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Different model formulations in available models were compared with Microplankton-Detritus
(MPD) model, and well documented FDM and ERSEM models were the candidate for these
comparison. Different formulations in both candidate models were expressed in terms of MPD
parameterization. Even though there are differences in the control of autotroph growth among
models, it was found that some of the more important microplankton parameters expressed in
comparable terms have broadly similar values in all the models. However, an important difference
was proved to be the direct contribution of microheterotrophs to the Detritus compartment in FDM
and ERSEM, whereas in MPD microplankton biomass passes to Detritus only by way of

mesozooplankton grazing.
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INTRODUCTION

In the light of our ever-increasing understanding of
marine ecosystems, it is now possible to critically
analyse the fundamental building blocks and path-
ways included within mathematical models that have
different model structure and assumptions (Denman,
2003). After the discovery of the microbial loop
(Azam et al., 1983), these models have been improved
for understanding the interactions within microbial
food webs. However, the level of physiological detail
incorporated within the models has varied markedly
between different studies (Davidson, 1996; Haney
and Jackson, 1996; Tett and Wilson, 2000).

Concerning different structure of the models, it is
now possible to recognize the existing marine eco-
system models as three different models: microplank-
ton-detritus (MPD) model (e.g. Tett, 1990); nutrient-
phytoplankton-zooplankton (N-P-Z) model (e.g. Steel
and Henderson, 1992; Edwards and Brindley, 1999)
and/or nutrient-phytoplankton-zooplankton-detritus (N-
P-Z-D) model (e.g. Baretta et al, 1995); Fasham-
Ducklow-McKelvive (FDM) Model (e.g. Fasham et
al., 1990). However, as mentioned by Tett and Wilson
(2000), there is a surprising paucity of discussion
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regarding the implications of these different formulations,
although numerous different model formulations exist.
Therefore, in this paper we will compare relevant parts
of well-documented and widely used model of FDM
and the first version of ERSEM (European Regional
Seas Ecosystem Model) (Baretta et al., 1995) to the
MPD model. In the comparison, parameters used in
model of FDM and ERSEM were expressed in terms
of MPD parameterization used by Lee et al. (2003).
The objective of this comparison is to demonstrate how
process descriptions differ and to bring out similarities
in underlying biological parameters.

COMPARISON OF MODEL EQUATIONS

Comparisons with autotroph equations in ERSEM
and FDM

FDM (Fasham et al., 1990) uses a nitrogen cur-
rency. There is a single phytoplankton compartment,
which is parameterised for a surface mixed layer. The
nonconservative part of the equation for phytoplank-
ton nitrogen N, is (in our symbols):

Bra = (Le—m,—GIN, mmol N m? d™ (1)

where the parentheticised right-hand terms are phy-
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Table 1. General forms of symbols common in this paper

Symbol General meaning Units (in MP, if variable)
o photosynthetic ‘efficiency’ mmol C (mg chl) d™' I"!
B biomass (as carbon) mmol C m™
b slope factor (e.g. ) or inefficiency coefficient -
B (total) nonconservative flux for a substance mmol m™> d™!
X chlorophyll:carbon ratio mg chl (mmol C)™
e relative (organic) excretion rate d!
G grazing pressure d!
I PAR MEm™s™
i relative ingestion rate d
K (half)-saturation constant, as in or Sorl
u relative growth rate d-
N nitrogen associated with biomass mmol N m™
Q nutrient quota or content in biomass Mmol nutrient (mmol C)™!
r biomass-related mineralisation/respiration rate [mmol (mmol C)']d™!
O] Temperature °C
u biomass-related nutrient uptake rate mmol (mmol C)™' d™!
S dissolved nutrient concentration mmol m™
NH: ammonium
NO: nitrate
SI: silicate
PO: phosphate
Table 2. Standard values for phytoplankton parameter in FDM
Local - Fasham et al. Description Std value Units
symbol symbol
Jea g1 phytoplankton DON excretion fraction (of production) 0.05 -
K; saturation irradiance (= Wy o / 04) 116 W m™
K, y ammonium inhibition (of nitrate uptake) parameter 1.5 mmol NHf - N m™
Kyus K, half-saturation concentration for ammonium uptake 0.5 mmol N m™
Kyos K half-saturation concentration for nitrate uptake 0.5 mmol N m™
M, U relative mortality rate 0.05 d!
Ga phytoplankton N:C, inverse Redfield ratio 1/6.63 mmol N (mmol C)™!
g phytoplankton chlorophyll yield from N (=, /q.) 1.59 mg chl (mmol N)™
o, o P-I curve initial slope, maximum ‘photosynthetic efficiency’ 0.025 d'Wm?!
Xa chlorophyll: carbon ratio 12/50 mg chl (mmol C)™!
ke (coefficient of) PAR attenuation by phytoplankton 0.03 m? (mmol N)™!
S ==> chlorophyll-related version (k¢ /%q™) 0.02 m? (mg chl)™!
k coverts between units o of and ® 4.15%0.0864 WEJ'sd™ nmol mmol™
o photosynthetic quantum yield (=0, /(key,.)) 18 nmol C puE"!
Wonaxa V, maximum growth rate 2.9% d!

for Bermuda station S; but in general based on Eppley (1972) according to Fasham et al. (1993), written here as: Ly, [©°Cl=
Winaxal 0°Clexp((0.063°C™1)@°C), equivalent to (y=1.89; Wuax[0°C1=0.6 d ..

toplankton relative growth rate (W), relative mortality Growth rate is
rate (m,), and the grazing pressure to due zooplankton
(G) (including microzooplankton). Mortality results in a
direct conversion of phytoplankton to detritus. Standard

parameter values in FDM are summarised in Table 2.

NH~ NO

W, = (1 _f;za)“'maxaf(l)f( Sa S) d! (2)

where M and Y°S are nutrient concentration of ammo-
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nium and nitrate. In contrast to the ‘Cell-Quota, Thresh-
old-Limitation’ (CQTL) growth parameterisation in MP
(Lee et al., 2003), that of FDM (in Eqn. (2)) uses
multiplicative growth kinetics with Monod-type depen-
dency on external nutrient concentration. However,
Cell Quota and Monod parameterisations can be equated
when dQ/dt = 0, i.e. assuming steady state conditions
(see Droop, 1983). Then, U, = u/Q,, with the Monod
parameterisation assuming that ‘yield” Q! is constant.
When biomass is measured in units of the limiting
nutrient, and there are no growth-related losses of
nutrient after uptake (that is, growth efficiency is
100%, which is plausible for nitrogen), then the quota
is 1, and growth and uptake may be equated, as in
e.g. Dugdale (1967).

In Eqn. (2), f., is the fraction of phytoplankton pro-
duction that is excreted as dissolved organic matter.
The irradiance function is that of Smith (1936) and
Talling (1957):

1

N+ 1)

in which the ‘saturation irradiance’ is in FDM written
as a function of maximum growth rate (d™') and bio-
mass-related photosynthetic efficiency ¢, (d™! I''):

) =

K[ - Mmaxa
o

a

The nutrient function includes inhibition of nitrate
uptake by ammonium:

NH

NH o NOw S Nos(e ™M
SOU8,778) = wHG | NO
Kygs+S Kyos+" 7S

Nitrogen is linked to carbon and chlorophyll by fixed
ratios, so that

X = XqNNa where: XqN =%./9,
and q,'is the Redfield N:C ratio.

The most significant difference from MP is in the
low value of o, of 0.025 d! (W m™?)! used as stan-
dard in FDM and implying a photosynthetic quantum
yield of 18 nmol C per UE absorbed. The FDM value
was based on measurements in the Sargasso Sea and
may indicate nutrient-limited conditions here, although
Fasham et al. (1993) concluded that the value “could
be considered reasonably representative of a large
part of the North Atlantic Ocean”. In MP, such nutri-

ent-limitation is expressed through a low chl:C ratio:
80, for 0, = Ouina, Y =0.1 mg chl (mmol C), giving o
Ya{equivalent to FDM’s o,) of 0.029 d* (W m™&.
Finally, the absence of a respiration term in Eqn. (2)
is what would be expected of a model using a nitro-

~gen currency, as micro-algae do not normally min-

eralise organic nitrogen.

ERSEM (Varela et al, 1995) contains two autotroph
compartments, representing the functional groups,
diatoms (>20 um cell size) and autotrophic flagel-
lates (<20 um cell size). Biomass is quantified as
carbon, although the model also deals with the cycling
of nitrogen, phosphorus and silicon. In our notation
and units, the main equation for nonconservative changes
in carbon in a given autotroph compartment is:

BBa = (Ha—G)Ba mmol C m™ d! (3)
where B, is biomass of autotroph compartment (mmol C-
m™). Grazing pressure G (d™) is that due to meso-
zooplankton in the case of diatoms, to mesozooplankton
and microzooplankton (see heterotroph section) in the
case of flagellates.

Growth rate is:

Uy = Mo SODFCTS, 708,798, 58) = 1~ e, d1 (4)

where r, an e, represent loss terms of respiration and
excretion (see Eqn. (5) and (6)). Maximum growth
rate varies with the difference between the actual
temperature ® and <®> the annual mean temperature
for a given region:

!’Lmaxa = umaxa [<®>] f(®) d—l
where
f(©) = (l(oe-<®>)/1o°C)

Qo is 4.0, much higher than the value given by Epp-
ley (1972), or used in MP or FDM. The irradiance
function is that of Steele (1962):

= (i ol (1))

Varela et al. (1995) give this in a thick-layer version
which also allows for the lack of photosynthesis at
night. They make the saturation parameter K;, which
they call the ‘optimum irradiance’, a function of mixed-
layer PAR, thus allowing for some measure of adap-
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tation to changing light. However, the variation in
K; is relatively small, with a minimum value Kj.,,
of 40 W (PAR) m™. The saturation parameter can
be related to maximum photosynthetic rate and pho-
tosynthetic activity (Lederman and Tett, 1981):

. . . B
Equating the maximum photosynthetic rate P_,.,

with ERSEM’s maximum growth rate, allows an esti-
mate of maximum photosynthetic ‘efficiency’:

umaxa [ <®> ]
o, = ———
Xa Klmin

equivalent to 0.062 mmol C (mg chl)™ d! (UE m2s!y!
in the case of diatoms. This value is close to that
of MP autotrophs. These and other growth parameters
are listed in Table 3.

Autotroph nutrient-limitation in this version of ERSEM
I is both multiplicative and external:

mmol C (mg chl)! d7' (W m™)!

NH o NO P

f(Ms, 08,795, %s)

3 PO si
S ) S S .
= [diatom]
(Ks +S [KPOS + POS][KS,S + SIS]

f(NHS, NOS, POS, SIS)

N ) Fog
[flagellates]
(KS+S (K,,OS+P OSJ :

where the suffix #° and ¥ repesent dissolved phos-
phate and silicate, and dissolved inorganic nitrogen
concentration is represented by

s =054+ Mg mmol m™
The value of the nitrogen half-saturation concentration
is low compared with that of MP and FDM. It is,
however, a value for growth, whereas that in MP is
for uptake, and it can be shown (Tett and Droop,
1988) that half-saturation constants for growth are
less than those for nutrient uptake.

Respiration includes rest, growth (called ‘activity’)
and nutrient-stréss components:

T, = [r()a] +ba “’a+b5a(umaxa f(l)_“'a) d_l (5)

The terms are subject to temperature effects, either
by way of maximum growth rate or directly. The rest
term is zero during periods of illumination, having
the values of Table 4 only during darkness. The dia-

Table 3. Standard values for phytoplankton growth parameter in ERSEM

Varela et al.

name; x is
Local replaced by Description Vglue for Value for Units
symbol 1: diatoms diatoms flagellates
2: flagellates
Wnaxal{©)]  sumPxc$ Maximum growth rate (at mean temperature) 2.5 20 d!
ke =In(Q;0)/10°C 0.347 0.347 °C!
O ql0Px$  increase in rate for 10°C increase in temperature 4.0 40 -
K; chPxn$  half-saturation conc. for diss. nitrogen control of growth  0.10 0.05 mmolNm™
Kpos chPxp$  half-saturation conc.for phosphate control of growth 0.10 0.05 mmolPm™
Ky chPxs$  half-saturation conc. for silicate control of growth 0.30 - mmol Si m™
Kinin clPIi$ minimum optimal PAR, equivalent to ‘saturation irradiance’ 40 40 W m?
o, P-I curve initi X i ¢ i _ e
efﬁcience; 1’n= :iasxi(fgg ;?Izgcnlﬁrnnum photosynthetic 0.063 0.050  d™ (W m=2)
a = Unax (OOt Kimin) 0.26 0.104  mmol C (mg chl)™!
d! (W m—Z)—-l
(converted at 4.15 uE T ™) 0.062 0.025 mmol C (mg chl)™
d—I (“E m—Z s-l)—]
5 - phytoplankton (min.) chlorophyll yield from N (=, /g,) 1.4 2.6 mg chl (mmol N)™
Lo uhPxc$  Chlorophyll: carbon ratio 12/50 12/25 mg chl (mmol C)™!
€ (coefficient of) PAR attenuation by phytoplankton* ? ? m? (mg chl)™
D photosynthetic quantum yield (= o, / (ke),)) ? ? nmol C uE™

*not given; there is a reference to Baretta ez al. (1988).
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Table 4. Standard values for phytoplankton loss parameter in ERSEM

Local Varela L. Ve r x= = .
symbol et gl. name Description alduiZt?m;C : ﬂg(;flatzes Units
fo pe_RICxc$ fraction of phytoplankton lysis which becomes detritus (rest 0.20 0.50 -
becomes labile DOM) [unclear]

b, pu_eaPx$  coefficient of growth-dependent excretion 0.05 0.05 -

by, pum_eoPx§ coefficient of nutrient-stress- dependent lysis 0.30 0.30 -

K, chBleP2c$ bacterial concentration for half-maximum effect of bacterial 50 - mmol C m™
proteases on diatoms (only)

Tou srsPx$ rate of rest respiration (in darkness) 0.25 0.15 d!

b, pu_raPx$  rate at which (activity) respiration increases with growth 0.10 0.25

bs,  pum_roPx$ rate at which respiration increases with nutrient stress 0.05 0.05

tom rest rate, 0.13 d™! at mean temperature and for
12 hours of daylight in each 24 hours, implies a 24-
hr mean rate of 0.065 d', only a little more than
the MP autotroph value. The effect of the ‘slope’
terms by, Umaa f () + (b — bs )L, Will normally be less
than b, L, in MP, because of the higher value of b,
in MP. Nutrient stress is quantified in ERSEM as the
difference between actual growth rate and potential rate
Mmaxe / (I} under light-limitation alone.

Excretion includes ‘lysis’, a part of which ( fp) goes
to detritus, the remainder to DOC, and growth-related
‘activity excretion’, all of which goes to DOC. The
total rate is:

€, = bea M, +bla(umaxaf([)_ua)[(l +f(Bb))] d—l
(6)

where b,, is the coefficient of activity excretion and
b, is the coefficient of lysis. Lysis is held to be pro-
portional to the extent of nutrient stress. In the case
of diatoms only, the activity of bacterial protease is
supposed to increase the lysis rate, according to a
saturation function of bacterial biomadss B,:

B,
8= 5 i3

Changes in phytoplankton nutrient in ERSEM are
the result of uptake less excretion. Parameters for

nitrogen, phosphorus and silicon kinetics are given
in Table 5. We will start this account with phos-
phorus, which has no special features. For a given
autotroph type,

Bro = (Poua—eaPQa)Ba mmol P m™=> d7! (7)

where biomass-related uptake rate

Pou, = Tq (- r) —m’ max{0,("Q,~"q,)}

mmol P (mmol C)™' d!

The equation implies that uptake is driven mainly
by the demand resulting from the carbon assimilation
of net production. There may, however, also be excre-
tion, which occurs when the actual phytoplankton
phosphorus quota (°Q,= P,/ B,) exceeds the constant
P:C ratio assigned to each type of phytoplankton. In
writing Eqn. (7), we have slightly simplified the ERSEM
equations, and have supplied the rate constant m” (d™)
in the correction term, in order to emend an apparent
dimensional error in Eq. (22) of Varela et al. (1995).
The value of m’ would need to be of the same order
as U, It is, however, not clear why the correction
term is needed (except perhaps immediately after ini-
tialisation), since the actual quota should remain always
the same as *g,. Finally, phosphorus lost in excretion

Table 5. Standard values for phytoplankton nutrient parameter in ERSEM

Local Varela Descrintion Value for  for x=2 Units
symbol et al. name pt x=1 diatoms flagellates
Mip. xpref-N4n$  relative preference for ammonium (over nitrate) uptake 3 3

Knos chPxn$  half-saturation concentration for nitrate uptake 0.10 0.05 mmolNm™>

Ky chPxn$  half-saturation concentration for ammonium uptake 0.10 0.05 mmol N m™
9. gnPxc$  phytoplankton ‘maximum’ (nominally constant) nitrogen content  0.172 0.188 mmol N (mmol C)™
P44 qpPxc$  phytoplankton ‘maximum’ phosphorus content 0.0132 0.0073 mmol P (mmol C)™

SI

qa gsPxc$

phytoplankton maximum silicon content

0.21 - mmol Si (mmol C)™!
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is distributed between detritus and DOM in a way
that assumes different P:C ratios in particulate and
soluble cell fractions.

The silicon equation is similar to that for phos-
phorus, but applies only to diatoms. That for nitrogen
is also similar, but the total uptake of dissolved inor-
ganic nitrogen is partitioned between nitrate and
ammonium according to an ammonium preference
factor "p, and the following equation:

NO, _ 18 )
Y. fOUS)+AS)
where the saturation function is, for either nutrient
S
AS) = K¢+S

The fraction “9f of the required total nitrogen uptake
flux is taken from nitrate, and the remainder from
ammonium. The half-saturation constant has the same
value for ammonium as for nitrate, and the same value
as that used in the nutrient-limited growth equation.

Varela et al. (1995) remark that this ERSEM mod-
ule was developed at NIOZ (Baretta et al., 1988)
before they joined the project. They suggest that an
internal-nutrient model would describe phytoplankton
growth better than does the external-limitation of
Eqn. (3). This improvement is implemented in ERSEM
II (Baretta-Bekker ef al., 1997), although the later
version continues to assume that light and nutrients
effects multiply. Apart from these differences in the
growth function, the ERSEM autotroph model differs
from the autotroph component of MP by including
excretory and lytic losses. Such losses are assumed
to take place largely independently of grazing or
other interactions with heterotrophs. The losses of
soluble organic material provide food for bacteria and
hence support the microbial loop (see heterotroph
section). MP implicitly includes these losses, and the
corresponding heterotroph gains, completely within the
microplankton compartment. The transfer of lysed
autotroph particulate material to detritus in ERSEM,
which corresponds to autotroph mortality in FDM,
has no analogue in MP.

Comparisons with heterotroph equations in ERSEM
and FDM

The ERSEM Microbial Food Web sub-model includes
three explicit compartments for microheterotrophs
(Baretta-Bekker et al., 1997): bacteria, nanoflagel-

lates, and microzooplankton. Dissolved organic mat-
ter is not explicitly represented, as it is assumed that
such material, excreted by phytoplankton and protozoans,
is immediately taken up by bacteria. The bacterial
compartment also assimilates carbon from explicitly
modelled particulate detritus, and so includes some
of the bacterial activity that in the microplankton-
detritus model is ascribed to the detrital compart-
ment. In ERSEM, the bacteria provide the main food
source for heterotrophic nanoflagellates (2-20 pm).
Microzooplankton are “heterotrophic planktonic organ-
isms from 20 to 200 wm SED, excluding .... naupliar/larval
stages ... [and comprising] ciliates and other het-
erotrophic protists ... feeding on phytoplankton and het-
erotrophic nanoflagellates ... [and] itself ... [and] grazed
by omnivorous zooplankton.”

ERSEM'’s generalised non-conservative equation for a
‘standard organism’ of type ; is {in our symbols):

Bsi = (W;—m;—G)B, mmol C m~ d” (9)

where m; is (constant) mortality rate and grazing
pressure G; (“specific grazing rate”) is the total for
all predators. ERSEM uses neither of the terms ‘spe-
cific growth rate’ or ‘ingestion rate’ employed in MP
(net growth in ERSEM refers to ). According to
our definitions, however, (specific) growth rate would
be the result in ERSEM of food uptake ui “u; (mmol
C (mmol C)! d™') less (organic) excretion e; and
(mineralising) respiration r;.

W= i=r; = w—e—r, ¢! (10)
Ingestion is:

i=u—e =k u, ! (11)

where:
ky = (1-f.(1-12))

Here, f, is the fraction of unassimilated food that is
excreted (lost into the detrital and implicit DOM
pools), and f, is assimilation efficiency. ERSEM (Fig.
2) defines assimilation as taking place after losses
of captured carbon by activity respiration as well as by
the ‘messy feeding’ implied by uptake-related excretion:

assimilation = (1— fa,-)cu,. =e;+(r,—ry) d!
T . . e;+{r,—ry
assimilation efficiency, f,; = 1—#
u.

[
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Respiration is a basal rate plus ‘activity’ respiration, the
fraction of food uptake which is neither excreted or
converted to biomass:

Jae-Young Lee, Paul Tett and Kyung-Ryul Kim

_ fai . -1
W, = (k“)li = Ty d

which may be compared with the MP equation for

ri=ro+u(l ~ £,)(1- f.) d* (12)  C-controlled growth for an example protozoan:
and so, - Ip — Top
e ="T%p,
Wy = foiCuy — 1y (13) The two versions can be equated if ERSEM Jfo/k1; =
. . 1/(1+b,) in MP, and ERSEM ry,;=r,,/(1+b,) in MP.
Combining Eqns. (11) and (13) gives: Thus MP b, = (k;/f,)—1 in ERSEM.
(a) MP
63 3
I T
oo (&) MICROPLANKTON 28
O respiration grazing_!?n c

microplankton C|

O

=)

mesozooplankton & detritus N

photosynthesis Z )

E S microplankton N grazing on N
uptake NO3 uptake NH4
%l £ -
o O
nitrate ammonium
ammanium oxidation mineralisation
(b) ERSEM
DISSOLVED NUTRIENTS
? _ %
5 MICROPLANKTON 28
BACTERIA C _ / W'ATOMC D
<‘L - P < ==
6 OHS O
O \'/photusynthe S cd
diss ex gxcretion
m ®
an;-O
FLAGELLATi 5 e
. OOPLANKTON C
@ mf \} ’/ > )
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NANNOFLAGHLLATE C
mzpGf
n e&fmhmzp
N
®

rzpGnf O MICROZOPLANKTON C Fig. 1. Model comparisons. Rel-
p——— . evant compartments and flow in
mortality (a) MP, (b) ERSEM and (c)

ol

particulate excretion

FDM, shown according to the
conventions of the modelling
software STELLA.
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(¢c) FDM
In) MICROPLANKTON AN
DON, | <o DON BACTERIA N O messy feeding
uptake
- D_—l =
zs C) —I‘T @ grazing on bactiria
excretion & uptake
PHYTOPLANKTON N
leakage >
C O grazing on N
O MESOZOOPLANKTON
uptake NO3 uptake NH4
O )
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T =
O “ O
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DIM pools
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| adivity
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.................

Detritus

€
<

Fig. 2. The ERSEM ‘standard organism’ in the case
of microheterotrophs.

Table 6 gives values of the relevant ERSEM param-
eters for each microheterotroph compartment. The
pattern of carbon flow in ERSEM (see Fig. 1) tends
to make bacteria the most abundant microheterotroph,
followed by nanoflagellates. Therefore, the respira-
tion slope b, of MP heterotrophs constructed with
ERSEM organisms is likely to be between 1.3 and
2.0, with ry, less than 0.03 d™'. However, the nanoflagel-
lates and microzooplankton of ERSEM are partly
cannibalistic, imposing, in effect, an extra respiratory
tax. Thus the ERSEM-analagous b, is likely often
to exceed the MP value of 1.5.

Fig. 1. Continued

ERSEM describes food uptake by saturation (Michae-
lis-Menten or Langmuir isotherm) Kinetics:
C
. B
U, = =222 ol © (mmol €)'

d' (14)
where food concentration By is the result of totalling
over all possible foods the product of concentration
and ‘availability’ or preference p;;. A solution of Eqn.
(14) for By» KBj; gives

Ci = lpani /K = klcumaxi/KBfi m’ (mmol C)™' d!

This allows (maximum) clearance rates to be calculated
from the ERSEM parameters for maximum uptake
“Upmax and uptake half-saturation Ky (Table 6). These
rates are for 10°C. Combining them with some pref-
erence for the nanoflagellate clearance rate, and cor-
recting to 20°C (because of the temperature-dependence
of ERSEM “u,,,), suggests a value for the ERSEM
analogue of ¢, of about 0.4 at 20°C. However, the
‘availability’ of foods is always less than one in ERSEM,
and there is some cannibalism. Thus the ERSEM-
analogue may be closer to the MP standard value
of 0.2 m* (mmol C)! d.

ERSEM uses carbon as its main currency, but
allows for variation in the nutrient:carbon ratio, or
fraction, of the phytoplankton or detrital food of the
microheterotrophs. In the model, bacteria, nanoflagel-
lates or microzooplankton assimilate food without
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Table 6. ERSEM (and derived MP or AH) parameters for heterotrophs (at 10°C)

Local - ERSEM Description Bl . nfn60- micrzc;szoo- Units (here)
symbol  name* bacteria '
flagellates  plankton
fa pusr$ assimilation efficiency 0.3 0.2 0.5 -
fraction excreted of unassimilated food;
fe pu_eas$ 1-f, is ‘activity’ respired ©) 0.5 05 -
/o pe_RIls$  particulate fraction of excretion (0) 0.5 0.5 -
ki =1-£(1-£) 0.7 0.6 0.75
"o srssrd basal respiration rate 0.01 0.05 0.02 gt
Umax sumsr$  maximum food uptake rate 8.38 10.0 1.2 a!
Ky chugc$  Food conc. half-saturating uptake - 29 6.7 mmol C m™
O ql10s1$ temperature coefficient. 2.95 2.0 2.0 10°0O)!
c clearance rate (=k; i, / Kz - 0.21 0.13 m® (mmol C)™! 47!
b slope of respiration on growth (=(k,f,)—1) 1.3 20 0.5 -
14 suPl_sr$  availability (diatoms) for .... - 0 0.5 -
suP2_g$  availability (phytoflagellates) E 0.3 0.5 -
suBl_g8  availability (bacteria) - 1.0 0 -
suZ6_sr$  availability (nanoflagellates) - 0.2 0.6 -
suZ5_s$  availability (microzooplankton) - 0 0.2 -

*The ST component of the ERSEM name is replaced by BI, Z5 or Z6.

changing its nutrient ratio. If this ratio exceeds guax
the maximum nutrient:carbon ratio for the compart-
ment, the excess nutrient is immediately returned to
the inorganic nutrient pool. However, when “the dif-
ference between the actual and the maximum nutrient
fraction becomes negative, nutrients are retained, until
the maximum value is re-attained.” Such a nutrient
deficit does not otherwise affect microheterotroph rates.
The maximum nitrogen fraction is 0.20 mol N (mol
C)! for protozoans and 0.25 mol N (mol C)! for
bacteria.

Finally, an important difference from MP is that
in ERSEM the products of excretion and mortality
“are partitioned over dissolved and particulate organic
matter”. Thus, ERSEM microheterotrophs contribute
directly to the Detritus compartment, whereas MP
microplankton biomass passes to Detritus only by
way of mesozooplankton grazing.

FDM (Fasham et al., 1990) includes compartments
for DON (made by phytoplankton excretion), bac-
terial nitrogen, and zooplankton nitrogen, and most
rates are relative to nitrogen. The “zooplankton com-
partment describes an animal which is a combined
herbivore, bacterivore and detritivore...[with] param-
eters that are more typical of the herbivorous copepod
part of this ‘portmanteau’ animal than the bacte-
rivorous flagellate part.” Nevertheless, the describing
equation gives the bulk dynamics of a homogenous
population and does not allow for delays between

generations of animals. In our terms, it is:

Bz = (U—my)Z mmol N m™ d™* (15)
where
Uz = Z(nfz "i)~r; d!

The terms “f, and i, are, respectively, assimilation
efficiency and relative ingestion rate (d™!) for food
type n. Assimilation efficiency, relative excretion rate
rz (mmol N (mmol N)' d™") and relative mortality
rate my (d™') are assumed constant. The latter “param-
eterises both natural and predator mortality.” The vari-
able term is that for ingestion rate, exemplified for
phytoplankton (nitrogen concentration N,) as food:

a. imaxZ(ap) Na -1
i= KFZ+F d (16)

F is the total concentration of food, summed over
phytoplanktonic, bacterial and detrital nitrogen. The
maximum relative ingestion rate in.; (d™') and the
half-saturation food concentration K, (mmol N m™) can
be used to compute a maximum clearance rate equiv-
alent to 0.15 m? (mmol zooplankton C)™' d7!, given
gz of 0.16 mmol N (mmol C), the Redfield ratio
(see Table 7). As well as being close to the MP value
for ¢, this is similar to copepod clearance rates obtained
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Table 7. Standard values for zooplankton parameters in FDM
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FDM

Std

s])jr(;lcbzgl symbol Description value Units
"az,n=a, b, D P B Bs Assimilation efficiencies for diets of phytoplankton, bacteria or detritus ~ 0.75 -
Imax 2 g maximum ingestion rate (gelative to zooplankton biomass) 1.0 d7!
Cz maximum clearance rate (=) 0.15 m’(@mmolCy!d!
Ky K; (total) food concentration which half-saturates ingestion 1.0 mmolNm™
b, n=a, b, D P preference for a food type when all foods equally abundant 7?
Ny N7 i) (N-)relative rate of N excretion 01 d!
Ny (C-)relative rate of N excretion 0.015 mmol N (mmol C)™' d!
e ammonium fraction of N excretion 0.75
my Wus  specific mortality rate 0.05 d!
Q fraction of dead animals that become detritus ?? (the remainder 033 ¢z

minineralising to ammonium ?7?)*

qz - N:C, inverse Redfield, ratio

1/6.63 mmol N (mmol C)™

Values are for Bermuda station S, but it does not appear from Fasham ez al. (1993) that any are temperature-dependent.

*The value and definition of W are not quite clear.

(per animal) by Paffenhofer (1971) and Paffenhofer
and Harris (1976), and thus a little controversial.
Paffenhofer’s rates, obtained from animals cultivated
in the laboratory, are an order of magnitude greater
. than measured by workers using ‘wild’ animals, and
when related to biomass are of the same order as
those for protozoans. Nevertheless, the Paffenhofer
rates seem correct, in that they, unlike the lower rates,
will allow copepods to feed themselves at concen-
trations - of phytoplankton encountered under typical
conditions in the sea. So far as FDM is concerned,
the similarity of biomass-related clearance rates for
copepods and protozoans would seem to help justify
their inclusion in the same model compartment.
Total food concentration is:

F="pyN, + 'y N, + "py N, mmol N m= (17)

The terms in p, are the standardised preferences of
the zooplankton for phytoplankton, bacteria and detritus,
when these potential foods are presented in equal
amounts. The actual preference for phytoplankton,
for example, given a set of food abundances, is:

a ap 0 N a
P=—F (18)
and this has the consequence that the simulated zoop-
lankton exert the greatest grazing pressure (iZ) on
the most abundant type of food, “equivalent to
assuming that the zooplankton actively select the
most abundant food organisms, or, as we are dealing
with an aggregated entity, that particular sub-groups

of zooplankton will develop to crop the most abun-
dant organisms.” Conversely, this description of graz-
ing relieves grazed populations of grazing pressure
when their abundance is low, and hence avoids driv-
ing phytoplankton or bacteria to extinction during
simulations. Following Fasham ef al., we will call
this a “switching model” (although the change-over from
one diet to another is continuous rather than abrupt),
and it may have the advantage of stabilising the
trophic network of FDM. Eqn. (16) seems equivalent
to a Holling (1959) type III grazing function for any
given prey type. Fasham et al. report that the use
of Eqn. (18), ascribed to Hutson (1984), “increased
the likelihood of a zooplankton population surviving
the winter, thereby producing a more robust model.”
The bacterial equation in FDM is

Bas = Uy Ny — i, Z mmol N m= d-' (19)

where:

Wy = N, N, + My N, - "' d!

(The suffix N is added to the symbol u to emphasise
that these uptake rates are relative to nitrogen bio-
mass, in contrast to the carbon-related rates of MP
and ERSEM. The FDM rates thus have dimensions
of time™.) Parameter values are listed in Table 8. The
bacteria are supposed to have a composition (g;) of
5 mole carbon per mole of nitrogen. The uptake equa-
tions postulate a requirement for ammonium to sup-
ply the relative nitrogen deficiency of dissolved

organic matter, assumed to have a C:N ratio (qoy)
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Table 8. Standard values for bacterial parameters in FDM

Local symbol FDM symbol Description Std value Units
o V, maximum N-relative ammonium or DON uptake rate 2.0 d!
Upaxh maximum C-relative uptake rate (= uﬁax »an) 0.4 mmol N (mmol C)™! d”!
K K. half-saturation concentration for nutrient uptake 0.5 mmol N m™
ch trophic transfer coefficient (=u,,,,,/Ks) 0.8 m~ (mmol C)™* d™?
Ny Np s (N-)relative rate of nitrogen excretion 005 d!
NHON | ammonium:DON uptake ratio (assumes DOC:DON=8) 0.6
s - nitrogen:carbon ratio 0.20 mmol N (mmol C)™!
of 8. Thus, time, on the more abundant of phytoplankton, bac-
N teria or detritus. “This assumption leads to a positive
NH, N, = UnaxpS _ g switching... which has a stabilizing effect on the
Ko+8 + ONg predator-prey interaction ...” (Fasham et al. 1993). Tay-
lor and Joint (1990) fitted a steady state microbial
N on loop model to data from the Celtic Sea in summer,
on, N, = Usmaxp fN q-! (20) finding change in steady-state parameters during the
Ks+S8 +"S course of the summer but support for the use of the
steady state for any given time.
where The comparisons with FDM and ERSEM show

s = min{""s, "¢ °s}  mmol N m=
NgP(=qon/qs) is 0.6, the ratio of contents of nitrogen
(relative to carbon) in DOM and bacteria. In the
absence of ammonium, uptake (and hence growth)
depends on DON concentration only; when ammo-
nium is present the additional uptake of nitrogen
allows faster growth. In the absence of DON, uptake
is zero and hence growth is negative.

Finally, it may be noted in Table § that the transfer
coefficient for bacteria has the deduced value of 0.8
m® (mmol C)! d7'. There are no equivalent values
in MP or ERSEM for comparison but this high rate
does not seem unreasonable given the large sur-
face:volume ratio and potentially fast metabolic rate
of bacteria.

DISCUSSION

The most crucial assumption of MP is that of a
constant ratio of heterotrophs to autotrophs. A system
comprising several species at each trophic level may
form a more stable trophic web than implied by the
quasi-Lotka-Volterra dynamics of autotrophs and het-
erotrophs so long as the protozoan consumers are
catholic in their diet and able to switch between
favoured foods. Fasham er al. (1990) were able to
increase the robustness of FDM by assuming that the
zooplankton compartment grazed more, at a given

that, although these models differ substantially on
structure from each other and from MP, some of the
more important microplankton parameters have broadly
similar values in all the models, when expressed in
comparable terms. The models’ differences in the
control of autotroph growth are obvious. The other
striking difference proves to be the direct production
of detritus by microplankton in FDM and ERSEM.
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