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25 Years of Algal Growth Kinetics

A Personal View
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Scottish Marine Biological Association, Dunstaffnage Marine Research Laboratory, P.O.Box 3, Oban, Argyll,

Scotland

(Received August 17, 1982)

The past 25 years have witnessed a growing interest
in the relation of microalgal growth to the nutrient
supply, with a view perhaps more to quantifying the
role microalgae play in nature than elucidating the
underlying biochemistry of the algal cell. I intend in
this short essay for the Botanica Marina silver jubilee
(Festschrift) to indulge in a personal, and in part ret-
rospective, view of this field, and-shall be concerned
principally with the Cell Quota model of algal
growth control.

From Malthus to Monod

The idea of exponential population growth owes its
origin to Malthus. Under conditions of unlimited re-
source and space, a population will increase at a rate
proportional to its size,

dx
a: ux, (1)

the proportionality coefficient u, the specific growth
rate, being characteristic of the population and de-
pendent on conditions prevailing.

However, as Malthus’ critics pointed out, the fact
that resource and space are usually limited and gen-
erally become depleted greatly limits the power of
the exponential law to account wholly for observed
population increases. It is obvious that in an isolated
system, for instance a flask culture of an alga or bac-
terium, the total amount of resource must set a limit
to the amount of biomass that can be produced. More-

.Der liebe Gott 148t die Baume
nicht in den Himmel wachsen**

over, the only way biomass can be limited i§ by
reducing the rate of increase to zero. Thus in such a
system the specific growth rate will appear as some
function of the biomass. Consequently, most post-
Malthusian thought on populations was concerned
empirically with the nature of that function. The ear-
liest, simplest and indeed most successful and still in
many circumstances the most useful, hypothesis was
that of the mathematician Verhulst (1845), the so-
called logistic law, in which growth rate is a (nega-
tive) linear function of biomass and by inference a
linear function of the resource concentration:

b= (1= ), )

Mm being the maximum specific growth rate, x bio-
mass and K, a constant with the dimensions of bio-
mass, representing the maximum biomass the region
can support.

Most attempts to derive a law of growth from chemi-
cal or physiological principles were largely unsuc-
cessful, though they did attempt to relate growth to
the concentration of the resource. The breakthrough
came with Teissier (1932) in the recognition of the
asymptotic nature of the dependence. Teissier pro-
posed an exponential relation of the form

dp _ um — 3
=K (3)

(s being the resource concentration and K a constant
with the dimensions of a concentration). His student,
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Monod (1942), suggested the simpler hyperbolic re-
lation

% l‘-m—““ (4)

The practical difference between these last two for-
mulations is small (the exponential saturates rather
more quickly than the hyperbolic). However, the
ease of handling the rectangular hyperbola and its
attractive, though spurious, analogy with enzyme ki-
netics and the mass-action laws has led to the wide-
spread use in microbiology of Monod’s equation,
more usually written

— _HmS 5
M_Ks+s' )

Both Teissier and Monod postulated the rates of bio-
mass increase and substrate utilization to be in con-
stant proportion,

dx

dx _ , ds
dt —

Y- (6)

Y is known as the yield coefficient. Implicit in the

" above is the assumption of constant cell composition.

There is also the implication that a constant propor-
tion of the resource is converted to biomass, but
Monod (1942) forsaw that the requirement for
maintenance would involve the modification of the
simple law.

The assumption of constant chemical composition
was justified when the chemical in question was car-
bon, since the major part of biomass, other than wa-
ter, is carbon. There is no a priori reason why other
cell components should be maintained in constant
proportion under all circumstances, and indeed Her-
bert (1961) pointed out that they were not. The yield
coefficient of equation (6) could be expected to vary,
for instance, with growth rate. This, however, would
not affect the steady-state operation of Monod’s
equation.

A case in point in the algal field was the luxury up-
take of phosphorus, first observed by Ketchum
(1939) and later studied in detail with the marine
diatom Phaeodactylum tricornutum by Kuenzler and
Ketchum (1962). When cells of this alga were placed
in fresh medium virtually all the phosphorus was ob-
served to be taken up by the cells from the new me-
dium before even the first cell division had taken
place. Thereafter it was apportioned among the pro-
geny of the subsequent cell divisions, which con-
tinued until cell phosphorus had dropped sufficiently
to arrest cell division. It is apparent that cell division

during the life of the culture must have occurred
without direct reference to the external concentra-
tion of the substrate. Luxury consumption of nu-
trients other than phosphorus has since proved to be
the rule. Indeed Eppley and Strickland (1968) con-
cluded that growth rate is more closely related to the
cellular content than to the external concentration,
and that variation in the cellular content of nitrogen
and phosphorus observed in phytoplankton repre-
sents the concentrations necessary to maintain given
rates of growth imposed by other factors.

The luxury uptake observed by Ketchum however,
indicates that uptake and growth may generally be so
loosely coupled that virtually no predictable relation
can exist between external substrate concentration
and growth rate, that is €xcept under steady-state
conditions, e.g., continuous culture, which, if
achieved, necessarily imply effective coupling be-
tween all parts of the cell machinery.

The Cell Quota nutrient model

Cell quota could be defined as the quantity of sub-
strate required to produce a given biomass, in other
words, as a coefficient of demand and the reciprocal
(in the absence of excretion) of the yield coefficient.
However, the definition as weight of internal nu-
trient per unit biomass (Droop 1968) encourages the
concept of an internal nutrient ‘pool’ upon which
growth might be supposed to depend. Caperon
(1968) expressed the same idea.

I was operating chemostats in an attempt to establish
the physiological level of requirement for vitamin
By, that is, to measure the parameters of the Monod
relation with vitamin-limited Monochrysis lutheri us-
ing *’Co labelled vitamin (Droop 1968). Instead of
the expected rectangular hyperbola the curve of
growth rate on measured external vitamin concen-
tration took the form of a letter C. It was evident
that some factor was obscuring the Monod relation,
which could not therefore be used. (I shall return to
this point later). The relation between growth rate
and vitamin By, cell quota (Q), on the other hand,
did have the form of a simple rectangular hyperbola
but one with an intercept on the abscissa (Fig. 1).

k

The parameter ky, the value of the intercept, is in-
terpreted as the minimum quota necessary for life,
and may cohveniently be termed the ‘subsistence
quota’.

Botanica Marina / Vol. XXVI / 1983 / Fasc. 3

e AR



the
on,
zen
re-
/en

€T,
: SO

ion
ate
if

ler
cal
nt.

he
ch
on

sh
in

Droop: Algal growth kinetics

101

02

T T
10 20

Q

T T : T
30 40 50

Fig. 1. Monochrysis lutheri in a vitamin Bi>-limited chemostat: Relation between dilution rate and cell quota. (Reproduced from Droop
(1968) with permission from the Journal of the Marine Biological Association, U.K.)

It is interesting to note that the reciprocal form of
the equation, i.e., in terms of yield coefficients (1/Q,
1/kg or Y, Y,) has the same form as the logistic
equation. The Verhulst independent variable could
be defined as biomass per unit total resource, while

 that in equation (7) is in effect biomass per unit in-

ternal resource.

In the decade and a half since 1968 equation (7) has
been applied sucessfully to an increasing number of
cases with different organisms and nutrients (Table
I), but there have been instances in which the equa-
tion was not applicable, notably nitrogen with am-
monium-limited growth of Monochrysis and Duna-
liella (Caperon and Meyer 1972, Laws and Caperon
1976). Nevertheless, the Cell Quota concept appears
to be a useful one. Jones ez al. (1978) have made an
encouraging test of the applicability of the relation to
P-limited natural phytoplankton.

It is possible in some cases to interpret the subsist-
ence quota as an unreactive or structural component,
which when subtracted from the cell quota leaves an
active pool to which growth rate relates in a Michae-
lis fashion,

U Q-Qo

Un=ko+Q—-Qp. ®
This is logically attractive as it makes use of a famil-
iar relation, but it is hypothesis and there are many
other ways of achieving a threshold, even in the field
of enzyme kinetics. The main argument against this
elaboration is that the 3-parameter model has not

Botanica Marina / Vol. XXVI / 1983 / Fasc. 3

Table I. Reports of algae showing a hyperbolic relation between
specific growth rate and cell quota.

Organism Nutri- Reference
ent
Thalassiosira fluviatilis P Fuhs 1969
T. pseudonana P Fuhs 1969
Scenedesmus-sp. P Rhee 1973
Monochrysis lutheri P Droop 1974
Monochrysis lutheri P Goldman 1977
Monochrysis lutheri P Terry 1980
Oscillatoria rubescens P Feuillade and Feuillade 1975
Asterionella formosa P Tilman and Kilham 1976
Cyclotella meneghiniana P Tilman and Kilham 1976
Chlorella pyrenoidosa P Nyholm 1976
Chlorella pyrenoidosa P Senft 1978
Selenastrum capricornicum P Nyholm 1977
Chlorella vulgaris P Panikov and Pirt 1978
Anabaena wisconsinense P Senft 1978
A. flos-aquae P Gotham and Rhee (per-
sonal communication)
Microcystis sp. P Gotham and Rhee (per-
sonal communication)
Oscillatoria agardhii P Abhlgren 1980
Isochrysis galbana NO; Caperon 1968
Chlorella pyrenoidosa NO; Williams 1971
Dunaliella tertiolecta NO; Caperon and Meyer 1972
Dunaliella tertiolecta NO; Bienfang 1975
Monochrysis lutheri NO; Bienfang 1975
Monochrysis lutheri NO3 Terry 1980
Thalassiosira pseudonana  NO; Caperon and Meyer 1972
Coccochloris stagnina NO; Caperon and Meyer 1972
Oscillatoria rubescens NO; Feuillade and Feuillade 1975
Oscillatoria agardhii NO; Ahlgren 1980
Chaetoceras gracilis NH,4 Thomas and Dodson 1972
Chlorella vulgaris Urea  Panikov and Pirt 1978
Thalassiosira pseudonana  Si Paasche 1973
Asterionella formosa Si Tilman and Kilham 1976
- Cyclotella meneghiniana Si Tilman and Kilham 1976
Monochrysis lutheri Vit.Bi» Droop 1968, 1974
Skeletonema costatum Vit.Bj2 Droop 1970
Monochrysis lutheri Fe Droop 1970
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been shown to produce a better fit than the 2-pa-
rameter model, nor have ko and O, been shown to
differ significantly. Indeed equation (5) reduces to
(7) when the two are equal..On grounds of economy
and because it makes no assumptions, the 2-parame-
ter model is to be preferred, at any rate until such
time as it proves inadequate.

The fact that the Cell Quota equation (in whichever
form) generally works indicates that whatever the
active pool is, its size is proportional to the whole
(less the subsistence quota). Rhee (1973) has shown

_ that in Scenedesmus the rate-limiting pool is related

to polyphosphate (in P-limited cells) and to the in-
tracellular free amino acids (in N-limited cells),
though Maske (1982) was able to find no evidence of
the latter in Skeletonema. Attempts at dissection can
lead to conceptual difficulties if taken literally. For
example Davis ef al. (1978) found that in silicon-li-
mited Skeletonema, the active pool appeared to be
associated with the wall silicon and not the soluble
cell fraction.

When the product forms a major part of the biomass,
as in the case of carbon, one is less likely, as Gold-
man and McCarthy (1978) point out, to find the rate
limiting pool proportional to the whole. Caperon’s
work (Caperon 1968) suggests that nitrogen would
not be included in this category, but my colleague M.
Turner (personal communication), working with gly-
cine-limited Monochrysis, found no variation in Kel-
dahl cell N with growth rate. The most obvious
symptom of the inapplicability of the Cell Quota
model is the enlargement of u/ (Goldman and
McCarthy 1978).

Monod and the Cell Quota models compared

The cell quota is maintained by nutrient uptake on
the one hand and on the other dissipated by cell mul-
tiplication, the change being the sum of the two pro-
cesses

aQ _
g U uQ. )
The steady-state rate of uptake is therefore ©Q.

Uptake is usually assumed to depend on substrate
concentration in a Michaelis fashion,

(10)

and there is much evidence in support of this (for
references, see Rhee, 1980).

If it is conceded that the Monod equation [equation
(5)] and the Cell Quota [equation (7)] and uptake
[equation (10)] equations are all true of the steady
state, in other words the two models are strictly equi-
valent, the following relations between the various
parameters necessarily hold (Droop 1973, Burmas-
ter 1979)

ko 1 1 K,

’

Un  Mm  WUm  MmKs

(11)

W of the Cell Quota equation is thus seen to be -
greater than the Monod w,,.. The difference is impor-
tant and the two parameters should not be confused.

Fig. 2 is a diagram comparing the two models in the
steady state. Away from the steady state u # uQ,
dissipation and uptake need no longer be equal,
equation (11) no longer holds and the two models

s - Q ®

B

Fig. 2. Diagrammatic representation of Monod (A) and Cell
Quota (B) models

are no longer equivalent. Monod responds to a step
change in external substrate by a step change in spe-
cific growth rate, whereas in the Cell Quota model
there is an exponential change in growth rate corre-
sponding with an exponential change in the cell quo-
ta following a step change in the rate of uptake (Fig.
3). Monod is thus seen to be generally applicable to
the steady state while the extra compartment in the
Cell Quota model has lent it the potential also to
handle transients. It can be shown that the time con-
stant of the cell quota change is 1/u,, (and is of the
order of 24 hr for vitamin B;;, or phosphorus in Mo-
nochrysis). Similarly the time constant for substrate
change is

ke + 1
Up X

The act of placing an inoculum, for instance, in fresh
culture medium, effects a step increase in substrate
concentration and, unless the latter time constant is
much shorter than 1/u,,, an imbalance will occur and
give rise to the phenomenon of luxury consumption
referred to earlier. The outcome of course depends

Botanica Marina / Vol. XXVI /1983 / Fasc. 3
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on the values s and x, the new substrate concentra-
tion and population size, which influence the time

~ constant.

Mackereth (1953) was probably the first to stress the
ecological importance of the internal nutrient (P)
concentration in algae. Now in the light of the Cell
Quota model one can state that the potential of any
isolated body of water for supporting phytoplankton
growth is proportional to the sum of internal and ex-
ternal concentrations (Droop 1973).

XPotential = ikQQl (12)

This has some implication in the field of bioassay
(Maestrini et al. 1983) for obviously for measure-
ments made at the start of a bloom the external con-
centration is the more important, while for those
made in the later stages the internal concentration
and biomass dominate.

05 |
A
N
0-5 -
B
T T 1 T
1 2 3 4

Days

Fig. 3. Modelled response in growth rate to a step increase in ex-
ternal substrate concentration from 0.067 K to 1.33 K; at day 1.
(Computed from vitamin By, parameters for Monochrysis). A:
Monod. B: Cell Quota. (Reproduced from Droop (1977) with
permission from the Journal of Protozoology)

Excess nutrients and double substrate limitation

It is convenient to define a limiting nutrient as the
one in control of growth. With unstructured models
such as Monod the criterion of limitation is simple: if

. the substrate concentration is without effect on

growth rate the nutrient is not limiting. In the case of

the more structured Cell Quota model, particularly -

in the application to transients, this criterion is unrel-

Botanica Marina / Vol. XXVI/ 1983 / Fasc. 3

iable because growth rate depends primarily on the
internal concentration, which does not necessarily
follow that in the external medium. A different cri-
terion is needed.

It had been noticed (Droop 1973, 1974) that even
when a nutrient (Vitamin B, iron, phosphorus) was
clearly in excess in a chemostat the cell quota rela-
tion [equation (7)] held, only now the quotas in
question (Q, ko) were very much greater. A corol-
lary of this was that in steady-state culture the ob-
served ratio between the cell quotas of the various
nutrients was independent of the specific growth rate
and only depended on the ratio between the input
concentrations. This condition yields a straight line
when the quotas of two nutrients are plotted against
each other, whose slope depends upon the input ra-
tio (Fig. 4). I coined the term ‘luxury coefficient’ (p)
for the factor by which the quota of an excess nu-
trient was enlarged, and later (Droop 1975) defined
o as the ratio between the standardized uptake rate
of an excess nutrient to that of a limiting nutrient at
the same growth rate

==t (13)

The superscript s denoting standardization relative
to the respective subsistence quota and the sub-
scripts N and L denoting respectively ‘excess’ and
‘limiting’.

The value of ¢ was observed (in continuous culture
with *2P and >’Co vitamin B;;) to depend on the ratio
between the input concentrations, but since cells
‘see’ the ambient rather than input concentrations
the dependence must be on the latter. It appeared to
be a saturating function of this ratio

(14)

(R — 1) + %
SL

We can now define the controlling nutrient as that
whose standardized quota is the least. g is seen to
take values between unity and R,,, being unity when
the nutrient is in control.

A more general version of equation (7) can now be
written

~0- (15)



104

Droop: Algal growth kineticg

These relations were observed with vitamin B, and
phosphorus in Monochrysis over an hundredfold
range of relative input concentrations (Droop 1974).
They are empirical and presumably a simplification
of a complex state of affairs. Feuillade and Feuillade
(1975) noted that in the N/P interaction in Oscillato-
ria rubescens the.quota of the controlling nutrient
controls that of the excess nutrient. Rhee’s (1974)
data on Scenedesmus and Ahlgren’s (1980) on Oscil-
latoria agardhii indicate that nitrogen does not fol-
low this pattern, for the N:P ratio varied with growth
rate when nitrogen was greatly in excess. It has al-
ready been pointed out that the cell quota equation
cannot be applied to total cell nitrogen and interpre-
tation of nitrogen data will have to await the identifi-
cation of the ‘active’ pool. Tilman and Kilham
(1975), working with silicon and phosphorus in dia-
toms, also report ¢ varying with growth rates. The
fact that most cell silicon is skeletal may account for
this, so that again one awaits the identification of an
active fraction.

The definition of the controlling nutrient adopted,

- namely that whose standardized cell quota is the

least, assumes that control follows a threshold or
non-interactive pattern. This concept originated with
Liebig (1876) ,,Der Ertrag (des Bodens) ist von den
in minimo in ihm enthaltenen Nihrstoff abhingig*,
L.e. in respect of crop yields, but was later applied to
rates of growth by Blackman (1905) and then by
Lotka (1925) and employed by Ryder and Sinclair
(1972) to model double substrate limitation in bac-

&
T

Q (phosphorus)

05—

1 ! L
5 10 15
Q (vitamin B,,)

teria. The only interactive possibility that has been
seriously considered was a multiplicative interaction
first suggested by Baule (1918) and applied to prim-
ary production by Verduin (1964) and again by
McGee et al. (1972). The multiplicative concept,
though elegant, since it harbours no discontinuities,
does present difficulties. For example, if

Y = Fl(xl) = Fz(Xz) e = Fi(xi)

then clearly

Y #+ H[Fl(xl), Fz(Xz), Fi(Xi)].

In other words, if the growth rate of an organism can
accurately be expressed in terms of the phosphate
concentration by e.g., the Monod relation and also in
terms of the nitrate concentration by the same rela-
tion, then it could not in general be expressed in
terms of both substrates simultaneously by the pro-
duct of the two functions.

Using the double label 32P and %’Co and arranging
the chemostat input concentrations to give nearly
equal limitation by phosphorus and vitamin By, it
was not difficult to decide which hypothesis was most
nearly correct for Monochrysis and that pair of nu-
trients. The answer was unequivocally the threshold
hypothesis; the other underestimated the specific
growth rate by some 30 per cent (Droop 1974). Fig-
ure 4 illustrates this. Two sets of data are shown, the
one with the standardized ratio P:vitamin Bi; of
0.46, and the other of 1.37.

076 | B
076
15+
074
0-64 oe
0-64
N 064
2 | L o,,,.07 07
10— 0-64
8 057
£ 070
) 06
e 059057
0-14] 0-45 05
013 0-480°46
0-46 04
05 | U 011 8%
012 g
| | |
5 10 15

Q (vitamin B, ;)

Fig. 4. Monochrysis in vitamin Bi,-limited and P-limited chemostats plotted on Cell Quota coordinates. Experimental steady states

indicated by position of decimal points; the figures referring to dilution rates. The contours computed according to A, the multiplicative
} and B, the threshold hypothesis. (Reproduced from Droop (1974) with permission from the Journal of the Marine Biological Associa-
‘ tion, U.K.)
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It has also been shown by rather different ap-
proaches that the threshold pattern is followed by
NO; and P in Scenedesmus (Rhee 1974) and by urea

“and P in Chlorella (Panikov 1979).

Bader (1982) has pointed out that it is unlikely that
any two biochemical pathways leading to growth are
completely independent and non-interactive. This,
coupled with the greater mathematical elegance of
interactive systems, has led him to advocate models
based on the latter. I find it hard to agree; so long as
interaction is so limited as to be unverifiable its in-
clusion is bound to be complex and arbitrary and in-
deed unnecessary. The multiplicative hypothesis has,
however, found favour with ecologists often dealing
with a multiplicity of factors, not all of which are nu-
tritional, in natural situations (Rodhe 1978).

Further relations within the Cell Quota model

The maximum value a cell quota can take and the
nutrient in question still be in control (Qf, ) is ob-
tained by putting puy, (of the Monod equation) for
in equation (7), and rearranging thus:
: P
mg = . 16
TrR—— (16)

The right hand side of this expression can be thought
of as the standardized cell quota analogue of the fac-
tor limiting growth (e.g. light) when all nutrients are
in excess. Any nutrient with a standardized quota in
excess of this will not be in control of growth, though
the converse does not necessarily hold. w/./(un —
tm) must be expected to be variable if it is conceded
that factors other than the known nutrients (e.g.,
possible controlling nutrients omitted from consider-
ation through ignorance, CO,, light, temperature, in-
hibitors of systems not under consideration etc) may
vary.

When a nutrient is in excess it follows from the fact
that ¢ has a value greater than unity, dependent on
the relative ambient concentrations of it and the con-

trolling nutrient, that uptake (now uy) must follow

the Michaelis law but with parameters dependent
upon the concentration of the controlling nutrient.
The relative expressions may be derived by manipu-
lation of equations (10), (13), (14), (15) and (16):

uf\] -SN

W~ Koyt o (17)
where

Un, = Rn uly, (18)

Botanica Marina / Vol. XXVI / 1983 / Fasc. 3

and

K, = Rm — 1) st (19)

Similarly, the maximum steady-state cell quota of an
excess nutrient is

my = Rm Qn, (20)

One can infer from the above that uptake of an ex-
cess nutrient should stop when the controlling nu-
trient becomes depleted. This surprising prediction
was in fact fulfilled in the case of vitamin B, and
phosphorus when the model was tested both in che-
mostat and batch cultures of Monochrysis: the up-
take of phosphorus stopped abruptly (with 6 uM P
still in solution) when the available vitamin concen-
tration approached zero (Droop 1974, 1975). This is
an interaction not envisaged by any of the simple so-
called interactive models (Bader 1982).

The parameter Ry, the maximum value o can take, is
in a sense a measure of the cell’s capacity for ‘luxury
uptake’ under steady-state conditions. In the case of
phosphorus, the classic instance of ‘luxury uptake’
the steady-state R, is quite small: the Scenedesmus
data (Rhee 1974) suggest a value between 3 and 7
(when NOs; is limiting) and my own data for Mo-
nochrysis (with vitamin B, limiting) indicate values
between 8 and 17. Rhee’s data also suggest an R,, for
NO; (with P limiting) of the same order. On the oth-
er hand, Ry, for vitamin By, in Monochrysis (with P
or light limiting) is greater than 100. The capacity for
luxury uptake of vitamin B, is evidently at least an
order greater than that of phosphorus (Droop 1974,
1975, Droop et al. 1982).

Nutrient Uptake

The common and generally successful use of Mi-
chaelis kinetics to describe nutrient uptake (for ref-
erences see Rhee 1980) tends to obscure the difficul-
ties associated with interpretation of the kinetic pa-
rameters derived from the measurements as usually
performed.

The first problem arises from the fact that uptake is a
more complex process than the passage across a sin-
gle membrane and the technique used will determine
which part of the total process is being examined.
Even the passage across a single membrane probably
involves two steps, absorption and transport. Pre-
sumably the dynamic steady-state rate of uptake as
expressed by the product uQ refers to the complete
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process; while on the other hand subjecting depleted
cells to graded doses of a nutrient and following the

time course of changes in cell and/or medium nu- .

trient is more likely to result in absorption kinetics
than those of the overall process. For example vi-
tamin B, absorption can be very rapid compared to
the overall steady-state rate, but the capacity of the
system is much smaller than that of the steady-state
cell (Droop 1968, Bradbeer 1971). The opposite is
the case with phosphorus; the capacity of the short-
term system, in Monochrysis at least, is some 20
times that of the steady-state capacity (i.e., 200
times the subsistence quota, though Terry (1982)
quotes 60 times). If transport is inhibited by the
experimental treatment or if the transport mecha-
nism is slow to respond to the changed conditions,
the measured kinetic parameters in short-term
experiments will not be those of the overall process
and are therefore not appropriate to any of the
growth models in common use. The use of steady-
state batch cultures (from very small inocula) can
overcome this problem (Droop 1968).

The uptake of phosphorus in the short term depends
to a great extent on the amount already in the cells.
Rhee (1973) has very elegantly described this phe-
nomenon with the aid of the Briggs-Haldane enzyme
product inhibition model

Um
u= K (21)
Z(ES +1)
where
z=1+92 = Ko (22)

q

(k;, being an inhibition constant with the dimensions
of a cell quota). The trouble starts when the attempt
is made (Rhee et al. 1980) to combine this model
with the steady-state formulation of the Monod and
Cell Quota models. If equation (10) is replaced by
Rhee’s equation [equation (21)] one obtains the fol-
lowing in place of equation (11)
Zkg 1 1 ZK

=——— = 23
Up Um  Um  Umks ( )

This, however one looks at it, is incompatible with
one or other of the growth equations, having regard
for the meaning of the variable Z, since either w,,
and/or upm, or both ky and/or u, and K and/or k;
must vary with p. Indeed it leads. to a quadratic of
in s, which when solved for zero s gives a finite value
for p. A chémostat would run quite happily with zero
feed.

The second problem arises from the fact that nu-
trient uptake in the short term depends on the physi-

- ological condition of the cells in addition to the pro-

duct inhibition of phosphorus mentioned above.
There is for example the observation that stationary
phase vitamin Bi,-limited cells of Monochrysis have
lost ca 90 percent of their capacity to take up fresh
supplies (Droop 1968) while Terry (1982) has re-
cently observed that short-term NO, uptake in this
organism is suppressed by high P concentrations by
an amount depending on the preconditioning N:P
supply ratio.

The third problem concerning the measurement of
uptake and application to growth models concerns
the implications of the coefficient of luxury discussed
above (p. 103). The dynamic overall rate of uptake
of such nutrients as vitamin B, phosphorus and
iron, when in excess, is enlarged by an amount de-
pending both on the degree of excess and on the up-
take rate of the controlling nutrient. Therefore, un-
less the short term and overall systems are entirely
unrelated, when therefore their parameters cannot
be mutually applied, or unless it is certain that the
nutrient whose uptake parameters are being mea-
sured by graded additions, not only is limiting, i.e., in
control, at the start, but remains so after the various
additions, one would not be sure whether the calcu-
lated parameters referred to conditions of luxury or
limitation.

The problem with nutrient uptake, therefore, is not
how to measure it, but how to relate the parameters
to the dynamic state of the whole cell. In the steady
state uptake and growth are fully coupled, u = pQ,
but that is not to imply that growth is controlled by
uptake. On the contrary, the converse may apply, as
Rhee’s (1973) model would suggest, for the pheno-
menon of luxury uptake, u + uQ in the short term,
indicates that the rate of uptake per se does not limit
that of growth. On the other hand the short term
kinetics are probably a vital factor in opportunistic
competition between species, since in these circum-
stances they largely determine the share of the total

. that any species will get.

Some interfering factors

I have referred to the fact that the plot of steady-
state specific growth rate of Monochrysis on mea-
sured external concentration of vitamin B;, has the
form of a letter C and therefore cannot be fitted by
Monod’s  rectangular hyperbola, which passes
through the origin. Similar C-shaped curves have
been published for other organisms and nutrients,
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e.g., phosphorus (Miiller 1972, Droop 1974, Gold-
man 1977) and silicon (Paasche 1973). Obviously

when a model fails so dismally to describe events the:

associated parameters lose their meaning unless a
satisfactory account can be taken of the deviation.

It is reasonable to assume that the enzyme balance in
a cell changes with increasing rapidity as one ap-
proaches zero growth rate. Indeed, as Jannasch and
Mateles (1974) point out, many bacteria have a stall-
ing threshold, a finite lower limit to growth rate.
When the effects of such changes are confined to re-
gions near the origin a reasonable course is to ignore
readings at the lowest substrate levels, but when the
deviation reached well into the mid range of growth
rates, as in the cases cited, this strategem will not suf-
fice.

Two phenomena associated with vitamin By, nutri-
tion fully account for the observed deviations and
provide a pointer to modelling the phenomenon in
general, though not to general explanation. First, ev-
en moderately depleted Monochrysis cells excrete
small amounts of vitamin (Droop 1968). If cells ex-
crete nutrient at a constant relative rate there will be
a point at which uptake and excretion are equal
when zero net uptake would result from some finite
nutrient concentration. Such excretion when incor-
porated into the steady-state version of the growth
model (Droop 1968, Paasche 1973) provides an in-
tercept on the substrate axis but does not cause the
curve to be C-shaped. Excretion is most simply mo-
delled empirically by subtracting the value of the in-
tercept from the substrate so that s in equations (5)
or (10) is replaced by s — sy (Droop 1968, 1974,
1975, Caperon and Meyers 1972).

Vitamin B, was also known to be subject to seques-
tration by proteins excreted by algal cells. Therefore,
if labelled vitamin is used as a tracer total, rather
than free and available, vitamin in the external medi-
um is measured. If one therefore assumes that the
protein is excreted at a constant relative rate the
amount of protein in the medium of a steady-state
chemostat would be proportional to the biomass and
inversely proportional to the specific growth rate, so
that available substrate would be smaller than the
total by a factor

T, X
&) w

‘E . . . .
(E being a composite constant incorporating the spe-

- cific rate of protein release and the stability constant

of the protein-vitamin complex). When the substrate
(s) is increased by this factor the u vs s curve takes on
the observed C shape (Droop 1968) (Fig. 5).
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The evidence for both excretion and protein binding
of vitamin B, is well established and does not rest

- on kinetic data. On the contrary, the observed hook-

back should have been predicted from previous
awareness of these phenomena.

The sequestration model can be used to simulate
Paasche’s data on silicon-limited growth of Thalas-
siosira pseudonana and also both my and Goldman’s
data from P-limited Monochrysis (Droop 1980).
Both silicon and phosphorus are known to be ex-
creted and it is conceivable, but not very likely, that
there is P and Si binding similar to that of the vitamin.
On the other hand, all the model requires is that the
ratio between measured (i.e. total) and available nu-
trient should vary as x/u as indeed would be the case
if an unavailable form of a nutrient (e.g. a phosphate
polimer) were excreted at a constant rate.

In discussing the hook-back both Miiller (1972) and
Goldman (1977) tentatively suggest enhanced death
rate at low growth rates. This would model correctly
provided the rate of nutrient release from the dead
cells varied as the inverse of the dilution rate.

I suggest that until such time as the precise mecha-
nisms are known there is some advantage to be had
from using the secretion/sequestration model to
model the hook-back, without however implying
that either secretion or sequestration per se are actu-
ally involved.

I.O}
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Fig. 5. Comparison of the Monod and Cell Quota models. Data
from Droop (1968). Monochrysis lutheri, Vitamin B, limiting.
The curves: A, Monod model. B, with excretion. C, with excretion
and sequestration. (Reproduced from Droop (1980) with permis-
sion)

The nutrient/light interaction

The precise relation between the rate of photosyn-
thesis and incident irradiance is still a matter of de-
bate [for reviews see Jassby and Platt (1976),

“Straskraba{(1976), Lederman and Tett (1981)]. It
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is generally agreed that it is a saturating function, but
one that is virtually linear at low irradiances. Thus

Ps = F[I'] (24)

I' being the specific rate of light energy absorption.
F, the photosynthetic efficiency function decreases
with increasing irradiance, but with low and moder-
ate irradiance is virtually constant and maximal [the
initial gradient of Talling (1979)]. Provided discus-
sion is limited to this region the exact nature of the
function F need not be specified.

There have recently been several attempts at mo-
delling the light/nutrient interaction in algae, but
none to my mind has squarely faced up to the prob-
lem. Energetics aspects have been most thoroughly
studied by the Dutch school (e.g. Gons and Mur
1975, Van Liere and Mur 1979). Falkowski (1977)
explored bisubstrate enzyme kinetics, but the model
developed by Bannister (Bannister 1979, Laws and
Bannister 1980), which clearly differentiates be-
tween the processes of energy absorption and
growth, appeared to be the most promising.

The problem as I saw it was one primarily concerned
with energy spillage under conditions of nutrient
limitation. Since presumably

P =FI'l=u+r (25)

(r being the specific rate of dark respiration), when
the growth rate is limited by nutrient depletion eith-
er r must increase or F or I' decrease. Moreover, my
interest in the Cell Quota model prompted the ques-
tion as to whether the nutrient/light interaction was
multiplicative (interactive) or threshold like the nu-
trient/nutrient interaction, and more generally,
whether it was possible to describe light limitation
and luxury in terms compatible with the Cell Quota
model.

An account of the investigation in my laboratory has
recently been published (Droop et al. 1982) and can
only be summarized in part and briefly here. First,
we found that under vitamin B, limitation the sub-
sistence quota for vitamin B, was not altered by
changing the level of incident irradiance, whereas
when light was limiting the subsistence quota for the
vitamin was enlarged by a factor varying inversely
with the incident irradiance. This indicates a thre-

shold pattern of control and it would appear that the

concept of the nutrient luxury coefficient (g) can
apply equally when light as when a nutrient is limit-
ing.

To describe light limitation and excess in nutrient
compatible terms requires definitions of such con-
cepts as ‘light luxury coefficient’ and ‘cell light quota’
strictly analogous to the respective nutrient defini-
tions. Thus, the former we can define as the ratio, for
a particular rate of photosynthetic output, of the rate
of light energy absorbed when in excess to that when
limiting, namely I}/I}, which, since an unaltered out-
put is specified, is F;/Fx. Like the nutrient coeffi-
cient @ here will be equal to or greater than unity.
Similarly, for the ‘cell light quota’ we can make use
of the analogy between equation (25) and the
steady-state version of equation (9). The cell light
quota is therefore 1/F, and should have the same
value as O, ‘(equation (16)).

On the strength of this analogy it would be predicted
that under nutrient limitation F should decrease with
decreasing growth rate (i.e. increasing nutrient lim-
itation) while under light limitation it should remain
constant and maximal whatever the growth rate.
Senft (1978) observed that in Chlorella and Anabae-
na under light-saturating conditions, photosynthetic
rate was dependent on the cell quota of the limiting
nutrient (phosphorus). That the predictions are ful-
filled can be seen from Fig. 6, which shows photo-
synthetic output as a function of absorbed irradiance
in Monochrysis. Two chemostat runs are represent-
ed, one with light-limiting (68 fM/ml vitamin B12)
and one with vitamin B, limiting (6.8 fM/ml); dark
respiration (r) being measured electrically (AQO,) in
samples removed from the chemostats and I’ ob-
tained from incident irradiance, biomass, cell chloro-
phyll 2 and the application of the Beer/Lambert law.
1/F was also found to approximate Qf, (4.414 as
against 4.13). '

The gross aspects of the pattern of nutrient control
of growth as expressed by the Cell Quota model are
thus seen to apply also to light and the same criterion
of limitation can be employed throughout, namely
that the limiting factor is that whose standardized
cell quota is the smallest. The need for an arbitrary
criterion of light limitation is removed and the way
paved for ecological switching models of the kind
developed by Tett (1981). In practice the criterion of
light limitation would be provided by the value of
Talling’s (1979) inital gradient, i.e. F. A value less
than the maximum (ca 0.23 for Monochrysis) indi-
cates that light is not limiting.

Since the discussion has been based on the specific
rate of light energy absorbed (I') and not on the
power available, the conclusions are independent of
any ability the cell may have to reduce the rate of
absorption by, for instance, reducing cell chlorophyll
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Fig. 6. Monochrysis lutheri. Photosynthetic output (u + 1) as a function of absorbed irradiance (I'). A, light-limited chemostat. B,
vitamin B1,-limited chemostat. (Reproduced from Droop et al. (1982) with permission from the Journal of the Marine Biological Associ-

ation, U.K.)

a under conditions of high incident irradiance. The
energy flux of a photosynthesizing cell can be visual-
ized as a chain with links, absorption, photosynthe-
sis, growth, with losses possible at each. In the exper-

iments with Monochrysis an 8-fold drop in overall

efficiency between light and nutrient limitation at
low growth rate was accompanied by a 4.5-fold drop
in photosynthetic efficiency and a 1.4-fold drop in

~ growth efficiency, whereas the drop in absorption ef-

ficiency due to reduced chlorophyll a was only 1.25-
fold. The greater part of the energy loss therefore,
was due to reduced photosynthetic efficiency while

Botanica Marina / Vol. XX VI / 1983 / Fasc. 3

increased respiratory and absorption losses played a
much smaller part. Bannister’s model, for example,
relies entirely on the last of these to model the nu-
trient-limited condition (Laws and Bannister 1980).

Concluding remarks

Within any cell the various nutrients follow distinct,
though sometimes interconnected, pathways, a fact
which would need to be taken into account in a high-
ly structured model. However, the fact that the same
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general kinetic pattern, namely the saturating func-
tion, can be observed whenever it is sought, suggests
that it should be possible to apply a model uniformly
throughout, provided the structuring is not too de-
tailed.

The degree of structuring, the number of ‘pools’ in
this instance, that can profitably be included depends
very much on the purpose of the model. The ability
to treat all nutrients uniformly is an advantage of
simpler models. It must be remembered that the
transfer function between any two adjacent compart-
ments (pools) contains at least two parameters,
which, if the model is to be applied, must be mea-
sured, or at least estimated. The implications of this
for an ecologist are horrific: at least two parameters
per pool per nutrient per organism. The need for
economy is obvious. At one extreme we have the
very stimulating conceptual models of Button (But-
ton 1978, Law et al. 1976), and at the other Monod.

The Cell Quota model has the minimum structure

necessary both for functioning in transient situations
and for handling more than one nutrient and/or or-
ganism simultaneously.

The predictive, as opposed to the conceptual, func-
tion of a model is not necessarily improved by in-
creasing the number of compartments, though this
may prove necessary, as for instance in the present
case if short-term uptake measurements are to be
slotted in to the overall cell economy (Droop 1968).
In general, if the time constant of a pool to be filled
is much less than the frequency of the measurements
being carried out the inclusion of that pool will not
generally improve the predictive ability of the mod-
el, but will only add irrelevant detail at the expense
of considerable labour, a fact worth considering
when the application is to natural populations and
the measurements made at sea.

The same considerations apply to the inclusion of os-
cillatory behaviour following sudden changes in con-
ditions, although clearly any delays and overshoots
associated with transients are very relevant to the
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