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ABSTRACT: Methods for the determination of kinetic parameters for the transport of ammonium and
nitrate into phytoplankton are considered using simulations generated by the ammonium-nitrate inter-
action model (ANIM; Flynn et al. 1997, Phil Trans R Soc Lond B 352:1625-1645). Problems associated
with experimental conditions such as incubation periods, non-constant substrate concentrations (in-
cluding variations in the isotope ratio in '*N assays), presence of the counter nutrient, and different cel-
lular N status are considered. Depending on the period of incubation and the biomass, errors occur
which can result in an over or underestimate of the half saturation constant for transport (K;), while the
maximum transport rate (V, ) is underestimated unless derepression of nutrient transport and/or
assimilation occurs. Because of the effects of intraceliular feedback processes on transport, there may
be little advantage in conducting studies using stable substrate concentrations rather than determining
transport rates from the decrease in substrate concentrations. Differentiating quadratic curve fits
through plots of cumulative transport against time provides a simple method for estimating the initial
(zero time) transport rate. Simulations within a simple photic zone model run using different kinetic
parameters for algal nutrient transport indicate that post-transport processes are, within reasonable
bounds, likely to be at least as important as V; /K, for success of the algae. Estimates of transport
kinetics for different species, and other factors such as cell size and shape which may affect transport,
should not be used alone to infer a competitive advantage or disadvantage for the individual species.
These results have similar implications for studies of nutrient transport into other microbes such as bac-
teria and mixotrophic protists.
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INTRODUCTION

Nitrate and ammonium between them are the major
N sources for the support of phytoplankton growth.
Further, the ratio of their utilization [the f-ratio, simpli-
fied in this case to Viyyae/( Vaitrate + Vammonium); Dugdale
& Goering (1967)] may be taken to indicate the propor-
tion of production supported by ‘mew’ nitrogen (nitrate
regenerated in deep waters) rather than that sup-
ported by N cycling in the photic zone (ammonium).
Fundamental to our understanding of the relative
importance of nitrate and ammonium usage is a knowl-
edge of the transport rates into the algae.
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The subject of nutrient transport has been reviewed
by McCarthy (1981), Syrett (1981) and Wheeler (1983},
with more specialised works by Raven (1980; transport
mechanisms), Morel (1987; aspects of the relationship
between assimilation and transport kinetics for nutri-
ents in general), Harrison et al. (1989; experimental
methods for the determination of uptake kinetics),
Aksnes & Egge (1991; biological and physico-chemical
aspects of substrate-porter interactions), and Berges et
al. (1994; use of different mathematical fits of rectan-
gular hyperbolae). However, an integrated review of
the implications of these processes for studies of trans-
port kinetics is lacking. Although this current work
refers primarily to ammonium and nitrate transport,
the conclusions have wider applicability both for nutri-
ent transport in other microbes (such as bacteria and
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fungi) and also for the estimation of kinetic parameters
describing predation by plankton, which may also be
subject to various feedback processes.

Throughout this work, the term ‘transport’ is used to
describe the passage of the nutrient across the plasma
membrane into the cell and ‘assimilation’ to describe
the entire process from transport through to full incor-
poration. It is very difficult, if not generally logistically
impossible, to study transport itself because of the
effects of post-transport feedback processes which
may commence within minutes, or even seconds, after
a nutrient is again made available to nutrient-stressed
cells. What is usually measured, ‘uptake’, thus includes
various other regulated processes such as accumula-
tion into internal inorganic nutrient pools as well as
reduction (for nitrate) and incorporation into amino
acids and other organics. The implications of this prob-
lem are well known (Glibert & Goldman 1981, Gold-
man & Glibert 1982, Collos 1983), often giving the
symptom of ‘surge uptake' followed by a period of
declined transport rates.

The determination of the kinetic parameters of trans-
port and assimilation into cells for different nutrients is
thus a complex subject affected primarily by the time
scale of interest. Transport kinetics are, at first sight,
only of importance over the second to minute scale,
while assimilation kinetics operate over significant
periods of the growth cycle. However, what happens at
the point of transport affects all subsequent events and
it is thus potentially of importance for assimilatory
kinetics in total. The terms V, . K and V, . K, are
used here to define respectively the maximum velocity
and half saturation substrate concentrations for trans-
port and assimilation [through to whole cell growth,
not just to amino acids as described by Harrison et al.’s
(1989) K. Thus, by analogy with the Michaelis-
Menten equation,

V, = Vi =

where [S] is the substrate concentration and V, the
resultant rate of transport.

There are several major types of potential error asso-
clated with studies of inorganic-N transport kinetics, as
given in Table 1. The consequences of these errors will
be illustrated in this paper. It should be noted that
these errors are not peculiar to phytoplankton, but will
also affect studies of bacteria and other microbes, and
that (especially in field situations} there may be addi-
tional important sources of error. Because N-stressed
cells may show much higher initial rates of transport
when a nutrient suddenly becomes available (e.g.
Syrett et al. 1986), the period of time before error
Type I becomes significant is likely to decline with
increasing N stress and to be relatively worse for
ammonium which enters the cell more rapidly than
nitrate and thus comes under feedback regulation
quickly. Many workers have used the rate of decrease
in substrate concentration, [S], to determine transport
(e.g. see those referenced by Harrison et al. 1989). This
may give rise to a Typc Il error, where there is a signif-
icant decrease in [S] during the incubation which is not
properly accounted for in the calculations. This is most
likely to occur together with the Type I error because it
is in part a tunction of incubation period.

Ideally incubations would be conducted in the pres-
ence of a single substrate but in reality this is not
always so (especially for natural samples). As a conse-
quence there is the problem of interactions between
the assimilations of different nutrients, in this case
ammonium and nitrate. This particular interaction is
complex (Dortch 1990, Flynn 1991, Flynn et al. 1997),
but essentially results in a 'preference’ for ammonium
(although the converse may occur at low ammonium
concentrations; Dortch 1990, Flynn et al. 1997). Nitrate
and ammonium do not share the same porter, and the
interaction Is primarily due to products of the subse-
quent N assimilation. This Type III error, associated
with the interaction of ammonium and nitrate trans-
ports, will also be exacerbated by the incubation
period (Type [ error). Again analogies will exist in
other systems, for example between the interactions of
amino acid and ammonium transports in bacteria (e.g.
Middelboe et al. 1995).

Table 1. Types of error induced by experimental protocol during attempts to determine the maximum rate of transport (V; ) and
half saturation constant (K})

Type  Cause Comment or explanation Likely associated
errors
I Prolonged incubation period Initial transport kinetics overridden by assimilation kinetics
11 Substrate concentration falls External conditions not constant I
I Ammonium-nitrate interaction Repression of transport by transport of the counter nutrient [, 11
v Changes 1n isotopic composition Significant N cycling during "N incubations in the field 11 1L
in mixed populations
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In addition, for attempts to determine kinetic para-
meters in field populations there is a potential error
associated with the use of >N if isotope dilution occurs
due to nutrient regeneration. The Type IV error will
invariably also occur with the other types because of
the period of incubation (possibly of many hours dura-
tion in oceanic or offshore waters, e.g. Harrison et al.
1996), and the presence of the counter nutrient(s).
There are additional potential problems with field
experiments, such as those associated with bacteria-
algal competition for ammonium (Kirchman 1994) and
the release of dissolved organic N (DON)]) (Bronk et al.
1994), but these are not considered in detail here.

The aims of this paper are 2-fold. Firstly to examine
the implications of the experiment design for estima-
tion of kinetic parameters, considering the sources of
error given in Table 1. This is performed using a com-
plex dynamic mathematical model of the interactions
between ammonium and nitrate—the Ammonium,
Nitrate Interaction Model (ANIM) of Flynn et al
(1997). The use of this model, which can reproduce the
major documented interactions between algal trans-
port and growth using these nutrients, enables a con-
sideration of kinetics which would be difficult or ef-
fectively impossible using experimental methods.
Secondly, the consequences for the operation of eco-
system simulations of using inaccurate estimates of
kinetic parameters describing phytoplankton nutrient
transport will be considered.

METHODS

Model. The ANIM as described by Flynn et al. (1997)
has been used for most of this work. ANIM describes a
generic cell type with, for each nutrient, a fixed sub-
strate transport affinity (K;) but a variable maximum
transport rate (V, ) depending on the N status of the
cell. While there is no good evidence that K| varies with
nutrient history, the variable nature of V; is well
known (e.g. Collos 1980, Dortch et al. 1982). Changes
in V; have been related to the relative growth rate or
to the cellular N:C ratio (the N quota, or Q) via the cell
quota kinetics of Caperon (1968) and Droop (1968) by
Goldman & Glibert (1982) and Morel (1987). However,
the control of transport is far more rapid than a simple
association with @ would suggest. In ANIM the
absolute maximum transportrate at any pointin time is
a function of @, but there are feedback mechanisms
limiting transport both from the size of the internal
inorganic nutrient pools and from the size of the gluta-
mine (Gln) pool. In the model as described by Flynn et
al. (1997), cells using ammonium can attain a higher
N:C and growth rate than those using nitrate. At
steady state the maximum theoretical rates of N assim-

ilation (V. '} and the substrate concentrations
required to support half Vi (K,) are, respectively,
7 pg N mg™' C h™! and 0.193 pM for ammonium, and
6 ug Nmg™' C h™! and 0.209 pM for nitrate.

Data handling. Experimental protocols for measur-
ing 'uptake’ kinetics typically involve the addition of
substrate at different concentrations into aliquots of
the cell suspension, and then sampling at suitable time
points of the medium and/or the cells to measure the
disappearance or appearance (respectively} of the
nutrient. In most instances, the simulated incubations
were run for up to 3 h (the time used with oceanic sam-
ples by Harrison et al. 1996), with data archived with a
resolution of around 1 min. Initial substrate concentra-
tions were 0.25, 0.5, 1, 2, 4 and 8 uyM (K, = 1 pM),
except for the simulations of an ocean photic zone
which used 0.0625, 0.125, 0.25, 0.5, 1, 2 and 4 pM (val-
ues of K, being lower at 0.2 pMj). Selected data points,
representing sampling times for experimental work,
have been chosen for subsequent analysis. The short-
est chosen period, 6 min, equates with the likely mini-
mum period of incubation one would use with standard
N methods (given the time taken to sample, filter,
wash with N-free medium, remove and replace the
filter, while running simultaneous incubations at a
minimum of 5 substrate concentrations staggered by
1 min).

For each of the sampling times the average transport
rate was computed by division of the cumulative trans-
port into the cell by the elapsed time (V% ). This
method contrasts with that used by Goldman & Glibert
(1982) and Harrison et al. (1989), who, using the nota-
tion V4 % indicated the average rate of transport
between times t; and &. Values of V' % provide esti-
mates of the instantaneous rates of transport which the
model can provide (and were recorded) as precise val-
ues at a given time t. Fig. 1 shows a simulated experi-
ment with the transport rates of ammonium and nitrate
varying with time on addition of a pulse of nitrate
together with a 'contaminating’ source of ammonium.
A comparison between average and instantaneous
transport rates is given in Fig. 1b. The changes in these
rates reflect the interactions of transport and post-
transport processes; in the model short-term regulation
operates via the internal nutrient pools and the con-
centration of Gln, the first organic product of ammo-
nium assimilation. For nitrate, for example, there is a
filling of the internal nitrate pool and a decline in trans-
port rates (around 0.25 to 0.75 h) with the accumulation
of Gln during ammonium assimilation. Around 1 h,
when the supply of ammonium became limiting and
internal Gln declined, nitrate assimilation rates in-
creased. Some of the plots presented show how the
value of the estimate of the kinetic parameters changes
depending on the (end) time of the incubation (i.e.
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Fig. 1. An example of model output for the simultaneous

transport of nitrate and ammonium, showing (a) decline in

substrate [S], and changes in cumulative transport 7, and (b)

comparison between instantaneous, V", and average, V'*~h,
transport rates with time

V'~h). In these plots, the figure at zero time (¢y) is the
real value.

The optimal method of determining transport kinet-
ics would be to determine rates at f,, before any inter-
nal feedback mechanisms came into play and before
any decrease of [S]. [The only problem here being at
very low concentrations with the interaction between
initial absorption and transport as transport per se
commences (Raimbault & Gentilhomme 1990).] In
recognition of this, Harrison et al. (1989) recommend
the use of V" “ where t, = 0 and , = 2 min. This value
is thus the same as V" ' where t, = 2 min. The shape
of the curves generated from plotting cumulative
transport against sample time are variable in shape
and, while ideally they should be linear, are often
curvi-linear or perhaps more complex (e.g. Fig. la).
Because of the nature of the interactions, leading to a
decline in transport rates over the course of the incuba-
tion (according to the type of error; Table 1), there is no
justification for using any particular curve-fit through

measured values of cumulative transport (T) versus
time in order to estimate V" Thus, as the simplest ap-
proximation, the initial transport rates were also esti-
mated by plotting a quadratic equation through values
of T and forced through the origin. Differentiating the
equation T = at? + bt with respect to time and setting
t=0gives V' = b (where Tis cumulative transport, tis
time, a and b are constants, and V" is the initial rate of
transport). While such a curve could be fitted through
just 2 data points (and the origin), in reality the experi-
menter will probably wish to use more because of the
likely errors associated with each (especially the first)
data point; 3 thus seems the likely minimum number of
points one would use to estimate V at each value of [S]
(typically 6, 12 and 18 min in this case).

Berges et al. (1994) report the implications of using
various mathematical methods for the determination of
kinetic parameters, recommending the use of iterative
mcthods (as supplied by Jandell's SigmaPlot and
BioSoft’s Fig.P) which have been used here.

TEST SCENARIOS AND RESULTS

Temporal responses shown here are those of ANIM
as described by Flynn et al. (1997). It must be stressed
that the time scale of the events will be decreased sig-
nificantly by the use of a higher biomass, with organ-
isms with higher intrinsic transport and/or growth
rates, and with internal nutrient pools of different size.
The form and magnitude of the relationship between
V..., and Qs of particular importance for the simula-
tion of ‘surge uptake’. For nitrate the level of
nitrate/nitrite reductase is also important. However,
the conclusions drawn from the simulations shown
here remain the same.

Incubations where substrate levels remain stable

Ideally, kinetic parameters should always be deter-
mined by estimation of rates over a range of fixed sub-
strate concentrations [S]. This would require the deter-
mination of the rate of appearance of the substrate
within the cells which are in such a dilute suspension
that a non-significant decline in [S] occurs during the
incubation. Such experiments would involve using N,
or perhaps "®N substrates (Zehr et al. 1988), or for
robust cell types the cell-on-filter method of Parslow et
al. (1985). To examine this approach ANIM was config-
ured to start with cells which had been grown in steady
state on ammonium-nitrate and hence have an opera-
tional, derepressed, nitrate assimilation pathway. This
was done at dilution {(growth) rates of 0.02 h™! (Q =
0.0764, growth rate of 40% of theoretical maximum) or
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0.035 h™! (Q = 0.142, growth rate of 70 % maximum).
The maximum theoretical carbon-specific growth rate
was set at 0.05 h™!, equivalent to 1.2 d”! in continuous
light. Simulated incubations were conducted either in
the presence of a zero concentration of the counter
substrate or with 0.5 pM ammonium or 4 pM nitrate for
the nitrate and ammonium series respectively; these
are values shown by Flynn et al. (1997) to affect
steady-state transport of the counter nutrient using this
model configuration. Incubations assumed continuous
illumination and the value of [S] for both test and
(where applicable) counter nutrient remained fixed.
The real value of K, was set at 1 uM for both substrates,
while V, wvaried as a function of the N status (Q) as
described by Flynn et al. (1997). Between them these
simulations illustrate the implications of errors of
Types I and III (Table 1).

In the absence of a counter substrate, the general
trend is that when [S] remains constant during the
incubation (Fig. 2) the estimates of K; and V, fall with
incubation time. This is due to the development of
feedback regulation as the internal nutrient pools fill
(not shown) and occurs quickest with the higher con-
centrations of [S] and when transport is most rapid (e.g.
ammonium transport into cells of lower N status). The
presence of the counter nutrient generally exacerbates

the decrease in these estimates because the additional
N flowing through the cell results in a more rapid
development of the feedback mechanisms affecting
transport of both nutrients.

Incubations where substrate levels decline

In experimental studies [S]) may often decline signif-
icantly during the incubation. Incubations at the lower
values of [S] will show the greatest proportionate
decrease in [S] and, because these fall in the initial
near-linear section of the hyperbolic curve, these will
also have most effect on transport rates. To test the
consequences of a decrease in [S] during the incuba-
tion, ANIM was configured as for fixed [S] (see above)
but now containing a C biomass of 1 mg C 1! with the
value of [S] decreasing in response to transport into
that biomass. This illustrates the implications of errors
of Types I, Il and III (Table 1).

The situation when [S] is not fixed (Fig. 3) is more
complex than when it is fixed (Fig. 2). Initially esti-
mates of K, may fall due to feedback events but then,
because the transport at the lower [S] decreases dis-
proportionately as the nutrient is consumed (Fig. 3),
the values of K, may then rise. Generally estimates of
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Fig. 3. As Fig. 2, but where [S] decreased during the incubation in response to transport into a biomass of 1 mg C 17! Plots are also

given of changes in nutrient concentrations for the incubations including the counter nutrient; only 3 concentrations of the test [S]

are shown of the 6 used. Concentrations of the counter nutrient are indicated with dashed lines of the same thickness as the
appropriate solid line for the test nutrient (these overlap for ammonium in the nitrate series)
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data points are average transport rates V" taken at imes ¢,
between 0.1 and 3 h. Note that, although the rates are plotted
against constant values of [S] (as may be assumed in the
experiment), in fact [S] declined with time

Vi,.. do notrise above the start (real) value but fall with
time. Again the presence of the counter nutrient tends
to exacerbate the changes in parameter estimates.
Linearised plots of data from simulations in Figs. 2 &
3 show changes in slopes with different incubation
periods when internal feedback processes are most
important in affecting transport rates; some examples
are given in Fig. 4. Deviations from linear plots (Fig. 4)
are indicative of significant substrate exhaustion at the
lower values of [S]. Such information may be lost when
using iterative curve fitting procedures alone. In situa-
tions where the experimenter is unaware of significant
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changes in [S], a linearised plot (e.g. [S}/V vs [S]) could
be suggestive of the presence of 2 transport systems.

When estimates of V' are obtained for the simula-
tions shown in Figs. 2 & 3 using quadratic curve fits
through the first 3 time points for cumulative transport
(see 'Methods’} and used to compute kinetic parame-
ters (Table 2), close agreement with the correct, real
values were obtained. This was so irrespective of
whether the substrate concentration changed during
the incubation, or even whether there was a counter
nutrient present.

Estimation of kinetic parameters from substrate
removal from a single start [S]

On some occasions, when modelling culture growth
for example (e.g. Davidson et al. 1993), kinetic para-
meters may be estimated directly from substrate use
during culture growth rather than using either esti-
mates derived from chemostat studies or transport
studies. At extremes, these incubations can be of very
long duration starting with a small biomass (typical
batch culture) through to high biomass systems which
use the nutrient pulse so rapidly that internal feedback
regulation may never become significant. Thesc
extremes may be expected to yield kinetic parameters
which are closer to V, . K, (kinetics for assimilation),
or V|, K, (kinetics for transport), respectively.

ANIM was configured to simulate a batch-culture, in
continuous light, with 3 different start values for N sta-

Table 2. Values of V| and K, derived from fits of rectangular hyperbolae through real values of V" (‘Real’) or through estimates

of V' obtained by fitting quadratic curves through the first 3 time points for transport from simulated experiments either in the

absence ("Exp.’) or presence ('Exp. + N source’) of the indicated counter nutrient. See also 'Methods’ V, aspg N mg™' Chl K

as uM. Data are given +95% confidence limits for simulations starting at 2 N status {values of Q, the N:C mass ratio). Substrate
values [S] were either kept fixed during the incubation or declined (see also Figs. 2 & 3)

Q Test Source of Fixed [S] Declining [S]
substrate data Vi K, Vinax K
0.076 NO; Real 12.22 £ 0.06 0.98 £ 0.01 12.22 + 0.06 0.98 + 0.01
Exp. 12.37 £ 0.07 1.00 = 0.02 12.37 + 0.07 1.00 = 0.02
Exp.+ 0.5 pM NH,* 13.15+ 0.06 1.00 £ 0.02 13.00 £ 0.08 1.04 + 0.02
NH,* Real 28.33 £ 0.04 0.99 = 0.00 28.33 £ 0.04 0.99 + 0.00
Exp. 27.52 +1.23 0.91+£0.13 27.55+1.10 0.94 = 0.12
Exp.+ 4 pM NO;~ 27.78 £ 1.41 0.90+0.15 2783+ 143 094 +£0.16
0.142 NO;~ Real 13.06 £ 0.05 1.01 + 0.01 13.06 £ 0.05 1.01+£0.01
Exp. 13.07 + 0.09 1.00 + 0.02 13.07 £ 0.09 1.00 + 0.02
Exp.+ 0.5 pM NH,* 13.54 £ 0.10 1.03 £ 0.02 13.30 £ 0.04 1.02 +0.01
NH,* Real 16.97 £ 0.05 1.00 £ 0.01 16.97 + 0.05 1.00 +0.01
Exp. 16.97 £ 0.11 1.02 £ 0.02 16.97 £ 0.11 1.02 £ 0.02
Exp.+ 4 pM NO;y~ 18.12 + 0.28 1.12 £ 0.05 18.16 + 0.32 1.14 + 0.06




22 Mar Ecol Prog Ser 169: 13-28, 1998

NH,"— a

NO,;~
25 3
] NG — [0.20
=
= F0.15 0
- =z
= L —
[ <
2 S
E] 0.10 <
=z
0.0 \g— S i 0.05
0 5 110 15| 20 25 30
Time (d)
Algal-C — b
600 - Heterotroph—N ---- s
<7500 A ‘ L
— =
O 400 10 I
g —
= 300 1 2
(@] a
1 200 5 g
S M o
< 100 A L 2
D
0- Lo T
0 5 10 15! 20 25 30
Time (d)

Fig. 7 Model output for a simulated natural event, showing

changes (a) in nutrient concentrations and algal N:C status,

and (b} in biomass of the algae and heterotrophs. The system

was sampled for simulated *N incubations around midday on
Days 2, 8 and 17 as indicated by the vertical lines

ammonium or nitrate were run for 3 h centred around
midday. The incubations were run in the presence of
the residual concentration of the counter nutrient pre-
sent at that time, but the concentration of the nutrient
under test was varied as required (sometimes going
below that actually present in the initial ‘sample’). The
atom % for N in test incubations was always set at
25 at.%, natural abundance at 0.366 at.%, and no iso-
tope discrimination was assumed. Model output gave
real transport rates into the algae, but rates were also
computed using the "N content to give transport into
the total particulate (i.e. auto- + heterotrophic} fraction,
in the algal fraction (i.e. 100 % efficient post-incubation
fractionation), and also in an incubation with no het-
erotrophs present (i.e. 100% efficient pre-incubation
fractionation). Calculations of transport using !°N data
followed the methods recommended by Collos (1987).

Results from the '*N incubations are given in Fig. 8.
The Day 2 samples (N-replete cells growing mainly on
nitrate) all gave good estimates of nitrate transport

kinetics, except that in reality the amount of nitrate
present (~1.4 uM) would have prevented the estima-
tion of nitrate K;. Estimates of ammonium K, and V;
taken over the first hour declined rapidly due to feed-
back processes; the substrate concentrations did not
decrease markedly (not shown).

The samples from Day 8 (N-stressed cells now using
mainly ammonium) showed a rapid fall of the esti-
mated ammonium V,  with prolonged incubation
(Fig. 8). This was also true for estimates of K for the
first hour due to feedback events, but after this period
the biomass was sufficiently high to decrease [S] sig-
nificantly at the lower concentrations resulting in an
increase in estimates of K, (Fig. 8, cf. events shown in
Figs. 2 & 3). This apparent increase in K; was actually
greater as estimated by the ’N method because of the
consequences of i1sotope dilution due to the regenera-
tion of ammonium by heterotrophic activities (Fig. 9).
This dilution was most significant at the lower values of
[S]. Coincidentally, in the Day 8 incubation with no
heterotrophs, no regeneration of ammonium and
hence no isotope dilution, levels of ammonium fell
rapidly (proportionately more so at low [S]); hence the
similarity between Kinetic parameters in this incuba-
tion and where the concentration of >N ammonium fell
during N regeneration. In all other simulations con-
taining heterotrophs, the N atom % of the test sub-
strate (and counter nutrient) remained essentially con-
stant over the 3 h period, though significant changes
developed over longer periods (4 to 6 h, not shown).
Estimates of nitrate V; _were initially stable for Day 8,
but those for K, increased as a consequence of the
effects of ammonium transport, and then estimates of
both nitrate V| and K decreased after 1.5 h with the
decline in nitrate concentrations.

Day 17 samples (during a phase when nutrient
cycling from the heterotrophs was matching demand
by the phytoplankton) showed a steady decline in esti-
mates of ammonium K, and V, = with incubation
period. While estimates of nitrate K remained essen-
tially constant, those for nitrate V, more than dou-
bled, especially in the sample incubated with no
heterotrophs (Fig. 8; Day 17) where the residual
ammonium declined quickly. This apparent increase in
Vi .. reflected a derepression of nitrate/nitrite reduc-
tase in the cells, enabling a more rapid assimilation of
nitrate.

Consequences of the use of inaccurate kinetic
parameters in ecosystem models

In order to observe the consequences of running the
ecosystem simulation with incorrect kinetic parame-
ters for nutrient transport, the same simulation system
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used for the N simulations was used but with values
of K, for ammonium and/or nitrate changed from the
0.2 pM value used for both nutrients in the control sim-
ulation. V; _isnota constant (though itis effectively so
for short incubations) but varies with the N status (Q) of
the cell. Here the consequence was tested of using dif-
ferent-shaped response curves relating vV, to Q (giv-

Fig. 9. Changes in ammonium concentrations and in the *N-
NH,* atom % (at %) during the incubations of the Day 8 sam-
ple in the presence of heterotrophs (see also Fig. 8, Day 8
closed circles). Only data for the 0.25 and 2.0 pM incubations
are given. The concentrations of nitrate were below 0.1 pM
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ing the model auxiliary V). Either this response curve
was used as per Flynn et al. (1997) or both ammonium
and nitrate curves were set the same as the control
nitrate curve.

The behaviour of the algal model with these altered
transport parameters (see inset in Fig. 10b), within an
ecosystem model where the competitive nature of
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Fig. 10. Comparisons of model output for the ecosystem simu-
lation shown in Fig. 7 when kinetic parameters for nutrient
transport are altered. The plots show the results of changing
the value of K, from the original value of 0.2 pM for both N
sources to values between 0.1 pM and 2 uM, and of altering
the shape of the response curve used by the model to de.fine
Vime, for each nutrient as a function of the N status of the
algae (giving the parameter V,, in the model)

algal growth was tested against a background of pre-
dation, nutrient regeneration and changing substrate
concentrations, is shown in Fig. 10. The value of the
f-ratio is given as

The residual nutrient concentrations were similar to
those shown for the control in Fig. 7, except in the 2 pM
K; and ‘changed’ V,, simulation, where the ammonium
levels reached a maximum of 0.5 pM around Day 15.
Only in this latter simulation was a deviation of conse-
quence noted in biomass values and in the f-ratio. This
is partly due to an increased level of N stress around
Days 12 to 22 which enables the decoupling of nitrate
use from photosynthesis and hence a loss in the diel
oscillation of the f-ratio. As the grazing submodel oper-
ated in terms of N (see Fasham et al. 1990), this
resulted in lower levels of predation and hence lower
heterotroph numbers. However, in general it appears
that processes beyond transport into the algae were of
overriding importance for the success of the algae in
the simulation.

DISCUSSION

Eppley et al. (1969} remains the most widely used
reference work for the affinity of marine phytoplank-
ton transporters for N sources. This is so despite the
development of alternative experimental techniques
(e.g Raimbault 1984, Parslow et al. 1984, 1985), im-
provements in analytical techniques (Raimbault et al.
1990, Garside & Glover 1991, McCarthy et al. 1992),
and the appreciation that ‘surge’ transport will ad-
versely affect measurements (reviewed in Morel 1987
and Harrison et al. 1989). In addition, various other
potential complications have been identified, such as
the effects of cell size, mucilage, swimming, and other
factors rate limiting substrate diffusion (Aksnes & Egge
1991).

The consequences of the sources of error listed in
Table 1, for the estimation of K, and V, . are summa-
rized in Table 3. Simulations indicated that, generally,
feedback regulation of transport (which occurs most
rapidly at higher [S]) results in a decrease in estimates
of both V| —and K, (apparent increase in porter affin-
ity). Estimates of K, fall because the feedback pro-
cesses occur more rapidly at higher values of [S], skew-
ing the hyperbolic curve to give a steeper initial rise.
Decreases in [S] during the incubation (which affect
rates at lower [S] disproportionately) result in an
increase in the estimated value of K, as well as a
decrease in estimated V, (Table 3). Because of the
higher rates of transport and assimilation for ammo-
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nium, this is likely to result in errors being most signif-
icant for ammonium. The methods of Eppley et al.
(1969) and of many others (see Harrison et al. 1989)
were reliant on the substrate depletion method. Intu-
itively one may not be comfortable with such an
approach because it conflicts with the need for stable
values of [S] while estimating transport. However, the
simulations presented here (Fig. 3) suggest that except
in very short incubations the errors may be no worse
than measuring transport into the cells with no devia-
tion in [S] (Fig. 2). This is because the Type I and II
errors (Table 3) tend to cancel each other for K, while
estimates of V, are only affected if there is a signifi-
cant decline in the highest values of [S].

Parameters for transport kinetics derived from the
disappearance of substrate in batch culture systems
(Fig. 5) appear to be best reserved for parameterising
models of those culture systems, giving reasonable
estimates of the steady-state assimilation constants K,
and V, without the complications of using chemo-
stats. However, the model predicts that kinetic para-
meters for transport could be estimated quickly and
with reasonable accuracy with this single substrate
addition approach when using high biomass incuba-
tions (Fig. 5). Adequate data sets may be obtained
using an initial substrate concenfration of less than
4 uM (rather than the 10 pM used in the simulation)
hence enabling the use of a lower biomass.

Without techniques which give estimates of trans-
port in the absence of feedback or significant substrate
depletion, the use of quadratic equations to estimate
Vi from measurements of cumulative transport may
give a good estimate of the real value of this parameter
(Table 2). Where feedback is very rapid (within sec-
onds, as may occur for nitrate entering cells with a
small nitrate pool and repressed nitrate reductase)
more frequent collection of data would be required.
The biggest problems are to be encountered where
there are very few (perhaps only a single) estimates of

transport at each value of [S). This is most likely with
field experiments. Depending on the end point of the
incubation and the stability of [S], estimated K, values
could be anywhere from 50 to 200 % of real values, and
estimates of V| down to <50% of real values (Fig. 8).
Greater deviations in accordance with Glibert & Gold-
man (1981) can be simulated using starting conditions
of greater N stress or different equations relating Vv,
to Q. The situation is worsened in longer incubations
than the 3 h period simulated here because of nutrient
cycling (with attendant isotope dilution in '*N incuba-
tions) and the greater likelihood of intracellular feed-
back interactions. With a higher biomass the lower
substrate concentrations may be depleted significantly
(K, is then overestimated, a situation most likely for
ammonium). In field conditions, consumption or regen-
eration (Kirchman 1994, Middelboe et al. 1995, Shiah
& Ducklow 1995) of ammonium by bacteria will exac-
erbate these problems. If bacteria are net consumers
then studies of assimilation by them or by the total
algal-bacterial population will be subject to the same
types of problem indicated here. The situation over the
course of an entire day (rather than just the light
phase) needs to be considered using a model capable
of reproducing diel events, though feedback processes
in nutrient transport will be just as important.

All the above assumed that after entry into the cell
the N remained there for the period of the incubation.
This may not be so for phytoplankton (Collos et al.
1992, Bronk & Glibert 1994, Bronk et al. 1994, Sciandra
& Amara 1994, Flynn & Flynn 1998) any more than for
bacteria (Middelboe et al. 1995). Assuming that any
release of >N is most likely to occur roughly in propor-
tion to initial transport rates into the cell, one may
expect a decrease in apparent V; and K; with such a
loss.

If values of Vare determined at few or a single sam-
ple time point in an incubation with non-stable S}, for
different populations of different nutrient histories, one

Table 3. Summary of the consequences of the errors hsted in Table 1 Because these interact, the end result depends on the
duration and magnitude of the causal factor(s). V, _/V, ~ and K/K, are maximum transport/assimilation rates and the substrate
concentration required to support half V, /V, . respectively

Type Cause Likely changes in estimated kinetic parameters Associated error Figs.
I Incubation period K, declines to K,, V;_  declinesto V,_ unless 2,3,58
derepression occurs
I [S] falls Kirises, V| unchanged as long as maximum [S) 1 3,58
does not decline significantly
111 Ammonium-nitrate K, declines, VI.... . declines I, I 2,3, 8
interaction
v Changes in isotopic  Depends on changes in total [S] for test and counter I 1L, LI 8
composition nutrient and in '"N:"*N ratio
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could erroneously obtain a series of K, values giving
the impression of changes in transport affinity as the
cells became progressively more N starved. If [S]
remained stable (or essentially so) during the incuba-
tion then increasing N stress may give an apparent
decrease in K (i.e. higher affinity). Similar problems
may occur when temperature is a variable rather than
N status because of the consequences of the rates of
transport and incorporation on feedback. Incubations
at higher temperature and constant [S] may mislead-
ingly give the impression of enhanced transport affin-
ity (decreased K;). However, if [S| declined during the
incubation then estimates of K; would increase at high
temperature, as the fall in [S] would be most significant
at low concentrations. As @y for nutrient transport
may be considerably higher than for growth, quite
modest changes in temperature may have significant
effects (Li 1980, Priscu et al. 1989).

Simulations of the use of low temperature to help in
the determination of kinetic parameters (Fig. 6) by
partly decoupling transport from feedback controls, as
proposed by Raimbault (1984), suggest that this
method would only work for species with a large inter-
nal nitrate pool. This is because transport is now
adversely affected by the internal accumulation of
nitrate which is not removed so rapidly for conversion
to ammonium. [Raimbault (1984) used diatoms which
have relatively large nitrate pools.] An alternative is to
use analogues of the substrates themselves so, while
transinhibition will still occur as the inorganic nutrient
pool fills, feedback from organic products will be
relieved (Balch 1985). However, analogues may not be
transported with the same kinetics as real substrates,
while inhibitors of biochemical processes may have
various other side effects.

Other changes may be expected depending on
whether assimilatory pathways are fully functional and
depending on the maximum size of the inorganic N
pool. For example if nitrate/nitrite reductase is not fully
derepressed, there may be a short-term initial trans-
port of nitrate at a high rate, a pause once the internal
pool was full, and then a continuation once significant
reduction started (causing the increase in estimated
W, for nitrate in Day 17; Fig. 8). This and other prob-
lems may be significant (Gotham & Rhee 1981, Collos
1983, Harrison et al. 1989, Dortch et al. 1991a, Garside
1991), but as the longer incubations are perturbing the
cell physiology (resulting in 'shift-up’; Garside 1991),
changes in the values of transport kinetics are only to
be expected. The different phases of nutrient transport
identified by Collos (1983}, with surge, internal and
external control, are a continuum. Transport is rarely
wholly limited by either internal or external factors but
represents a balance between them controlled by cell
physiology. Unfortunately any manipulation of the

samples can disturb the C-N physiology of cells rapidly
(Flynn et al. 1994). Methods such as the use of flow
cytometry (Lipschultz 1995) will inevitably affect the
kinetics of nutrient transport because of the periods of
manipulation before or after incubation and/or the
effects of light.

The estimation of kinetic parameters is also compli-
cated by the presence of residual nutrient concentra-
tions. Apart from the inability to then determine trans-
port at nutrient concentrations lower than the residual
level in the medium (giving the mathematical prob-
lems shown in Case 2 of Berges et al. 1994), in situa-
tions where the counter nutrient is present, the result
depends on the nutrient history of the cells and the rel-
ative concentrations of the nutrients (see Dortch et al.
1991b), and also whether those concentrations change
significantly over the period of the incubation (Fig. 8).
There are important implications, beyond kinetic stud-
ies, for estimates of uptake in field research where °N
substrates are added in more than trace quantities (not
uncommon at low in sifu ammonium concentrations).
These problems extend to interactions with organic N
sources in algae and in other microbes (Lund 1987,
Middelboe et al. 1995, Preston et al. 1996).

The estimation of kinetic parameters for transport,
and indeed of transport rates in general, is clearly
problematic. Within the model, as in reality, these are
post-transport processes associated with nutrient in-
corporation which are an important part of that prob-
lem, as indicated by the dynamics of 'surge uptake’
and nutrient interactions. For competition it is not
good enough to have the most efficient transport sys-
tems if the following biochemical processes cannot
keep pace with the rate of nutrient entering the cell.
Perhaps we should not assign too much importance to
differences in kinetic parameters for transport be-
cause, firstly, they are likely to be subject to various
errors because of methodological problems, and those
problems will vary for different organisms with differ-
ent growth rates and of different N status, and sec-
ondly, provided that

v, _[s] g
" [S1+ K, e

transport is not the limiting factor and rates will be
modulated by internal feedback mechanisms to opti-
mise transport relative to biochemical requirements.
Estimates of kinetic parameters are made using cells
which are subject to restrictions arising from diffusion
across hydrodynamically induced boundary layers
associated with cell size, shape, and mucilage, or with
the ion handling time (Aksnes & Egge 1991). However,
provided there is sufficient leeway in the system so the
above equation is satisfied then the internal biochem-

istry again becomes the overriding factor.
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One could argue for simulations of ecologically sig-
nificant events that K, and V,_ would be of more im-
portance than K, and V,_ , after all, are not phyto-
plankton (and other microbes) in nature living under a
quasi steady state? The answer must be no, the assimi-
lation constants are not sufficient because these
steady-state parameters give no indication of the abil-
ity to compete for a pulse of nutrient under transient
conditions. The importance of both V; and K is por-
trayed by the value of the affinity of the organism for
the substrate (ie. V| KY). Harrison et al. (1989), in a
critical review of pre-1989 works on uptake kinetics in
phytoplankton, argue that this affinity, ¢, is a much
better indicator of competitive advantage than the
transport affinity, K;. Unfortunately, as o takes the
value of the ratio of 2 components, both of which are
prone to errors in estimation, « is not robust. Other fac-
tors than o may be equally or more important for com-
petition under transient conditions, such as an ability
to accumulate large internal pools of the inorganic nu-
trient (Grover 1991, Stolte & Riegman 1996) or decou-
ple N assimilation and C fixation over the short term.
Transport itself ceases to be the (sole) limiting factor
and it is necessary to have more detailed information
for intracellular processes (Haney & Jackson 1996).

While much effort has been placed on determining
transport kinetic parameters, applications of these data
have been limited (e.g. Riegman et al. 1990). However,
such information is required in models, especially if
one wishes to include a submodel of microbial physiol-
ogy such as ANIM. Given the difficulties in determin-
ing kinetic parameters for transport it then becomes
important to question the consequences of using erro-
neous parameters in simulations. In the ecosystem sim-
ulation, even doubling K, for one nutrient and halving
it for the other had very little effect (compare Figs. 10 &
7). K, had to be increased by an order of magnitude (in
this case moved to 2 pM for both nutrients) and the val-
ues of V,_ for ammonium made less advantageous,
before a more significant deviation was seen. The
effect of altering the relationship between Q and V,
in ANIM has been considered by Flynn & Fasham
(1997); the value is not critical for performance of the
model though it is preferable to at least know the form
of the relationship.

If all else is equal, a cell with lower K, and/or higher
Vi will be at a competitive advantage at low [S].
However, it is likely that the very biochemical (post-
transport) processes which help to confound estima-
tions of K, and V| _ are equally important in defining
the competitive advantages of individual species. Fac-
tors affecting other aspects of physiology, including
interactions between other nutrients (e.g. N-P and
N-Si), together with details for the operation of other
biological components, are also all important.
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