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Abstract

The influence of suspended sediments on the Lake Michigan ecosystem was examined using a 3-dimensional (3-D)
coupled biological and physical model developed by Chen et al. (part I). The model was driven by the realistic
meteorological forces observed in March 1998, with daily inputs of suspended sediment concentration that were
derived from temporally and spatially interpolated satellite imagery. The model results show the significant impact of
a seasonally recurring coastal resuspension plume on the spatial and temporal variation of the nutrients and plankton
in southern Lake Michigan. The plume-released nutrients played an essential role in maintaining the nutrient level in
the lake. Although the growth of phytoplankton in the plume depended on the availability of nutrients and light, the
offshore decrease in phytoplankton biomass still satisfied the Sverdrup’s relationship. Cross-shore fluxes of nutrients
and phytoplankton were controlled by episodic wind events with a period of �5–7 days: offshore during southward
winds and onshore during northward winds. The flux estimates for biological variables suggest that the microbial
food web is a key contributor to secondary production in southern Lake Michigan and the lower trophic level food
web system could be dynamically divided into two decoupled loops: (1) detritus–bacteria–microzooplankton–large
zooplankton; and (2) nutrient–phytoplankton–detritus. The model-predicted spatial distributions of nutrients and
phytoplankton were in reasonable agreement with observations taken during the 1998 EEGLE interdisciplinary
cruises, suggesting that the model was sufficiently robust to capture the basic characteristics of the Lake Michigan
ecosystem during the plume event. © 2002 Published by Elsevier Science B.V.
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1. Introduction

Satellite imagery in the visible wavelength band
reveals the episodic occurrences of the highly
reflective coastal plume during early spring in
southern Lake Michigan (Mortimer, 1988; Eadie
et al., 1996; Warrington, 2001). This plume, which
is �10 km wide and 100 km long, appears along
the southern shoreline as a result of (1) intermit-
tent shoreline erosion; (2) wave-driven resuspen-
sion of temporary sediment deposits; and (3)
current convergence in the coastal region
(Lineback et al., 1971; Edgington and Robbins,
1973; Mortimer, 1988). It generally appears in
March and disappears in late April, as seasonal
stratification develops. One plume, for example,
appeared around the 9th March, 1998, during a
strong southward wind event, lasted for �1 week
and then diminished over March 15–17, when the
wind turned northward (Fig. 1). Episodic resus-
pension occurred again on March 18 during a
sustained southward wind of 10 ms. In total, the
1998 plume period lasted almost 2 months and
disappeared in late April when the lake began to
be stratified. During the plume period, both phys-
ical and biological variables were vertically well
mixed in the lake.

The March 1998 plume was usually character-
ized by a low light level but high nutrient concen-
trations. Because of light limitation in the plume,
no significant cross-shore variation of the phyto-
plankton concentration was detected, especially
over a time scale of 5–7 days. A higher density of
bacteria was found during the plume event, which
was believed to be a result of high decomposition
from the detritus pool associated with sediment
resuspension (Cotner et al., 1999; Chen et al.,
2002). The existence of high bacterial abundances
implies that the microbial food web probably
could supply the energy required for the growth
of microzooplankton. Since the phytoplankton
within the plume showed no significant growth
during the period, the episodic plume appeared to
have an influence on secondary rather than on
primary production. Because of the lack of 3-D
modeling studies, it is still unclear what is the role
of the sediment resuspension in biological interac-
tion within the lower trophic level food web
ecosystem in Lake Michigan.

The offshore transport of nutrients and phyto-
plankton associated with plume materials was
closely related to the episodic meteorological forc-
ings. Strong southward winds tended to generate
large waves and southward currents along the east
and west coasts of the southern basin. These two
coastal currents converge in the southeastern por-
tion of the lake to produce an offshore flow of
suspended sediment somewhere along the south-
ern shore (Fig. 2) (Csanady, 1982; Schwab, 1983;
Mortimer, 1988; Eadie et al., 1996; Schwab et al.,
2000). This classic wind-induced circulation pat-
tern was derived based on a steady wind forcing.
Therefore, it is unclear how time-dependent winds
affect the offshore, cross-plume net fluxes of water
property, nutrients and phytoplankton.

A satellite-derived chlorophyll-a map from the
sea-viewing wide field-of-view sensor (SeaWiFS)
obtained on March 24 during the plume event
showed a donut-shaped distribution pattern in the
interior of southern Lake Michigan offshore of
the plume (Fig. 3; Warrington, 2001; Budd et al.,
2001). Note that chlorophyll concentration was
elevated on March 24 in the offshore near
Muskegon and appeared to circulate cyclonically
in the interior. A SeaWiFS sediment map (as the
SeaWiFS remote sensing reflectance at 555 nm,
Rrs(555)) showed a high sediment concentration
in the region of the offshore transport (Fig. 1).
The offshore donut-shaped chlorophyll zone (not
associated with the plume) was of interest to
observational biologists because it was not seen
on the SeaWiFS sediment maps. This offshore-en-
hanced donut-shape chlorophyll-a concentration
was also detected from the March 1998 observa-
tional data from a vertically tow-yoed plankton
survey system (PSS).

The average value of the satellite-derived
chlorophyll-a concentrations in the southern Lake
Michigan over March 1998 was 1.96 �g l−1 with
a S.D. of 0.3 �g l−1 (Budd et al., 2000). The
cross-shore variation of the satellite-derived
chlorophyll-a concentration was a little larger
than the uncertainty value estimated by the S.D.
Therefore, the donut-shaped structure of chloro-
phyll-a concentration detected in southern Lake
Michigan was a robust feature.
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The detection of the donut-like distribution of
chlorophyll-a concentration in southern Lake
Michigan raises some fundamental questions

about the ecosystem dynamics during the winter
to spring transition in southern Lake Michigan.
What factors controlled the spatial distribution of

Fig. 1. Time series of surface wind velocity vectors taken at center of lake basin (shown in Fig. 2) and spatial distributions of percent
remote-sensing reflectance (RSR) taken on March 15 and 20, 1998 in southern Lake Michigan.
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Fig. 2. Schematic of the wind (southward)-induced circulation pattern in southern Lake Michigan.

the plankton at this time? Is the Sverdrup rela-
tionship still valid in Lake Michigan? Assuming
there was nutrient release from the suspended
sediment during the plume period, what mecha-
nisms promoted offshore phytoplankton growth
in the interior? Finally, how did the offshore
donut-shaped structure of the chlorophyll-a form
in an environment where vertical mixing is highly
energetic?

As part of the observational component of the
US NSF/NOAA funded Episodic Event-Great
Lakes Experiment (EEGLE) program, a series of
interdisciplinary field measurements were con-
ducted during the March 1998 plume event in
southern Lake Michigan. Biological measure-
ments were focused on three cross-shore transects
near the St. Joseph, Muskegon and Gary (Fig. 4),
where water samples and continuous data from
the two-yoed PSS were taken over March 16–19.

Schwab and Beletsky at the NOAA Great Lake
Environmental Research Laboratory (GLERL)
have used the Princeton ocean model (POM) to
simulate temperature and currents in Lake Michi-
gan for the March 1998 plume event. In this
paper, we attempt to use our 3-D coupled biolog-
ical and physical model (Chen et al., 2002) to
examine the influence of suspended sediment on
the lower trophic food web ecosystem in southern
Lake Michigan. Our studies are focused on the
spatial distribution of nutrients and phytoplank-
ton and on the role/contribution of the microbial
food web in/to the energy flux in the lower
trophic level food web system.

The remaining sections of this paper are orga-
nized as follows: in Section 2, the 3-D version of
the coupled biological and physical model is de-
scribed, including the method used to incorporate
the satellite imagery into the model. In Section 3,
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the model results are presented and model-data
comparisons are given. In Section 4, the key
factors controlling the spatial distribution of

the phytoplankton inside and outside the
plume are examined. A summary is given in
Section 5.

Fig. 3. The surface distribution of the satellite-derived chlorophyll-a concentration in southern Lake Michigan on March 25, 1998.
The image was plotted using the values converted exponentially from the chlorophyll-a concentration with the form of echl/3, where
chl (�g l−1) was the chlorophyll-a concentration.
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Fig. 4. Bathymetry (thin solid curved lines) and model grids in southern Lake Michigan. Heavy solid straight lines represent the
cross-isobath transects near the Muskegon, St. Joseph and Gary. Heavy solid curved lines indicate the river path terminated around
the Lake. Asterisks are the locations of sites A and B used to estimate the flux among biological variables in the food web.

2. The coupled biological and physical model

The model experiments were conducted using
the 3-D coupled biological and physical model of
Lake Michigan developed by Chen et al. (2002).
Since our studies were focused on the plume event
in early spring, where silicon was not a limiting
factor for phytoplankton growth, we removed
silicon from the biological model and made a
purely phosphorus-controlled lower trophic level
food web system with seven state variables (Fig.
5). The governing equations for the modified bio-
logical model are given as

dPL
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−
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+SZ(mortality)+B(mortality) (6)

dP
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−
�

�z
�
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�P
�z
�

= −LP(uptake)−SP(uptake)−BP(uptake)

+DP(remineralization)+PQ (7)

where PL, PS, ZL, ZS, B, D and P are the large size
phytoplankton, small size phytoplankton, large size
zooplankton, small size zooplankton, bacteria, de-
tritus and phosphorus, respectively. Ah is the ther-
mal diffusion coefficient, which was calculated

Fig. 5. Schematic of the lower trophic level food web model for Lake Michigan.
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using the Mellor and Yamada level 2.5 turbulent
closure scheme incorporated 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 Carte-
sian coordinate and u, � and w are the x, y and z
components of the velocity. PQ is the phosphorus
release rate from suspended sediments. LP (up-
take), SP (uptake) and BP (uptake): phosphorus
uptakes by large phytoplankton, small phytoplank-
ton and bacteria, respectively; LZLP (grazing) and
LZSZ (grazing): large zooplankton grazing to large
phytoplankton and small zooplankton, respec-
tively; SZSP (grazing): small zooplankton grazing
to small phytoplankton; SZB (grazing): small
zooplankton grazing to bacteria; DB (decomposi-
tion): detritus decomposition to bacteria; DP (rem-
ineralization): detritus remineralization to
phosphorus. LP (sinking), SP (sinking) and DP
(sinking): large phytoplankton, small phytoplank-
ton and detritus sinking fluxes; LP (mortality), SP
(mortality), LZ (mortality), SZ (mortality) and B
(mortality): the mortality of large and small phyto-
planktons, large and small zooplanktons, and bac-
teria, respectively. �

ZL, �
Zs, �B and �

ZLSare the
assimilation efficiency of large zooplankton on
large phytoplankton, small zooplankton on small
phytoplankton, small zooplankton on bacteria and
large zooplankton on small zooplankton, respec-
tively. The definition of each specific term in Eqs.
(1)– (7) and parameters used in this study were the
same as those shown in Chen et al. (2002).

The physical model used in this study was the
Princeton ocean model (POM) developed originally
by Blumberg and Mellor (1987). The POM has
been configured for Lake Michigan geometry
(Schwab et al., 2000; Beletsky et al., 2000), with a
uniform grid size of 2 km in the horizontal and 21-�
levels in the vertical (Fig. 4).

The 3-D numerical experiments were focused on
the spring 1998 plume event. The coupled biologi-
cal and physical model was forced by realistic winds
and surface heat fluxes. It was spun up over 2
months, starting on January 1, 1998 and the model
results from March 1 to 31, 1998 were output for
model-data comparisons. The initial temperature

was specified to be 2 °C everywhere in the lake,
which was close to the climatologically averaged
temperature value in January. The initial biological
field was specified according to the data obtained
from a comprehensive survey taken on January 28
1998, which showed a relatively homogeneous
distribution of the biological variables in the lake.
The initial values of P, PL, PS, ZL, ZS, B and D were
given as 0.01 �mol P l−1 and 1.6, 1.6, 2.0, 0.5, 3.0
and 7.7 �mol C l−1, respectively.

Two key issues must be addressed in order to
examine the impact of suspended sediment on the
ecosystem in Lake Michigan. One is how to esti-
mate the suspended sediment concentration in the
water column and another is to determine the light
attenuation coefficient when the suspended sedi-
ment exists. In March 1998, the cloud-free Rrs(555)
imageries were available almost daily in Lake
Michigan. These RSR imagery data were coherent
well with suspended sediment water samples taken
on St. Joseph, Muskegon, Gary and Chicago
transects during the March 1998 interdisciplinary
cruise, and a regression relationship between RSR
and observed surface suspended sediment concen-
tration Cs(x, y, t) is given as

Cs(x, y, t)=1.0888e84.739RSR(x,y,t) (8)

and the S.D. of this fitting is �̂= �1.74 (Fig. 6:
upper panel). Using this function, the Rrs(555) data
were converted to the surface sediment concentra-
tion with a time interval of 1 day. Since the water
was vertically well mixed during the plume event,
it is reasonable to specify the 3-D distribution of
the suspended sediment used for the model run by
the surface sediment concentration converted from
the Rrs(555).

The observations, which were taken at ten sites
on St. Joseph, Muskegon, Gary and Chicago
transects, show a linear relationship between sedi-
ment concentration and light attenuation coeffi-
cient (kext) (Fig. 6: lower panel). Within a S.D. of
�̂=0.01, kext (x, y, t) can be expressed as

kext(x, y, t)=0.742 Cs(x, y, t)+0.1786 (9)

In our numerical experiments, we assumed that
the impact of suspended sediments on the lower
trophic level food web system in Lake Michigan
was mainly through two channels. One was to
increase the downward light attenuation coeffi-
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Fig. 6. The regression fittings of sediment concentration with
respect to remote-sensing reflectance (upper) and light attenua-
tion coefficient with respect to sediment concentration (below).
Filled squares represent the water samples taken during the
March 1998 interdisciplinary plume cruise.

Discharges from 18 rivers flowing into Lake
Michigan and two outflows were also included in
the numerical experiments. River discharge rates
at each river are listed in Table 1. These rates
were based upon long-term flow data from the
USGS and Great Lake Basin Commission reports
(Upchurch, 1976; Robertson, 1996). Two adjust-
ments were made to the data: (1) flow contribu-
tions from small (yet flow-monitored) streams
were added to the nearest major river; and (2) the
long-term mean flows were adjusted to obtain a
hydraulic (volumetric) balance with the Strait of
Mackinaw outflow.

To examine the impact of river discharges on
the level of nutrients in Lake Michigan, we con-
ducted several experiments with and without nu-
trient fluxes from rivers. In the two cases with
river nutrient fluxes, the phosphate concentration
of river water was assumed to be 0.1 and 0.2 �mol
P l−1, respectively for all the rivers.

Table 1
River discharge along Lake Michigan

Rate of discharge (m3 s−1)River

35Escanaba
16–Ford

147–Menominee

Peshtigo 36
–Oconto 24
–Fox 210
–Sheboygan 10

14Manitowoc
–Milwaukee 18
–Chicago S&S canal −93
–Calumet 30
–St. Joseph 144
–Paw Paw 16

62–Kalamazoo
–Grand 159
–Muskegon 87
–Pere Marquette 26
–Manistee 88
–Boardman 8
–Manistique 57
–Strait of Mackinac −1059

cient and another was to release nutrients. kext

(x, y, t) at each grid point for each time step was
calculated using Eq. (9), in which the Rrs(555)-
derived sediment concentration Cs (x, y, t) esti-
mated using Eq. (8) was interpolated spatially and
temporally to grid points and time steps. No data
were available for the phosphate release rate from
suspended sediments in previous measurements in
Lake Michigan. A single rate of 0.5×10−3 �mol
P mg−1 per day was specified in the model run
for the purpose of process studies, with the under-
standing that in the real world the release process
might be much more complex. Several numerical
experiments with and without nutrient releases
from suspended sediments were conducted later to
evaluate the importance of the nutrient releases in
maintaining the nutrient level in Lake Michigan.
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3. Model results

All the model runs were conducted under the
same physical conditions. The standard model
run, which was used in all the data-model com-
parisons, was the case with nutrient releases from
suspended sediment, but no nutrient fluxes from
rivers. Several additional model runs were carried
out by either excluding the nutrient release from
suspended sediments or adding the river nutrient
fluxes to explore the physical and biological mech-
anism responsible for maintaining the nutrient
level in Lake Michigan during the plume event.

3.1. Physical fields

The spatial distribution and temporal variation
of water circulation in southern Lake Michigan
during March 1998 were mainly driven by the
wind stress associated with two northerly wind
events and two southerly wind events (Fig. 7). On
March 9, the strong northerly wind caused rela-
tively strong nearshore southward flows on both
the eastern and western sides of the lake. These
flows converged on the southeast coast near the
St. Joseph, causing an outflow into the interior
and forming a cyclonic circulation gyre in the
southern part of the lake. A strong southward
flow was also found in the center region of the
northern part of southern Lake Michigan. This
flow split into two branches: one moved south-
westward to join the nearshore southward flow
and another turned counterclockwise and met the
nearshore southward flow on the eastern coast to
form another cyclonic circulation in the north-
eastern region of southern Lake Michigan. At
that time, three different offshore flow paths ex-
isted: the first was near St. Joseph, the second was
between Grand Haven and South Haven and the
third, near Muskegon. A southerly wind prevailed
in southern Lake Michigan during March 12–13,
1998. On March 15, the second day after the
northerly wind reoccurred, the pattern of water
circulation was similar to that found on March 9,
but the current speed was significantly reduced.
The circulation pattern was significantly changed
by northeasterly wind on March 20 and showed a
strong flow toward the western coast and a signifi-

cant offshore flow along the eastern coast in the
surface layer in southern Lake Michigan. When
the southerly wind prevailed over the lake on
March 25, the nearshore currents reversed and
flowed northward on both the eastern and west-
ern coasts, forming an anticyclonic gyre in the
northern region and a cyclonic gyre in the south-
ern region of southern Lake Michigan. The cur-
rent speeds during this southerly wind event were
much weaker than those during the northerly
wind event occurring on March 10 because the
winds were significantly weaker.

Temperature fields were characterized by two
cold bands along both the eastern and western
sides of southern Lake Michigan on March 10,
when the northerly wind prevailed. These two
cold bands were intensified on March 15, espe-
cially the one on the western side. A stronger
northeasterly wind also tended to make the west-
ern side colder on March 20 and the whole lake
warmed up when southerly wind prevailed on
March 25. Since the heat flux was relatively uni-
form in southern Lake Michigan during that pe-
riod, shallow regions tended to warm more
rapidly than deeper regions, resulting in the
nearshore banded pattern.

Spatial distribution of the circulation and tem-
perature in the southern Lake Michigan was con-
sistent with the wind-induced lake circulation
pattern suggested by Csanady (1982). The physi-
cal explanation of the formation and evolution of
this circulation is given in details in Schwab et al.
(2000) and Beletsky et al. (2000).

3.2. Biological fields

Phosphate remained relatively uniform on
March 10 before the plume occurred and exhib-
ited a high concentration zone around the coast
between Muskegon and Chicago on March 15
after the plume appeared. This high phosphate
concentration zone intensified considerably after
March 20 as the plume was enhanced (Fig. 8: first
row). The spatial uniform distribution of phos-
phate prior to March 10 implied that it was
apparently unaffected by the wind-induced mixing
and currents before the plume appeared.
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Fig. 7. Distributions of surface water current vectors and temperature in southern Lake Michigan on March 10, 15, 20 and 25,
respectively.
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Unlike phosphate, the phytoplankton concentra-
tion showed a remarkable cross-shore distribution
on March 10, highest near the coast and lowest in
the interior. This pattern changed little during the
rest of March after the plume appeared, except the
large phytoplankton concentration in the interior
dropped significantly as the plume developed (Fig.
8: second row). A wider zone with high large
phytoplankton concentration was found in the
southern end of Lake Michigan on March 10, the
result of a strong wind-induced southward flow
toward the coast. The offshore protrusion of high
large phytoplankton concentration near St. Joseph
found on March 15 was consistent with a significant
offshore flow predicted in that area. Similar coher-
ence was also found between the spatial distribu-
tions of large phytoplankton concentration and
surface water currents on 20 and 25 March.

Spatial distribution and temporal variation of
small phytoplankton concentration were very sim-
ilar to those of large phytoplankton concentration,
except that the concentration of small phytoplank-
ton was relatively uniform in the interior region
deeper than 40 m (Fig. 8: third row). The model-
predicted distribution of large zooplankton was
homogeneous in March 1998, with concentration
decreasing with time after the plume appeared (Fig.
8: fourth row).

The growth of small zooplankton exhibited a
close dependence on bacteria and detritus (Fig. 8:
fifth row). On March 10 through 15, the small
zooplankton concentration remained little changed
and its distribution was uniform in the entire
southern Lake Michigan. These patterns matched
well with the homogeneous distributions of bacte-
ria and detritus in that area during that period (Fig.
8: sixth and seventh rows). On March 20, the
detritus increased dramatically along the eastern
and southern coast, with a maximum concentration
in the nearshore region shallower than 20 m and a
sub-maximum around the 120-m isobath, forming
a donut-like structure in the interior. This pattern
was significantly enhanced on March 25, at which
the maximum concentration around the coast ex-
ceeded 6 �mol C l−1 and its area expanded offshore
to the 30-m isobath. Most of the interior region was
filled with detritus at a concentration level of 5.0
�mol C l−1 or higher. Correspondingly, a very

similar pattern was also found in bacteria and thus,
in small zooplankton. The growth of small
zooplankton seemed almost independent of phos-
phate concentration. A relatively high phosphate
concentration zone was found along the eastern
and southern coast between Muskegon and
Chicago on March 15 after the plume appeared, but
small zooplankton concentration still remained
uniform in space and little change in biomass from
that found on March 10 before the plume occurred.
This suggests that the small zooplankton responded
more favorably to the microbial loop than to small
phytoplankton.

3.3. Model-data comparison

The model-predicted total phytoplankton con-
centration (a sum of small and large phytoplankton
concentration) was directly compared with the
chlorophyll-a concentration obtained from water
samples, remote-sensing and PSS on the three
cross-shelf transects at Gary, St. Joseph and
Muskegon, St. Joseph (Fig. 9). To make the discus-
sion easier, we divided each transect into three
zones: (1) plume zone (PZ), (2) plume edge (PE) and
(3) interior region (IR). The water samples were
collected on different days on the three transects:
March 16 on the St. Joseph transect, March 17 on
the Gary transect and March 19 on the Muskegon
transect. On each transect when the water samples
were taken, the PSS recorded continuously. These
direct measurement data were compared with the
model-predicted and satellite-derived chlorophyll-a
concentrations. On the Gary transect, the water
samples, PSS, remote-sensing and model showed
no significant cross-plume gradient of chlorophyll-
a concentration, even though their values did not
match each other. A similar cross-plume structure
was also found on the St. Joseph transect, except
at a near-coastal station where the concentration
derived from the model, PSS and remote-sensing
was �66% smaller than the water sample. On the
Muskegon transect, both the model and PSS-
derived concentrations were relatively flat across
the plume, but the water sample recorded a rela-
tively high value of 2.7 �g l−1 at the inner edge of
the plume, which was �1 �g l−1 larger than that
derived by the model, remote-sensing and PSS. In
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addition, the remote sensing showed a relatively
large gradient in the chlorophyll-a concentration
at the outer edge of the plume, which was not
captured by both the PSS and model.

A similar comparison was also made between
the model-predicted and observed phosphates on
the three transects (Fig. 10: left panel). Except in
the interior region on the Muskegon transect, the
model-predicted phosphate was in reasonable
agreement with the water sample data taken on
these transects. Note that the model-predicted
phosphate concentration was calculated with in-

clusion of the nutrient released from suspended
sediments, but not from river flux. Adding river
phosphate flux with a concentration value of 0.1
�mol l−1 into the phosphate equation, the model-
predicted phosphate concentration inside the
plume on the Gary transect increased from 0.04 to
0.06 �mol l−1, which was 0.01 �mol l−1 larger
than the water sample. The model-predicted phos-
phate concentration in the plume on the St.
Joseph and Muskegon transects showed no sig-
nificant difference after the river phosphate flux
was added. The response of the model to the river

Fig. 9. Comparison of chlorophyll-a concentrations derived from model prediction, remote sensing, PSS and water samples on the
Gary, St. Joseph, Muskegon transects in southern Lake Michigan.
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Fig. 10. Cross-shore distributions of phosphate (left) and chlorophyll-a (right) concentrations for the three different cases with (1)
nutrients released from suspended sediment, but no river nutrient flux; (2) nutrient released from suspended sediments plus river
nutrient flux; and (3) river nutrient flux, but no nutrient released from suspended sediments.

phosphate flux was closely related to the flow field.
It was large near Gary, where convergent flow was
predicted in mid-March 1998 during which the
water sample was collected, while it was small near
St. Joseph and Muskegon, where offshore diver-
gent flow was predicted.

Retaining the river phosphate fluxes, but remov-
ing the nutrient released from suspended sedi-
ments, significantly reduced the nutrient level in the
coastal region of southern Lake Michigan. On the
Gary transect, for example, the model-predicted
phosphate concentration in this case was consider-
ably underestimated within and at the edge of the
plume. On the St. Joseph transect, the model-pre-

dicted phosphate concentration was about five
times smaller than the water sample within the
plume and also showed no difference along the
transect. A large disparity was also found on the
Muskegon transect, suggesting that the nutrient
release from suspended sediment played an impor-
tant role in maintaining the phosphate level in
southern Lake Michigan during the plume event.
This finding supports the argument that a large
portion of the net increment of phosphorus in
southern Lake Michigan is due to nutrient releases
from suspended sediment and internal recycling
associated with the springtime suspended plume
(Eadie et al., 1984; Johengen et al., 1994).
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The response of chlorophyll-a concentration to
the river phosphate flux significantly depends on
location (Fig. 10: right panel). On the St. Joseph
transect, for example, the river phosphate flux
showed little impact on the phosphate concentra-
tion in the plume and hence on the chlorophyll-a
concentration there, although the chlorophyll-a
concentrations were higher at the edge of the
plume. On the Muskegon transect, the model-pre-
dicted chlorophyll-a concentration remained al-
most unchanged as either the river phosphate flux
was included or the phosphate releases from sus-
pended sediment were removed.

These numerical experiments suggest that a
high chlorophyll-a concentration recorded near
the coast on the St. Joseph transect (observed
from water samples) was probably a result of
direct river output of phytoplankton that was not
included in the model. In addition, the water
sample at the inner edge of the plume on the
Muskegon transect was collected at a depth of 5
m below the surface at 15:46 h on March 19,
which was optimal both temporally and spatially
for maximum photosynthesis to occur. The re-
markable difference between model-predicted and
observed chlorophyll-a concentration at that site
was probably due to the daily variation of photo-
synthesis that was not taken into account in the
model experiments.

Model-predicted spatial distribution of chloro-
phyll-a concentration was also in reasonable
agreement with the satellite-derived chlorophyll-a
concentration. The satellite-derived chlorophyll-a
concentration received on March 25 showed a
donut-like distribution pattern in the interior of
southern Lake Michigan (Fig. 3). The high con-
centration zone extended offshore near the Grand
Haven and appeared to circulate cyclonically in
the interior. A donut-like structure of chlorophyll-
a concentration formed just a little way offshore
from the plume area. This spatial distribution was
captured in the model-predicted distribution of
large phytoplankton on March 25, which also
showed an offshore extension in its concentration
around the Grand Haven, an immediate high
concentration zone following a cyclonic circula-
tion gyre and a lower concentration in the center
(Fig. 8: first row). Unlike the satellite image, our

model did not capture the lower concentration
band on the western side and southern end. This
was probably due to several reasons associated
with numerical resolution, nutrient uptake rate
and vertical mixing parameter used in the model.
The model was configured with a horizontal reso-
lution of 2 km, which was probably insufficient to
resolve such a narrow band. Moreover, the nutri-
ent uptake rate was assumed to be constant. This
simple assumption ignored the temporal and spa-
tial variation of the uptake, which was probably
attributed to relatively uniform distribution of
phytoplankton concentration around the western
coast.

Vertical mixing was parameterized using the
Mellor and Yamada level 2.5 turbulent closure
model. This model was verified quantitatively for
the coastal ocean, but few model-data compari-
sons have been made for a freshwater lake. It is
questionable whether or not this turbulent model
caused an over-estimation of vertical mixing in
Lake Michigan. If this is the case, then the donut-
like pattern of phytoplankton concentration was
probably numerically smoothed by the model.
Furthermore, a recent cross-lake transect survey
involving CTD profiles at 1 km intervals from
Grand Haven, Michigan to Waukegon, IL in
spring 2001 show clear evidence of the donut-
shaped pattern of chlorophyll-a concentration in
that region (personal communication with Dr
S.A. Green and Dr J.W. Budd, Michigan Techno-
logical University). This makes us believe that the
satellite-derived donut-shaped distribution of
chlorophyll-a concentration is a real plankton fea-
ture in Lake Michigan.

The existence of the donut-shaped chlorophyll-
a structure was consistent with spatial distribution
of the model-predicted circulation. On March 20,
before the donut feature formed, the current
showed a strong offshore water transport from
the eastern coast into the interior. On March 25,
a remarkable offshore flow still existed around the
Grand Haven, forming two circulation gyres in
the interior region: cyclonic in the south and
anticyclonic in the north (Fig. 7). Correspond-
ingly, the warm water was advected offshore
around the Grand Haven and formed a warm
core inside the cyclonic gyre, which was very



R. Ji et al. / Ecological Modelling 152 (2002) 169–190 185

similar to the spatial distribution of the satellite-
derived chlorophyll-a concentration detected on
March 25. This suggests that the donut-like distri-
bution of the chlorophyll-a concentration in the
interior was probably caused by the advective
water transport of the wind-induced circulation.

3.4. Cross-shore fluxes of nutrients and
phytoplankton

One of the interesting questions in the study of

the ecosystem dynamics in southern Lake Michi-
gan is to estimate the offshore fluxes of biological
variables across the plume. Since the intensity of
the plume varied with the magnitude and direc-
tion of the wind, the cross-plume biological fluxes
were also expected to vary with the wind during
the plume event. Fig. 11 shows the time sequence
of the cross-shore flux of phosphate and chloro-
phyll-a concentrations on the 20-m isobath
around the southern shore of Lake Michigan. A
coherent relationship was found between these

Fig. 11. Time series of surface wind velocity vectors (upper) and cross-plume fluxes of phosphate (middle) and chlorophyll-a (below)
around the 20-m isobath during March, 1998. Positive: offshore flux and negative: onshore flux.
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Fig. 12. The model-predicted fluxes of biological variables among the food web inside and outside the plume. The flux outside the
plume is written in brackets. The flux unite was (10−3 �mol l−1 per day).

fluxes and wind direction: offshore during the
southward wind and onshore during the north-
ward wind. These fluxes increased with the wind
speed, with a similar temporal variation scale as
the wind. An exception was recorded at the end of
March, when a relatively significant variance oc-
curred in the wind direction, during which phos-
phate flux was offshore when the wind was
northward.

3.5. Flux within the food web

Following the approach used in Chen et al.
(2002), we also estimated the flux of biological
variables within the food web inside and outside
the plume. The estimation was made at sites A

and B (see Fig. 1) on March 15, 1998 (Fig. 12). In
this food web system, the phosphate was mainly
maintained through two processes: one was phos-
phate release from suspended sediments (external
loading) and another was from the detritus rem-
ineralization (internal recycling). The external
loading was dominant within the plume, but it
was comparable with the internal recycling out of
the plume. Inside and outside the plume, the sum
of the phosphate uptake flux by small and large
phytoplankton was almost one order of magni-
tude smaller than the phosphate uptake flux by
bacteria. In addition, large grazing fluxes were
found from bacteria to small zooplankton and
from small zooplankton to large zooplankton
compared with the fluxes from small phytoplank-
ton to small zooplankton and from large phyto-
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plankton to large zooplankton. This suggests that
the microbial loop associated with bacteria played
an important role in the balance of the lower
trophic level food web system in southern Lake
Michigan. This finding was consistent with the
1-D coupled biological and physical modeling ex-
periments conducted by Chen et al. (2002), even
when the suspended sediments were taken into
account.

The importance of bacteria in the food web
balance in a fresh water system has been sug-
gested in many previous field and laboratory ex-
periments. Dissolved inorganic phosphorus (DIP)
and dissolved organic phosphorus (DOP) are two
major nutrient sources for bacteria. In a freshwa-
ter lake system, the growth of bacteria could be
restricted by DIP supply (Toolan et al., 1991;
Conveney and Wetzel, 1992; Morris and Lewis,
1992) and also the bacteria could compete with
phytoplankton in the DIP uptake (Currie and
Kalff, 1984a; Currie and Kalff, 1984b; Cotner and
Wetzel, 1992; Vadstein et al., 1993). A large DIP
flux to bacteria was found in our 3-D numerical
experiments, which was consistent with these pre-
vious observational results. It was not surprising
to see little difference in the D�B flux and a big
difference in the P�B flux inside and outside the
plume (Fig. 12). In the model, the detrital pool
was mainly supported by the internal cycling of
the food web, with no direct connection to the
suspended sediments. Therefore, since the mortal-
ity of bacteria increased as the decomposition rate
from detritus to bacteria increased, the net flux
changed only slightly when the suspended sedi-
ment was included. This also indirectly suggests
that the DOP in our model was not a limiting
factor to control the growth of bacteria.

Cotner et al. (1999) estimated the bacterial pro-
duction and biomass in the March 1998 plume
event in southern Lake Michigan. They found
that the bacterial productivity in the plume was
very large, which was comparable to that found in
summer. Based on the active growth of the bacte-
ria in the plume compared with phytoplankton,
they suggest that the bacterial production in late
winter through late spring before stratification
develops may be temporally de-coupled from pri-
mary productivity.

Our model experiments show that no matter
whether it is inside or outside the plume, the
dissolved organic matters (DOM) from mortality
and excretion of phytoplanktons are very small
compared to those from zooplankton. This means
that the growth of bacteria in southern Lake
Michigan in the springtime was mainly controlled
by two processes: one was the uptake of phos-
phate from the water column and the other was
decomposition from the detrital pool, which was
dominated by the mortality and excretion of
zooplankton. Therefore, the microbial food web
system could be de-coupled from phytoplankton,
which is consistent with suggestions from the field
measurements.

In addition, the model-predicted large grazing
flux from bacteria to small zooplankton was con-
sistent with previous measurements taken in Lake
Michigan. Scavia and Laird (1987) reported that
the growth of microzooplankton in southern Lake
Michigan was mainly supported by bacteria,
which is what we found from the model.

4. Discussion

One of the interesting phenomena found in this
modeling experiment is that the offshore decrease
of the large phytoplankton concentration was
very similar before and after the plume occurred.
Sverdrup (1953) pointed out that in the open
ocean, the temporal distribution of phytoplankton
is controlled by the ratio of the euphotic depth to
the mixed layer depth. This theory is also applied
to Lake Michigan. Let us define D [Ie(x, y, t)] as
the euphotic depth at which the light intensity was
1% of that at the surface, H(x, y) as the local
water depth and R as the ratio of these two
variables, i.e.

R=D [Ie(x, y, t)]/H(x, y) (10)

The phytoplankton concentration decreases
with a decrease of R. This can be easily inter-
preted as follows. Before the plume appeared, the
light attenuation coefficient was approximately
constant with a value of 0.1786 m−1 (see Eq. (9))
and thus the euphotic depth was constant across
the lake. Since the phosphate was spatially uni-
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form at that time, the model-predicted growth of
large phytoplankton was the same everywhere in
southern Lake Michigan in the euphotic zone.
However, strong wind mixing caused the large
phytoplankton to be distributed equally in the
vertical water column, leading to the offshore
decrease in large phytoplankton abundance in
southern Lake Michigan. After the plume oc-
curred, since the light attenuation coefficient
varied with the spatial distribution of suspended
sediment concentration, the euphotic depth was a
function of space and time, which was generally
smaller inside than outside the plume. Inside the
plume, the growth of the phytoplankton was lim-
ited by the poor light conditions, but supported
by increased phosphate availability from the nu-
trient release by the suspended sediment.
Whereas, outside the plume it was limited by the
available phosphate in the interior, but supported
by better light condition. These tradeoffs between
light availability and nutrient conditions have no
significant effects on primary production inside
and outside the plume. Because strong mixing led
to a vertically uniform distribution of the phyto-
plankton in southern Lake Michigan in March
1998, the spatial distribution of model-predicted
chlorophyll-a concentration still follows R.

Our model reproduced the surface distribution
of chlorophyll-a concentration detected from the
satellite images. However, it failed to capture the
lower concentration band of chlorophyll-a on the
western side and southern end of the basin as that
shown in the satellite-derived chlorophyll-a con-
centration. We have argued that this was at-
tributed to (1) numerical resolution; (2) constant
nutrient uptake rate; and (3) vertical mixing
parameterization. An alternative interpretation is
given here according to the temporal and spatial
distribution of detritus biomass shown in Fig. 8.
The model predicted a well-defined donut-like
structure in the detritus biomass after March 20,
1998, which coincided well with the donut-like
distribution of the satellite-derived chlorophyll-a
concentration detected during the same period.
The source of the detrital pool in our model was
from (1) unassimilated portions of the zooplank-
ton grazing; and (2) dead phytoplankton,
zooplankton and bacteria. If we believe the

donut-like distribution of model-predicted de-
tritus biomass, then, we could argue that the
donut-like distribution of the satellite-derived
chlorophyll-a concentration was partially at-
tributed to the dead tissues of the phytoplankton
that was unable to be separated from the chloro-
phyll-a estimation in the satellite data. Therefore,
the direct measurements must be taken into action
to verify and quantify this structure in the future.

5. Summary

The influence of suspended sediments on the
Lake Michigan ecosystem was examined using a
3-D coupled biological and physical model. The
biological model consisted of a phosphorus-con-
trolled lower trophic level food web system with
seven state variables (phosphorus, small and large
phytoplankton, small and large zooplankton, bac-
teria and detritus). The physical model was the
Princeton ocean model (POM) configured for
Lake Michigan. The coupled model was forced by
the 1998 real-time wind and heat flux under the
wintertime climatological initial conditions. The
model was run prognostically with the input of
the real-time suspended sediment concentration
derived directly from the remote sensing
reflectance.

The model results show that the suspended
sediments in the reflective, recurrent coastal plume
had a significant impact on the spatial distribution
and temporal variation of the nutrients and
plankton in southern Michigan Lake in spring of
1998. The nutrients released from suspended sedi-
ments were critical to maintain the limited nutri-
ent level during the plume event. The springtime
growth of phytoplankton depended on the
availability of nutrients and light under the plume
environment, while the cross-shelf decreasing ten-
dency of the phytoplankton concentration was
mainly controlled by a ratio of the euphotic depth
to the mixed layer depth.

The cross-isobath fluxes of nutrients and phyto-
plankton were mainly driven by episodic wind
events over a period of �5–7 days. The flux was
generally offshore during southward winds and
onshore during northward winds. The flux esti-



R. Ji et al. / Ecological Modelling 152 (2002) 169–190 189

mates among biological variables in the food web
system suggested that bacteria was a main con-
trolling factor for the growth of microzooplank-
ton in the plume. The lower trophic level food
web system in southern Lake Michigan might be
divided into two decoupled loops: (1) detritus–
bacteria–microzooplankton– large zooplankton;
and (2) nutrient–phytoplankton–detritus.

The model-predicted spatial distributions of nu-
trients and phytoplankton were in reasonable
agreement with observations taken during the
1988 EEGLE interdisciplinary cruises and from
the satellite imagery. The characteristics of the
food web system revealed in our model experi-
ments were consistent with observations made
from previous field studies. All of these indicate
that our model was sufficiently robust to capture
the basic seasonal variation of the ecosystem in
Lake Michigan.

Our modeling in Lake Michigan has provided
us a higher lever of understanding on the impact
of suspended sediments on the lower trophic level
food web system in freshwater lakes. Numerical
approaches in this work could be used to examine
the ecosystem in high-turbidity coastal oceans and
other freshwater lakes.
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