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SUMMARY AND CONCLUSIONS

For the past three years researchers supported by The
University of Michigan Sea Grant'Program have conducted
extensive field surveys in both arms of Grand Traverse Bay.
These surveys have included observations of several physical,
chemical, and biological characteristics of the Bay. A major
goal of this field sampling program has been to provide data
which éan be used to construct mathematical models which
specify interactions and mechanisms among the variables.
Sﬁbsequent to verification, the models are intended to be

used to predict certain measures of water quality which result

from various pollution control schemes and alternate patterns
of land use and zoning. This report describes the utilization

of these data for the construction, verification, and application

e e e — e . -

of a dynamic model for plankton and nutrients in the lower west
arm of Grand Traverse Bay.

The model has been used to calculate the spatial and
temporal distribution of dissolved and particulate phosphorus,
particulate nitrogen, ammonia, nitrate, silicon, chlorophyll a,
primary productivity, and total zooplankton. The seasonal
dynamics of each of.these variables has been determined at a
number of locations within the bay by the integration of mass
continuity equations which account for changes due to transport
by water movements, growth, dedomposition, and biological uptake.

The dynamics of the behavior of the chemical and biological
variables of interest have been modeled in the lower part of .
the west arm of the bay using measured nutrient input fluxes

and observed temperature and solar radiation patterns. The




mass continuity equations were integrated using a number of

sophiSticated numerical techniques. In general the model
predictions compare favorably with data obtained during 50 ,

_separate Sea Grant surveys conducted during a period between

1970 and 1972. The model has been used to forecast the
water quality in the bay which will result from alternate | i
patterns of residential, commerical, and industrial growth,
and varYing degrees of phosphorus control in the Traverse City
area. A nonlinear relation exists between the level of -
nutrients discharged to the Bay and the resulting plankton
populations. This nonlinear relation was not anticipated and
is a phenomenon which should be examined prior to recommendation
of management alternatives in aquatic systems.

The model predictions indicate that,as water quality
deteriorates in the bay, changes in algal species will occur
due to silicon limitation. It is expected that the phyto-
plankton community will become dominated by green and blue-
green forhs. This contrasts to the present population which
consists mainly of diatoms. The model suggests that the
potential biomass of algal species, which do nét have a major
silicon requirement, is double that of a population consisting

only of diatoms.




INTRODUCTION

Researchers supported by The University of Michigan Sea
Grant Program have conducted extensive limnological field
surveys in both arms of Grand Traverse Bay since 1970. These
surveys have included observations of several physical, chemical,
and biological characteristics of the Bay. The major goal of
this field sampling program has been to provide data which can
be used to guide the construction of mathématical models which
gquantify the interactions among the variables. - Subsequent tc
verification, the models are intended to be used to predict
the water quality which results from different pollution
control schemes and alternate patterns of land use in the
Traverse City area. This predictive capability will facilitate
the adaption of rational water-quality control programs designed
to maintain the relatively high quality of the Bay waters. Other
efforts in the program have resulted in hydrological models
(Brater, 1972); models for water circulation (Smith, 1973;
and models for coliform bacteria (Canale and Green, 1972;
Canale, 1973). This report descfibes the utilization of Sea
Grant field data for the construction, verification and
application of a dynamic model for phytoplankton, nutrients,

and zooplankton in the lower west arm of Grand Traverse Bay.

SAMPLING PROGRAM

Data gathered through the field sampling program have
been collected on more than 50 cruises since initiation of the

program in July 1970. During the first stages of the program



13 open-water stations were sampled on a routine basis and 18
cruises were made to sample chemical characteristics of bay
tributaries. A modified sampling scheme was instituted in
January 1972 to provide greater focus on the west arm of the bay.
Figure 1 displays the location of some of the sampling stations
currently used, as well as some historical stations., The
measured parameters which are directly compared with model
results are listed in Table 1, along with methods of analysis
and errcr estimates. Other parameters such as temperature,
sunlight intensity, cloud cover, primary productivity, secchi
disc and light extinction are also routinely observed.

A report on additional details regarding the handling and
storage of samples prior to analysis, and the analytic tech-
~niques is in preparation. Parameters, sampled at some point

in the field program, but not used direcﬁly in the current
model, include conservative ions, heavy metals, dissolved
oxygen, hydrogen ion activity, alkalinity, conductivity, benthos
organisms, and surficial sediment chemistry. The observations
of all parameters are maintained in a computer file for con=-
venient retrieval.

The data obtained during this program have supported the
modeling activity in three different ways. ‘The first use has
been to aid in model construction through the quantification
of coefficients in the model. An example is the use of light
measurements at various depths to obtain regression estimates
of the light intensity-extinction coefficient. The second use

of the data has been to provide inputs to the model; specifically,
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6
Parameter Number of Number of Analytical 95% Confidence
Stations Observations Method Limit on
Analytical Ery
Ammonia 18 142 Phenol- + 15%
' hypochlorite
NO,-NO, 18 146 Copperized + 20%
Cadmium
Reduction
Total Dissolved P 18 130 Ascorbic Acid + 10%
(persulfate
digestion)
Particulate P 18 130 Ascorbic Acid + 20%
(persulfate
digestion)
Silica - Si 18 146 Silicomolybdenum + 10%
Blue
Chlorophyll a 18 117 Fluorometric + 10%
Zooplankton 9 36 Direct Count + 5%
TABLE 1. Measured parameters during field and

modeling study of Traverse Bay, analytical

methods, and estimated error by analysis.



system loadings, boundary conditions, and initial conditions.
It has been determined from the data that the Boardman River
and the upper bay are the major sources of nutrients for the
lower wesr arm. Boardman loadings have been estimated using
USGS discharge data and concentrations at the river mouth.
Concentrations at the upper boundary of the model have been
assumed to be representative of the upper bay. The field data
have also been utilized in verification of the model. By
comparing model-generated concentrations with concentrations
at stations in the interior of the system, it is possible to
assess the ability of the model to predict real-world conditions.
Each of these uses of field data will be discussed in detail
in later sections of this report.

In all cases the data presented here are composites of
all applicable data collected during the 2-1/2 years of the
sampling program. Furthermore, since it has been assumed
in the present model that each segment is uniform, it is
necessary to use depth-averaged data for input and verification
purposes. This is not a serious limitation since a statistical
analysis of the field data has failed to show significant

variations over depth for the parameters of interest.
MODELING METHODOLOGY

In recent years the techniques of systems analysis,
long the domain of defense and business practitioners, have
begun to be applied to problems involving natural systems.
These techniques, which involve the quantification of system

components and interactions in an effort to understand or



managé the system, have been successfully employed in a number
of studies related to environmental systems. Examples include
models of a grassland ecosystem (Bledsoe et al., 1971), an
insect population (Chapman, 1969), and a deer herd (Davis, 1967).
Systems analysié is also being utilized in research on aquatic
environments, examining such issues as the management of a
harvestable resource (Beverton and Holt, 1957, and Paulik et al.,
1967) and the control of the eutrophication process (Hydroscience,
1973) . One of the many major goals of the University of Michigan
Sea Grant program is to develop and apply systems analysis
techniques to water quality problems of the Great Lakes.

Events of the recent past have made it evident that man,
in the process of economic and political decision-making, has
often neglected to fully anticipate or account for the effects
his decisions have on the natural environment. As the environ-
mental oversights of the past accumulate, it has become more
of an economic and political necessity to gain a fuller
understanding of the natural world. 1In so doing, it soon
becomes apparent that any environmental system is an extremely
complex entity, filled with numerous interrelationships and
inclined toward nonintuitive behavior.

The complexity of such systems has two implications.
First, the knowledge of a number of separate disciplines such
as biology, chemistry, and physics must be brought together
to gain an understanding of the system as a whole. And secondly,
a procedure must be made available which can merge this diverse
information into a clear picture of the system. This is the

role played by systems analysis, or ecosystems analysis,as it



is called in such applications. Like systems analysis, the
term ecosystems analysis is a general one and has been used
to cover a number of analytical methods. The most common use
of the term, however, is in situations where a mathematical
simulation model of a natural system is constructed in con-
junction with field datavand experimental studies.

The steps commonly employed in ecosystemsianalysis
include

l. identification of the problem to be addressed
and definition of the system by enumeration of
the variables or components of interest.

2. sgpecification of the time and space scales which
are compatible with the problem of interest and with
practical considerations.

3. choice of the relationships between components
which are to be modeled.

4. specification and quantification of the mechanisms
by which these relationships operate.

5. construction of the mathematical equations which

represent these reactions.

6. evaluation of constants contained in the equations.
7. wvalidation of the resultant model.
8. application of the model to real-world situations.

It has been noted that each equation of such a model is, in
effect, a hypothesis about the nature of its counterpart in the
real world (Kowal, 1971). As such, it is important that the
structure of these equations be constructed in compliance with

the principles of natural and mathematical science and coupled with
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an investigation of the scientific literature, field studies,
and experimental research.

The mathematical model produced by an ecosystem analysis
can be used to investigate properties of the system and,thus,
can be a predictive device and an aid to the decision=-making
process. .Equally important, however, is the activity of con-
structing the model. In following the steps outlined above,
the analyst is forced to explicitly consider each interaction
which is a part of his interpretation of the real-world system.
This shifts his effort to measurement of important system
variables, instead of relying on intuition, and diminishes the
possibility of overlooking some important operator in the
system. Construction of the model, coupled with its subsequent
exercise, points out gaps in basic scientific knowledge and aids
in the design of experimental studies to supply this information.
In this way the abstract representation of the natural system
can quicken the biological discovery process and thus constitutes
a basic component of the scientific method (Milsum, 1966).
Although model building cannot by itself add to scientific
knowledge, it may convey insight to the investigator, who is
now able to closely examine the process of interaction through
which system components produce the eventual response of the
system as a whole.

A model is desired which can be used to calculate the
spatial and temporal distribution of dissolved and particulate
phosphorus, particulate nitrogen, dissolved organic nitrogen,
ammonia, nitrate, silicon, total algae, and total zooplankton.

The assumed interactions among these variables, as incorporated
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into the mathemaﬁical model, are illustrated in Figure 2. The
seasonal dynamics of each of these variables will be determined
at a number of locations within the bay by the integration of
mass continuity equations which account for changes due to
transport by water movements, growth, decomposition, biological
uptake, exchange with Lake Michigan, direct input from the
‘Boardman River, and exchange with the Bay sediments. The basic
equations which comprise the model are developed by taking

mass balances for the various model constituents about uniform
cells. A system of cells coupled by advective and dispersive
flows simulates the effects of water circulation, while sources
and sinks within a cell represent the effects of chemical and
biological reaction. A material balance equation for the ith

chemical or biological species about the jth volume element

can be written:

dc,

ij -
Vi —I¢ Ti4Bs + ViS4 + Wy (1)

where Cij is the concentration of species i in segment j,

Vj is the volume of segmen% Jp J is the net flux of species

ij
i into segment j, Aj is the interfacial area of the jth segment,
Sij is the summation of sources and sinks of species i in
segment j which are associated with various biological, chemical,
and physical reactions, Wij represents the direct input of
species i into segment j, and t is time.

Fluid Transport

The physical transport of species due to fluid movements
is represented by flux terms in Equation 1. Smith (1973) has
developed a model for water circulation in Grand Traverse Bay

by numerically integrating linearized equations of motion for
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