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Abstract

A coupled physical and biological model was developed for Lake Michigan. The physical model was the Princeton
ocean model (POM) driven directly by observed winds and net surface heat flux. The biological model was an
eight-component, phosphorus-limited, lower trophic level food web model, which included phosphate and silicate for
nutrients, diatoms and non-diatoms for dominant phytoplankton species, copepods and protozoa for dominant
zooplankton species, bacteria and detritus. Driven by observed meteorological forcings, a 1-D modeling experiment
showed a controlling of physical processes on the seasonal variation of biological variables in Lake Michigan:
diatoms grew significantly in the subsurface region in early summer as stratification developed and then decayed
rapidly in the surface mixed layer when silicate supplied from the deep stratified region was reduced as a result of the
formation of the thermocline. The non-diatoms subsequently grew in mid and late summer under a limited-phosphate
environment and then declined in the fall and winter as a result of the nutrient consumption in the upper eutrophic
layer, limitation of nutrients supplied from the deep region and meteorological cooling and wind mixing. The flux
estimates suggested that the microbial loop had a significant contribution in the growth of microzooplankton and
hence, to the lower-trophic level food web system. The model results agreed with observations, suggesting that the
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model was robust to capture the basic seasonal variation of the ecosystem in Lake Michigan. © 2002 Published by
Elsevier Science B.V.
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1. Introduction

Lake Michigan is characterized as a typical
phosphorus-limited lake ecosystem (Eadie et al.,
1984; McCormick and Tarapchak, 1984; Schelske
et al., 1986). Previous biological and chemical
observations showed that the annual averaged
concentrations of total inorganic nitrogen and
phosphate in the lake have been increasing dra-
matically (Brooks and Edington, 1994). Nitrogen,
a requisite component for the growth of phyto-
plankton in the coastal ocean, is not a limiting
factor in Lake Michigan (Neilson et al., 1994).
The phosphorus in Lake Michigan is supplied and
maintained mainly through four processes: (1)
external loading; (2) internal recycling; (3) sedi-
ment flux; and (4) nutrient release of suspended
sediments. Recent measurements reveal a net in-
crease of the total phosphorus during the spring
phytoplankton bloom. Of this increment, 20% is
accounted for by the external phosphorus loading
(Brooks and Edington, 1994) and only 4% is
supplied from the bottom sediment flux (Conley
et al., 1988). Although the previous interpretation
of phosphorus loading and flux is somewhat in
question, there is no doubt that a large portion of
the net increase of phosphorus is due to the
nutrient releases from suspended sediment and
internal recycling (Eadie et al., 1984; Johengen et
al., 1994).

Silicon also plays an important role in regulat-
ing planktonic communities in Lake Michigan.
The collapse of the spring diatom bloom in south-
ern Lake Michigan generally occurs in summer as
silicon is rapidly depleted in the euphotic zone
due to the restriction of nutrient supplies from the
deep region below the thermocline (Scavia and
Fahnenstiel, 1987). Unlike phosphorus, the silicon
in the water column is hardly released from the
detrital pool and only 21% of it is accounted for
by the sediment flux at the bottom (Conley et al.,
1988).

In early spring, the planktonic community in
Lake Michigan is dominated by diatoms. In gen-
eral, there are two types of abundant diatoms in
the lake: large net ones (Melosira, Asterionella,
etc.) and small centrics (5–10 �m). When the
wind mixing-induced thermocline is established, it
acts like a barrier to restrict the silicon flux from
the deep water. As a result, the biomass of di-
atoms decreases dramatically in late spring as the
silicon in the photic zone is depleted (Scavia and
Fahnenstiel, 1987). The non-diatoms, which com-
prise of large flagellates (Cryptophytes) and a
bunch of small flagellates (3–10 �m, Chryso-
phytes, Haptophytes and some Prasinophytes,
etc.), grow up gradually under conditions of lim-
ited phosphorus in late spring through summer
(Sherr et al., 1988). Therefore, because of the
silicon limitation, the growth of phytoplankton in
Lake Michigan features two distinct patterns: the
diatom bloom in early spring and then non-di-
atoms in late spring through summer.

The major consumers of phytoplankton in
Lake Michigan are large zooplankton (copepods)
and microzooplankton (Ciliates, Daphnia spp. and
Calanoida, etc.). A high abundance of copepods
occurs in early spring, which is consistent with a
rapid growth of diatoms as stratification develops.
The dominant species shift to the microzooplank-
ton as diatoms are depleted and non-diatoms
grow up. The microbial food web (MFW) is
believed to be a major contributor to the abun-
dance of microzooplankton in Great Lakes
(Gardner et al., 1986; Carrick and Fahnenstiel,
1990; Carrick et al., 1991; Valiela, 1995). This is
evident from the recent observation that the het-
erotrophic bacteria can account for �22% of the
total plankton biomass and heterotrophic proto-
zoa (a major component of the MFW) can ac-
count for �32% of the total heterotrophic
micro-organisms in St. Lawrence Great Lakes
(Fahnenstiel et al., 1998). Protozoan ciliates con-
stituted �30% of the zooplankton biomass in the
southern part of the lake in a 1-year survey
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conducted from December 1986 to November
1987 (Carrick and Fahnenstiel, 1990).

Previous observations and laboratory experi-
ments have shown a clear schematic of the lower
trophic level food web of Lake Michigan, which
provide a foundation for modeling exploration.
Based on biological measurements, Scavia (1979,
1980) developed a food web model for Lake On-
tario. The model was driven by observed biologi-
cal distributions with inclusion of a specified
one-dimensional (1-D) temperature profile and
empirically determined vertical diffusion. This
model was modified and applied to Lake Michi-
gan (Scavia et al., 1988). The updated version of
the biological food web model consisted of three
phytoplankton components (diatoms, flagellates
and blue greens), two nutrients (silicon and phos-
phorus) and two crustaceans (Diaptomu and
Daphnia). Numerical experiments based on this
biological model revealed the basic characteristics
of the transformation and fluxes between nutri-
ents, phytoplankton and zooplankton in Great
Lakes ecosystems. A similar model was also de-
veloped for Saginaw Bay, Lake Huron by Bieman
and Dolan (1981). All these biological models
were driven by idealized simple physical fields,
which could not resolve the 3-D or even 2-D time
and spatial distributions of biological fields in
Great Lakes.

There has not been a lower trophic level food
web model available for Lake Michigan until our
present modeling studies. Although previous ob-
servations have provided us with some insights
into the structure of the biological community in
Lake Michigan, the impact of the physical pro-
cesses on the seasonal variation of the food web
system has not been well examined. How do
stratification and wind mixing control the sea-
sonal variation and species regulation of the
plankton in Lake Michigan? What is the role of
microbial food web in the ecosystem energy bal-
ance in Lake Michigan under a realistic physical
condition? Could we develop a fully coupled
physical and biological model to simulate the
seasonal variation of the ecosystem in this lake?

As one component of the modeling projects of
the Episodic Events Great Lake Experiments (EE-
GLE), a fully coupled physical and biological

model was developed for Lake Michigan. The
physical part was the well-calibrated Lake Michi-
gan circulation model that was originally modified
from the Princeton ocean model (POM) by the
NOAA Great Lake Laboratory modeling group
(Beletsky and Schwab, 1998; Beletsky et al., 2000;
Schwab et al., 2000). The biological part consisted
of an eight-component, phosphorus-controlled,
lower trophic level food web model with inclusion
of phosphate and silicate for nutrients, diatoms
and non-diatoms for dominant phytoplankton
species, copepod and heterotrophic flagellate for
dominant zooplankton species, bacteria and de-
tritus. This coupled model has been tested and
calibrated under the realistic lake environment of
1994–1995 and a spring plume event of 1998.

The objectives of this paper are (1) to describe
in detail the development of this coupled model;
and (2) to use this model to examine the impact of
physical processes on the seasonal variation of the
plankton and the interaction between biological
variables in a food web system in this lake. Mod-
eling studies were focused on a 1-D numerical
simulation of the plankton at a long-term moni-
toring station (shown in Fig. 1) for 1994–1995. A
3-D experiment, with focus of the impact of sea-
sonally recurring coastal suspended sediment
plume on the spatial distribution of the plankton
in southern Lake Michigan, is presented in a
separate paper in this volume (Ji et al., 2002).

The remaining sections are organized as fol-
lows. The coupled biological and physical model
and the design of numerical experiments are de-
scribed in Section 2. The model results of the 1-D
experiments are presented in Section 3. The im-
pacts of physical and microbial processes on the
food web are examined in Section 4. The sensitiv-
ity analysis of biological parameters is given in
Section 5 and finally, conclusions are summarized
in Appendix B.

2. The coupled biological and physical model

2.1. Biological model

The biological model is based on the observed
features of the lower trophic level food web in
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Lake Michigan (Scavia and Fahnenstiel, 1987). It
is a phosphorus-controlled model with eight inde-
pendent variables (Fig. 2). The governing equa-
tions are given as:

dPL

dt
−

�

�z
�

Ah

�PL

�z
�

=LP(uptake)−LP(mortality)−LZLP(grazing)

−LP(sinking) (1)

dPS

dt
−
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Fig. 1. Bathmetry of Lake Michigan and the location of the
Grand Haven monitoring station chosen for the 1-D model
experiment. The contour of the water depth was plotted with
an interval of 50 m.
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Fig. 2. Schematic of the lower trophic level food web model in Lake Michigan. The definition for each symbol is given in the text.

where PL, PS, ZL, ZS, B, P and Si are the large
size phytoplankton, small size phytoplankton,
large size zooplankton, small size zooplankton,
bacteria, phosphorus, and silicon, respectively. DP

and DS are the phosphate- and silica-related com-
ponents of detritus. Ah is the thermal diffusion
coefficient that is calculated using the Mellor and
Yamada level 2.5 turbulent closure scheme incor-
porated in the physical model.

d
dt

=
�

�t
+u

�

�x
+�

�

�y
+w

�

�z

is the derivative operator; x, y and z are the
eastward, northward, and vertical axes of the
Cartesian coordinate, and u, � and w are the x, y

and z components of the velocity. The definition
of parameters �

ZL, �
ZLS, �

ZS, �B, �S and �P are
given in Table 1. PQ and SQ are the phosphorus
and silicon fluxes from suspended sediments. The
mathematical formula of LP (uptake), LZLP
(grazing), SP (uptake), SZSP (grazing), LZSZ
(grazing), SZB (grazing), DB (decomposition), BP
(uptake), DP (remineralization), DS (remineral-
ization), LP (sinking), DP (sinking), LP (mortal-
ity), SP (mortality), LZ (mortality), SZ
(mortality) and B (mortality) are given in detail in
Appendix A.

In the model, phosphorus and silicon are two
limiting nutrients that control the primary pro-
duction. Nitrogen is not included in the model
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Table 1
Bio-parameters

Ranges SourcesParameter Definition Value used

0.8–6 d−1Maximum growth rate for PL (Bieman and Dolan, 1981; Scavia et1.6 d−1Vmax
PL

al., 1988)
Vmax

PS 1.2 d−1 0.8–2 d−1 (Bieman and Dolan, 1981; Scavia etMaximum growth rate for PS

al., 1988)
0.8–6 d−1 Various sources1.2 d−1Vmax

S Maximum Si uptake rate by PL

0.05 d−1Maximum P uptake rate by B ?Vmax
B

Vmax
DOP 23–144 d−1Maximum DOP uptake rate by B (Bentzen et al., 1992)5 d−1

0.2 �mol P l−1 0.07–0.4 �mol PHalf-saturation constant for the P (Bieman and Dolan, 1981; Tilman etkP L

l−1uptake by PL al., 1982)
0.05 �mol PHalf-saturation constant for the PkP S

0.015–? �mol P (Bieman and Dolan, 1981)
l−1l−1uptake by PS

5.0 �mol SiHalf-saturation constant the SikS 3.5–3.57 �mol (Bieman and Dolan, 1981; Jorgensen
Si l−1 et al., 1991)uptake by PL l−1

kB 0.2 �mol P l−1Half-saturation constant for the P 0.02–0.2 �mol P (Cotner and Wetzel, 1992)
uptake by B l−1

0.005–0.02 �mol0.1 �mol P l−1Half-saturation constant for thekDOP (Bentzen et al., 1992)
DOP uptake by B P l−1

Gmax
ZL 0.2–0.86 d−1Maximum PL grazing rate by ZL (Scavia et al., 1988; Jorgensen et al.,0.4 d−1

1991)
0.1 d−1Maximum PS grazing rate by ZS (Bieman and Dolan, 1981)0.2 d−1Gmax

ZS

Gmax
B 3.5 d−1 3.5 d−1 (Hamilton and Preslon, 1970)Maximum B grazing rate by ZS

0.4 d−1Maximum ZS grazing rate by ZL ?Gmax
ZLS

0.001–1 l �mol−1 (Scavia et al., 1988; Jorgensen et al.,0.06 l �mol−1kZL Ivlev constant for ZL grazing
1991)

0.011 lIvlev constant for Ps grazing by Zs (Bieman and Dolan, 1981)kZS 0.02 l �mol−1

�mol−1

0.03 l �mol−1Ivlev constant for the B grazing by 0.022 l (Hamilton and Preslon, 1970)kB

Zs �mol−1

kZLS Ivlev constant for the Zs grazing by 0.07 ?
ZL

Assimilation efficiency of ZL 0.35 0.15–0.5 (Jorgensen et al., 1991)�
ZL

?0.3�
ZS Assimilation efficiency of Zs

0.3�B ?Assimilation efficiency of B grazing
by Zs

0.6 ?Assimilation efficiency of the Zs by�
ZLS

ZL

�
ZL 0.02 d−1 0.01–0.05 d−1 (Bieman and Dolan, 1981; JorgensenMortality rate of ZL

et al., 1991)
Mortality rate of Zs 0.03 d−1 0.1 d−1 (Bieman and Dolan, 1981)�

ZS

0.5–5.9 d−1 (Jorgensen et al., 1991)0.5 d−1�B Mortality rate of B
0.08 m−1 0.12–0.17 m−1 (Scavia et al., 1986)k0 Photosynthetic attenuation

coefficient
0.02 0.1–0.58Proportionality of DOP from the (Valiela, 1995)�D

detrital P
�P L

0.6 m d−1 0.5–9 m d−1 (Scavia et al., 1988; Jorgensen et al.,Sinking velocity of PL

1991)
�P S

0.01–3 m d−1Sinking velocity of Ps (Fahnenstiel and Scavia, 1987b)0.3 m d−1

0.5–1 m d−1 (Jorgensen et al., 1991)0.6 m d−1Sinking velocity of D�D

0.15 d−1Remineralization rate of detrital P 0.05 d−1 (Fasham et al., 1990)eP

Remineralization rate of detrital Si 0.03 d−1 ?eS

0.069 (Parsons et al., 1984)0.069� Temperature dependence coefficient
35Ratio of carbon (C) to chlorophyll 23–79 (Parsons et al., 1984)�C:Chli
80Ratio of C to P ? (Parsons et al., 1984)�C:P
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since it is always in sufficient supply. This food
web model has the advantage of avoiding the
complex ammonia dynamics (Fasham et al.,
1990).

Two sizes of phytoplankton are considered in
the model. One is diatom (range: 13–312 �m) and
the other is small non-diatom (flagellates with a
size smaller than 10 �m). In Lake Michigan, the
phytoplankton is dominated by the large net di-
atom in early spring and is then followed by the
growth of phytoflagellates and cyanobacteria or
green alge (Fahnenstiel and Scavia, 1987b) in
summer and autumn. The existence of these two
distinct phase patterns is associated with the sea-
sonal variation in silicon levels, which decreases
rapidly as the thermocline develops. Dividing the
phytoplankton species into two size groups is
based on the purpose of capturing the basic sea-
sonal pattern of the phytoplankton with the sim-
plest food web model.

In Lake Michigan, zooplankton is dominated
by copepods and cladocera all year around
(Scavia and Fahnenstiel, 1987). The abundant
species for copepods are Diaptomus spp. and for
cladocera is Daphnia galeata mendota. Micro-
zooplankton are dominated by ciliates and het-
eroflagellates. The ciliates contribute to the
heterotrophic plankton and their abundant spe-
cies vary significantly with seasons (Carrick and
Fahnenstiel, 1990), while the heteroflagellates gen-
erally account for a small fraction of micro-
zooplankton abundance in the lake. Based on the
grazing characteristics of different sizes of
zooplankton, we group the zooplankton into two
categories: large and small zooplankton. The large
zooplankton represents copepod and cladocera
and small zooplankton includes microzoo-
plankton.

The most preferable food for copepods in Lake
Michigan is ciliates other than diatoms (Vander-
ploeg et al., 1988; Vanderploeg, 1994). Based on
size and shape selectivity, the freshwater plankton
with a size range of 3–30 �m (the size of most
ciliates) is preferred by calanoid copepods (Van-
derploeg, 1981) and filter-feeding cladocera (Gli-
wicz, 1980). The linkage between copepods and
ciliates in the lake is taken into account in the

model by adding the grazing process of large
zooplankton over small zooplankton. We also
assume that copepods do not digest the diatom
frustuler and thus, the silica parts of diatoms are
directly deposited into detrital pool (Scavia et al.
1988). In some previous modeling studies for the
reservoirs, diatoms are allowed to grow without
inclusion of zooplankton grazing (Thebault and
Salencon, 1993; Salencon and Thebault, 1996).
Our experiments suggest that this assumption
probably fails to simulate the collapse of diatoms
in late autumn and caused the earlier occurrence
of the diatoms’ bloom in the subsequent year in
Lake Michigan.

Bacteria contribute to the lower trophic level
food web mainly through uptake of nutrients,
decomposition of detritus and grazing by micro-
zooplankton (Gardner et al. 1986). The mortality
of bacteria directly deposits into the detritus pool,
which indirectly influences the detritus remineral-
ization to dissolved nutrients and decomposition
back to bacteria. Following the procedure of
Fasham et al. (1990), the total amount of bacteria
is included in the model, with no separation of the
attached bacteria from free bacteria.

Detritus refers to fecal pellets, dead phyto-
plankton, zooplankton and bacteria. In Lake
Michigan, the large egestion of zooplankton and
low assimilation efficiency contribute to the
amount of detritus, especially in summer after
stratification develops (Scavia and Fahnenstiel,
1987). The sediment flux from the bottom de-
creases by a factor of 10 from early spring to late
summer after the thermocline is established (Eadie
et al., 1984). This change accounts for part of the
algal losses in Lake Michigan during summer.
Since the POC remains almost unchanged in the
lake in early spring through summer, the sedimen-
tation during that period is dominated by detrital
losses. This pattern is evident from previous ob-
servations, which show that after the spring
bloom, the net decrease of total phosphorus is
proportional in the epillimnion to sedimentation
fluxes that are attributable to detritus (Brooks
and Edington, 1994).

In our model, the remineralization, decomposi-
tion and sinking of detritus are taken into account
in the food web system. It is difficult to resolve
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ratio of silicon to phosphorus from the total
concentration of detritus, since this ratio varies
with multiple factors related to the mortality of
phytoplankton, zooplankton and bacteria and as-
similation rate of zooplankton. For example, the
growth of large phytoplankton is limited by both
phosphorus and silicon, while only phosphorus is
needed for small phytoplankton (non-diatoms).
As a result, the dead diatoms contain both phos-
phorus and silicon, but dead small phytoplankton
has only phosphorus. Similar processes occur for
the grazing of large and small zooplankton, in
which the unassimilated part of large zooplankton
contributes to both phosphorus and silicon pools,
but that of the small zooplankton contributes to
phosphorus only. Because the ratio of phosphorus
to silicon in the total detritus depends on multiple
time-dependent factors, it is almost impossible to
derive a simple mathematical formula to separate
one from another if only total concentration of
detritus is calculated. For this reason, we techni-
cally divide detritus into two components: DP and
DS, with DP including all phosphorus-related de-
tritus and DS all silica-related detritus. This sepa-
ration is only valid with an assumption that ratios
of phosphorus to silicon in large phytoplankton
and zooplankton are well-defined.

The effects of upper trophic level predators,
such as large fishes, human fishing and birds, are
not included in the present model. As Valiela
(1995) suggested, most of these higher trophic
level effects can be simulated by adding an addi-
tional sinking rate of the detrital pool. Since our
interests are in the physical and biological interac-
tion on the lower trophic food web in the lake, we
neglect these higher trophic level terms based on
an assumption that they have only a secondary
contribution to the food web system in Lake
Michigan.

The model includes 37 biological parameters.
These parameters are selected according to previ-
ous observations and literature values (see Table
1). Since these parameters vary over a wide range
in time and space, we first ran the model with an
initial setup of parameters and then carried out a
sensitivity analysis over the given parameter
ranges. A detailed description of our initial setup
of biological parameters is given in Appendix A.

2.2. Physical model

The physical model used in this study is the
Princeton ocean model (POM) developed origi-
nally by Blumberg and Mellor (1987). The model
incorporates the Mellor and Yamada (1982) level
2.5 turbulent closure scheme, with a modification
by Galperin et al. (1988) to provide a time- and
space-dependent parameterization of vertical tur-
bulent mixing (MY2.5). The estimation of surface
mixing length scale is improved by linking it with
mixing intensity and the first model layer thick-
ness (Melsom, 1996). This improvement provides
a more realistic surface mixing which is critically
important for simulating the thermocline and
hence for nutrient supply and phytoplankton
growth. The POM has been widely used in the
coastal ocean and Great Lake studies.

The POM has been configured for Lake Michi-
gan geometry (Beletsky and Schwab, 1998; Belet-
sky et al. 2000; Schwab et al., 2000). A uniform
grid with a resolution of 10 km is used in the
horizontal and 21-� levels in the vertical. The
model is driven directly by the observed meteoro-
logical forces, including winds and heat flux. The
wind stress is calculated using the GLERL
method from Liu and Schwab (1987). The heat
forcing included two parts: (1) the surface net
heat flux; and (2) the penetrated short-wave irra-
diance (Beletsky and Schwab, 1998; Chen et al.,
2001; Zhu et al., 2001).

2.3. Boundary conditions

The surface and bottom boundary conditions
for the momentum equations are given by

��u
��

,
��

��

�
=

D
�oAm

(�0x, �0y); 	=0; and

�T
��

=
D

�ocPAh

(Q−Io), at �=0 (10)

��u
��

,
��

��

�
=

D
�oAm

(�bx, �by); 	=0; and

�T
��

=0, at �= −1 (11)
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where (�ox, �ox) and (�bx, �by)=Cd�u2+�2 (u2+
�2) are the x and y components of surface wind
and bottom stresses. The drag coefficient Cd at
the bottom is determined by matching a logarith-
mic bottom layer to the model at a height zab

above the bottom, i.e.

Cd=max
�

k2/ln
�zab

z0

�2

, 0.0025
n

(12)

where k=0.4 is the Karman’s constant and z0 is
the bottom roughness parameter, which is taken
as 0.001 m in this study. Am is the vertical eddy
viscosity; D, the total water depth; T, the water
temperature; cP, the specific heat of seawater; �o,
the reference density; Qn, the net surface heat flux;
and Io, the incident irradiance at the sea surface.

The surface and bottom boundary conditions
for biological variables are given by

�

��
(PS, ZL, ZS, B, DS, P, S)=0;

�PL

��
=

D
Ah

wP L
PL; and

�DP

��
=

D
Ah

wDDP,

at �=0,−1 (13)

where wP L
and wD are the sinking velocities of PL

and DP.

2.4. Design of numerical experiments

Because of the limitation of 3-D interdisci-
plinary data in Lake Michigan, we started our
numerical experiments at a 1-D site located at the
Grand Haven station (43°00� N and 86°24� W, see
Fig. 1). This site is a GLERL/NOAA and EPA
ecosystem monitoring station with a long-term
record of both hydrological and biological data.
The water depth at this station is �100 m and
the location is considered to be a transitional site
for sediment accumulation (Cahill, 1981). These
facts suggest that little sediment resuspension
would occur at this station, even during strong
plume events. For this reason, we did not include
the sediment term in the numerical experiments.
The 3-D physical model experiments have shown
that the horizontal advections and upwelling are
generally one order of magnitude smaller offshore
than near the coastal region. A 1-D approxima-

tion, as a first step, is a practical starting point to
test and calibrate the biological model.

The initial distribution of temperature was spe-
cified based on the climatological conditions in
winter of 1994, which were vertically uniform
everywhere. From January 1 to April 1 the water
temperature was held constant at 2 °C in the
model by eliminating surface heat flux for this
period. During this period, the lake was slightly
stratified with up to 80% ice coverage and colder
surface water temperature (�2 °C) in open water
areas. Since we did not have information about
the vertical temperature structure during this pe-
riod, we chose to use uniform 2 °C until April 1
when the satellite imagery showed surface water
temperature was nearly uniform at 2 °C. At that
time, surface heat flux was restored in the model.
This approximation should not have a significant
effect on model results.

The initial distributions of biological variables
also were specified using the climatological condi-
tions in winter of 1994, in which phosphorus: 0.1
�mol P l−1; silicon: 27 �mol Si l−1; large phyto-
plankton: 0.5 �mol C l−1; small phytoplankton:
0.5 �mol C l−1; large zooplankton: 0.7 �mol C
l−1; small zooplankton: 0.5 �mol C l−1; bacteria:
3.2 �mol C l−1; phosphorus-related detritus: 6.5
�mol C l−1 and silicon-related detritus: 1.0 �mol
C l−1. Since the water was vertically well mixed in
January 1994, the uniform initial values used for
biological variables were a good approximation
with little influence on the seasonal simulation
results. The ratio of C :P used in the model was
80, which was the same value used by Parsons et
al. (1984).

The coupled model was run using the 3-D code
with five grid points in which all physical and
biological variables were specified uniform in the
horizontal. The numerical integration was con-
ducted prognostically over a period of 2 years
starting at the beginning of January 1, 1994.

3. Model results

3.1. Physical structures

The 1-D physical model captured the basic
pattern of the seasonal variation of temperature
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Fig. 3. Time series of the real-time wind speed (upper) and
surface net heat flux (middle) and vertical distribution of
model-predicted temperature (lower) in 1994 and 1995 at the
Grand Haven monitoring station. A 40-h low-passed filter was
used to treat the wind and heat flux data. The temperature
interval was 1 °C.

creased considerably in mid-August though early
September and then disappeared in late October.
A similar seasonal pattern also was found in 1995,
except that the onset of thermal stratification
occurred �10 days earlier.

The model-predicted temperature is in good
agreement with the observations taken at depths
of 12, 25, 37 and 67 m (Fig. 4). Based on these
agreements, the model results suggest that 1995
had a warmer winter and summer compared with
1994. The difference in temperature between these
2 years was �2 °C in winter and 5 °C in sum-
mer. It is not surprising that the model-predicted
temperature curve is much smoother than the
observed temperature curve, since the model is
only 1-D and the model predicted field is

Fig. 4. Comparison between observed (heavy solid) and
model-predicted (thin-solid) temperatures at selected depths of
12, 25, 37 and 67 m.

at Grand Haven station (Fig. 3). In 1994, stratifi-
cation developed in early June as a result of
surface heating. A continuous warming tendency
caused the water in the upper 40 m to be well
stratified in late June. The wind-induced mixed
layer, defined as a layer in which vertical tempera-
ture difference is �2.5 °C, formed in early July
and then gradually deepened with time through
summer. Cold-front events with strong wind mix-
ing and cooling occurred episodically in autumn,
which caused a rapid increase of the thickness of
the mixed layer. Correspondingly, a well-defined
thermocline formed at depths of 15–20 m in early
June and then deepened gradually to �25 m in
late August. The intensity of the thermocline de-
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Fig. 5. Time sequences of the vertical distributions of phos-
phorus, silicon, small phytoplankton and large phytoplankton
at the Grand Haven monitoring station over 1994–1995.

annual variation of stratification, as mentioned
above.

Model-predicted large phytoplankton PL grew
rapidly in the upper 40 m in early May as stratifi-
cation developed. A maximum value of PL oc-
curred near the surface in late May and then
shifted to a depth of 30 m below the surface in
late June. When the thermocline formed, PL in the
upper 40 m collapsed rapidly in a short period,
starting near the surface and then extended down-
ward. Subsequently, small phytoplankton PS grew
near the surface in late May, with remarkable
variation in the mixed layer during summer. In
summer through autumn, the biomass of PL be-
low the thermocline remained at a relatively high,
decreasing slightly with time. An opposite struc-
ture was found in PS, which had a relatively low
biomass and was vertically well mixed in the deep
region just below the thermocline. Similar pat-

Fig. 6. Time sequences of the vertical distributions of small
zooplankton, large zooplankton, bacteria and total detritus at
the Grand Haven monitoring station over 1994–1995.

smoothed each time step to ensure the numerical
stability.

3.2. Seasonal distribution of biological �ariables

The model-predicted seasonal variation of bio-
logical variables is closely associated with the
seasonal distribution of temperature (Figs. 5 and
6). In 1994, both phosphate and silica concentra-
tions in the upper 20 m decreased rapidly in early
May as stratification developed and then re-
mained minimum within the mixed layer during
summer through autumn as the thermocline
formed. Relatively large values of phosphate and
silica were found below the thermocline in late
summer and then concentrations vertically well
mixed again in winter. This seasonal pattern was
repeated in 1995, with slight variability due to the
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terns of PL and PS appeared in 1995, suggesting a
closely linkage with the seasonal variation of
stratification.

Seasonal distributions of large and small
zooplankton (ZL and ZS) were cohered well with
seasonal patterns of PL and bacteria (B). In 1994
and 1995, B abundance grew significantly in the
subsurface in late May and June as stratification
developed and remained lower within the mixed
layer in summer through autumn. The abundance
became vertically uniform in winter as a result of
wind mixing and surface cooling. Similar seasonal
patterns were also found for ZL and ZS, even
though the maximum biomass of these two vari-
ables was about four times smaller.

Total detritus (D) was vertically well mixed in
the winter of 1994. It significantly increased in
early May as stratification developed. Similar to
other biological variables, the total D remained at
a minimum in the mixed layer in summer through
autumn. Two extreme values of total D were
found over seasons: one was at the depth of 35 m
in late June and the other near the bottom in late
August. Tracing back to two separate compo-
nents of detritus, we found that the subsurface
maximum was dominated by the phosphorus-re-
lated component and the bottom extreme detritus
mainly came from the silicon-related component.

3.3. Mean biomass and flux

The model-predicted mean biomass of each bio-
logical variable in the euphotic zone was esti-
mated in the three dynamical phases which were
defined based on the temporal variation of the
thermocline. Phase I: a period with a rapid devel-
opment of the thermocline; phase II: the duration
with a fully developed thermocline and a near-
constant mixed layer depth; and phase III: a
collapse period of the thermocline. The mean
concentrations of P and Si were 0.11 �mol P l−1

and 14.76 �mol Si l−1 in phase I, 0.09 �mol P l−1

and 9.38 �mol Si l−1 in phase II and 0.08 �mol P
l−1 and 9.36 �mol Si l−1 in phase III (Fig. 7a,b).
The mean biomasses of PL and PS were 6.33 and
3.79 �mol C l−1 in phase I, 2.28 and 3.08 �mol C
l−1 in phase II and 0.31 and 3.42 in phase III
(Fig. 7c,d). Similarly, the mean biomasses of ZL,

ZS, B and D were 1.41, 1.50, 2.84 and 5.54 �mol
C l−1 in phase I, 1.52, 1.52, 2.53 and 3.80 �mol C
l−1 in phase II and 1.29, 1.28, 2.27 and 1.91 �mol
C l−1 in phase III, respectively (Fig. 7e–h). The
model results suggested significant seasonal varia-
tions of large phytoplankton and detritus, but not
for small phytoplankton, small and large
zooplankton. The model-predicted bacteria had
its maximum in spring and then gradually and
slowly decreased over summer through autumn,
which is consistent with recent finding from the
direct measurement (Cotner et al., 2000; Biddanda
et al., 2001).

The averaged phosphate-based mean flux of
each biological process in the euphotic zone for
the three phases is indicated in Fig. 8. The model-
predicted mean flux of phosphorus to PS exhibits
a small variation from spring through autumn,
with the values of 1.47×10−3 umol P l−1 per
day in phase I, 1.22×10−3 umol P l−1 per day in
phase II and 1.51×10−3 umol P l−1 per day in
phase III. These values are about two or three
times larger than the sum of the mean fluxes to PL

and B in all three phases, implying that the up-
take of the phosphorus by small phytoplankton
was a major consumer of phosphorus. The mean
flux to ZL varied with season, coming comparably
from PL and ZS in phase I and being dominated
by ZS in phases II and III. There was a net flux
from D to B, which was about eight to nine times
larger than the flux from phosphorus to B. Most
of the flux from detritus and phosphorus were
taken by ZS and a net flux in the D and P to B
and to ZS implied that B increased in phase I,
decreased in phase II and then slightly increased
in phase III. The decrease of phosphorus in the
euphotic zone was evident in the net loss of
phosphorus flux after compensation by the rem-
ineralization process from detritus, though the
model showed that the total P in the water
column remained constant.

Linking all these fluxes together suggest that
after the thermocline was fully developed the sec-
ondary production could be attributed mainly to
the detritus–bacteria–small zooplankton– large
zooplankton loop, with little influences from the
primary production of phytoplankton. This
means that in summer and fall the zooplankton
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Fig. 7. The averaged biomasses of phosphorus, silicon, large phytoplankton and small phytoplankton, large zooplankton, small
zooplankton, bacteria and total detritus in the euphotic layer during phases I–III.

processes could be separated from phytoplankton
processes in southern Lake Michigan as a first
order approximation. This model result is consis-
tent with the suggestion from previous observa-
tions (Carrick et al., 1991), which showed that a
larger carbon flux from heterotrophic bacteria to
protozoans and copepods gained more carbon

from ciliates than from diatoms. Our modeling
experiments agree that the microbial food web
plays a critical role in the ecosystem in Lake
Michigan. These results are also consistent with
recent measurements taken in the springtime
plume in southern Lake Michigan (Cotner et al.,
2000).
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3.4. Comparison with obser�ations

The model-predicted vertical and seasonal dis-
tributions of nutrients and phytoplankton agree
with the field measurement taken in 1994–1995 at
the Grand Haven station (Fig. 9). Silicon was
vertically uniform in winter, rapidly decreased in
the mixed layer in summer and decreased in the
deep region in late summer and fall and then
mixed vertically again in late fall and subsequent
winter. These features are captured in our 1-D
modeling experiment. The model predicts a sharp
vertical gradient of silicon in the thermocline area,
which was unresolved in the observational data
because of a coarse sampling resolution in the
vertical. The observations also show that chloro-

phyll-a was uniform vertically in winter, grew
significantly and reached a maximum at the sub-
surface in early June and was then depleted in
summer. These vertical and seasonal features also
are evident in the model-predicted total phyto-
plankton biomass.

The model-predicted, depth-averaged silicon
and chlorophyll concentrations coincide well with
the seasonal distribution of silicon and chloro-
phyll-a (Fig. 10). The model results show that
depth-averaged concentration of silicon reached a
minimum level of 16.5 umol Si l−1 in late June for
both 1994 and 1995 and a maximum level of 25
umol Si l−1 in January, which matched the sea-
sonal distribution of observed silicon over 2 years.
The model-predicted, depth-averaged chlorophyll

Fig. 8. The averaged fluxes of each biological variables within the lower trophic level food web system in the euphotic layer during
phases I–III. The unit is 10−3 �mol P l−1 per day.
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Fig. 9. Comparison between the vertical distributions of model-predicted and observed silicon and phytoplankton at the Grand
Haven station over 1994–1995.

reached a maximum level of 3.9 ug l−1 in mid-
June and a minimum level of 1.4 ug l−1 in
early November in 1994 and then again a maxi-
mum level of 3.7 ug l−1 in mid-June in the
subsequent 1995. This model-predicted seasonal
distribution of phytoplankton matches the ob-
served chlorophyll-a concentrations, especially in
1995.

The model results also are consistent with
previous measurements taken in southern Lake
Michigan. Chlorophyll-a concentration at a sta-

tion 12.9 km offshore the Grand River was �
3.5 ug l−1 during summer and 2.4 ug l−1 in
autumn (Moll and Brache, 1986). The depth-av-
eraged chlorophyll-a in 1986–1989 varied in
a range of 0.5–2.5 ug l−1 from winter to sum-
mer (Brooks and Edington, 1994). Taking the
annual variation of stratification into account,
the model-predicted silicon and phytoplankton
represent the general seasonal pattern of nutri-
ents and phytoplankton in southern Lake
Michigan.
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A deep chlorophyll layer (DCL) which devel-
oped after the onset of seasonal stratification
was discovered in 1984–1985 (Fahnenstiel and
Scavia, 1987a). The DCL initially occurred in
15–30 m below the surface, deepened to 25–50

m in July and then to 40–70 m in August.
About 50% of primary production in summer
occurred below the epillimnion. Our 1-D model
clearly show that the maximum layer of phyto-
plankton began to develop as stratification de-
veloped. It was near the surface at the
beginning, gradually deepened to 30 m in late
June and then to 45 m in late August.

A sensitivity study was conducted to test the
model reliability to uncertainties in bio-parame-
ters. For a given light attenuation, the measure
indices of sensitivity for all bio-parameters were
�0.5 regarding the influence on the mean
biomass. This suggests that the model-predicted
seasonal pattern of biological variables were ro-
bust. A detailed discussion of the sensitivity
analysis is given in Appendix B.

4. Discussion

Our model reveals that the large phytoplank-
ton in the euphotic layer grew rapidly in spring
and early summer and was then depleted
through summer through autumn. This seasonal
pattern was associated with the formation and
collapse of the seasonal thermocline. The thick-
ness of the well-defined mixed layer was gener-
ally smaller than the euphotic layer in southern
Lake Michigan (Fig. 11). This suggests the exis-
tence of a growth favorable layer (GFL) be-
tween the bottom of the mixed layer and the
lower base of the euphotic layer. Based on the
field measurements taken in southern Lake
Michigan, Fahnenstiel and Scavia (1987a) sug-
gested that the GFL worked as an area of nu-
trients, which directly supported the occurrence
of deep chlorophyll-a layer (DCL) in the ther-
mocline. To examine the relative importance of
biological and physical processes in the seasonal
variation of large phytoplankton in southern
Lake Michigan, we estimated the total flux of
each term in large phytoplankton and silicon
equations in the euphotic layer and deep region
over spring through autumn of 1994. In a 1-D
case, for example, Eq. (1) and Eq. (9) in the
euphotic layer can be rewritten as integrated
forms as follows

Fig. 10. Comparisons between the model-predicted and ob-
served depth-averaged silicon (a) and phytoplankton (b) over
1994–1995.

Fig. 11. The temporal distribution of the surface mixed layer,
growth favorable layer and euphotic layer over phase I–III.



C. Chen et al. / Ecological Modelling 152 (2002) 145–168 161

PL�t−PL�t o

=
� t

t o

� 0

−hE

LP(uptake)dzdt �

−
� t

t o

� 0

−hE

LP(mortality)dzdt �

−
� t

t o

� 0

−hE

LZLP(grazing)dzdt �− (WsPL)�−hE

−Ah

�PL

�z
�
−hE

(14)

Si �t−Si �t o
= −�S

� t

t o

� 0

−hE

LP(uptake)dzdt �

+
� t

t o

� 0

−hE

DS (remineralization)dzdt �

−Ah

�Si

�z
�
−hE

(15)

Similarly, we can derive the integrated forms of PL

and Si in the deep layer with an upper boundary
at the base of the euphotic layer as
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In the euphotic layer, in phase I, PL grew rapidly
in May through mid-June at the onset of thermal
stratification and then depleted quickly in late June
and July as the thermocline strengthened and
deepened. Although the growth rate of PL in-
creased significantly in this phase, it was smaller
than the total loss caused by phytoplankton mor-

tality, sinking and zooplankton grazing after late
June. The temporal variation of PL with time was
mainly dominated by internal biological processes
with very little contribution from vertical diffusion
(Figs. 12(a) and 13). PL continued to decrease in
phase II due to a net loss through phytoplankton
mortality, sinking and zooplankton grazing against
a small growth. In phase III, the change of PL was
slow down and vertical diffusion became a first
order contributor. The rapid decrease of PL in the
euphotic layer in the late past of phase I and entire
phase II was related to a rapid decrease of Si in
phase I and limited abundance in phase II. In phase
I, phytoplankton uptake was much larger than
nutrient regeneration from detritus remineraliza-
tion and supply rates from the deep layer through
vertical diffusion and was the dominant sink for Si.
In phases II and III, Si remained consistently low
because the uptake rate of nutrient, remineraliza-
tion and vertical diffusion were all small. Unlike
phytoplankton, vertical diffusion played the same
role as remineralization in the temporal variation
of nutrients in the euphotic layer.

In the deep layer, PL decreased gradually in
phases II and III after the thermocline developed.
This phenomenon was mainly caused by a net loss
through phytoplankton mortality and zooplankton
grazing via phytoplankton sinking and vertical
diffusion. A relatively high nutrient pool formed in
the deep region in phases II and III was caused by
particle sedimentation and subsequent nutrient
remineralization. The existence of a large detritus
pool in the deep layer resulted from materials left
after zooplankton grazing and death of large phy-
toplankton.

The integrated structure of PL and Si in the
euphotic zone also represented the general fea-
tures of PL and Si in the favorable growth layer
(FGL) since the flux through the mixed layer to
the FGL was much smaller. In our model experi-
ment, the formation of DCL in the thermocline
during early summer was mainly caused by a
rapid increase of the phytoplankton uptake and
phytoplankton sinking and it disappeared in late
summer due to the suppression of silicon supplies
from the deep region as the thermocline devel-
oped. The physical diffusion process was impor-
tant for the nutrient supply from the deep region
to the euphotic layer, but it could be ignored in
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Fig. 12. Time series of each term in Eq. (14) and Eq. (15) over phases I–III for the euphotic layer.

the temporal variation of phytoplankton as a first
order approximation.

Our 1-D model suggested that the microbial
food web might play an important role in the
lower trophic food web system in southern Lake
Michigan. A much larger flux from D to B than
from P to B and from B to ZS than from PS

to ZS, suggested a detritus–bacteria–micro-
zooplankton loop that was decoupled from phy-
toplankton and nutrients. Also, there was a
relatively large grazing rate of ZS by ZL in phases
II and III after the thermocline developed, imply-
ing that zooplankton dynamics might be decou-
pled from phytoplankton and nutrients in summer
and autumn in southern Lake Michigan. These
modeling findings are qualitatively consistent with

previous observations in Lake Michigan (Carrick
et al., 1991) and recent EEGLE field measure-
ments taken in southern Lake Michigan. We un-
derstand that the reliability of these suggestions
depends on the choice of biological parameters.
Sensitivity analysis conducted in Appendix B
showed that changing biological parameters had
no significant impact on the biomass of each
biological variable, and secondary production was
not sensitive to the maximum nutrient uptake
rates of large phytoplankton and bacteria, which
to a certain extent supports a decoupled food web
system between nutrients–phytoplankton and
bacteria–micozooplankton–zooplankton. In ad-
dition, a good agreement between model-pre-
dicted and observed nutrients and phytoplankton



C. Chen et al. / Ecological Modelling 152 (2002) 145–168 163

distributions over 1994–1995, indirectly implied
that those parameters chosen in the model was
reasonable.

Our 1-D experiments revealed that physical
forcing (wind mixing and surface heating/cooling)
was a key controlling factor for the seasonal
structure of biological variables in southern Lake
Michigan. The formation and collapse of the
DCL was related to the seasonal development of
the surface mixed layer as well as the thermocline,
which was simulated reasonably by our physical
model. It should also be pointed out here that the
1-D model missed wind-induced upwelling or
downwelling and horizontal advection in the
coastal region, which were important in simulat-

ing the 3-D nature of the biological field in the
coastal region where the episodic plume occurred.

5. Summary

A coupled physical and biological model was
developed for Lake Michigan. The physical model
was the Princeton ocean model (POM), which was
driven directly by observed winds and surface
heat flux. The biological model was an eight-com-
ponent, phosphorus-limited, lower trophic food
web model that included phosphate and silicate
for nutrients, diatoms and non-diatoms for domi-
nant phytoplankton species, copepods and hetero-

Fig. 13. Time series of each term in Eq. (15) and Eq. (16) over phases I–III for the deep layer.
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trophic flagellates for dominant zooplankton spe-
cies, bacteria and detritus.

Driven by observed meteorological forcings, a
1-D modeling experiment was conducted at the
Grand Haven monitoring station for a 2-year
period from 1994 to 1995. The model showed that
the large phytoplankton (diatoms) significantly
grew in the subsurface region in early summer as
stratification developed and then decayed rapidly
in the mixed layer with the reduction of silicate
supplied from the deep stratified region as a result
of the formation of the thermocline. The small
phytoplankton (non-diatoms) subsequently grew
in mid and late summer under a limited-phos-
phate environment and then reduced rapidly in
the fall and winter as results of the nutrient
consumption in the upper eutrophic layer, limita-
tion of nutrients supplied from the deep region,
and meteorological cooling and wind mixing. The
flux estimates suggested that the microbial loop
had a significant contribution to the growth of
microzooplankton. The food web system might be
divided into two decoupled loops: (1) detritus–
bacteria–microzooplankton– large zooplankton;
and (2) nutrient–phytoplankton–detritus.

Sensitivity analysis suggested that changing the
biological parameters had no significant impacts
on the biomass of each biological parameter. The
most sensitive parameters were Vmax

PL and kP L
for

primary production, and Vmax
DOP, kDOP and �B for

secondary production. These parameters must be
estimated accurately from the field measurements
or laboratory experiments in order to make the
model robust and applicable to Lake Michigan.
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Appendix A. The biological model

The mathematical expression for each term in
the biological model shown in Eqs. (1)– (9) are
given below:

LP(uptake)

=min
�

Vmax
PL

P
kP L

+P
, Vmax

S S
kS+S

�
f(I)PL (A1)

LZLP(grazing)=Gmax
ZL (1−e−kPLPL)ZL (A2)

SP(uptake)=Vmax
Ps

P
kP L

+P
f(I)Ps (A3)

SZSP(grazing)=Gmax
Zs (1−e−kPsPs)Zs (A4)

LZSZ(grazing)=Gmax
ZLS(1−e−kZLSZs)ZL (A5)

SZB(grazing)=Gmax
B (1−e−kBB)Zs (A6)

BP(uptake)=Vmax
B P

kB+P
B (A7)

DB(decomposition)=Vmax
DOP �DD

kDOP+�DD
(A8)

SZB(grazing)=Gmax
B (1−e−kBB)Zs (A9)

DP(remineralization)=ePDP (A10)

DS(remineralization)=esDs (A11)

LP(sinking)=wP L

�PL

�z
(A12)

LP(mortality) =�
PLPL

2 (A13)

SP(mortality)=�
PsP s

2 (A14)

LZ(mortality)=�
ZLZL

2 (A15)

SZ(mortality)=�
ZsZ s

2 (A16)

B(mortality)=�BB2 (A17)

where the definition for each parameter used in
the above equations is given in Table 1. �P and �s

are the phosphorus and silica fractions of large
phytoplankton (diatom) contained in the total
amount of unassimilated zooplankton grazing, re-
spectively and �P+�s=1. The value of �P was
made according to the observed ratios of carbon
to phosphorus in general plants and diatom and
then �s was directly derived by 1−�P.
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The dependence of the phytoplankton growth
rate on incident irradiance intensity f(I) is given
as

f(I)=e−k0z (A18)

where k0 is the diffuse attenuation coefficient. Eq.
(A18) was normalized using the surface incident
irradiance intensity. In general, the response of
phytoplankton to light intensity varies according
to different species. For many phytoplankton spe-
cies, the photosynthesis reaches its saturation level
at a certain level of light intensity and is then
inhibited as light intensity continues to be
stronger. The linear assumption of ln f(I), used
widely in previous lower trophic level food web
models, does not consider saturation and inhibi-
tion of photosynthesis via light. It was found to
be a good approximation in a mixed region
(Franks and Chen, 1996; Chen et al. 1997, 1999),
but it should be aware of its limitation to repro-
duce the vertical profile of primary production
which normally exhibits a maximum value at
subsurface.

Instead of using a constant mortality rate, we
concurred in assuming that the organism mortal-
ity was proportional to its biomass. A sensitivity
analysis of biological model without inclusion of
physical forcing has revealed that this mortality
rate was robust to capture a conservative biologi-
cal system under a condition with no extra
sources and sinks.

Bacteria assimilation for dissolved organic
phosphorus (DOP) was also assumed to follow
the Michaelis–Menten function, in which DOP
was proportional to the total detritus. This as-
sumption was similar to make the bacteria graze
detritus directly with a half-saturation constant of
kDOP/�D. A large portion of bacterial ingestion,
which may be excreted into particular organic
pool, was taken into account in our numerical
experiments by assuming a larger mortality rate of
bacteria (Cotner and Wetzel, 1992).

Values of biological parameters used in our
numerical experiments were listed in Table 1.
These values were obtained from previous field
measurements taken in Lake Michigan and the
literature. Since biological parameters varied in a
wide range with time and space, we first ran the

model with an initial setup of parameters and
then carried out a sensitivity analysis of parameter
ranges. A detailed description of this sensitivity
analysis is given in Appendix B.

Appendix B. Sensitivity analysis

The most difficult issue in the development of a
biological model is to determine the bio-parame-
ters, since they vary in a wide range with time and
space for different species. To qualify the model-
predicted biological fields, a series of sensitivity
analysis was conducted to test the model reliabil-
ity to uncertainties in bio-parameters. The objec-
tive of this analysis, at first, was to find the most
sensitive parameters for primary production (PP),
secondary production (SP), and mean biomass,
and then to evaluate if the model-predicted sea-
sonal patterns of biological variables were robust.

The sensitivity of bio-parameters in our 1-D
experiments was estimated by

S� = � �F/F
�Parameter/Parameter

�
(A19)

where S� is a measure index of sensitivity, F is the
concentration of a biological variable in the
model run with a standard set of biological
parameters and �F is the change of F caused by
varying the model parameter. �Parameter is
varied by 1% from the standard value. This
method was the exact same as that used in Franks
and Chen (1996), Fasham et al. (1990) and Chen
et al. (1999). According to the definition used in
those previous studies, one parameter is deter-
mined to be sensitive as its sensitivity index S� is
equal to or larger than 0.5.

The resulting sensitivity indices for all bio-
parameters are listed in Table 2. For a given light
attenuation k0, S� for all bio-parameters were �
0.5 regarding the influence on the mean biomass.
This result suggests that the model-predicted sea-
sonal patterns of biological variables were robust.
As long as the primary production was concerned,
the most sensitive bio-parameters were Vmax

PL and
kP L

. This conclusion implied that the model might
not provide a robust quantitative result of pri-
mary production due to the photosynthesis of
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Table 2
Sensitivity indices for bio-parameters

Testing value PercentBio-parameter PrimaryStandard value Secondary Mean biomass
productionproduction

1.3Vmax
PL 0.0831.2 0.84 0.16 0.42

0.8 0.143 0.09Vmax
PS 0.840.7 0.06

1.3 0 0.041.2 0.04Vmax
S 0

0.05Vmax
B 0.06 2 0.11 0.15 0

5Vmax
DOP 6 0.2 0.46 1.84 0.16

0.15 0.25 0.510.2 0.03kP L
0.22

0.05kP S
0.06 0.2 0.01 0.29 0
6 0.2 0.025 0.02kS 0

0.2kB 0.25 0.25 0.04 0.09 0
0.1kDOP 0.12 0.2 0.31 1.07 0.08

0.35 0.125 0.380.4 0.18Gmax
ZL 0.27

0.2Gmax
ZS 0.25 0.25 0.02 0.04 0.01

3 0.143 0.203.5 0.50Gmax
B 0.02

0.35 0.125 0.03Gmax
LS 0.310.4 0.08

0.05 0.167 0.330.06 0.10kZL 0.21
0.025 0.25 0.02 0.04 0.01kZS 0.02
0.02 0.333 0.230.03 0.48kB 0.02

0.07kLS 0.06 0.143 0.03 0.29 0.08
0.35�

ZL 0.3 0.143 0.03 0.06 0.03
0.35 0.167 0.030.3 0.04�

ZS 0
0.35 0.167 0.25�B 0.350.3 0
0.5 0.167 0.150.6 0.13�LS 0.08

0.003�
PL 0.0025 0.167 0.11 0.08 0.10

0.02�
PS 0.015 0.25 0.04 0.12 0.08

0.025 0.25 0.180.02 0.13�
ZL 0.09

0.035�
ZS 0.1670.03 0.41 0.01 0.14

0.6 0.2 0.390.5 0.58�B 0.10
0.2�P S

0.3 0.5 0.05 0.19 0.04
�P L

0.70.6 0.167 0.16 0.05 0.15
0.7 0.167 0.13 0.400.6 0.09�D

large phytoplankton since the model-predicted
values were sensitive to the maximum growth rate
and half-saturation constant in the uptake of nu-
trients by large phytoplankton. A similar analysis
was also made for the secondary production,
which showed three sensitive bio-parameters:
Vmax

DOP, kDOP and �B. These results indicated that in
our 1-D model, the variation of secondary pro-
duction was dominantly controlled by the maxi-
mum growth rate of bacteria by taking DOP in
the detritus pool and its half-saturation constant
via bacteria mortality rate. Since the flux to mi-
crozooplankton was one order of magnitude
larger from bacteria than from small phytoplank-
ton when a standard set of bio-parameters were

used and also mean biomass was not affected
significantly with these bio-parameters, the impor-
tance of microbial food web in the ecosystem of
southern Michigan Lake was qualitatively
meaningful.

In summary, we conclude that the seasonal
variation pattern of phytoplankton and nutrients
predicted by our 1-D model is robust. The more
accurate estimation for the maximum growth rate
and half-saturation constant for diatoms and
maximum DOP uptake rate, half-saturation con-
stant for the DOP uptake and mortality rate for
bacteria must be made in order to provide more
accurate simulation of primary and secondary
productions.
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