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Emiliania huxleyi (LouMaNN) Hay et MoHLER is represented as a state variable in a gen-
eral phytoplankton model that also includes one diatom group and one phytoplankton
group encompassing the ‘other flagellates’ than E. huxleyi. Furthermore, three nutrient
variables (nitrogen-, phosphorus-, and silicon-nutrients) are included. The main features
of the model are that E. huxleyi has been given a higher growth affinity for orthophos-
phate than the two other groups, and that diatoms, besides being dependent on silicon,
have been given a higher maximal growth rate than the two flagellate groups. The output
from the simulation model is compared with observations made in mesocosm experiments
joaded with different amounts of nitrate and orthophosphate. The simulated E. huxleyi is
not able to grow as well as the real E. huxleyi, and this applies especially to the experi-
ments low in orthophosphate. It is difficult to account for the high observed numbers of
E. huxleyi in terms of the available inorganic othophosphate in these experiments. The
literaturé, however, gives some evidence that E. huxleyi is able to utilise organic phos-
phorous sources. By assuming an organic phosphorus source that adds phosphorus to the
orthophosphate pool, however, the fit between the model and the observations is im-
proved. Furthermore, simulations indicate that the phosphorus originating from organic
substances should be more available for the E. huxleyi than for the other groups. In simu-
lation models this is achieved by defining a higher E. huxleyi uptake affinity for
orthophosphate, but it may also be assumed that the orthophosphate originating by en-
zymatic activity on organic substances are spatially (at the scale of the uptake process)
more close to the E. huxleyi cell than to the other phytoplankters present in the water body.
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and consequently it is crucial to have quantitative
knowledge about the competitive abilities of E.

The carbonate pump is believed to be an important
component of the global carbon cycle, and the
amount of carbonate mineral produced depends on
the evolutionary and ecological succes of calcifying
pelagic organisms (WESTBROEK & al. 1993). The
formulation of adequate predictive carbonate pump
models raises the problem that the dynamics of the
highly diverse set of calcifying pelagic organisms
needs to be taken into account. As a first step,
Emiliania huxleyi has been selected as a ‘model
organism’ in order to achieve insight about the role
of calcifying pelagic organisms for biological climate
forcing. Within a modelling context, it is important
to represent two kinds of phenomena: 1) The pro-
cesses of carbonate formation and sinking and their
influence on the CO; levels in the bloom areas, and
2) the bloom phenomena themselves. The last sub-
ject, or more precisely; under what kind of environ-
mental conditions are E. huxleyi likely to have suc-
cess, is the focus of the present study. E. huxleyi
competes for nutrients with non-calcifying species,

huxleyi. These abilities have to be explained on the
basis of detailed knowledge of the general biology
and the physiology of this species. Several hypothe-
sis for success have been suggested, and the possi-
ble functions of the coccoliths have received much
attention (BRAARUD & al. 1952; PAASCHE 1964; PAa-
scHE & KLAVENESS 1970; BauMaNN & al. 1978;
Sikes & al. 1980; SikEs & WILBUR 1982; LiNSCHOO-
TEN & al. 1991) and have been reviewed by Paa-
ScHE (1992) and WesTBROEK & al. (1993). Further-
more, E. huxleyi is reported to compete successfully
for phosphorus at low orthophosphate concentra-
tions (RiegMaN & al. 1992). This property may
depend on the ability to produce alkaline phospha-
tase in phosphorus deficient media so that organic
phosphorus compounds may be utilised (KUENZLER
1965; KuenzLER & PERRAs 1965). On this back-
ground, we have assumed that E. huxleyi has a
higher growth affinity for phosphorus than other
phytoplankton species. In addition to the experi-
mental evidence, this assertion is also based on the
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fact that E. huxleyi has become a dominating
species in several mesocosm experiments with low
orthophosphate concentrations (EcGeE 1993; EGGE
& HEemvpaL 1994). Another important observation
made in such experiments is that E. huxleyi, and
other flagellates as well, are not able to compete
successfully (i.e. become dominant) with diatoms
when silicate is non-limiting (above approximately
2 uM, EGGE & AKSNES 1992) and orthophosphate
and nitrate are present (> 0.1 uM, Ecce 1993).
An earlier version of the simulation model (AKXSNEs
& al. in press), including one diatom group and one
flagellate group has been independently validated
against measurements obtained in mesocosm ex-
periments. Here, independent validation means that
no adjustments were applied to the model coeffici-
ents in order to obtain improved fit between model
predictions and observations. This model gave fairly
good correspondence for the diatom/flagellate ratio
in mesocosm experiments having different nutrient
loadings (AKSNEs & al. in press). The main model
structure and the values of the model coefficients
are based on the model developed by ANDERSEN &
al. (1987) and ANDERSEN & NivaL (1989) for the
CEPEX enclosures. In the present paper we intro-
duce an ‘E. huxleyi’ state variable that is separated
from the other flagellate group by having a higher
affinity for phosphorus. The results from the model
is discussed on the basis of the time development
in several mesocosm experiments having different
degree of orthophosphate loadings.

The present study is part of a long term project
aiming for increased predictability of general phyto-
plankton models. Alterations of the model (includ-
ing the values of the coefficients) will be based on
theoretical and empirical evidence rather than on
case-specific tuning (see LoenLE 1983). Enclosure
experiments are conducted to validate the biological
source and sink terms. Water movements as a source
for bloom dynamics may be ignored (or controlled)
in such enclosures. A main goal of these efforts are
to develop a simple and robust biological compart-
ment that may be driven by 3D-hydrodynamical
models in order to simulate ocean phytoplankton
dynamics (AksNes & Lie 1991; AksNEs & al. in
press; SKOGEN & al. in press).

METHODS

The simulation model

The biological processes are summarized in Table 1. Maxi-
mal phytoplankton growth is a function of temperature
(EppLEY 1972), light limitation, nitrogen, phosphorus and
silicon (diatoms) limitations (Eqs 1-3 in Table 1). Follow-
ing AksNES & EGGE (1991) and D. L. Aksnes and cowor-
kers own obs, the saturation curves of growth rate versus

292

the different nutrients and light are based on constant
affinity coefficients rather than on constant half-saturation
coefficients. This means that the half-saturation parameter
increases with temperature in the same way as maximal
growth rate (Aksnes & EGGE 1991). Eqs 2 and 3 (Table
1) show that all limitations are expressed as non-dimen-
sional terms at the range 0 to 1. The ‘law of the mini-
mum’ is used for simultanenous limitations due to several
nutrients, i.e. only the most limiting nutrient is limiting
the phytoplankton growth at a particular time (Eq. 2 in
Table 1). Simultaneous light and nutrient limitation, how-
ever, is represented by multiplicative limitation, i.e. the
product of the limitations from both light and the most
limiting nutrient is used to compute the realized growth
rate (Eq. 3 in Table 1). The three loss terms; mortality,
metabolic loss and diatom sinking are included in the
model. The mortality rate is assumed constant, the meta-
bolic loss rate is temperature dependent (Eq. 4 in Table
1) while diatom sinking rate depends on silicate concentra-
tion (Eq. 5 in Table I) according to ANDERSEN & NIVAL
(1989). All the present experiments, however, were con-
tinuously stirred and we assumed that this stirring overrided
the sinking, and the diatom sinking rate was therefore not
applied. Each state variable (nitrogen-, phosphorus- and
silicon-nutrients together with one diatom, one flagellate
and one E. huxleyi variable) of the model is represented
by a differential equation as shown in Table 3. Except for
the phosphorus affinity, the values of the other E. huxleyi
coefficients are the same as for the other flagellate group,
while the diatom and flagellate coefficients (Table 2) are
identical to those used by AksNes & al. (in press). As
an alternative to the use of fixed coefficient values, the
values may be adjusted (by least square minimisation or
other similar techniques) in order to improve the fit be-
tween model predictions and the observations. This pro-
cess, termed ‘calibration’ or ‘tuning’, is a common prac-
tise in ecological modelling and represents an efficient
way of reducing the variance between models and observa-
tions. Tuning, however, is not likely to improve the gener-

Table 1. Process equations (explanations to the symbols
are given in Tables 2 and 3). T and I represents ambient
temperature and irradiance. The equations below is ex-
pressed for the diatom group, but the same equations
(although different coefficients) are used for the flagellate
and the E. huxleyi group. In these two groups, however,
Ehere e)nre no silicate limitation (Eq. 2) and no sinking
Eq. 5).

Temperature specific growth rate:
B d.max (T) = Hd.maxo © T (1)

The non-dimensional environmental limitation term:
Satim = MIN(N/(tty s /0t an+N), P/t max /@2y p +P),

) ) @
SV dmax /04,5 +81))
Diatom realized growth rate:
o= maman U (om0 61 +D) S g @)
Diatom metabolic loss rate:
€4 = ege :T 4

Diatom sinking rate:
If Si = Si; then W 4 = Wy (%)

If Si > Sithen wy = (a3 / Si + W )




Table 2. Values of the coefficients (see text). The term affinity refers to the growth

affinity.

Symbol  Value/unit

Explanation

Maximal growth versus temperature

ameo 15105571
W 1010557
Memard 1.010-5571
a, 0.063° C1

Growth limitations

Gy N 1.7107%s uM !
Ogp 27107 4s luM?
a gsi 2.5 10_5 _1[-lM
Oy 3.610 " m ymol 1
AN 1.5 10 5 57 -

O p 2.310° "LM

O 1.110° fum -1
a.N 1.5 10

a.p 41107 ‘1

agy 11107mym011
Mortality

my 1.6107%s7!

mg 1.6107%s7!

m, 1.610° 657!
Metabolic losses

€o 8.110-7s7!

a, 0.07° C™!

Diatom sinking rate

Si, 1.0 uM Sl

Winax 3mday!

Win 0.3 mday™!

az 2.7 uM m day !

I

Maximum growth rate for diatoms at 0° C
Maximum growth rate for flagellates at 0° C
Maximum growth rate for E. huxleyi at 0° C
Temperature dependency of growth; diatoms,
flagellates and E. huxleyi

Diatom affinity for nitrogen-nutrients
Diatom affinity for phosphorus-nutrients
Diatom affinity for silicon-nutrients
Diatom affinity for light

Flagellate affinity for nitrogen-nutrients
Flagellate affinity for phosphorus-nutrients
Flagellate affinity for light

E. huxleyi affinity for nitrogen-nutrients

E. huxleyi affinity for phosphorus-nutrients
E. huxleyi affinity for light

Diatom mortality rate
Flagellate mortality rate
E. huxleyi mortality rate

Metabolic loss rate for diatoms, flagellates

and E. huxleyi at 0° C

Temperature dependency of metabolic losses for
diatoms, flagellates and E. huxleyi

Threshold silicate concentration
Maximum sinking rate

Minimum sinking rate

Shape factor for the sinking function

Cellular elemental composition (mol-ratio)
0.063

P : N ratio in diatoms

Iy 0.063 P : N ratio in flagellates
I3 0.031 P : N ratio in E. huxleyi
I4 0.875 Si : N ratio in diatoms

ality of models, but is more likely to mask errors in both
the model and in the observations. For example, good fit
may be obtained because a wrong process representation
is balancing wrong coefficient values, or wrong/irrelevant
measurements are used to alter correct model coefficients.

Solar elevation and self-shading from phytoplankton
biomass was taken into account in the calculation of sub-
surface irradiance. The diffuse light (Iy) and direct (I 4)
light at depth z was calculated as:

Lg¢ (z,t) = bRy (t)ekairz

Lar (z,t) = byRyyr (t)e kair ey
where Ry; (t) and Ry; (t) are the diffuse and direct compo-
nents of the surface irradiation which are converted into
PAR by the constant b;. The coefficients kg and k 4 are

the diffuse and direct attenuations of the water column
given by:

kd|f = (b2 +b3 (D+F+E))/Zm
kg = (b, +b;s (D+F+E))/(cosb) 2)

where the coefficients represent attenuation due to sea
water and dead particulate matter and dissolved com-
pounds (b,), and attenuation (b;) due to diatoms (D) fla-
gellates (F) and E. huxleyi (E). zj represents the mean
path length per unit vertical distance in the water column
for the diffuse light rays and is equal to 0.83 (SATHYENDRA-
NATH & Prarr 1990), and finally 6 is the zenith angle of
the direct light in the water column computed from Snell’s
formula. The values of the coefficients b,, b, and b; were
chosen according to AKSNES & LIE (11990) and were 0. 25
0.14 m~! and 1.25 107> mgN~! m™}, respectively. Fig. 1
shows the modelled average llght in two of the enclosures.

Enclosure experiments

In Raunefjorden at the western coast of Norway, six en-
closures (4 m deep and a volume of 11 m*) were attached
to a floaiing laboratory in the periods 23 May-18 June
1991, and 22 April-29 May 1992. In 1991, two bags (paral-
lels) 'had nitrate and inorganic orthophosphate added to
them in the ratio of 13 : 1.5 (termed the 1991-low ex-
periment), two bags were fertilized with a nitrate:phos-
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DAY

Fig. 1. Light conditions (mol m~2 day~!)
during 1991- (solid line) and 1992-experiments
(broken line). The values represent the aver-
age sum of direct and diffuse irradiance inside
the enclosure 1991-low and 1992-low (i.e. the
light used for the computation of the light
limitation term, I in Eq. 3 in Table 1).

phate ratio of 13 : 0.4 (1991-medium), and the last two bags
were fertilized with a 13 : 0.1 ratio (1991-high). In 1992,
two bags (parailels) had nitrate and inorganic orthophos-
phate added to them in the ratio of 16 : 5 (1992-low ex-
periment), two bags were fertilized with a nitrate : phos-
phate ratio of 16 : 1 (1992-medium), and the last two
bags were fertilized with a 16 : 0.2 ratio (1992-high).
Water was pumped continuously (about 40 | min™!) from
the bottom to the top of the enclosure in order to ensure
a homogenous distribution of nutrients and phytoplank-
ton. Each bag was renewed with natural water from the
outside of the bags at a rate of 10 % per day.

Table 3. The simulation model. The coefficient k;(= 1.16
1079 s7!) represents the 10 % per day water renewal of
the enclosures while Ny, and N,y represent the nitrogen
nutrient concentration in the incoming water and the
added nitrogen fertiliser respectively. uy, p and . are the
realized diatom flagellate and E. huxleyi growth rates gi-
ven by Eq. (3), while e,, ¢; and e, are the realized metabo-
lic loss rates given by Eq. 4 in Table 1.

Nitrogen nutrients (N):
dN/dt = -k; (N-Ny )+Naag-D(pg-€4)-Fpr-e)-E(p-€,)

Phosphorus nutrients (P):
dP/dt = -k, (P-Py)+Pue1y D(pseq)-rF (prer)-r3 E(pte-e.)

Silicon nutrients (Si):
dSi/dt = -ky (Si-Sip)+Sigga-T4Dpy

Diatoms (D):
dD/dt = -k; (D-Dy)+D(uy-€4-mg)

Flagellates (F):
dF/dt = -k, (F-Fy)+F(urermy)

E. huxleyi (E):
E/dt = -k; (E-Ep)+E(u-€.-m,)

294

Samples for nutrients (nitrate, orthophosphate and sili-
cate) and phytoplankton enumeration and identification
were obtained with intervals from 1 to 3 days. Determina-
tion of nitrate, phosphate and silicate were performed on
fresh samples. Enumeration and identification of phyto-
plankton were carried out on samples preserved by neutra-
lized formaldehyde and acid Lugol using the sedimenta-
tion method of UTERMSHL (1931). In order to compare
phytoplankton counts with simulation results (given in
nitrogen units) time-invariant nitrogen content was as-
sumed for the different groups: 1.5 pg N per E. huxleyi
cell, 4 pg N per diatom cell and 2 pg N per flagellate
cell. The flagellate community in 1992, however, was char-
acterised by large dinoflagellates and a nitrogen content
of 15 pg N per cell was assumed. As emphasised in the
Discussion, however, measurements and simulation results
should not be too rigorously compared (in absolute terms).
The conversion from cell number to biomass can only be
viewed as an approximate scaling of cell counts into the
units represented in the simulation model.

Forcing of the simulations

Initial values of the state variables were measured in each
of the sea enclosures, and the forcing of the model in-
cluded measurements of surface irradiance, water temper-
ature, nutrient addition, and measurements of the state
variables in the incoming water (boundary conditions).
As the water of the bags was mixed continuously, we as-
sumed that all phytoplankton experienced the same light
regime which was assumed to be the average light of the
water column. Surface measurements of hourly incident
radiation (accounting for both the diffuse and the direct
component, see Eqs 1 and 2) were provided by the Radia-
tion Observatory at the University of Bergen (ANoN 1992,
1993).

In the basic run we assumed that a rather high amount
(0.1 umol orthophosphate per day) was added continuous-
ly to the phosphorus state variable and hence became
available to all the three phytoplankton groups. The pre-
sence of an, at times, extensive pool of organic phospho-
rus compounds in natural fjord environments as well as
in enclosure experiments is substantiated by measure-
ments made by THINGSTAD & al. (1993).

A second run was made without an organic phosphorus
compounds. (dotted lines in Figs 2-7), and finally a run
(Fig. 8) with increased (10 times) growth affinities for light
for all phytoplankton groups were made to demonstrate
the light limitation of the model during the initial phase
of the experiments (when the nutrients were at non-
limiting levels).

RESULTS

First, we make some comments on the interpreta-
tion of the measured versus the simulated state
variables. The simulation model does not differen-
tiate between different nitrogen nutrients, while the
measurements does. The metabolic nitrogen loss is
normally dominated by ammonium and other non-
nitrate compounds, but in the present model meta-
bolic loss from the phytoplankton is added to a
common nitrogen (and phosphorus as well) nutrient
variable. The measurements shown in Fig. 2 repre-
sent nitrate and hence, the measured and simulated



state variables are not identical (same argument
applies to phosphorus). Comparisons of measured
and simulated phytoplankton state variables are
even more non-trivial than the nutrient compari-
sons. The ‘measurements’ of the biomass (N-con-
tent) of each phytoplankton state variable in Figs
5-7 are based on cell counts and time-invariant as-
sumptions about the cellular N-content of the three
groups, while the model predictions represent the
simulated N-content of each group. Thus, a strict
comparison between model predictions and simula-
tion is hardly feasible. Although seldom pointed
out, such incompatibilities between measurements
and models are quite common in ecological model-
ling.

Nutrients

As explained in the Methods we assumed a pool

of organic phosphorus adding at a constant rate to
the phosphorus-nutrient state variable during the
entire run (solid lines in Figs 2-7). Such additional
supply of phosphorus did not alter the simulated
dynamics of the 1991-low, 1992-low and the 1992-
medium experiments, but the simulated dynamics
of the 1991-medium, 1991-high and 1992-high ex-
periments were seriously altered as demonstrated
by comparison with the run where no organic
phosphorus pool was assumed (dotted lines in Figs
2-7). Hence, the simulation experiments clearly in-
dicate orthophosphate limited growth for the 1991-
medium, 1991-high and 1992-high experiments, but
not for the other three. For these last three light
rather than nutrient limitation was indicated as the
nutrients were at non-limiting levels (discussed
later).

The measured nitrate concentrations show that
the initial nutrient consumption (interpreted as the
decrease in nitrate) was higher in 1991 than in 1992
(Fig. 2). This is also reflected by the model. For
the model, and probably also for the enclosures, the
much better light conditions prevailing the first
week in 1991 compared to 1992 (see Fig. 1) was
responsible for the higher initial nitrate consump-
tion in 1991 (Fig. 2). A rapid decline in nitrate,
however, was also observed in 1992 along with the
increased radiation around day 15. This feature was
also simulated, although the response of the model
(both in 1991 and 1992) was slower than indicated
by the measurements (as demonstrated later im-
proved fit is obtained by setting higher growth affin-
ities for light). Due to light limitation, the simulated
nitrogen-nutrient concentrations were consistently
higher than the measured nitrate observations in the
experiments high in both phosphorus and nitrogen
nutrients (1991-low, 1992-low and 1992-medium,
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Fig. 2. Nitrate measurements (different symbols indicate
parallel enclosures) and model predictions (lines). Solid
line represents the simulation where an organic phospho-
rus source is assumed, while results of the simulation
where no such source is assumed is indicated by the
broken line. One solid line means exact overlap. This
should be interepreted as there is no phosphorous lim-
ited growth in the simulation.

Fig. 3). In the three experiments low in orthophos-
phate (1991-medium, 1991-high and 1992-high), the
nitrate consumption was highly underestimated by
the model in the case where no organic phosphorus
source was assumed (dotted line in Fig. 2). The
1991-high experiment having the most pronounced
orthophosphate shortage, clearly indicates that the
simulation model cannot account for the nitrate
consumption (nor the E. huxleyi increase, see be-
low) without assuming an extra phosphorus source.

Phytoplankton

As can be seen from the nutrient concentrations
(Figs 2, 3) the phytoplankton growth in the
1991-low simulation is not severly limited by nutri-
ents (nitrogen-nutrients and phosphorus-nutrients
are above 2 and 1 uM respectively), but the simu-
lated E. huxleyi (Fig. 5) is not able to grow as obser-
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Fig. 3. Orthophosphate measurements (different sym-
bols indicate parallel enclosures) and model predictions
(lines). Solid line represents the simulation where an
organic phosphorus source was assumed, while results
of the simulation where no such source is assumed is
indicated by the broken line.

ved, especially after the reduction in incoming light
after day 10 (Fig. 1). Hence, as also indicated by
the nutrient dynamics, a too strong light limitation
may act upon E. huxleyi in the present model. The
diatoms, having a higher growth affinity for light
(3.6 107" m~2 pmol~! versus 1.1 10~ m~* umol ™),
respond more in accordance with the observations.
Although all the experiments were run at low ini-
tial silicate concentration (Fig. 4) and with no sili-
cate additions, the diatoms responded with an in-
crease in numbers the first days (Fig. 6), a response
that was well reflected by the model. As in previ-
ous mesocosm experiments (AKSNES & al. in press),
the flagellate group is responding with a decrease
rather than an increase during the initial period of
the experiments (Fig. 7), and this feature cannot
be explained by the present model. E. huxleyi,
however, responded with an immediate increase in
numbers, both in nature as well as in the simula-
tions. The correspondence between measurements
and model predictions was best in the experiments
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Fig. 4. Silicate measurements (different symbols indicate
parallel enclosures) and model predictions (lines). Solid
line represents the simulation where an organic phospho-
rus source is assumed, while results of the simulation
where no such source was assumed is indicated by the
broken line.

low in phosphate (Fig. 5), and the E. huxleyi mea-
surements seemed rather unaffected by the low
phosphate concentrations. On the other hand, the
simulated E. huxleyi development was very sensitive
to whether an organic phosphorus source was pre-
sent or not (dotted versus solid line in Fig. 5), and
in the 1991-high experiment positive growth was
not possible to achieve unless extra phosphorus was
made available during the simulation.

DISCUSSION

Fig. 5 shows that the simulated E. huxleyi was not
able to grow as well as the real E. huxleyi. This
applies especially to the experiments low in ortho-
phosphate (dotted line in Fig. 5). More E. hux-
leyiwere produced in the enclosures than can be
accounted for in terms of inorganic orthophosphate.
By assuming an organic phosphorus source, how-
ever, the fit between the model and the observa-
tions was improved. Hence, utilisation of organic
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Fig. 5. Observations of Emiliania huxleyi (different sym-
bols indicate parallel enclosures) and model predictions
(lines). Solid line represents the simulation where an orga-
nic phosphorus source is assumed, while results of the
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rous limitation in the simulated run. The E. huxleyi obser-
vations are based on cell counts and converted to biomass
by assuming a constant cellular N-content (see text). Loga-
rithmic scale on y-axis.

phosphorus compounds seems important for the
realized growth of E. huxleyi in the present ex-
periments. The ability of E. huxleyi to produce al-
kaline phosphotase (KUENZLER 1965; KUENZLER &
Perras 1965) gives support to this interpretation.
There is one problem, however, with the represen-
tation of the organic phosphorus pool in the simu-
lation model; we asume that orthophosphate is re-
leased from the organic compounds into a common
pool available for all three phytoplankton groups.
Fig. 7 shows the ‘other flagellates’ as well as E.
huxleyi are stimulated by this supply (the diatoms
are silicon-limited and not able to utilise the ortho-
phosphate). The relatively high growth affinity for
orthophosphate that is assumed for E. huxleyi is
directing a higher proportion of phosphorus to this
group than to the flagellate group. More phospho-
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Fig. 6. Observations of diatoms (different symbols indi-
cate parallel enclosures) and model predictions (lines).
Solid line represents the simulation where an organic
phosphorus source is assumed, while results of the simula-
tion where no such source is assumed is indicated by the
broken line. The difference between the two runs is small
according to the strong silicate limitation overriding any
phosphorus effects. The diatom observations are based
on cell counts and converted to biomass by assuming a
constant cellular N-content (see text). Logarithmic scale
on y-axis.

rus may have been channeled to E. huxleyi if the
growth affinity was set even higher. Another way
to channel the organic phosphorus to the E. hux-
leyi, rather than to the other flagellates, is to assume
that the orthophosphate originating from organic
substances is spatially (at the scale of the uptake
process) more close to the E. huxleyi cell than to
the other phytoplankters present in the water body
(which may be the case if E. huxleyi releases sub-
stances that decompose organic phosphorus com-
pounds close to the cell membrane). In this case the
othophosphate released from the organic substances
should not be put into the common phosphorus
state variable, but rather be kept exclusively for
E. huxleyi. In the simulation mode! this may have
been represented as a direct E. huxleyi utilisation
of organic phosphorus compounds rather than set-
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Fig. 7. Observations of flagellates (different symbols indi-
cate parallel enclosures) and model predictions (lines).
Solid line represents the simulation where an organic
phosphorus source is assumed, while results of the simula-
tion result where no such source is assumed is indicated
by the broken line. One solid line means exact overlap.
This should be interepreted as there is no phosphorous
limitation in the simulated run. The flagellate observations
are based on cell counts and converted to biomass by assu-
ming a constant cellular N-content (see text). Logarithmic
scale on y-axis. .

ting a higher E. huxleyi growth affinity for ortho-
phosphate. This would require a separate para-
meterisation of the consumption of the organic
phosphorus compounds. Measurements indicate
that the rate limiting step (and hence the cruical
process from a modelling viewpoint) in the utilisa-
tion of dissolved organic phosphorus (DOP) com-
pounds are the conversion from polymer DOP into
monomer DOP (T. F. Thingstad pers. commn, but
see also THINGSTAD & al. 1993) and little is known
about how this process works in the water column.
Obviously, a realistic quantitative representation of
the apparently enhanced phosphorus utilisation in
E. huxleyi requires more knowledge of the mecha-
nisms involved. An interesting observation made
by ANDERSEN (1981) is that extensive coccolith pro-
duction can be induced by phosporous shortage,
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Fig. 8. Indication of light limitation in the
model. A too slow nitrate utilisation is indi-
cated for the basic run (solid lines). An in-
crease in the light affinities with one order of
magnitude (for all phytoplankton groups) cause
a much more rapid nitrate utilisation (broken
lines). This clearly indicates that the basic
model is light limited during the initial period,
and that the light limitation is stronger in 1992
than in 1991. This is in accordance with the
irradiance shown in Fig. 1.

and that the process of calcification and coccolith
crystal growth is linked to the phosphorus meta-
bolism of E. huxleyi. This of course does not mean
that the coccolith formation enables enhanced
phosphorus uptake, but in one or another way the
success of the E. huxleyi may be linked to the adap-
tive significance of the coccoliths.

The hypothesis, put forward in the Introduction,
that E. huxleyi is efficient in utilising phosphorus
seems appropriate, but is apparently not sufficient
in order to simulate the success of E. huxleyi in the
present enclosure experiments. Another feature in-
dicated by the model, however, is that too strong
light limitation acts upon E. huxleyi in the present
model. This is especially evident from the low
growth computed by the model in the 1991-low
experiment (Fig. 5). Here, light was the major



limiting factor during the entire period as both
phosphate and nitrate concentrations were high.
This is substaniated by the simulation shown in Fig.
8. An increase of the light affinities with one order
of magnitude causes a much more rapid nitrate utiki-
sation (and higher phytoplankton growth - not
shown). This clearly indicates that the basic model
is light limited during the initial period, and that
the light limitation is stronger in 1992 than in 1991.
This agrees with the irradiance-plot in Fig. 1.

In the forthcoming validation experiments, we
should put more emphasis on the measurements of
organic compounds and formulate some aiternatives
to the present phosphorus representation. The light
limitation should probably be reconsidered as im-
proved fit could be obtained by tuning of the growth
affinties for light. Such tuning, however, may equal-
ly well balance other errors of the model such as

the applied mortality and the use of multiplicative

limitation between nutrients and light. Here, new
experiments are required to provide insight. The
main conclusion that should be drawn from the
present experiments and simulations is that organic
phosphorus may be an important source for phyto-
plankton growth, and that this may be especially
important to consider in simulation models of E.
huxleyi.
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