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Abstract

New elements in the primary production module of ERSEM II relative to ERSEM I are described. The main changes are
the inclusion of picoalgae and dinoflagellates as additional functional groups, the decoupling of carbon- and nutrient-uptake
kinetics and the refining of the light dependency of the primary producers, with emphasis on the last. The results of a
reference run are compared with measurements. The consequences of using production-irradiance (p//) relations assuming
a different degree of photoinhibition in calculating net annual primary production are shown in a sensitivity analysis, and it
is concluded that a p/J relation with a high degree of photoinhibition leads to clear underestimates of primary production
in turbid coastal waters. © 1997 Elsevier Science B.V. All rights reserved.
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1. Intreduction

The primary production module described here
is part of the European Regional Seas Model-1I.
ERSEM 1I is the successor to ERSEM 1 (Baretta
et al.,, 1995), which in turn was a further develop-
ment of estuarine ecosystem models, as described in
Baretta and Ruardij (1988) and Anonymous (1988).
ERSEM comprises a number of submodels and mod-
ules, each describing a number of state variables,
with the interactions between the state variables
from the different submodels defining the emergent
dynamics of the whole system by running the whole
set of submodels together in a simulation framework
(Ruardij et al., 1995).

* Corresponding author. Tel.: +49 (441) 9706 344; Fax: +49
(441) 7983 404; E-mail: w.ebenhoeh @icbm.uni-oldenburg.de

The integration of so many processes in one
model was possible by the modular setup of the
model, with each of the participating institutes being
responsible for the development and testing of one
submodel in the framework of a standard version of
the model (Blackford and Radford, 1995).

Concerning the primary production module the
objective was to disaggregate and refine the primary
production module of ERSEM I (Varela et al., 1995).
This has been done by: (1) including picoalgae and
dinoflagellates as additional functional groups in the
phytoplankton; (2) refining the calculation of the
underwater light climate and its effect on primary
production at the chosen vertical resolution; and (3)
incorporating nutrient uptake kinetics according to
Droop (1974) and Nyholm (1977).

Picoalgae and dinoflagellates were introduced to
have a better resolution of the size spectrum of the
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primary producers. On the one hand this allows a

more precise definition of the growth characteristics
of the primary producers and on the other hand
it permits refining the grazing interactions in the
microbial food web (Baretta-Bekker et al., 1998).

The reason for refining the treatment of the un-
derwater light climate and its expression in a di-
mensionless light-limitation factor was that the use
of Steele’s p/I function (Steele, 1974) in combina-
tion with the high level of extinction in the turbid
coastal boxes and the coarse vertical resolution of
the model caused severe overestimates of the light
limitation. Steele’s formula assumes photoinhibition
to suppress primary production strongly above the
depth of photoadaptation, irrespective to the dura-
tion of exposure to above-optimal irradiance levels.
McGillicuddy (1995) analysed the consequences of
the relationship between the photoadaptive response
and the rate of vertical mixing. He concludes that
the apparent discrepancy between results obtained
using a Lagrangian integration and a Eulerian inte-
gration is a result of different parameterisations of
photoadaptive reaction kinetics (and consequently of
photoinhibition).

Including nutrient uptake kinetics in fact decou-
ples carbon assimilation and nutrient uptake dynam-
ics, with potentially far-reaching consequences for
the functioning of the microbial food web as this
decoupling allows the excretion by primary pro-
ducers of DOM in the form of carbohydrates. In
situations where these nutrient-deficient substances
predominate in the dissolved organic carbon (DOC)
pool, bacterioplankton tend to become nutrient-lim-
ited instead of substrate-limited and compete di-
rectly with phytoplankton for inorganic nutrients
(Bratbak and Thingstad, 1985). The outcome of
this competition depends on the trophic interactions
in the microbial food web between bacterioplank-
ton, heterotrophic nanoflagellates, microzooplankton
and mesozooplankton (Baretta-Bekker et al., 1994,
1995, 1997, 1998). This can explain where, when
and why differently structured food webs (Legen-
dre and Rassoulzadegan, 1995) may be expected to
occur, as well as why DOC may accumulate in olig-
otrophic systems (Thingstad and Rassoulzadegan,
1995).

This paper concentrates on the various aspects of
the effect of the underwater light climate, while the

effects of the decoupled carbon and nutrient dynam-
ics are described in Baretta-Bekker et al. (1997).

2. The primary producer module in general

The primary producers in the model consist of
four functionally different groups, which are opera-
tionally defined as:

e picoalgae, phytoplankton in the size class 0.2 to
2 pm equivalent spherical diameter (ESD), eaten
by heterotrophic nanoflagellates;

e autotrophic flagellates, from 2 to 20 um ESD,
eaten by heterotrophic nanoflagellates, micro- and
mesozooplankton;

o diatoms, from 20 to 200 um ESD, eaten by micro-
and mesozooplankton;

e dinoflagellates, from 20 to 200 um ESD, not
grazed in the model.

All groups are modelled in the same way, hence,
only one standard primary producer, called P, is
described in the following part. The groups differ in
their parametrisation only, with the exception of the
silicate dependence of diatoms.

The standing stocks are described as densities of
the carbon-, nitrogen-, phosphorus- and, in the case
of diatoms, silicate-components of the biomass: P,
P,, Py, P. Carbon is expressed in mg C m™3, while
the nutrients are expressed in mmol m™3. The car-
bon uptake by assimilation and the loss processes,
respiration, excretion and lysis, are functions of the
intracellular nutrient quota k, = P,/ P, for nitrogen
and k, = P,/ P. for phosphorus. The nutrient uptake
processes (from NH,, NO; and PQ,) are decou-
pled from the carbon assimilation process. Nutrient
uptake is dependent on the external nutrient concen-
trations and on the level of the intracellular nutrient
storage. For the silicate uptake (diatoms only) no in-
ternal storage is assumed, hence, carbon assimilation
of diatoms is additionally dependent on the external
Si04-concentration, and the Si-uptake is proportional
to carbon assimilation.

In the case of negative net production (respiration
exceeds production, e.g. in winter and in deeper wa-
ter layers) nutrient release may occur. All processes
are temperature dependent with the same Q;¢ value.

The light dependence of carbon assimilation is
complex. The phytoplankton community is not com-
pletely characterised by the biomass values of the
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four groups in the boxes, but additionally photoad-
aptation in the form of an optimal light variable /oy
is introduced. This dynamic variable tracks the light
history, making the phytoplankton less dependent on
seasonally and spatially varying light conditions than
would be the case with fixed optimal light param-
eters, as the phytoplankton now adapts to seasonal
variations and to some extent to day-to-day varia-
tions in the underwater light climate.

3. Light dependence of primary production

Irradiance is determined by known laws of
physics until it reaches the phytoplankton cell. Then
biology takes over. The uncertainties in production
are predominantly due to the biological regulation
processes. The precision of the physical calcula-
tions of the light is not very helpful because the
remaining biological uncertainty is large. In ERSEM
a quite complicated theory forms the base for the
light submodule, extending earlier work by others
(Nyholm, 1978; Tett et al., 1986; Taylor and Joint,
1990). However, it will be shown that the depth-inte-
grated effect of irradiance on the primary production
in the water column mainly depends on two fac-
tors: daylength and extinction coefficient. These two
factors have also been shown by Behrenfeld and
Falkowski (1997) as to explain much of the variabil-
ity in observed vertical distribution of daily primary
production. All other factors are of secondary im-
portance. If this analysis is correct one has to ask,
why such a complicated theory in the model instead
of forcing the model with just these two factors?
There is, however, another aspect: there certainly is
some merit in speculating on how biological mech-
anisms (such as storage/conversion of light energy)
may affect the utilisation of light under water and
how this would modify the formulation of appro-
priate algorithms expressing this relationship in box
models.

The physical processes that are taken into account
in defining the light forcing of primary productivity
in the model, are well studied and described partly
empirically (Dobson and Smith, 1988). These are the
astronomical irradiance, which rests on simple geo-
metric analysis, atmospheric losses, reflection losses
at the sea surface and the absorption in the water
column.

3.1. Astronomical irradiance

The light irradiance (in W m~2) above the atmo-
sphere depends on astronomical conditions (date ¢,
daytime 7, geographical latitude ¢). For convenience
7 is taken as angle between — and 7w with t = 0 at
noon. In the same way 2 (¢) describes the time of the
year as angle with & = 0 at June 21 (¢ is the time of
the year expressed in days):

t—172

365
With these definitions the astronomical irradiance is:

v(t) =21

L (t, T, @) = Isolar - max(0, cos )

where I = 1368 W m~2 is the solar constant,
and « is the angle between sun and the local normal
vector depending on ¢, ¥ and 1:

cosa = sinBsing + cos BcospcosT
with sin 8 = sinp - cos ¥

The angle p = 23.5° is the inclination of the
pole axis. Sunset and sunrise +t, are defined by
cosa =0:

T, = arcos(—tan ¢ tan 8)
The length of the light day as a fraction of the

24-hour day is then:
e="=
i 4

Of special interest are the noon and average irradi-
ances:

COS Upoon = SiNBsing + cos Bcos g

sin T

cosa = sin Bsing — cos B cos ¢
Ts

3.2. Irradiance in the water column

The irradiance just below the water surface is
the astronomical irradiance reduced by loss factors:
cloud cover, absorption and reflection on the water
surface. The cloud cover has the largest effect. Let
cloud be the covered fraction of the sky averaged
over the light day, then the subsurface irradiance is
determined by the empirical functions A(cloud) and
B(cloud) (Dobson and Smith, 1988):

Iy = pafr - I - (A(cloud) - cosa
+B(cloud) - cos’a)
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Here, additionally, account is taken of the fact that
only a fraction of the light energy arriving at the sea
surface can be used in photosynthesis, the so-called
photosynthetically active fraction pafr.

The conceptional time step of the ERSEM model
is the day. Hence, the light module delivers irradi-
ance to the primary producer module as an average
I; over the daily light period (sunrise to sunset, with-
out pafr) and the length of this period as fraction £
of the day. Both are functions of date ¢ and latitude
@. The daily primary production has to be calculated
as an integral over the day. Day-night or morning—
evening differences are treated implicitly. Therefore
an approximative reconstruction of the full daytime
dependence of the irradiance including atmospheric
losses and reflections is needed:

2n
44+

This formula is similar to the approximation of
Dobson and Smith (1988). A pure cosin would over-
estimate the irradiance in the morning and in the
evening when absorption and reflection are higher.
The factor 2 /(4 + ) is the inverse of the integral
over cos + cos?, it makes Iy = I - pafr.

For later use the noon (n) irradiance and the
afternoon (a) irradiance (half-time between noon and
sunset) are given;

Io(t) = I - pafr - (cos(t/2£) + cos®(r/28)) -

Io(m) = Ip - 1.7596

Ip(a) = I - 1.0620

Let now o be the extinction coefficient in the
water column. The photosynthetic active fraction of
light is not uniform, its components are absorbed
differently. Therefore the effective extinction coef-
ficient is depth dependent, and larger close to the
surface (Taylor and Joint, 1990). This aspect is ne-
glected in the following, a constant ¢ is assumed
and thus the photosynthetic active irradiance I(z)
decreases exponentially with depth z in the model:

1z =1 e %

This will be the case in any layer, and is not
confined to the surface layer. Then z € [0, D] is
the depth in meters below the upper boundary of
the considered layer of thickness D and I is the
irradiance at the upper boundary. The extinction

constant o is taken to be constant within the layers
but may differ between layers. In a box model like
ERSEM is now, the layers generally are thick (D =
30 m) but by specifying each D explicitly, the model
can be used with an arbitrary number of layers.

3.3. Production in the water column

For the calculation of the daily average production
prod (m~%) the productivity p has to be integrated
(averaged) over depth z and over day time t ( Io(t)
is the day time dependent irradiance at the upper
boundary of the considered layer):

1
prod = ——/ / p (Ip(r)e %) dzdr
2D day Jlayer (0 )

Two fundamental and questionable assumptions
are hidden in this basic approach: primary produc-
tivity is in reality not additive in space and time.
The production of a cell is assumed to be dependent
only on the irradiance at its position in space and
time and not on the light history of the cell. We
know, however, that there are limiting dark reaction,
light adaptation and irreversible damage. Further it
is assumed that the phytoplankton density distribu-
tion is uniform over the considered (mixed) layer,
which is not necessarily true. To get the production
in mg C m~3 d~!, the specific productivity p has
to be multiplied with the density of the considered
phytoplankton group. The vertical transport due to
turbulence in the mixed layer is fast but not so fast
that the phytoplankton density is constant over this
layer because the characteristic reproduction times
are comparable with mixing times. These problems
are ignored.

First the integration over depth z is carried out.
Let p(I(z)) be the productivity per m>, then the
average light-dependent productivity as a function of
Iy in the considered layer of thickness D is:

1 D
fU) =3 fo p(Io- %) dz

_L [t e,
- oD Ip 1
provided that the density and properties of the pri-

mary producer are homogeneous in the layer. In this
formula Ip = Iy - €7 is the irradiance at the lower

1
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boundary of the layer. The second integration of
f (Ip) over the day time 7 can be approximated with
Simpson’s rule:

1 -
prod = dav fUo(r))dr =2 f (Io)
a day

1
xy¢. g (f (o(n)) + 4 (Ip(a)))

The corresponding rectangle integration would sim-
ply leadto prod = ¢ - f (E).

The rectangle approximation generally overesti-
mates the production. It cannot take into account
effects such as the effective shortening of daylength
on very cloudy days and the suppression of produc-
tion at noon on very light days due to the nonlinearity
of the productivity function f (I_o) # f ().

The functional form of p(I) cannot be precisely
defined. The reason for the uncertainty is manifold. It
is an empirical curve with three parameters, but p(I)
cannot truly be measured because the production
is not proportional to the illumination time. The
shapes of the p/I curves depend on the details of
the experimental setup, not only on the parameters.
Usually a functional form is selected, where the
integration can easily be carried out. Eight different
formulations have been considered in this model:

(@) p(I) = po - xe'™*

2x
() p(I) = po - 172
4x
©p(I)=pg- RETSE
_ 2+a)x
(d p(I) =P Tiarga ® >0

(e) p(I) = pp - min (x,max (Z:To)) a>0
() p(I) = po - min(1, x)

4x
@ p)=po- T+ 4x

4x
h) () = pp » ———
(h) p(I) = po T

All these empirical forms have the ‘scaling’ prop-
erty: p is dependent on x = I /I, only, where Ioy is
the variable describing the irradiance necessary for
optimal productivity. Steele’s function (Steele, 1962)
(a) in this list of p/I algorithms is one of the most

frequently used. The hyperbolic curves (b) and (c)
are special cases of (d) (@ = 0 and 2, Klepper et
al., 1988). They are introduced to study the effect
of more or less light inhibition. The function (e) is
a piecewise linear curve and (f) is a simple ramp.
In all cases (a) to (f) for x = 1 the productivity p
assumes the maximal value pg. The ramp (f) and the
remaining forms (g) and (h) show no light inhibi-
tion. Form (g) represents the Monod function. The
last (h), is known as Smith’s equation (Jassby and
Platt, 1976). It is half way between a scaled ramp
p(I) = pop - min(1, 2x) and Monod. These forms
also have the ‘scaling’ property. However, no op-
timal irradiance exists. For compatibility with the
other relations we define for these cases:

Iopt = 41nart

where Iy, is the irradiance with half maximal pro-
ductivity. Hence, for x = 1/4 the production is py/2.
Many other p/I relations have been invented and
used (Kirk, 1983). It can hardly be said that one
is ‘the best’, because the experimental results vary
strongly. For the further calculation it is convenient
to work with a dimensionless function g (x) with:

p) = py-x-q(x)

The behaviour of the p/I function at low light is
determined by the slope of pat I = O:

p q(0)
= /O
1=0 I opt

_dr
T
The slope « differs for the different functional forms:
a=2 (e, 2.4,2+a1, 1,4,4/~/§)

opt

where the numbers in the brackets correspond to the
cases (a) to (h). This is important, because if one
wants to investigate the effect of the light inhibition
one should compare functions with the same «! This
can be done conveniently by using the same formulas
with x substituted by a scaled variable:

« (wanted)

X —>x —
o (asitis)

The parameters py and o must not be changed.
The slope « for the last case shows that a definition

Iop. = 4Ipqr makes Smith’s equation (h) comparable
with Steele’s form (a).
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With the help of the function g(x) the depth
integral can be expressed as:

X0
fuy =2 | g
oD J,,
I I
with xo = -'0—, Xp = 2
Iopt Iopt

The integral is a dimensionless figure which cannot
exceed e in case (a) and 7 in case (b) and it can
be carried out analytically in all cases ((d), (e) not
given):

@ qx)=e'* fq(x)dx =—e'™

2 )
b)) q(x) = T2 fq(x)dx = 2 arctan (x)
4 —
(C)Q(X)=m‘x—)3 fQ(x)dx=1+x

x<l

) ¢(x) = min (1, 1) /q(x)dx - {x
x 1+Ilnx x>1

4
®@qkx) = m /q(x)dx = In(1 + 4x)
4
h =—
®) g(x) 3+ 16x?

/Q(Jf)dx =ln(4x+\/m3)

For thick layers as in the standard ERSEM version
the daily production integral is limited in the cases
(a) and (b) to approximately:

3¢

d=L- f () = po—
pro f (o) P35

More important, this upper estimate is a good abso-
lute approximation if 3/0 < D and the irradiance I
at the layer surface substantially exceeds Ioy. In the
upper ERSEM boxes these conditions are fulfilled
from February to November. In the cases without
light inhibition the situation is slightly different. But
also in these cases there is only a weak dependence
on the surface irradiance I. A tenfold increase of Iy
leads only to an increase of a factor In10 = 2.3 in
the production. The total irradiance-forced primary
productivity depends on the factors:

o light fraction of the day, £

® extinction o

o surface irradiance Iy (weakly)
o the group and nutrient dependent maximal pro-
ductivity po.
The first three factors are combined in a dimen-
sionless light limitation factor:

¢ = prod
Po
{1 Xo(n) x0(a)
= — [/ q(x)dx+4f q(x)dx]
oD 6 |Jxm x1(2)

¢ [®
~ dx
oD /,D 7

with for surface boxes the noon values xp(n) =
Io(n)/Iop and xp(n) = xo(n) - €°P, and similar for
the afternoon xg(a) and xp(a). For deeper layers
Iy(n) [and Iy(a)] the irradiance arriving at the upper
boundary of these layers is: Ip(n) (lower box) =
Iy(n) - e7°P, Note that ¢ may be different in upper
and lower boxes.

The factor e; can be interpreted as the fraction
of the total daily space-time volume D - day in
which primary production takes place. Assuming
Steele’s function (a), the approximate form is very
illuminating:

3¢
oD

The turbidity in the North Sea is such that the
irradiance declinestoe!in3-5m (o =0.2...0.3
m™1). In coastal areas the extinction coefficients are
generally much higher. Due to the fact that p has a
maximum which is quite narrow in Steele’s function
the productivity is high only in a limited fraction of
the water column. The thickness of the productive
layer can be estimated to be about 3/c. The produc-
tivity is nearly independent of the surface irradiance
because with varying Ip only the position of the pro-
ductive layer shifts up and down, but its thickness
does not change. For a given depth D only daylength
and extinction o matter, and, of course, the maximal
rate pg which is temperature and nutrient dependent.
Somehow this result seems unsatisfactory. It has, in-
deed, limits: when the productive layer extends to the
bottom where D is small (f.e. in shallow coastal ar-
eas), or if the layer intersects the surface (in winter).
But, if light—shade adaptation exists, the adaptation
of I,y to the prevailing light conditions will keep this

~

€y
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layer within the mixed layer [0, D]. With ¢ = 0.25
m~!, D = 30 mand £ = 0.5 (12 h light period) one
has e; = 0.2 as an orientation value.

As mentioned above, this consideration changes,
but only slightly, if p/I curves without light inhi-
bition are analysed. Here the surface irradiance has
a certain effect, because the thickness of the pro-
ductive layer increases logarithmically (very slowly)
with I,. This dependence is, however, further re-
duced by light adaptation of the scaling parameter
Iop (Section 3.4).

3.4. Lighr adaptation

In the model, it is assumed that the parameter
Iop (optimal light) in the p/I function is not a
fixed parameter but a variable. Algae can adapt to
widely varying light conditions. Cells circulate in
the mixed layer by turbulence and their individual
I reflects their recent light history. The adaptation
occurs typically in only a few days. This is short
enough to assume the same light adaptation for all
algae in a well mixed layer, and it is long enough
to assume adaptation to seasonal changes but not to
weather conditions. The adaptation is limited:

min max
Iopt = IOP‘ = Iopt

In principle, these limits can be assumed to be
different for the four functional groups. In the model
it is assumed that the adaptation occurs to the daily
average light at certain depth D, (adaptation depth)
below the surface. The adaptation itself is described
by a simple relaxation process with time constant r;.
The parameter Ioy shifts toward a changing ‘equilib-
rium’ value Ioy:

Tope = min (12%, max (1230, T(D,)))

d = (% )

dr opt =Ty opt opt

The average of I (D,) is taken over the light day:
T = Lo e

The phytoplankton property Ioy has to be trans-
ported like a substance and therefore it has to be
bound to biomass in order to account for the verti-
cal exchange of phytoplankton with a different light
history and consequently different I, properties. It

is transported in the form of the product (3 P.) lopi.
All groups of primary producers have to be taken
into account.

In the case of light inhibition a real optimal
irradiance exists. Then the solution of the equation:

dIoptprOd o 0

expresses an optimisation principle which would be
a good theoretical base for a practical formulation
of the adaptation. It leads to an fop, which optimises
the production in the considered layer [0, D]. It
is a natural assumption that phytoplankton changes
its Iop in the direction of this optimum, as long
as the physiological limit I/ allows this. In the
case of a scaling productivity, the optimal Ioy is
reached when the productivities at the upper and
lower border of the considered layer are equal. This
contradicts the observations which suggest that pro-
ductivity has its maximum close to the surface (P.
Ruardij, pers. comm.). Obviously a short time close
to the surface enables the cells enough production
and causes adaptation to higher intensities. Either
the assumption that light adaptation leads to optimal
production is wrong, or a scaling p/I curve is not
realistic, or hidden loss terms in the case of low Iy
are important (higher activity respiration or danger
of damage). Such effects and more realistic /oy val-
ues could easily be implemented by sacrificing the
scaling property but keeping the optimisation prin-
ciple. However, model experiments did not show a
very large influence of the exact way of modelling
the light adaptation on the results. Important is only
that there is some sort of adaptation. It keeps the
dependence on the absolute (surface) irradiance low:
in summer. In winter the light limitation is impor-
tant due to I, < IM". Otherwise the simulations
would not reproduce the low winter phytoplankton
concentrations.

4. Results and sensitivity analysis
4.1. The reference run

The set of standard parameters for the phyto-
plankton groups is given in Table 1. The simulation
results of the ERSEM 15-box version obtained with
this set of parameters and with the Oldenburg ben-
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Box 1 Box 5 Box 9
Nitrate N3n Nitrate [mmol/m3]) Nitrate

°|Jlr;|;ml]‘ils;;|t OT;#;.mjinnond oi;v;l:r;amlia orlnd
Phosphate Phosphate [mmol/m3] Phosphate
2 2 2
—— reference
----- standard
Cdata

[ e — e PR S

0 S e 4 o PO R
it mamij jasond it ma mj a s o n d i t mamj j as ond

Silicate Silicate [mmol/m3]) Silicate

o s i .
j t mamij j as o nod oltm

PO TS

i

I I a8 o n d

i

1

1 3 { :
3 &
11 5 -L;":-’!T'.-_:- i s
e e 2 - e,
am

Fig. 1. The simulated concentrations of nitrate, phosphate and silicate in mmol m=3 for the boxes 1, 5 and 9. Results of the reference run
with the Oldenburg nutrient module and of the standard run with the NIOZ nutrient module are given together with measurements.

thic nutrient module are presented in Figs. 1-3. In The curves in Figs. 1-3 represent approximately
these figures also the results of the standard ERSEM an equilibrium cycle, which was achieved by a simu-
run, obtained with the NIOZ benthic nutrient mod- lation run over ten years with perpetual-year forcing.
ule, and calibration data are given. Both versions of The transport forcing for the year 1989 was used
ERSEM contain the identical phytoplankton module, (Lenhart et al., 1995). The observations indicated in
using the ramp formulation as p/7 algorithm. Figs. 1-3 are taken from the validation data used

In the sensitivity runs the Oldenburg benthic nu- in ERSEM. The nutrient, phytoplankton and chloro-
trient module has been used as reference, since the phyll data are derived from the NERC North Sea data
differences with the standard benthic nutrient module base (BODC) and the ECOMOD data base, compiled
are slight (see Figs. 1-3) and the Oldenburg module, by the Institut fiir Meereskunde in Hamburg (Radach
being more implicit, is computationally much less and Pitsch, 1997.
expensive. The spatial structure of the 15-box version is



W. Ebenhoh et al. / Journal of Sea Research 38 (1997) 173-193 181

Box 1

Diatoms
240 240

Box 5
Diatoms [mgC/m3)

Box 9

Diatoms

/i

@ A/
!
I PO

240

-

j t mamijjasond i T mamj j a s o n d

n d
Flagellates Flagellates [mgC/m3] Flagellates P2¢c [mgC/m3) Box 9
450 450 450 T
— reference
----- standard
< data
225 } 225 225
j t mamijjasond j fma mj | a8 o n d j t m amij | as ono d
Chiorophyll-a Chlorophyll-a [mgChl-a/m3] Chlorophyll-a
12 12 12 -
L3 6

] tmamj jasond ]

Fig. 2. The simulated concentrations of diatoms, flagellates (in mg C m~?) and chlorophyll (in mg Chl-a m™3). See Fig. 1.

described in ERSEM 1 (Baretta et al., 1995). The
results of three boxes are shown: box 1, the northern
North Sea; box 5, central North Sea; and box 9, the
German Bight.

Although it is clear that the primary production
module does not operate in isolation and that the
model results are the end product of many inter-
acting processes, there are a few system aspects,
where the formulation of primary production pro-
cesses and their interaction with the physical forcing
define almost single-handedly how the system be-
haves. As only the phytoplankton groups transform
dissolved inorganic nutrients into organic and par-

ticulate forms, the spring decline in the dissolved
nutrients is caused by the phytoplankton. The onset
and rate of this decline, as well as the recovery in au-
tumn to winter concentrations are strongly different
in the different regions of the North Sea (Fig. 1), but
also the regional differences are captured quite well
by the model. The model results predict a diatom
spring bloom, in all boxes followed by a flagellate
bloom (Fig. 2). The (scarce) data, resolved to func-
tional groups, do not show a spring bloom at all,
but suggest the occurrence of intermittent summer
blooms. The flagellate phytoplankton standing stock
is reproduced reasonably well for the summer period
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Fig. 3. The simulated concentrations of picoalgae and dinoflagellates (in mg C m™3). See Fig. 1.

in the central North Sea and the German Bight, but
the diatom biomass is underestimated. The standing
stock of picoalgae tops out at around 50 mg C m~3,
with a small end-of-winter bloom, which is halted by
heterotrophic nanoflagellate grazing.

Total phytoplankton biomass, as represented by

the uncertain proxy of chlorophyll-a, is overesti-
mated in the north in summer, and in the other
regions during spring. The winter concentrations are
reproduced very well everywhere, as are the summer
values in the central and southern North Sea.

Table 1

Relevant parameters as used in the ERSEM-II primary production module

Name Unit Meaning Values

Tass d-! maximal production rate 2.5,2.7,40,15
Poas ¢! basal respiration 0.16, 0.10

Gex - exudation under nutrient stress 0.05, 0.20, 0.20, 0.05
Gres - respired fraction of production 0.10, 0.25

pafr - photosynthetic active fraction 0.5

D, m adaption depth 10

Lot W m~2 minimum for optimal light 4

15 Wm? maximum for optimal light 80

T d-! light adaption rate 0.25

Qo - Q1p-value 2.0

A row of four given values corresponds to the four functional groups of primary producers: diatoms, autotrophic flagellates, picoalgae
and dinoflagellates; two values to diatoms and others; one value is valid for all groups. For the full parameter list see Baretta-Bekker et

al. (1997).
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4.2. The generation time

The parameters with the highest sensitivity are
the gross production rate r** and the basal respira-
tion rate r, Together with the loss factors activity
respiration ¢"* and (minimal) exudation ¢** they de-
termine the generation time 7 (as potential doubling
time) in the absence of nutrient limitations.

The doubling time T can be calculated from the
production rate r by:

However, not the gross rate r®* must be taken, but
the maximal realised rate:

P ce;-(1— qex) (1 — qres) _ rbas

This formula follows from the model equations
which are given elsewhere (Baretta-Bekker et al.,
1997). The parameters ¢ and g™ give exudated
and respired fractions and r%* is the basal respiration
rate. Nutrient limitations are absent and the tempera-
ture factor is also taken to be 1 (10°C). In Table 2 the

In2 reduction of the gross rates by respiration/exudation
n= T and by vertical spatial averaging to realised rates and
Box 1 Box 5 Box 9
Diatoms Diatoms [mgC/m3] Diatoms
240 240 240
120 120 | 120 |
- " . ."':/‘Z'\‘ Sl
oilm;r;ol;ﬁ:n; o;fr;amj a s o n d o}!in;.lr‘n;;;:ond
Flagellates Flagellates {mgC/m3] Flagellates
450 450 450
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[}
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Fig. 4. The simulated concentrations of diatoms, flagellates (in mg C m™3) and chlorophyil (in mg Chl-a m~3) for sens-1, with all
phytoplankton specific assimilation and rest respiration rates increased by 30% and for sens-2, where only the flagellates rates have been

increased by 30% in comparison with the reference run.
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Table 2
Realised primary production rates (7 in d=') and doubling times 7> (in d) under different light conditions
Fass rie; =1) r(e; =0.2) r(e; = 0.05) Th(e; =0.2)
Pi Diatoms 2.5 1.99 0.28 -0.04 2.5
P2 Flagellates 2.7 1.52 0.22 —-0.07 3.1
P3 Picoalgae 4.0 2.30 0.38 +0.02 1.8
P4 Dinoflagel. 1.5 0.97 0.11 —-0.05 6.3
doubling times have been given, the vertically averaged water column (D = 30 m,
The maximal realised rate under these conditions o =025 m™") is rle; = 0.2), here the values are
is rle; = 1), then only respiration and minimal taken as discussed in Section 3.3. It corresponds to
exudation losses are assumed. The maximal rate in a spring situation (12 h light, no nutrient limitation,
Box 1 Box 5 Box 9
Diatoms Diatoms [mgC/m3] Diatoms
240 240 240
{
120 120 ,‘
l‘
' i
7
1
AT TN .
7 "' - ~ ~N
0 0 - T
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450 450
25 25
0 - = 0
Silicate Silicate [mmol/m3} Silicate
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1] 6 6 |
[} ] 4]
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Fig. 5. The simulated concentrations of diatoms, flageliates (in mg C m™?) and silicate (in mmol m™3), with the specific rest respiration
rate of diatoms increased (sens-3a) and decreased (sens-3b).
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Fig. 6. Daily values of ¢; as simulated with the three different p/I curves.

the temperature factor taken as 1). In summer N- and
P-limitation can reduce the rates by another factor
of 3 to 5, and diatoms are additionally subject to
Si-limitation. The rate r(e; = 0.05) corresponds to a
winter situation, where dark respiration r** can lead
to negative net rates 7. The doubling times in spring
— vertically averaged over the upper mixed layer
— are according to this estimate between 1.8 and 6
days. The spring bloom is mainly a diatom bloom
in the model. This is due to the short doubling time
of 2.5 d. Picoalgae with a still smaller doubling time
grows even in winter in the model, hence it keeps
its predators (mainly heterotrophic flagellates) active
and therefore cannot escape in a pronounced spring
bloom (Figs. 2 and 3).

4.3. Sensitivity analysis

The consequences to system function of decou-
pling the carbon assimilation and nutrient uptake
dynamics will be discussed in Baretta-Bekker et al.
(1997). As part of the sensitivity analysis the follow-
ing simulations with modified parameters sets are
carried out:

(1) sens-1: all ** and r®* increased by 30%;

(2) sens-2: r*s and % only of flagellates increased
by 30%;

(3) sens-3: r® of diatoms (a) increased and (b)
reduced by 30%.

In all cases a three year simulation was carried
out with initial values from the reference run. Then
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Fig. 7. The simulated concentrations of (a) nitrate, phosphate and silicate (in mmol m~?) and (b) diatoms, flagellates (in mg C m~3) and
chlorophyll (in mg Chl-a m~3) with three different adaptation depths (10, 6 and 4 m), with the p/I curve according to Steele (1974).

a new equilibrium cycle is nearly reached. The third
year is shown. In case sens-1 (Fig. 4, dotted line)
can be observed that due to the action of the sev-
eral limitation factors the results are changed only
moderately. In case sens-2 (Fig. 4, dashed line) the
relative shift of flagellates against diatoms is obvi-
ous. Even the order of the spring peaks may change
from diatom first to flagellates first. There is a slight
increase in summer chlorophyll and a stronger deple-
tion of nitrate. The case sens-3 (Fig. 5) is of special
interest. Here growth rate and dark respiration are
not changed by the same factor as in the cases sens-1
and sens-2. In this case the spring peak of the modi-

fied diatom is shifted in time or even does not occur
at all. This is due to the fact that with reduced or
increased light independent losses the net growth
rate r is negative for a shorter or longer interval in
winter. If r stays positive all winter, higher diatom
concentrations in winter are produced by the model.
Such high winter concentrations suppress the spring
peak because of two reasons:

(1) grazers are already active at the beginning of
the spring bloom because they have sufficient
food in winter to maintain the standing stock,

(2) the nutrients have lower concentrations when
the bloom starts and hence are depleted sooner.
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Fig. 7 (continued).

The other part of the sensitivity analysis is fo-
cused on the light forcing used in the model. Several
types of light forcing have been implemented in the
model and may be chosen by setting the appropriate
switch value. Additionally, the depth where the phy-
toplankton adapts to the irradiance can be modified
as well. A number of sensitivity analyses have been
done of the effect of using different light forcings
in combination with different adaptation depths on
total primary production and nutrient cycling. The
following three p/I curves are illustrated: Steele’s
formulation (a), ramp (f) and Smith’s equation (h).

The ramp and Smith functions lead to lower pro-
duction for low light (@ = 1 compared to o = ¢

in Steele’s formulation). It should be noted that the
parameter /o has slightly different meanings in the
three cases (see Section 3.3).

Comparing the three light forcing functions as
they are expressed in the light limitation factor e; we
find that both the ramp formulation and the Smith
formulation predict the light limitation to be much
less (e.g., ¢; has a higher value) in the turbid coastal
boxes than the Steele formulation does. In the clear
northern boxes the both formulations predict the
light limitation to be stronger than Steele’s formu-
lation, resulting in lower primary production. Com-
pared to Steele’s formulation in the ramp and the
Smith formulation the increased production above
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Fig. 8. The simulated concentrations of (a) nitrate, phosphate and silicate (in mmol m~?) and (b) diatoms, flagellates (in mg C m~?) and
chlorophyll (in mg Chl-a m~2) with three different adaptation depths (10, 6 and 4 m) with the Smith p/7 formulation.

the adaptation depth is partly compensated by lower
production at larger depths. The daily values of ¢;,
as calculated with the three different p/I curves are
given in Fig. 6.

As the ramp and Smith functions give nearly
identical results for all regions (Fig. 6) only results
using Smith’s formulation are shown in the following
sensitivity analysis.

Changing the adaptation depth in three steps from
4 to 10 m for the different types of light forcing gave
the following results. Adaptation depth has almost
no influence on the results in Steele’s formulation,
neither in terms of timing of the spring bloom nor

in terms of the production (Fig. 7). The other formu-
lations are sensitive to the setting of the adaptation
depth in that the spring peak is strongly shifted to
later in the year when the adaptation depth is set to
lower values (Fig. 8).

As the surface box is considered to be fully
mixed, setting the adaptation depth to % of the full
depth seems a reasonable approximation. This is
confirmed by the fact that the timing of the spring
decline in dissolved inorganic nutrient concentration
is reproduced best when using the Smith formulation
with this adaptation depth (Fig. 8).

A reduced adaptation depth generally makes phy-
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Fig. 8 (continued).

toplankton light adapted to higher irradiance levels,
and hence less growth is possible at greater depths.
The depth-integrated production is reduced, and the
spring peak occurs later. In the Steele formulation,
the adaptation depth does not make a significant
difference (Fig. 7), but in the p/I formulations with
less or no photoinhibition, it makes a large difference
(Fig. 8). The sensitivity analysis suggests from the
timing of nutrient depletion that the phytoplankton
adaptation depth of 10 m is appropriate for a ver-
tical resolution of 30 m as used in the model for
the surface boxes. The calculated net annual primary

productions using the different types of forcing are
given in Table 3.

Choosing Smith instead of Steele as p/I formu-
lation leads to large shifts in the regional distribution
of annual net production, with production in the tur-
bid coastal boxes with high riverine nutrient loads
more than doubling. The annual net production in
the other boxes decreases. The reason for this is that
the light limitation of depth-integrated production
as expressed in the e; variable is stronger in the
northern boxes when using the Smith p/I formula-
tion especially in winter. Logically, this shift from
light-limited towards nutrient-limited phytoplankton
growth also manifests itself in the lower dissolved
inorganic nutrient concentrations in the turbid river-
influenced boxes 8 and 9.
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Fig. 9. The simulated concentrations of (a) nitrate, phosphate and silicate (in mmol m~?) and (b) diatoms, flagellates (in mg C m~3) and
chlorophyll (in mg Chl-a m~3) with two different light forcings. In all cases the adaptation depth is 10 m.

Table 3
Annual net primary production in g C m=2 a~! for the two types of light forcing, with the adaptation depth set to 10 m

Box number Steele Smith ERSEM I (Varela et al., 1995) Joint and Pomroy (1993)
1 155 150 66
2 151 149 189
3 124 134 92
4 167 159 204
5 198 243 144 1192 (box 4 and 5)
6 57 36 35
7 89 187 123 79 (box 6 and 7)
8 128 321 148 199
9 139 392 190

10 166 201 148 261 (box 9 and 10)

#Joint and Pomroy (1993) calculated average production for entire ICES regions, which cover the ERSEM boxes indicated.
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Fig. 9 (continued).

Due to the mentioned compensation in the Smith
formulation compared to Steele the timing of the
spring bloom is not affected at all in the northern
boxes but is significantly earlier in the south (Fig. 9).

5. Discussion

The main requirement for the phytoplankton mod-
ule in ERSEM is to properly describe the conversion
of dissolved inorganic carbon and nutrients into par-
ticulate organic carbon. This objective is realised by
the different phytoplankton groups that both con-
trol and are controlled by different combinations
of environmental variables and, moreover, have dif-

ferent places in the food web due to size differ-
ences.

Of the abiotic environmental variables, light, tem-
perature and nutrient availability play the major
roles. The seasonality in the phytoplankton is com-
pletely controlled by the seasonality in the light,
which may be modified by time varying suspended
matter concentration in the water, which strongly
determine the underwater light climate. Self shad-
ing only plays a minor role at the phytoplankton
concentrations present, with the exception of the
short spring bloom, when the light-limitation factor
is clearly smaller in the northern boxes (Fig. 6).

From the sensitivity analysis using different for-
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mulations for the p/I relationship it is clear that
the model is very sensitive to this formulation, but
mainly in those boxes which have a high turbid-
ity, in other words the well-mixed coastal boxes in
the Southern Bight. In the much clearer central and
northern boxes the differences are much less. Only
by forcing the primary producers with one of the
p/I formulations that do not implicitly assume a
strong photoinhibition in any type of water column,
the model is able to attain the primary produc-
tion levels in the turbid coastal areas that draw the
dissolved inorganic nutrients down to the observed
levels (Fig. 9), indicating that primary production
and the concomitant transformation of dissolved in-
organic nutrients into particulate and organic forms
can be reproduced adequately by the model.

The most directly comparable primary production
estimates for regions in the North Sea from literature
are those given by Joint and Pomroy (1993) for the
central and southern boxes. The model-calculated
net primary production figures (Table 3) generally
are considerably higher, as is to be expected, since
Joint and Pomroy estimated primary production from
observed chlorophyll-a concentrations, which neces-
sarily underestimated total production as the chloro-
phyll-a removed by grazing and other loss processes
cannot contribute to the production estimate.

Additionally, the regression between primary pro-
duction as measured by *C incubations and ob-
served chlorophyll-a concentrations is doubtful as
Daneri (1992) has shown that bottle enclosure of
seawater samples may lead to an underestimate by a
factor two of carbon assimilation. Moreover, the net
primary production estimates he gave for two tracked
water bodies in box 8 in spring and autumn 1989 (the
year used for the reference run) are 4.04 g C m~2
d~! in April and 0.62 g C m™2 d~! in October.
The spring value far exceeds the model-calculated
carbon assimilation, which is 1.65 g C m™2 d~! in
the corresponding period in April, but in October the
model overpredicts the carbon assimilation rate at
1.59 g C m™2 d~'. In both cases picoalgae have the
largest contribution to the total carbon assimilation
in the model, whereas in the field observations the
high value in spring was due to a bloom of colony-
forming flagellates and in autumn to a (developing)
diatom bloom. This indicates the high local variabil-
ity in system function, which cannot be captured by

a coarsely resolved box model, but it also indicates
that we still have a long way to go in properly rep-
resenting biological interactions, and that the role
of picoalgae in the system in autumn seems to be
exaggerated in the model.

These discrepancies point out some of the prob-
lems in the model. The composition of the phyto-
plankton community in terms of the relative abun-
dance and productivity of the component functional
groups is as much determined by biotic interactions,
mainly grazing interactions as by abiotic processes
(light, nutrient availability). Even though the model
may produce a reasonably correct figure for the total
phytoplankton production, the relative contributions
by the different phytoplankton groups are as strongly
dependent on the food-web structure as on nutrient
partitioning and -availability. The ERSEM model has
a rigid food-web structure, which cannot account for
the consequences of colonial forms not being grazed
and thus escaping top-down control.

Comparing the primary production results from
the new primary-production module with the results
from ERSEM 1 (Varela et al., 1995), for the same
spatial setup, we see that primary production in the
new model is generally much higher, especially in
the coastal boxes (Table 3), as Varela et al. (1995)
have reasoned should be the case.
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