal NO−3 may continue to be reduced in vivo after
uptake has been inhibited following the uptake of NH+

4

Cresswell & Syrett 1979

figured to operate on any package offering Runga–
Kutta variable step integration of the 4th order.

Any biochemically based model of the interaction
between ammonium and nitrate during transport
and assimilation into microalgae will contain various
feedback mechanisms. Such mechanisms are often
simulated using simple Michaelis–Menten (rectangu-
lar hyperbolic, or RH) functions to describe links be-
tween concentrations and rates. However, the use of
RH curves to regulate pool processes results in un-
reasonably rapid changes in rates with small changes
in pool sizes and pools which are normally nearly
empty or nearly full (for example, see figure 1 curves
a and b). In reality these relationships may be better
simulated using empirical sigmoidal curves in keep-
ing with the likely allosteric nature of the enzyme
processes.

The generic equations for these response curves are
of the form

V = Vmax · Sn

Sn + Kh

for an increasing rate (positive function) and

V = Vmax · (1− S)n

(1− S)n + Kh

for a decreasing rate, where S is the relative pool size,

given by

(pool size) · (maximum pool size)−1,

Vmax is the maximum rate, V the rate and Kh a
constant.

If n = 1 these equations describe RH functions
with Kh analogous to Km for enzyme reactions and
to Ks for transport. The value of S which will allow
95% of Vmax in RH curves is 20 times the half sat-
uration constant; in ignorance of other information
Kh for RH curves may be set at 1–5% of the maxi-
mum pool size. We have used RH curves to control
processes relating to substrate concentrations (i.e.
transport, inhibition of transport from the size of the
internal pool and enzymic reactions).

For sigmoidal (Hill) functions, n has been set at
4 and different values of Kh used in order to vary
the shape of the curve (see figure 1 for regulatory or
negative feedback curves). Sigmoidal equations with
n = 4 have been used because this is the lowest value
which gave a series of curves with sufficient (realistic)
lag at high and low pool sizes. Sigmoidal curves have
been used for all feedback processes.

The structure of the model is presented in simpli-
fied form in figure 2, with the form of the PowerSim
model in figure 3. Parameter values, definitions and
equations are given in tables 2 to 7; reference to equa-
tions in the text is by number thus: equation [table
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Figure 3. Structure of the PowerSim model, excluding the calculation of C for N assimilation in darkness and changes
in external nutrient concentration. Boxes are levels (table 3), diamonds are constants (table 2), circles are auxiliaries
(products of connected parameters), circles with pipes are flows and clouds represent sources or sinks. Where possible,
symbols have been grouped togther to indicate common blocks within the model. Symbols within box corners are
duplicate parameters which may appear several times elsewhere in the model.
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no.x]. As far as possible the names of parameters fol-
low a convention by which, ‘s’ denotes synthesis, ‘m’
maximum, ‘h’ a Hill constant, ‘k’ a Michaelis–Menten
(RH) constant, ‘T’ transport, ‘P’ pool, ‘q’ donates a
function of Q (the N status of the cell), the first men-
tioned level is that being operated on and a second
level the regulator. Hence, for example, NO3hGLN
is the Hill constant for the repression of nitrate trans-
port by glutamine, GLNPm is the maximum size of
the glutamine pool, NH4kT the Michaelis–Menten
constant for ammonium transport and NH4Tq the
maximum rate of ammonium transport at the cur-
rent N status (value of Q).

As an overview (figures 2 and 3), nitrate and am-
monium are transported into the cell, where they en-
ter internal nutrient pools. Following reduction of in-
ternal nitrate to ammonium, the contents of the am-
monium pool is used in the synthesis of the amino
acid glutamine (GLN) and then to make other ni-
trogenous cellular materials (collectively termed Q,
the nitrogen quota of the cell). The value of Q is then
used to regulate the growth of the cell C. There are
various levels of feedback between the internal pools,
as indicated in figure 2, and explained below. Regula-
tory curves have been normalized to maximum pool
sizes and to the maximum growth rate (Umax ); al-
though this complicates the equations it enables the
use of different maximum pool sizes and growth rates
without requiring modifications to the model.

External nutrient concentrations and phytoplank-
ton biomass have units of the mass of N or C per
unit volume. The size of internal nutrient pools,
and the flows between them, are all described as
mass ratios of N per unit of C. (In order to convert
these ratios into molar concentrations for internal
nutrient pools it is necessary to know the relation-
ship between C and biovolume, say 0.2 g C ml−1 or
1 µg C = 5×10−9 l, and also to assume that the inter-
nal pool is not compartmentalized.) Because the level
of internal nutrient pools are N:C ratios, these need
to be corrected for changes in C with cell growth,
thus
d
dt

[
N
C

]
=

1
C
· dN

dt
− N

C2 ·
dC
dt

=
1
C
· dN

dt
− Cmu · N

C
,

where the C-specific growth rate is given as

Cmu =
1
C
· dC

dt
and N/C is the size of the pool in question.

The model is configured to simulate both light and
dark processes. During darkness, although C growth
is not allowed, N assimilation (and hence transport)
can continue as long as there remains sufficient sur-
plus C (i.e. Q remains low) to support it. The avail-
ability of C for N assimilation (defined as CGOGAT
and CAAs for the synthesis of GLN and amino acids
leading to Q, respectively) and of reductant for the
conversion of nitrate to ammonium (NRreduc) are
made inverse sigmoidal functions of Q (figure 4, equa-
tion 4.2–4.5). Assimilation of N in darkness depletes

the surplus C and increases Q. The rate of reduc-
tion of nitrate through to ammonium is restricted to
a proportion of that which occurs in the light when
photo-generated reductant would be available. In this
instance we have used a value of 60% (equation 4.3);
Watanabe et al. (1982) suggest values between 41
and 100% of light rates may be attained in the dark.
The respiratory cost in terms of C for the supply re-
ductant for assimilation of nitrate through to ammo-
nium has also been accounted for (see later). There
is no general respiration term in the current form of
this model.

(b) Control of transport (figures 2, 3;
equation 5.x in table 5)

The maximum transport velocity for each N source
changes with the nutrient history (satisfying ta-
bles 1(v) and 1(vii)). Here we relate transport for
each N source to the nutrient status as indicated by
Q (cellular N:C ratio), giving a parameter Tq. The
specific form of this response curve varies consider-
ably between species but seems to fall into two basic
patterns. Either there is an increase in Tq with de-
clining Q (i.e. the more N starved the cell, the higher
the potential transport rate of the nutrient), or (typ-
ically for nitrate) an initial increase followed by a
decrease (e.g. Dortch et al. 1982; Syrett et al. 1986).
The forms used, developed from curve fits to data for
Emiliania huxleyi and Heterosigma carterae (work in
preparation) are illustrated in figure 5 and defined
in equation 5.1 for ammonium, giving NH4Tq, and
equation 5.5 for nitrate, giving NO3Tq.

While the maximum transport rates at a given
value of Q are set by NH4Tq and NO3Tq, those rates
are then modified as a function of the concentra-
tion of the substrates (using a RH function) together
with transport affinity constants (Ks), NH4kT and
NO3kT in table 2. This satisfies table 1(vi). Trans-
port is also controlled by the size of the internal nu-
trient pool of the substrate (using an inverse RH
function) to halt transport when the internal pool
attains a maximum value. Our data (in preparation
and those of Dortch et al. (1984)) suggest that max-
imum pool sizes should be in the 10’s to low 100’s
mM. Some others, such as DeManche et al. (1979)
and Stolte & Riegman (1996) have suggested much
larger pool sizes up into the low M range. Maximum
pool sizes given in table 1 are set as 0.01 N:C (ca.
143 mM) for nitrate and 0.002 N:C (ca. 29 mM) for
ammonium. Although the model will operate with
high concentration pools we believe that they are un-
reasonable and sometimes impossible simply on sol-
ubility grounds.

Transport may also be moderated by an organic
compound (e.g. Serra et al. 1978). There is a consen-
sus of opinion that nitrogen metabolite repression
of nitrate assimilation is regulated by an organic N
compound which is probably an early product of N
assimilation (Flynn 1991), such as glutamine (satis-
fying table 1(iv)). A positive correlation between a
loss of nitrate assimilatory functions and high intra-
cellular pools of glutamine has been shown (Syrett
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Table 2. Constants and their definitions. Italic parameters referred to in definitions are constants (elsewhere in this
table), bold parameters are levels (table 3). Use of the constant is indicated by reference to other tables.

constant value unit definition table

AAskGLN 0.001 N:C Km for amino acid (AA) synthesis; substrate is GLN (i.e.
GLNP)

7

Cresk 0.01 none constant for computing C reserve 4
CresQ 0.2 N:C value of Q when there is no reserve C for dark N assimi-

lation
4

GLNPm 0.01 N:C maximum GLN pool (GLNP) given Qmax of 0.2 N:C 6,7
GShGLN 0.01 none Kh for GLN (i.e. GLNP) suppression of GS activity; rel-

ative to GLNPm
7

GSkNH4 1.75× 10−5 N:C Km for GS activity; substrate is NH+
4 (NH4P) 7

Kq 0.02 N:C constant for control of growth rate from Q 7
NH4A 0.05 N:C·h−1 constant for curve fit for NH4Tq 5
NH4hGLN 0.1 none Kh for GLN (GLNP) suppression of NH+

4 transport; rel-
ative to NH4mGLN

5

NH4hP 0.1 none constant for NH+
4 pool (NH4P) suppression of NH+

4 trans-
port; relative to NH4Pm

5

NH4kT 0.014 µg N ml−1 Ks for NH+
4 (i.e. NH4) transport rate 5

NH4mGLN 0.01 N:C size of GLN pool (GLNP) which stops NH+
4 transport 5

NH4Pm 0.002 N:C maximum NH+
4 pool (NH4P) given Qmax of 0.2 N:C 5

NO3A −0.075 none constant for curve fit for NO3Tq 5
NO3B 0.2 none constant for curve fit for NO3Tq 5
NO3C −0.4 none constant for curve fit for NO3Tq 5
NO3hGLN 0.005 none Kh for GLN (GLNP) suppression of NO−3 transport; rel-

ative to NO3mGLN
5

NO3hP 0.05 none Kh for NO−3 (NO3P) suppression of NO−3 transport; rel-
ative to NO3Pm

5

NO3kT 0.014 µg N ml−1 Ks for NO−3 (i.e. NO3) transport rate 5
NO3mGLN 0.003 N:C size of GLN pool (GLNP) which stops NO−3 transport 5
NO3Pm 0.01 N:C maximum NO−3 pool (NO3P) given Qmax of 0.2 N:C 5
NO3qmin 5.6 C:N maximum Q−1 at which NO−3 transport stops; constant

for curve fit for NO3Tq
5

NNiRhGLN 0.01 none Kh for GLN (i.e. GLNP) suppression of NNiR synthesis;
relative to GLNPm

6

NNiRhNO3 0.01 none Kh for NO−3 pool (NO3P) induction of NNiR synthesis;
relative to NO3Pm

6

NNiRhs 0.01 none constant for control of NNiR synthesis; relative to NNiRm 6
NNiRkNO3 3.5× 10−5 N:C Km for NNiR activity; substrate is NO−3 (i.e. NO3P) 6
Qmax 0.2 N:C maximum N:C (minimum C ·N−1) 6,7
Qo 0.05 N:C minimum N:C 7
Redco 2.28 N:C mass of C respired for dark reduction of nitrate to ammo-

nium
7

Umax 0.05 C · C−1 · h−1 theoretical maximum C-specific growth rate 5–7

& Peplinska 1988). Consequently, we use GLN as an
additional regulator of transport, using an inverse
sigmoidal function. Different values of Kh have been
assigned for nitrate and ammonium (NO3hGLN and
NH4hGLN , table 2) because cells growing on am-
monium have more GLN in them (Flynn 1991). Thus
we derive transport rates for the two N sources, tak-
ing into account external and internal substrate con-
centrations and the presence of internal GLN, giving
NH4T (equation 5.2) and NO3T (equation 5.6).

(c) Nitrate reduction to ammonium (figures 2, 3;
equation 6.x in table 6)

Nitrate is the main form of oxidized N which accu-
mulates in algae and the subsequent process of con-
version through to intracellular ammonium is depen-

dant on a supply of reductant which must come either
from photosynthesis, or from the use of C reserves.
Biochemically this process involves two enzymes (ni-
trate and nitrite reductases, NR and NiR, respec-
tively) and two pools (nitrate and nitrite). Although
much is known about nitrate reductase (Solomon-
son & Barber 1990; Campbell 1996), and microal-
gal NR has been studied for several decades (e.g.
Eppley et al. 1969a; Everest et al. 1986), the reg-
ulation of nitrate assimilation in phytoplankton is
not understood fully. However, the synthesis of the
enzymes appears to be regulated by nitrate dere-
pression and induction (e.g. Hipkin et al. 1983) and
N-metabolite repression (reviewed by Solomonson &
Barber (1990); Schnell & Lefebvre (1993)). Synthesis
is repressed by the presence of an, as yet, unidenti-
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Table 3. Definition of levels, initial values and flows. Italic parameters in initial values are constants (table 2). Refer-
ences to the tabulated location of other definitions are given. Comments refer to the functionality of the adjacent part
of the equation.

level unit initial value flow definition and comment table

C µg C ml−1 as required algal carbon
+dt · dC increase in cell C in suspension 7

GLNP N:C 0 to GLNPm internal glutamine pool
+dt ·GS increase by GS activity 7
−dt ·AAs decrease by amino acid synthesis 7
−dt · dGLNP dilution with C growth 7

NH4 µg N ml−1 as required ammonium in growth medium
−dt · dNH4 removal from medium for cells 5

NH4P N:C 0 to NH4Pm internal ammonium pool
+dt ·NH4T increase by ammonium transport 5

+dt ·NO3red increase from nitrate reduction 6
−dt ·GS decrease by GS activity 7
−dt · dNH4P dilution with C growth 5

NO3 µg N ml−1 as required nitrate in growth medium
−dt · dNO3 removal of nitrate from medium for cells 5

NO3P N:C 0 to NO3Pm internal nitrate pool
+dt ·NO3T increase by nitrate transport 5
−dt ·NO3red decrease from nitrate reduction 6
−dt · dNO3P dilution with C growth 5

NNiR N:C·h−1 0 to Umax ·Qmax nitrate–nitrite reductase activity
+dt ·NNiRs increase in activity by synthesis 6
−dt ·NNiRd decrease in activity by decay and dilution

with C growth
6

Q N:C Qo to Qmax cell N:C mass ratio
+dt ·AAs increase by amino acid synthesis 7
−dt · dQ dilution with C growth 7

Table 4. Control of operation in the dark. Italic parameters in definition are constants (table 2), bold parameters are
levels (table 3). Comments refer to the functionality of the adjacent part of the equation.

equation auxiliary unit definition comment

4.1 PS none 1 if light; 0 if dark control of LD cycle; link to simulation run time. Relate
to normalized PI curve if required (see text)

4.2 Creserv none

(
1− Q

CresQ

)4

(
1− Q

CresQ

)4

+ Cresk

quotient for availability of C in darkness

4.3 NRreduc none PS + 0.6 · Creserv quotient for availability of C to support NNiR activity.
Only if (PS + 0.6 · Creserv) < 1, else NRreduc = 1

4.4 CGOGAT none PS + Creserv quotient for availability of C for GS activity. Only if
(PS + Creserv) < 1, else CGOGAT = 1

4.5 CAAs none PS + Creserv quotient for availability of C for AA synthesis. Only if
(PS + Creserv) < 1, else CAAs = 1

fied organic compound which is most likely an early
product of inorganic N assimilation (Solomonson &
Barber 1990). In addition, the enzymes are subject
to protein turn over (Sherman et al. 1983; Valasco et
al. 1988). The model thus needs to simulate all these
steps.

For simplicity, the process of nitrate reduction
through to ammonium has been treated as one pro-
cess (Faure et al. (1991) suggest that NR and NiR
may be co-regulated), with the total activity of
nitrate–nitrite reductase termed NNiR. Enzyme ac-

tivity cannot exceed a value which would support the
maximum growth rate, Umax, with the maximum
N:C ratio, Qmax (equation 6.2); it is possible that in
reality activity could exceed this value on occasion.
Synthesis of NNiR is induced (promoted) by the con-
centration of the internal nitrate pool (satisfying ta-
ble 1(xiv)) and repressed by the organic N metabolite
pool (GLN) using sigmoidal functions (equation 6.3).
There is a decay function (equation 6.6, normalized
to Umax ) to decrease the enzyme activity. The ac-
tual rate of reduction of nitrate (NO3red) is then a
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Table 5. Control of ammonium and nitrate transport. Italic parameters in definition are constants (table 2), bold
parameters are levels (table 3). Comments generally refer to the functionality of the adjacent part of the equation.

equation auxiliary unit definition comment

5.1 NH4Tq N:C·h−1 (NH4A− 0.2 ·Q) · Umax
0.05

maximum ammonium transport
at given value of Q. Normalized
to Umax

5.2 NH4T N:C·h−1 NH4Tq · NH4
(NH4 +NH4kT )

ammonium transport related to
substrate (NH4) concentration

·

(
1− NH4P

NH4Pm

)
(

1− NH4P
NH4Pm

)
+NH4hP

decreases with size of NH4P

·

(
1− GLNP

NH4mGLN

)4

(
1− GLNP

NH4mGLN

)4

+NH4hGLN

decreases with size of GLNP.
Only if GLNP < NH4mGLN ,
else NH4T = 0

5.3 dNH4 µg N ml−1 · h−1 NH4T ·C removal of ammonium from
medium

5.4 dNH4P N:C·h−1 Cmu ·NH4P correction of NH4P with Cmu
(table 7)

5.5 NO3Tq N:C·h−1
NO3A · (1− eNO3B((1/Q)−NO3qmin))

·eNO3C((1/Q)−NO3qmin) · Umax
0.05

maximum nitrate transport at
given value of Q. Normalized
to Umax. Only if NO3qmin <
1/Q, else NO3Tq = 0

5.6 NO3T N:C·h−1 NO3Tq · NO3
NO3 +NO3kT

nitrate transport related to sub-
strate (NO3) concentration

·

(
1− NO3P

NO3Pm

)
(

1− NO3P
NO3Pm

)
+NO3hP

decreases with size of NO3P

·

(
1− GLNP

NO3mGLN

)4

(
1− GLNP

NO3mGLN

)4

+NO3hGLN

decreases with size of GLNP.
Only if GLNP < NO3mGLN ,
else NO3T = 0

5.7 dNO3 µg N ml−1 · h−1 NO3T ·C removal of nitrate from medium

5.8 dNO3P N:C·h−1 Cmu ·NO3P correction of NO3P with Cmu
(table 7)

function of the level of NNiR, a RH function of the
size of the nitrate pool using a Km for nitrate reduc-
tase equivalent to 500 µM (this is at the high end of
literature values (e.g. Syrett 1981; Berges & Harri-
son 1995)) and also of the availability of reductant
(NRreduc, equation 4.3). This gives equation 6.4 as
the rate of nitrate reduction to ammonium. There
is no evidence for a rapid and direct negative feed-
back of the reduction process by an organic com-
pound (table 1(xvi)) and no such link is used here.
However, it is possible that through competition for
reductant (especially in darkness and during ammo-
nium feeding) the assimilation of N into amino acids
and beyond may have implications for nitrate–nitrite
reduction (Turpin 1991). The current model does not

attempt to mimic any such interactions except that
assimilation of ammonium decreases Creserv (equa-
tion 4.2) and thus affects the operation of NO3red
(equation 6.4) via the availability of reductant (equa-
tion 4.3).

Note that the level NNiR has units of enzyme ac-
tivity (analogous to that determined by in vitro en-
zyme assay), rather than mass. Based on a turnover
number (Kcat) of 500 s−1 and a molecular mass of
200 kD for functional, dimeric NR (Hipkin 1989) and
a Kcat of 50 s−1 with mass of 60 kD for NiR (Wray
1989), we calculate that the contribution of NR and
NiR to cell nitrogen is less than 0.03% with cells
growing with Umax and Qmax as given in table 2.
The actual amount of NR and NiR enzyme as a pro-
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Table 6. Nitrate reduction through to ammonium. Italic parameters in definition are constants (table 2), bold parameters
are levels (table 3). Comments generally refer to the functionality of the adjacent part of the equation.

equation auxiliary unit definition comment

6.1 NNiRms N:C·h−1 1.2·Umax ·Qmax maximum NNiR synthe-
sis; normalized to Umax
and Qmax

6.2 NNiRm N:C·h−1 Umax ·Qmax maximum NNiR activity

6.3 NNiRs N:C·h−1 · h−1 NNiRms · (NNiRM−NNiR)
(NNiRm−NNiR +NNiRhs)

synthesis of NNiR activ-
ity. Limited to NNiRm(

NO3P
NO3Pm

)2

(
NO3P
NO3Pm

)2

+NNiRhNO3

induced by size of NO3P

(
1− GLNP

0.3 ·GLNPm

)4

(
1− GLNP

0.3 ·GLNPm

)4

+NNiRhGLN

suppressed by size
of GLNP. Only if
GLNP < 0.3 · GLNPm,
else NNiRs = 0

6.4 NO3red N:C·h−1 NNiR · NO3P
(NO3P +NNiRkNO3)

reduction of nitrate to
ammonium increases
with substrate (NO3P)

·NRreduc depends on availability of
C in darkness (table 4)

6.5 NNiRdr h−1 1.2 · Umax decay rate constant for
NNiR; normalized as
20% higher than Umax

6.6 NNiRd N:C·h−1 · h−1 NNiR · (NNiRdr + Cmu) decay rate of NNiR ac-
tivity together with cor-
rection of activity with
Cmu (table 7)

portion of total cell N is thus considered to be negli-
gible and the drain on resources is not simulated.

(d) Assimilation of intracellular ammonium and
growth (figures 2, 3; equation 7.x in table 7)

The first organic product of N assimilation (via
the glutamate synthase cycle (Syrett 1981; Robert-
son & Alberte 1996)) is GLN. In the model we refer
explicitly to glutamine synthetase (GS) and to the
GLN pool. Glutamine synthetase is a constitutive
enzyme which is regulated by end product inhibi-
tion (Akimova et al. 1976; Miflin & Lee 1980) in-
volving GLN (satisfying table 1(xv)). Maximum GS
activity (GSm, equation 7.1) is set by Umax ·Qmax
(as was the maximum NNiR activity). GS activity
is made a RH function of substrate concentration
(i.e. the size of NH4P) using a Km value equiva-
lent to 250 µM (at the high end of literature values
(e.g. Syrett 1981; Clayton & Ahmed 1987; Ahmed
& Hellebust 1988)). GS activity is also an inverse
sigmoidal function of the GLN pool to achieve prod-
uct inhibition and also a function of the availability
of C (CGOGAT) for assimilation of inorganic N in
the dark (equation 7.2). The maximum pool size for
GLN (GLNPm = 0.01 N:C, table 2) is equivalent
to ca. 72 mM which is at the higher range of those

reported in the literature (e.g. Flynn et al. 1993;
Wood & Flynn 1995). Like all maximum pool values,
GLNPm can be readily altered as regulatory func-
tions from pools are normalized to maximum pool
values, although the absolute value of the nutrient
pool will still affect reaction rates through Michaelis–
Menten kinetics.

The next step is the use of GLN-N for amino acid
synthesis, AAs, and thereafter for nucleic acid syn-
thesis and protein synthesis (figure 3). Again, the
maximum rate (AAsm, equation 7.4) is fixed by
Umax ·Qmax. AAs has been made a RH function of
the size of the GLN pool and also of the availability
of C in darkness (equation 7.5). The rate of flow of N
through amino acid synthesis is also made a function
of the current nutrient status of the cell (as defined
by Q), on the basis that a N-starved cell will not
have the biochemical machinery to perform all pro-
cesses at maximum rates. If this is not included then
the model does not simulate the rapid increase in
GLN (level GLNP) seen when N-starved cells are re-
fed (Flynn et al. 1989). Another consequence of this
modification is that the lag phase becomes longer
as N starvation increases (Q approaching the mini-
mum value, Qo, something which is usually apparent
in batch culture experiments. However, an additional
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Table 7. Control of Gln, Q and cell growth. Italic parameters in definition are constants (table 2), bold parameters are
levels (table 3). Comments generally refer to the functionality of the adjacent part of the equation.

equation auxiliary unit definition comment

7.1 GSm N:C·h−1 Umax ·Qmax maximum GS activity

7.2 GS N:C·h−1 GSm · NH4P
NH4P +GSmNH4

GLN synthesis related to
substrate (NH4P) concen-
tration

·

(
1− GLNP

GLNPm

)4

(
1− GLNP

GLNPm

)4

+GShGLN

decreases with size of
GLNP

·CGOGAT depends on availability of C
in darkness (table 4)

7.3 dGLNP N:C·h−1 Cmu ·GLNP correction of GLNP with
Cmu

7.4 AAsm N:C·h−1 Umax ·Qmax maximum amino acid syn-
thesis

7.5 AAs N:C·h−1 AAsm · GLNP
GLNP +AAskGLN

amino acid synthesis related
to substrate (GLNP) con-
centration

· Q−Qo
Q−Qo+Kq

·
(

2− Q−Qo
Qmax−Qo

)
changes as a function of Q

·CAAs depends on availability of C
in darkness (table 4)

7.6 resp C · C−1 · h−1 Redco ·NO3red respiration to support re-
duction of nitrate to ammo-
nium. Only if PS = 0, else
resp = 0

7.7 Cmu C · C−1 · h−1 PS · Umax C growth linked to light,

· Q−Qo
Q−Qo+Kq

and Q,

−resp corrected for respiration

7.8 dC µg C ml−1 · h−1 Cmu ·C increase in cell C with C
growth

7.9 dQ N:C·h−1 Cmu ·Q decrease of Q with C growth

term, (2−(Q−Qo)/(Qmax−Qo)), has been included
in the definition of AAs (equation 7.5) which ensures
that amino acid synthesis is raised when Q is close to
Qo. Without this term, the lag phase can become un-
reasonably long. The equation used gives lag phases
when Q ≈ Qo of a few days, which in our experience
is of the correct magnitude.

The part of the model simulating growth (in terms
of C, Cmu in equation 7.7) is modified from a con-
ventional cell-quota model (Caperon 1968a, b; Droop
1968). The only difference is that the N uptake com-
ponent is now replaced with the transfer of N through
from the GLN pool. Amino acid synthesis will af-
fect the rate at which N (as nitrate and/or as am-
monium) enters the system by feedback through the
previous stages. This could be viewed as being more
realistic as growth is now a function of the amount
of organic N present in the cell (i.e. of the amount
of protein, enzymes, nucleic acids, etc.) rather than
of total N (including internal pools of inorganic N).
It should be noted that Umax is a theoretical maxi-

Figure 4. Form of functional relationships between Cre-
serv and NRreduc with Q giving the quotient needed to
correct process rates (table 4). The plot is also given in
relationship to the cellular C ·N−1 ratio (i.e. Q−1).

mum growth rate; depending on the value of Kq, and
hence the shape of the curve relating Cmu to Q, the
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Figure 5. Form of functional relationships between Tq
and Q for the maximum potential ammonium and nitrate
transport rates (equations 5.1 and 5.5 in table 5). The
equation for nitrate (NO3Tq), equation 5.5, relates Tq to
C·N−1 because the form of the equation used fitted exper-
imental data better than relating it to Q. The minimum
transport requirement is determined from Tq = Cmu ·Q,
where Cmu is derived from Q using parameters in table 2
and equation 7.7 in table 7. The difference between the
minimum requirement and the potential rate is indicative
of the level of excess transport possible when cells are N
stressed (i.e. Q is low).

value of Cmu at Qmax may be closer or further from
Umax. The values of NNiRm (equation 6.2), GSm
(equation 7.2) and AAsm (equation 7.4) are all set
at Umax ·Qmax ; changing these values will affect the
value of Cmu and/or sizes of the preceding nutrient
pool (NO3P, NH4Pand GLNP, respectively).

(e) Operation in light–dark cycles

To enable a simulation of events that occur in dark-
ness, a clock function may be included as a switch
(analogous to lights being switched on or off) which
alters the relative rate of photosynthesis (value of PS,
equation 4.1) and hence of the C-specific growth rate
Cmu (equation 7.7). PS may also be altered between
0 and 1 according to a normalized photosynthesis–
irradiance (P–I) curve if required. The P–I curve we
have used (after Jassby & Platt 1976) is described
by

PS = tanh(α · PFD),

where α has been set at 0.01 and PFD is the ir-
radiance as a photon flux density. With the in-
clusion of a sine curve function to give a more
natural transition between light and dark, with a
peak PFD of 500 µmol m−2 s−1 at 6 h into the day,
we obtain a value of PS > 0.95 (at PFDs above
200 µmol m−2 s−1) during the middle 8 h of the
12:12 h L:D cycle. These relationships may be readily
altered as required. It should be possible to combine
the current model with that of Geider et al. (1996)
so simulating photoadaptation and other interactions
(Osborne & Geider 1986).

Cmu is corrected for the use of C for the dark
reduction of nitrate through to ammonium (equa-
tion 7.7). This process requires 8e−(NAD(P)H2 +
6Fered), equivalent to 4NAD(P)H2 per molecule of

nitrate. In the presence of light, all reductant is con-
sidered to be photogenerated. In darkness, we assume
that heterotrophically generated NAD(P)H2 can also
be used to generate reduced ferredoxin. Thus, in the
dark, reductant may be generated from hexose using
the pentose phosphate pathway, or from fatty acids
using β oxidation and entry of acetyl-CoA into the
TCA cycle. Both these routes would require oxida-
tion of 2C to give the 4NAD(P)H2 required to reduce
each NO−3 to NH+

4 . As a mass ratio this equates
to the loss (respiration) of 1.71 g C per 1 g nitrate
N reduced to ammonium; this value has been used
(Redco, table 2) to compute the respiratory loss in
the dark (resp., equation 7.6). Housekeeping respi-
ration (which may vary with Cmu (Laws & Cap-
eron 1976)), and that associated with the assimi-
lation of intracellular ammonium (whether from ni-
trate or otherwise), is considered to be the same ir-
respective of the nitrogen source being supplied and
is not accounted for. At this stage, we feel that in
order to model ammonium and nitrate assimilation
interactions it is unnecessary to model the levels of
C metabolism indicated in works such as Turpin et
al. (1988) in such detail.

(f ) Parametrization

Although there is no single data set published
for any species of phytoplankton with which to
parametrize this model, of the 30 constants listed in
table 2, two thirds may be derived relatively easily
from various experimental investigations (although it
should be noted that this would not be a trivial un-
dertaking). Transport and enzyme affinity constants
have been estimated from the literature (as indicated
above) and from other experimental data (Flynn et
al. 1997). The main problem is the functional form of
the response curves for the inter-pool relationships,
the constants for which comprise the remaining third
of the constants in table 1. The sensitivity of these
curves to different constants is considered in § 3.

3. RESULTS

For the purposes of this paper, two types of results
are presented: firstly, a demonstration that the model
can simulate facets of ammonium–nitrate interac-
tions as detailed in table 1; and secondly, a sensitiv-
ity analysis on the values of parameters and response
curves for which biological data are scarce or unavail-
able. Reference to the f -ratio indicates the propor-
tion of nitrogen taken up as nitrate, with f = 1 when
nitrate is the sole form transported and f = 0 when
using only ammonium. Using the parameters of the
model,

f =
NO3T

(NH4T + NO3T)
.

(a) Simulation of ammonium–nitrate
interactions

Figure 6 simulates an experiment in which cells
have been grown exponentially and then subjected
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(a)

(b)

(c)

Figure 6. Simulation of a refeeding experiment in which cells were grown exponentially on ammonium or nitrate, N
starved for different periods and then refed (all additions of 1.4 µg N ml−1 (= 100 µM)). The model is as described in
tables 2–7, except that the maximum pools of both nitrate and ammonium (NO3Pm and NH4Pm) are set equal at
0.002 N:C (= 28.6 mM). (a) Exponentially growing cells using nitrate and then supplied with ammonium as well, or
with the nitrate removed and ammonium added. (b) Ammonium-grown cells after 24 h of N starvation; and (c) after
48 h of N starvation with the additions indicated. Note the different vertical scales used.

to various periods of N deprivation. Samples were
supplied with ammonium and/or nitrate. Such ex-
periments are typical of those conducted by Syrett
and co-workers (e.g. Cresswell & Syrett 1979; Hip-
kin & Syrett 1977; Syrett et al. 1986). Cells growing
exponentially on ammonium did not show any ca-
pability to take up nitrate (not shown, satisfies ta-
ble 1(ii)) but had to undergo a period of starvation
(a few hours) until GLN and Q had fallen sufficiently
to enable transport of nitrate and then induction of
NNiR. Nitrate-growing cells (figure 6a) took up am-
monium immediately when ammonium and nitrate
were available together (with a rapid cessation of
nitrate transport over 20 min), or when ammonium
was supplied alone. This satisfies table 1(iii). Cells
starved of N for 24 h (figure 6b) took up both ammo-
nium and/or nitrate. Under these conditions trans-
port of ammonium was more rapid, resulting in a
very rapid increase in intracellular GLN. When am-
monium and nitrate were supplied together there was

a brief period of nitrate transport, with the nitrate
pool being depleted after nitrate transport stopped.
This occurs because GLN suppresses nitrate trans-
port and NNiR synthesis but not reduction itself
(satisfying table 1(xv)). After 48 h of N deprivation,
the situation is similar to that seen at 24 h, except
that initial ammonium transport is more rapid and
nitrate transport slower. In all N deprivation simu-
lations, ammonium transport rates declined rapidly
after the first few minutes, whereas nitrate transport
into cells supplied with nitrate alone was delayed in
accordance with the induction of NNiR synthesis (i.e.
a decoupling of nitrate transport and reduction oc-
curs (Collos 1982, 1983)). All of these observations
satisfy the requirements of table 1(vi), (vii), (ix) and
(x).

Figures 7 and 8 simulate growth in cultures (in
continuous light or in a L:D cycle, respectively) where
the inoculum of N deprived cells is small and there
is a continuous low dilution of the culture with fresh
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media. This ‘stretch-batch’ system results in a period
of exponential growth (as in a batch system) which
is prolonged due to dilution, a period of increasing N
stress and, eventually, a steady-state growth at low
growth rate. Both systems show similar patterns of a
high initial rate of ammonium transport. In addition,
there is an initial but brief transport of nitrate simi-
lar to that seen in figure 6c (but not clear in figures 7,
8 at the scale plotted), an increase in N:C (i.e. in Q),
high GLN levels during growth on ammonium and
a subsequent rise in the f -ratio as external ammo-
nium concentrations decline and transport switches
towards nitrate. Q is slightly higher during growth on
ammonium with little difference in growth rates, sat-
isfying tables 1(viii) and (xii). In the L:D simulation
(figure 8b), there is a diel oscillation of the f -ratio
because nitrate assimilation (and hence transport)
is adversely affected by the absence of light for cells
with little C reserve. Cells in darkness thus make
greater proportionate use of the ammonium which
is continuously entering the system, hence decreas-
ing the f -ratio. Eventually the f -ratio reflects the
proportions of the nutrients in the feed media. The
complications of operating in a L:D cycle are appar-
ent in comparing the two systems. The oscillations
in the simulation are present when the light is either
switched on or off abruptly, and also when the PFD
is related to a sine curve, as in figure 8. What is not
apparent at the scale plotted is that the transport of
ammonium and nitrate is no longer coupled with the
L phase as the cells become increasingly N stressed
beyond 200 h in figure 8. This link between N status
and coupling–decoupling of light and N assimilation
is seen more clearly in the simulation shown in fig-
ure 9.

Figure 9 simulates a situation where N stress in
cells is relieved by using a dilution rate above that
equivalent to the maximum growth rate in a L:D cy-
cle. This shows the effect of changes in the N sta-
tus (in Q) and L:D cycle on the use of nitrate and
ammonium. Initially (before 72 h), both nitrate and
ammonium are used equally and throughout the L:D
cycle. As the washout proceeds, the residual exter-
nal nutrient concentrations rise and the cellular N:C
ratio (Q) also rises (figure 9a). Because of the prefer-
ence for ammonium, coupled with a decrease in the
availability of C for CGOGAT, CAAs and reductant
in the dark for N assimilation, there is a progressive
shift towards the use of ammonium and a gradual
loss of the ability to uncouple N assimilation and C
growth (photosynthesis) in the dark as the N status
of the cells improves. This satisfies tables 1(i), (xi)
and (xiii). Note that internal pools of ammonium and
nitrate (until nitrate transport halts completely be-
yond 240 h) are near maximal in the dark and also
the presence of characteristic peaks of GLN which
appear when the lights come back on (e.g. Flynn et
al. 1993).

(b) Sensitivity analysis

For this purpose a common test procedure was fol-
lowed in which the external nitrate concentration was

(a)

(b)

(c)

Figure 7. Simulation of a ‘stretch-batch’ culture (see
text) grown in continuous light with a dilution rate of
0.005 h−1 supplied with 0.2 µg N ml−1 (14.28 µM) of am-
monium and 0.6 µg N ml−1 (42.9 µM) of nitrate. Exter-
nal nutrients and N:C ratio (Q) of the cells (a); transport
rates of ammonium and nitrate together with the f -ratio
and C-specific growth rate (b); and internal nutrient pools
of nitrate, ammonium and GLN (c).
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(a)

(b)

(c)

Figure 8. As figure 7 but with light supplied in a 12 h:12 h
light:dark cycle using a sine curve to describe changes in
the photon flux density between 0 and 500 µmol m−2 s−1.
Values of PS were computed as described for figure 10.

(a)

(b)

(c)

Figure 9. Simulation of a culture grown under N-limiting
conditions which is gradually relieved of N stress through
slow washout (use of dilution rate exceeding growth rate)
while growing in a 12 h:12 h light:dark cycle (PS either
being equal to 1 or 0). The nutrients were supplied at
0.5 µg N ml−1 (35.7 µM) each of nitrate and ammonium.
External nutrients and N:C ratio (Q) of the cells (a);
transport rates of ammonium and nitrate together with
the f -ratio and C-specific growth rate (b); and internal
nutrient pools of nitrate, ammonium and GLN (c).
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maintained at an excess of 1.4 µg N ·ml−1 (100 µM)
and the concentration of ammonium varied in or-
der to attain various steady-state f -ratios while using
different values for the test parameter. In addition,
in order to test only the post-transport processes, Tq
values were fixed rather than related to the N sta-
tus through Q. The model was run to steady state
at a required f -ratio and single parameter sensitiv-
ity indices (S) have been computed according to the
equation

S =
(Ra− Rc)/Rc
(Pa− Pc)/Pc

,

where Ra and Rn are model responses for the al-
tered and control parameters and Pa and Pn the al-
tered and control parameter values. The results us-
ing data with the f -ratio set at 0.5 (i.e. equal use
of both N sources) are presented in table 8. These
are steady-state results (defined by a stable value for
Q), although some of the conditions give rise to os-
cillations in some levels (notably NO3P) when the
target f is set at 0.5; stable results are given at, for
example, f = 0.25 or 0.75. Parameter changes giving
values of S ≈ 0, suggesting stability of the response
in steady state, may often give significant changes in
temporal responses to transient events. The constant
values (given in table 2) chosen as defaults give the
best all-round result.

The size of the nitrate pool (NO3P) was most sen-
sitive to alteration in constants, reflecting the com-
plexity of the associated regulatory processes. The
most sensitive constant was found to be NO3hGLN
(tables 2, 8). If this was high then the shallow re-
sponse curve (see figure 1, Kh = 0.01) resulted in
NO3P being only part filled, while high values re-
sulted in a pool which was usually almost full. Only
with Kh values around 0.005 did the size of the pool
reflect the proportion of N flowing through it, as one
may expect by intuition. With this value of Kh, there
is a degree of stable oscillation in nitrate transport
and assimilation due to the complex feedback links.

Different Km values for the enzymic process reg-
ulated by Michaelis–Menten kinetics, namely ni-
trate reduction (NNiRkNO3), glutamine synthetase
(GSkNH4) and AAskGLN , affect the sizes of the
nitrate and ammonium pools, respectively, but oth-
erwise have little effect. Lower values result in smaller
pool sizes during nutrient-limited simulations, need-
ing smaller integration steps and thus longer simula-
tions. It is for this reason that the values for these
parameters given in table 2 are at the upper end of
the those recorded in the literature.

4. DISCUSSION

Several extensive reviews have appeared on the
subject of nitrate–ammonium interactions in phyto-
plankton (Syrett 1981; Wheeler 1983; Dortch 1990),
together with various schematic models of the regu-
lation of N assimilation (e.g. Solomonson & Spehar
1977; Serra et al. 1978). However, attempts to for-
malise the interaction into a single coherent math-
ematical argument are limited. Previous attempts

(e.g. DeManche et al. 1979; Stolte & Riegman 1996;
R. A. Armstrong, personal communication) have
been directed towards an examination of a specific
process and/or are incapable of simulating key fea-
tures of the interaction under transient conditions
in which cell growth is also simulated. Flynn (1991)
suggested a modelling strategy based on our under-
standing of the biochemistry of algal physiology and
here we have attempted to construct such a model.
The current model emphasizes interactions between
the N sources and is not an exact simulation of bio-
chemical reality. In certain areas, most notably the
linkage between C and N metabolism (Beardall &
Raven 1990; Turpin 1991), the current model is lim-
ited, though inclusion of such detail may not signifi-
cantly improve the simulation of the interaction.

The need for a general model describing
ammonium–nitrate interactions exists at several
levels. Firstly, the ammonium–nitrate interaction
is complex, varying with nutrient history (which
changes during the course of N deprivation and dur-
ing N assimilation) and with light. The underly-
ing biochemical processes are complex and intercon-
nected; even the study of transport into the cell has
proved to be difficult because assimilation occurs so
soon after entry (‘uptake’ invariably describes trans-
port plus initial assimilation). Aspects of the interac-
tions between the kinetics of nutrient transport and
growth are considered by McCarthy (1981). Models
offer an alternative route to investigate permutations
of these processes which would otherwise take years
to consider using experimental methods.

Secondly, it is difficult to study the interactions of
these nutrients at very low substrate concentration
(especially for ammonium which becomes increas-
ingly difficult to monitor as concentrations decrease
below 0.5 µM because of analytical problems associ-
ated with the presence of airborne ammonia in land-
based laboratories) and at the low biomass levels re-
quired to mimic oceanic systems because of logistic
problems of growing large volume cultures. We will
present simulations of the ammonium–nitrate inter-
action under oceanic conditions in a future paper.

Thirdly, it is important to be able to model the
use of nitrate and ammonium adequately in ecosys-
tem models. Current ecosystem models incorporating
ammonium–nitrate interactions often treat the algal
cell as a ‘black box’. They may relate the differential
use of nitrate and ammonium to the external nutri-
ent concentrations alone (Harrison et al. 1982; Col-
los 1989), using simple inhibition terms to achieve a
switching between ammonium and nitrate (Fasham
1993; Parker 1993). Such models cannot simulate the
transient changes in uptake which occur with changes
in nutrient status and irradiation, which form such
an important part of the interaction.

The test of the current model has been to see if
it could simulate the types of responses which algal
physiologists have reported from experiments con-
ducted with a wide range of algae and experimental
protocols. Fitting the model to a specific set of pa-
rameters for a named organism was not the aim. Our
model simulates all the aspects listed in table 1, both
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Table 8. Sensitivity analysis
(Tq values have been replaced with constants equivalent in the controls to 2(Umax ·Qmax) and the external con-
centration of nitrate set at an excess value of 1.4 µg N ml−1 (100 µM). Ammonium concentrations were varied
in order to attain an f -ratio of 0.5 (i.e. nitrate use equals ammonium use; default control conditions required
0.0049 µgN ml−1 = 0.35 µM ammonium). This table presents values of the single parameter sensitivity index S (see
text) for the ammonium concentration at f = 0.5 together with S for the internal pools. The sign of S indicates the
direction of the change in the model response with the parameter change, e.g. a doubling of response with a doubling
of the parameter gives S = 1, a halving of the response with a doubling of the parameter gives S = −0.5.)

parameter response; single parameter sensitivity index︷ ︸︸ ︷ ︷ ︸︸ ︷
constant test NH4 for NO3P NNiR NH4P GLNP Q
(and control value) values f = 0.5

Tq ratio 2:4 −0.58 0.00 0.00 0.02 0.00 0.00
(NO3Tq:NH4Tq of 2) 1:2 0.10 1.12 −0.04 0.08 0.12 0.02

Ks ratio (µM:µM) 1:2 1.01 0.00 0.00 0.00 0.00 0.00
(NO3kT :NH4kT of 1:1) 1:0.5 1.00 0.00 0.00 0.00 0.00 0.00

NO3Pm (0.01 N·C−1) 0.005 −0.02 0.94 −0.02 −0.04 0.00 0.00
0.020 0.01 0.89 −0.02 0.02 0.00 0.00
0.040 0.00 0.84 −0.01 0.01 0.00 0.00

NO3hGLN (0.005) 0.0001 −0.08 −5.20 0.06 −0.04 −0.02 0.00
0.0010 −0.01 −6.18 0.07 −0.05 −0.02 0.00
0.0100 −0.04 −0.48 0.01 −0.02 −0.04 −0.01

NNiRhGLN (0.01) 0.001 0.01 0.71 −0.04 −0.02 0.00 0.00
0.100 0.00 0.19 −0.00 0.00 0.00 0.00

NNiRkNO3 0.7× 10−5 0.00 0.05 0.03 0.00 0.00 0.00
(3.5× 10−5 N·C−1) 18.0× 10−5 0.00 −0.24 −0.08 0.00 0.00 0.00

NH4hGLN (0.10) 0.001 0.29 0.00 0.00 −0.02 0.00 0.00
0.010 0.30 0.00 0.00 −0.02 0.00 0.00

GSkNH4 0.35× 10−5 0.00 0.00 0.00 0.99 0.00 0.00
(1.8× 10−5 N·C−1) 8.8× 10−5 0.00 0.00 0.00 1.05 0.00

GShGLN (0.01) 0.001 0.00 0.00 0.00 0.09 0.00 0.00
0.100 −0.01 0.03 0.01 0.24 −0.01 0.00

AAskGLN 0.0002 −0.08 −0.61 −0.34 −1.74 0.03 −0.18
(0.001 N·C−1) 0.0050 −0.13 −0.05 −0.11 −0.19 0.01 −0.09

Umax (0.05 h−1) 0.010 0.00 0.46 1.00 −0.03 0.00 0.00
0.025 0.00 0.46 1.00 −0.02 0.00 0.00
0.100 0.01 1.40 0.95 0.00 0.00 0.00

with respect to the structure of the model and its per-
formance. Events such as the simultaneous transport
and assimilation of nitrate and ammonium (Zeven-
boom & Mur 1981; Quegumer et al. 1986; Zehr et al.
1989) may be readily accounted for. Although not an
aim of the model, the simulation of the responses of
the GLN pool to N starvation and refeeding with ni-
trate or ammonium is realistic on a quantitative and
temporal basis (e.g. Wood & Flynn 1995). However,
in reality, GLN rarely sinks to essentially zero con-
centration. The behaviour of the model in predicting
growth using ammonium or nitrate at different levels
of light are also in keeping with reports in the liter-
ature (Thompson et al. 1989; Wood & Flynn 1995).

Thus any difference in growth rates is most apparent
at high PFDs (figure 10, satisfying table 1(xii)).

A prediction of the model is that, in addition to
the expected depression of nitrate transport in the
presence of ammonium (figure 11b), nitrate may also
depress the transport of ammonium (figure 11a). The
existence of such an event has been suggested by the
results of Caperon & Zieman (1976), Terry (1982)
and Dortch & Conway (1984). In the model this
event occurs when the supply of external ammonium
is limiting and hence GLN levels are not high enough
to affect the use of nitrate. The addition of nitrate
results in the formation of internal ammonium and
GLN which affects the uptake of both nitrate and
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Figure 10. Comparison of steady-state C-specific growth
rates (Cmu), using either 1.4 µg N ml−1 (100 µM) am-
monium or nitrate at different photon flux densities. The
model was as defined in tables 2–7, except that Kq was
doubled to emphasis the difference in growth rates. The
value of PS was computed as PS = tanh(α ·PFD), where
α was set at 0.01. The difference in growth rates is con-
sistent with table 1(xii).

ammonium. However, increasing the concentration of
nitrate does not result in a further depression of am-
monium transport because the GLN produced by the
assimilation of both N sources affects the transport
of nitrate more than ammonium.

All these aspects of the behaviour of the model
support our contention that it offers a reasonable
basis for simulating generalized phytoplankton be-
haviour with respect to ammonium–nitrate interac-
tions. The normalization of various components to
Umax and to the size of internal nutrient pools fa-
cilitates the simulation of phytoplankton of different
physiological character. Cell size is not a specified pa-
rameter, but cells of different size may have different
transport characteristics (Aksnes & Egge 1991), grow
at different rates and have nutrient pools of different
sizes. These facets may be readily changed within
the model enabling an exploration of size-related
ammonium–nitrate interactions (Probyn 1985; Stolte
et al. 1994).

The aim to produce a comprehensive model for
simulating interactions between ammonium and ni-
trate creates an immediate conflict between the de-
sires of the modeller, who wishes to keep things as
simple as possible, and the physiologist, who will
wish to include every subtlety in an attempt to
mimic reality. Davidson & Cunningham (1996) ar-
gue against the inclusion of internal nutrient pools
in algal models because of problems of parametriza-
tion. However, we would suggest that the inclusion
of such pools is essential if an adequate simulation
of ammonium–nitrate interactions is required. At
present, all the relevant biochemical processes are dif-
ficult to parametrize adequately and our knowledge
of the form of such regulations is minimal. The omis-
sion of various components of the current model in
an attempt to simplify the system, or the use of RH
rather than sigmoidal functions in regulatory steps

(a)

(b)

Figure 11. Effects of external nitrate concentration on
ammonium transport (a); and external ammonium con-
centration on nitrate transport (b) under steady-state
conditions.

resulted in a failure to reproduce all of the salient fea-
tures of the interaction demonstrated in the present
model.

The use of C as a base for the model has serious
implications for parametrization. Most studies of al-
gal N metabolism do not include measurements of C
(or biovolume with which it closely correlates (Mon-
tagnes et al. 1994)), but express N uptake in units of
cell number, N, protein or chlorophyll. As a result,
the N status of the cells (as indicated by the N:C ra-
tio) is often unknown. In many studies, the N status
of the cell has been related to a period of N depri-
vation, or to growth rate in steady state conditions
rather than to the N:C ratio. Although many data
may be of use on a qualitative basis, they may be
of little use on a quantitative basis, and comparisons
between different data sets are complicated.

An assumption made for the derivation of Tq val-
ues (figure 5) has been that nitrate-grown cells sub-
jected to N deprivation are physiologically similar to
N deprived ammonium-grown cells. Given that the
lipid content of cells growing on these N sources may
be very different (Flynn et al. 1992) it is possible that
by the time growth stops (i.e. Q = Qo) the cells are
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still dissimilar and will thus respond differently when
re-fed with nitrate or ammonium. The calculation
of Tq could be simulated using synthesis and decay
(protein turnover) processes similar to that used for
NNiR, perhaps with an induction of nitrate trans-
porters (Miyagi et al. 1992). There is little experi-
mental evidence to indicate the relative importance
of alternative strategies, but it would be simple to
incorporate such subtlety within the current model
structure.

While the rate processes of uptake at the whole
cell level have been measured, and the qualitative
nature of intracellular processes studied, the quanti-
tative nature of interactions at the intracellular level
are largely unknown. Most of our knowledge of the
enzymatic reduction of nitrate has resulted from in
vitro studies (e.g. Everest et al. 1986) and few of
these have been performed on phytoplankton of eco-
logical importance. Enzyme assays are usually con-
ducted under conditions of non-limiting substrate
concentrations, although they may be limiting in
vivo. Berges & Harrison (1995) suggest the use of in
vitro NR assays to estimate nitrate assimilation. For
the simulation in continuous light (figure 7) NNiR
correlates reasonably well with nitrate transport and
with NO3red (simulating in vivo NR activity), but
the correlation becomes poor as nitrate becomes ex-
hausted (figure 12a) and is especially poor in a sim-
ulation of growth in a L:D cycle (figures 8, 12b). It
has also been suggested that cells may retain a low
constitutive level of NR (Herrera et al. 1972; Rigano
1973). Because the size of the nitrite pool appears to
be very small, and thus the ratio of (pool size:flow
through pool) becomes smaller, adequate regulation
in a model including such a step is critical. How-
ever, our knowledge of the regulation of NiR in phy-
toplankton is very limited, hence the omission of a
specific nitrite pool and NiR activity in the present
model. As a consequence, the model cannot yet sim-
ulate the excretion of nitrite reported under certain
conditions (e.g. Sciandra & Amara 1994).

The identity of the organic regulator (or regula-
tors) of inorganic N assimilation is not known but
we have assumed that it is GLN or a compound bio-
chemically very close to it. GLN is the product of two
GS enzymes which reside in different compartments
in the cell (e.g. Ahmed & Hellebust 1988). Pool sizes
have been estimated from whole-cell extracts, so we
know little or nothing about the compartmentaliza-
tion of GLN (or of ammonium and nitrate) during
different phases of the nutrient history of eukaryote
algae. Both the synthesis of GLN and the subsequent
use of GLN for other processes require C skeletons.
In this respect, algae appear to fall into two groups:
those in which GLN rises (or at least does not fall sig-
nificantly) in the dark; and those in which GLN falls
rapidly (Flynn 1990b; Flynn et al. 1993). Depend-
ing on the values of CGOGAT and CAAs, either of
these possibilities can be simulated (not shown). For
the operation of the model, given that GLN is being
used to regulate nutrient transport, NNiR synthesis,
as well as GS activity, this difference in metabolism
can have profound effects.

(a)

(b)

Figure 12. Relationships between the maximum enzyme
activity for the reduction of nitrate to ammonium (NNiR,
analogous to in vitro enzyme assay), the actual rate of
reduction of nitrate to ammonium (NO3red) and nitrate
transport (NO3T). Data are taken from the simulations
shown for continuous light in figure 7a and in a light–
dark cycle in figure 8b. The dashed line indicates the 1:1
ratio between transport and enzyme activity.

The absence of information about transport and
assimilation in the dark by algae of different nutri-
ent status is a particular problem, particularly since
most laboratory studies make use of continuous illu-
mination and/or steady-state conditions (e.g. Bien-
fang 1975; Caperon & Zieman 1976; Berges & Har-
rison 1995), thus simplifying experiment design and
interpretation (see figures 7, 8). In nature, on aver-
age, perhaps half the organism’s time may be spent
in darkness, resulting in the initiation of diel cycles
(Eppley et al. 1971; Goldman & Dennett 1983; Cul-
limore & Sims 1981b) which may have a particular
significant effect on the use of oxidized N (Grant &
Turner 1969), as indicated by the model (figures 8, 9).
The ability to assimilate N in the dark is also species
specific (Paasche et al. 1984; Rainbault & Mingazzini
1987), as is the ability to use alternative N sources
such as nitrite, urea and dissolved free amino acids
(McCarthy 1981; Wheeler 1983; Flynn 1990a).
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The model simulates a hypothetical species. Ev-
ery species and major taxonomic group will differ
with respect to many facets of their behaviour. How-
ever, the fact that the model appears robust and can
satisfactorily simulate the expected behaviour of ma-
rine phytoplankton in general suggests that it can be
used to generate hypotheses for testing experimen-
tally. This may ease the enormous task of testing
factorial permutations of nutrient status, substrate
concentrations, growth rates, light interactions, nu-
trient pool sizes, etc., which are a serious impedi-
ment to designing experiments which may then take
many months or years to conduct. Arguably, after
four decades of detailed study, the subject needs the
development of a unifying basis to direct future work.
Weaknesses in the model due to inadequate experi-
mental evidence may also be considered as directors
for future studies.

This work was funded by the Natural Environment Re-
search Council of the UK. The authors wish to thank Nick
Owens (University of Newcastle, UK) and Roel Rieg-
man and Willem Stolte (Netherlands Institute for Sea
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