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I. INTRODUCTION

The Office of Sea Grant  OSG! presently supports aquatic ecosystem analysis
and modeling projects at a number of institutions. OSG's interest at this time lies
in assuring tlat current projects enjoy good communications with each other and
that the focus of Sea Grant's future support to such projects is sharpened in order
to achieve maximum return for the limited funds available to Sea Grant for work
of this type.

To this end, an intentionally small and informal workshop was convened in
July 1975. Ir. fact, the retrospective consensus is that it was entirely too small
and informal. In order to make up in part for perceived deficiencies in the work-
shop itself, Glee chairman produced a draft report that was based upon issues
explicated or implicated in the workshop and supplemented by his own views. As
a means of si5estepping total blame for the product, the chairman issued it as a
review draft for the participants and was rewarded in due course with well turned
responses in no uncertain terms. With these responses smoldering in one hand,
the review draft was dismembered and recreated in its final form as expressed
here. Had the responses to the review draft been in agreement, the rewrite task
would have been comps.ratively simple. Of course, they were not in all cases.
Therefore, tLe chairman has been unsuccessful in sidestepping the blame for
what appears here while acknowledging with sincere gratitude the wealth of scien-
tific talent that provided the bases for this document in the workshop and in the
criticisms of the review draft.

Frankncss is frequently dangerous and yet circumspection frequently
obscures what is so. The review draft was called dangerously frank by one
workshop par ticipant and this version may also contain that danger. To lay any
such ghosts, let it be said here that ecosystem analysis and modeling is a very
young and potentially very valuable tool for intelligent management of aquatic
resources. 2&cause of its youth, it necessarily is today a long way from achiev-
ing its full potential. To obfuscate the problems this discipline faces today would
be counterproductive just as it would be counterproductive to employ the discus-
sions of problems in these pages as weapons to inhibit the advancement of the
young discipline.

The workshop was held at the University of Wisconsin's Madison cnnpus
and hosted by Dr. Robert Ragotzkie, Director of that university's Sea Grant
College Program. It was organized and conducted by The Oceanic Institute,
Hawaii, under Sea Grant No. 04-5-158-13 with Joe A. Hanson acting as chairman
and raporteur. Dr. Hugh J. McLellan and Thomas E. Murray of OSG guided
and monitored the effort. A list of participants appears in Appendix D.



Section II is a summary of recommendations which follows the examination
of issues contained in Section III closely enough to serve also as a rough executive
summary. Section III examines issues pertinent to the recommendations.



II. RECONMKNDATIONS

The purpose of this section is to boil down the issues discussed in Section III
into recommendations which the Sea Grant system can implement. Consequently,
this section is a rough summary of those issues and yet is vulnerable to criticism
on the basis that it is too narrow just as its predecessor in the review draft of this
report was criticized for being too lofty. Be that as it may, herein are some
general thoughts on Sea Grant's role in aquatic ecosystem analysis and modeling
followed by some guidelines for evaluating proposals and monitoring continuing
projects. These are followed by a few comments on a second workshop.

A. The Sea Grant Role

Sea Grmt cannot be all things to all men. It must concentrate its efforts so
that, its charter is best served with the resources at its command. Certainly,
supporting effective analysis and modeling projects that will lead to better man-
agement of aquatic resources is appropriate. Development of analysis and model-
ing talent is just as important right now as is production of good aquatic resource
management tools; the one is a prerequisite to the other.

Given that the development of both talent and applications are important
within the framework of Sea Grant's charter, the next issue is how to focus things
in terms of institutions, geography, and subject matter. The established Sea
Grant policy of concentrating funds on colleges and universities while involving
industry and loca1 government to the maximum remains appropriate for Sea
Grant's aquatic ecosystem analysis and modeling support. Sea Grant's logical
geographic o..", perhaps better "geoecological", choices appear to be: I! The
Great Lakes, 2! bays and harbors of the three coasts as well as Alaska and
Hawaii, 3! major rivers and other inland waterways, 4! tidal estuaries, and
5! swamps. How many projects to support and, in fact, how many of the above
geoecologica, opportunities can be pursued under Sea Grant funding will depend
upon the level of funding available each year and the quality of projects proposed
and in being. %hatever funds are avai1able and whatever geoecological choices
are made, it seems that Sea Grant-supported projects should focus sharply on
management of water quality in support of the highest and best use of the
resource involved.

Moreover, it is absolutely essential that Sea Grant-supported aquatic eco-
system analysis and modeling projects ser ve purposes that are generally
acknowledgec. and supported within whatever region is involved. Sea Grant
should consicer employing its advisory service resources to gather information
and community resources during the initial phases of any such project. In any
case, no such project should be launched past its initial investigative phase



until there it> a high level of confidence in local support. This means that Sea
Grant may wish to fund exploratory and organizational work at a modest level
before committing significant funds to analysis and modeling. This early work
should result in a proposal that is clearly do-able, valuable, and well supported
locally; if net, the work should go no further.

B. Criteria for Kvaluatin Pro sais and Pro'ects

If these criteria are agreed to be complete, it will be surprising. No doubt
each reader can think of others that are equally or more important. They are
phrased her: as questions to be asked of each proposal for the initiation or con-
tinuation of;m aquatic ecosystem analysis and modeling project. If the project
is proposed for continuation, these questions can be asked in retrospect as well
as in prospect. To the extent that these questions are valid, they should be
asked by the writers as well as the reviewers.

Vfhat is it precisely that the project may be expected to accomplish
and how will it contribute to improved management of the aquatic
resources in question, as well as to development of aquatic resource
:management talent 7

.[s what is proposed within the state of the art and, if some aspects
,are not, are the proposed approaches for advancing the state of the
art realistic and nonduplicative of other efforts within or outside of
Sea Grant?

2.

3. Can progress made by the project be measured realistically?

4. [s an initiating solution strategy or means for arriving at it adequately
spelled out?

Are determinism and stochasticism employed appropriately
and effectively?

The in-house capability to evaluate proposals and ongoing projects is always
a problem for any funding agency. In a realm as immature as aquatic ecosystem
analysis and modeling, the problem is particularly acute. Peer reviews, regard-
less of their well publicized problems, can help here. Recognized authorities
can be employed to evaluate proposals and review the progress of projects so
long as such authorities are carefully selected and appropriately compensated.
Moreover, supporting exploratory and planning activities at modest levels can
assist in giving such consultants something that they can get their teeth into.
This can wo:."k so long as everyone involved has common criteria to work toward
and to evaluate against. Such criteria are the subjects of the next subsection of
this section.



Are the levels of detail and generality appropriate to the problem?

Has the problem been adequately bounded?C ~

d. Does the work proposed truly promise to result in a model that
is capable of validation with the empirical resources available?

e. Are lead times for model development realistic and is the model
likely to become usable in time to be a valuable resource man-
agement tool?

f. Have timing factors internal to the model been adequately treated?

g. Has the ecosystem restructuring issue, if it applies, been ade-
quately dealt with?

5. Are the respective roles of laboratory and field data as well as their
sources adequately identified?

6. Does the computer hardware and software fit the job proposed for it'?

7. Is there adequate knowledge and appropriate utilization of previous
aad concurrent work by other teams?

8. Are project management, structure and mechanisms for intra- and
inter-project communication adequate and realistic and is the iteration
p',aenomenon handled well?

9. L~ Sea Grant likely to be able to support the proposed project at an
adequate level over an adequate period of time?

10. Viewed in the context of other proposed and ongoing projects, does
this one rank high enough to fall within the scape of Sea Grant' s
funding capabilities?

The participants were unanimous in their agreement that another workshop
would be valuable. While certainly not unanimous, the consensus of those in the
workshop and those who responded to the review draft would place a second work-
shop somewhere in the first half of 1977. Several of the participants have sug-
gested that a second workshop should be larger in attendance and much more
tightly structured. Probably it should concern itself with such questions as;



1! where Sea Grant should concentrate its support, 2! interproject communica-
tions, 3! project and proposal evaluation criteria, and 4! initiating a system of
qualification and ethical standards.

Most of the questions asked and issues mentioned here are expanded upon
in the next section.



III. SUMMARY OF ISSUES

This section's intent is to treat as concisely as possible those issues which
surfaced explicitly and implicitly during the workshop phases I and 2. To the
extent that thi section communicates these issues clearly, it will be clear that
the issues are the basis for the recommendations given in the previous section.
This section is formatted in three parts: part one examines the purpose and
promise of aquatic ecosystem modeling, part two explores the functional issues,
and part three describes the management issues.

A. The Pur ose and Promise of A atic Kcos stem Modelin

First, let it be agreed that aquatic ecosystems  bodies of water character-
ized by combined and interdependent physical, chemical and biological states
and subject to changes in state! throughout and surrounding the United States and
their possessions are, in fact, capital assets. As capital assets, then, it is
appropriate to employ them in their "highest and best" uses as well as to main-
tain them in the best condition for those uses. Note that this agreement admits
as appropriate high levels of pollution in water bodies used solely as, say,
harbors--just so long as such levels of pollution do not adversely affect the high-
est and best u< e of adjacent aquatic ecosystems. If this is a, selfishly anthropo-
morphic point of view, it nevertheless reflects the true nature of the relationship
between humaxi societies and aquatic ecosystems.

So, our society, faced with the task of maintaining its aquatic ecosystem
capital assets while utili.zing them to their fullest, must determine how much of
what kind of u< e each such ecosystem can tolerate without unacceptable changes
in its state. 'I'he uses we make of aquatic ecosystems are far too numerous to
list in any specificity here; they include such diverse purposes as waste disposal,
swimming, water storage, fishing, transportation, aquaculture, sinks for
terrestrial rurioff, scenic attractions, industrial water supplies, recreation
centers, and so on. It is obvious that many of these uses are very likely mutually
incompatible at the first order as well as incompatible in terms of the state that
is appropriate to the aquatic ecosystem of which use is being made. What is
meant by app~@riate state? Near pristine may be an appropriate state for a
recreational a<tuatic ecosystem while polluted to the extent that it is nearly
devoid of aquatic life may be appropriate to an aquatic ecosystem devoted to
some forms of industrial use. Argue though we might with the idea of intentional
pollution as a highest and best use, it is a possibility that comes to mind if one
is freezing in the dark.

One mea;m of determining how much of what kinds of use can be made of
aquatic ecosys'.ems without altering their states in the direction of undesirability
is to do it empirically; to try and see what happens. We' ve done this in the past



and found with some dismay that the answers frequently come too late; come only
after irre~ersible changes in state have seriously devaluated an aquatic capital
asset; onl r after restoration to an acceptable state is found to cost more than we
are willin, or able to pay.

Ano her way is to employ highly conservative rules of thumb to restrict
uses of aquatic ecosystems to levels very likely far below those which would
result in cmdesirable state changes. But this approach is inherently incompatible
with the highest and best use idea and contains seriously adverse economic
ramifications.

What it aH boils down to is that we need to develop means of determining in
advance how much of what kind of use is appropriate to each aquatic ecosystem.
This, the<i, is the purpose and the promise of aquatic ecosystem analysis and
modeling--and the necessity for learning to do them well. Aquatic ecosystem
analysis and modeling are not necessarily expensive; but even if they were very
expensive, so long as they produce valid results, they still are vastly cheaper
than their alternatives. Valid results before the fact at minimum cost is the

goal of aquatic ecosystem analysis and modeling.

B. Fun<ional Issues

Eleven issues bearing upon the scientific, technical, and procedural aspects
of aquatic ecosystem analysis and modeling are examined in this subsection.
Although the section is indeed broken down so, the issues stated are not discrete
entities im themselves but rather convenient titles for interlocking segments of a
sphere which contains the whole. Other authors would employ different titles in
examining the same sphere with equal or superior effectiveness. It is the whole
that is imaortant here, not the titles of the segments.

l, The Relative State of the Art Toda

Here we arbitrarily define a model of the entire ecosystem as "model"
and models of segments of the system as "submodels". The submodels into which
the workshop format divided aquatic ecosystem models are: 1! hydrological dy-
namics submodels  wind and wave action, currents, tidal action, dispersal, and
diffusion!, 2! water quality submodels  including physical states, chemistry, and
elements of microbiology!, 3! microbiologicaL submodels  including all micro-
scopic lif» forms in the ecosystem from viruses through phytoplankton and zoo-
plankton as well as all microscopic benthic life!, and 4! macrobiological submodels
 including benthic fauna, fish population dynamics, etc. --essentially the upper
trophic levels!. These categorizations are arbitrary and convenient and few real
submodels fit neatly into a single category. Rather, they tend to emphasize a
category md extend tentacles into adjacent categories.



Figure L contains six purely subjective relative value graphs which reflect
in combinatiou about where it seems that the state of the art in each of the sub-
modeling categories stands with respect to the others. These graphs illustrate a
fair consensus of the workshop attendees but should not be taken for anything
more than graphic representations of very definitely non-unanimous opinion.

In summary, the state of the art as reflected in the four submodel categories
appears with notable exceptions to be that hydrological and fisheries submodels
which, while:xxdividual examples may or may not be very sophisticated, are in
good supply alxd are being used in policy development while very broad W. Q. and
microbiological subxnodels by and large are not developed to a point of wide
practical application as yet. Moreover, in the majority of cases, working inter-
faces between the submodels have yet to be developed.

Dr. Carlyle disagrees with the above statements and with Figure 1. He
points out thai, dissolved oxygen models were first written more than 25 yeax's ago
and have for pears been in regular use by government agencies for establishing
BOD and COD loading limits. Dr. Canale also mentions operational models for
coliforms, phosphorus, and algal standing stocks. He suggests, then, that lim-
ited chemical water quality submodels enjoy the widest use of any of the four
categories and that microbiological submodels are probably at least as well
developed as macrobiologica1 submodels. And Dr. Canale's objections should
not be dismissed as merely one dissenting vote; they illuminate important points.

The first point is that the workshop clearly did not expose the full breadth
of aquatic ecosystem modeling throughout the world or the nation; presuxnably, it
exposed that cf the Sea Grant projects. The second point is that the accuracy or
inaccuracy of this report's view of the state of the art is quite sensitive to one' s
point of view uxd should be taken as a point of view itself rather than an authori-
tative revelation. There are indeed subxnodels which predict dissolved oxygen
variability, algal levels, phosphorus levels, nitrogen levels, and coliform bac-
teria, counts  see University of Michigan projects in Appendix B!. However, it
seems that these submodels rely upon submodels of hydx'ological dynaxnics and
for the most part do not exhibit a level of representation of the whole chemical
or microbiolorical subsystem comparable to the level of hydrodynamics repre-
sented by hydrological models. In fact, since the distribution of chemicals and
microscopic organisms is determined by the hydrological dynamics, submodels
of the latter would seem to be a logical prerequisite to valid submodels of the
former. Only when the distribution dynamics as well as the physical variables
by location ar: known is it possible to represent the chexnical reactions and
microbiological responses that will ensue at given locations over tixne.

There are an impressive number of hydrological models in existence now.
Most, if not a'il, basically are expanded mass balance equations approached with
finite difference or finite element techniques and finally expressed as sets of
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simultaneous partial differential equations for automated handling. Finite differ-
ence approaches usually are followed when one- or two-dimensional models are
built, althougI~ Leendertse at least has used such an approach in a 3-D model.
Finite element approaches are found in two- and three-dimensional models.

Use of prior work by others in hydrological modeling appears rather high.
There is evidence that the work of Leendertse influences to some extent the work
of later investigators. And members of the Wisconsin workshop appeared to be
on a firm communication footing with respect to hydrological modeling techniques.
As Leenderts» points out, however, direct transferabi1ity of models from one
geographic application to another is difficult; one reason appears to be that models
always contahi assumptions which may or may not be explicit and one man' s
assumptions raay be another's data base. This problem is examined farther on
under another heading.

Fishery models employed in past years usually have been expressions or
expansions of the Beverton-Holt equation and most often handle only single species
dynamics as functions of predation and food supply while assuming that water qual-
ity, competition, and hydrodynamics are constants. As such, they have not been
interfaced directly with microbiological, water quality, and hydrodynamic sub-
models. This is not to say that the dynamics of aquatic ecosystems that affect the
population dynamics of a species of interest are ignored in all cases. These factors
can, and frequently are, entered indirectly into fisheries simulations with the mech-
anism of making several simulation runs beginning with different starting values.

Water quality dynamics in terms of physical  not mechanical! and chemical
phenomena ar: beginning to appea.r in models that began life as hydrodynamical
submode1s and which have the purpose of assessing water quality distributions
throughout an aquatic ecosystem. Certain microbiological transfer coefficients
are appearing, too. So far, these inclusions appear to be attempts to expand
submodels that basically are hydrodynamical in nature so that they will include
dynamic expressions that handle differences between purely hydrodynamical pre-
dictions and observed data. That is, the intention is to predict water quality and
its time-dependent variations throughout a water body and the vehicle for doing
so is evolving toward a fundamental hydrodynamic model augmented with only
those physical, chemical, and microbiological equations that are determined to
be necessary to cause the model to fit the data. This sort of evolution, weG
executed, should result in highly useful water quality simulation submodels that
survive the test of Occam's razor and, thereby, are as economical as possible.
Such submodeJs are not concerned, then, with physica1/chemical and microbio-
logical dynamics per se but, rather, only with those aspects of those dynamics
that are necessary to explain water quality dynamics in the terms the submodel
emp1oys in its outputs. Whether or not this evolution is progressing toward an
effective interface with macrobiological submodels remains to be seen.
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All ia all, the state of the art today seems to be one in which acceptable
progress toward valid and useful water quality models is being made simultane-
ously with progress toward increasing sophistication, validity, and usefulness in
fisheries submodels. With reference to Figure 2, it seems that, drivenby aper-
ceived social need to predict more accurately the dynamics of water quality,
hydrological submodels are expanding to include physical/chemical and micro-
biological submodels while fishery  macrobiological! submodels are increasing
their sophistication and sensitivity to water quality and must inevitably seep into
microbiolcgy and physical/chemical submodels while developing sensitivities to
hydrological factors that, for them, become significant. Viewed from afar, this
all appears to be rational progress in useful directions. Viewed from within, we
face the problem of managing this bilateral seepage in such a way that whole
aquatic ecosystem models that will do what we want them to do are achieved as
quickly and economically as possible.

Be this as it may in the broad perspective, Sea Grant would seem to be well
advised to concentrate its support in establishing hydrological models and expand-
ing them 4> become refined and valid tools for predicting water quality before
they are augmented with more sophisticated micro- and macrobiological
s ubmodels.

2. Determinism versus Stochasticism

The general trend among ecosystems analysts and modelers today is in
the direction of determinism. We tend to think of ecosystems as complex webs
of cause-effect relationships that can be treated with the calculus of differences--
given. enough time and computing capacity. Within this trend we tend to resort to
stochastic equations only when we recognize that we don't know enough about the
mechanisn>s involved or when a deterministic approach would be too cumbersome.
1f the relatively short-term �-100 years! dynamics of aquatic ecosystems exhibit
spontaneous behavior that can only be treated stochastically  given our present
mathematical tools! we tend not to acknowledge such behavior.

Are there decision nodes in the eutrophication history of a typical aquatic
ecosystem; nodes from which the path of eutrophic evolution may choose spon-
taneously one of multiple possible paths which themselves manifest varying
degrees ard qualities of reversibility or irreversibility? Probably such paths
and nodes do exist but we cannot yet be sure. Laboratory experiments involving
repeated niultiple algal species responses to nutrification under seemingly iden-
tical conditions do not always yield identic& species compositions. But the
experimental controls are suspect.

Looling at it another way, might we save time and effort by employing
stochastic techniques to replace difficult and cumbersome chains of dispersion
and diffusion coefficients as well as some chains of transfer coefficients? Can

12
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we be happy with models which, like the weatherman, offer us a 207' chance of

80% turbidity today?

And then, of course, there is the whole question of just how representative
of the ecosystem dynamics as they really are our deterministic mathematics are.
The philosophical trap is something like this: if a model is based upon a human
hypothesis that can only be tested for validity against the real worM; and if the
data we co]lect from that real world do not agree with the model's outputs; and if
we therefore modify certain constants and coefficients in the model to mold it to
the data; then how can we prove we didn't develop an invalid model with "fudged"
constants and coefficients which, while it may fit the data, will not predict eco-
systexn bel:.avior beyond the data because it is an invalid abstraction of the eco-
system? Since full knowledge over an extended time period of all of the inputs to,
and state conditions of, an aquatic ecosystem is a practical impossibility, it is
clear that a wide variety of numerical expressions couM translate the input data
we can colIect to the ecosystem state data we can collect--and only one or a few
of these exoressions would be a valid abstraction of the dynamics of the ecosystem.

Nor~over, the data themselves are suspect: we cannot know that our model-
based expectations, as they impact the times, frequencies, and locations at which
we take dna as well as the instruments we use, do not contaminate the data.

It seems that this train of logic drives us either to abandon ecosystem
analysis and modeling altogether or to rely heavily on the professional judgment
of persons with a record of proven performance in the discipline. Clearly,
abandonment is not a practical alternative. Speaking practically, we must
achieve a xesource bank of people who make ecosystem analysis and modeling
valid and workable. As this resource bank grows, models and analytical tech-
niques will become more sophisticated and more comprehensive. Extrapolation
from today's viewpoint leads to a conclusion that these future models and analyti-
cal techniques will evolve as ever more elegant hybrids of today's determinism
and stocha ticisxn. On this basis, we can expect them to employ deterministic
methods where cause-effect chains appear appropriate and stochastic or semi-
stochastic formulae at decision nodes--loci at which one branch may take one of
two or more succeeding paths  see Figure 3!.

This is not, by the way, a new revelation. Figure 3 represents an approach
that has been in use in simulation and gaming for years. What seems likely in the
future is an evolution along this established path toward more formalized methods,
more rigorous techniques, better data and methods for handling it, and an ever
higher deg:"ee of verisimilitude between models and the ecosystem which they
seek to simulate. Very possibly, this evolutionary path will parallel the evolution
of good water quality models and their subsequent evolution into whole ecosystem
models.

14
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Figure 3. Logic sequence of a hybrid model.

3. D tail versus Generali and Sensitivi versus Confidence

T:xe more detailed our models, the more sensitive, difficult to man-
age, costly, difficult to verify, accurate, and lengthy in their development times
they most likely will be. The more general, the less sensitive, the easier to
manage, the cheaper, the easier to verify, the less accurate, and the shorter in
their development times they are likely to be. The more sensitivity  which
usually accoxx@anies detail! we build into our models, the shorter th'e time steps
they represent and the more difficult they are to validate; and so the lower the
level of confidence we can gain in their validity. The less sensitive a model, the
easier it is  usually! to gain confidence in its validity--so far as its validity goes.

The ultimate in a useful, general, and insensitive model would be a rather
simple transf.r coefficient that stated simply soxnething like "at present  or pro-
posed! rates of discharge of urban wastes into this aquatic ecosystexn, total
eutrophicatioxi will occur at time  t!." But there is no way to validate such s.
model without waiting for time  t! and then validation is very easy: the level of
confidence would be eithex 1 or 0. The ultimately detailed and sensitive model
might describe the entire ecosystem in terms of simultaneous chemical reac-
tions. Its tixx~e steps would be microseconds; one could gather some validation
data at any tixne and any place; and it would be a practical impossibility to vali-
date it to any level of confiden.ce.
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As aquatic ecosystem analysis and modeling evolves, the goals we should
set in this:."calm involve identifying types of reactions that can be simulated with
a given levi:1 of detail. For example, if the chemical balancing equation for
A~B = xA + yB at time  t!, it is of no use to simulate ion exchanges over times
vastly less than  t! when x and y can be derived easily by using fractions of  t!
 when the starting values are known!. Similarly  and somewhat less facetiously!,
simultaneous differential processes that require a very large number of iterations
to achieve i:onvergence should be carefully examined before a great deal of time
is spent in coding and debugging. Might there not be a more general expression
that would require a much smaller i~vestment and still result in an acceptable
level of cortfidence? All this is to do nothing more than to encourage ana1ysts
and modelers to continue expanding their efforts to achieve expressions of aquatic
ecosystem processes which survive Occam's razor � and then to document them
so that others may benefit from their efforts.

4. Boundaries and Boundin

Any part of nature to which we may assign the term system is, by our
own definitions, a subsystem. If that is true, then the boundaries we draw be-
tween the subsystem that interests us at the moment and all the rest of nature are
to some de,;,ree arbitrary. Moreover, it cannot be shown a priori that systems
concepts oi order, hierarchy, entropy, feedback and so forth are significantly
more imm;tnent in nature than, say, arithmetic systems whether they be to the
base 2, 8 or 10; both types of concepts are useful in dealing with nature so long
as internal consistency is maintained and neither concept can be demonstrated to
be anything beyond a human intellectual creation.

Som~ of the boundaries we set when we define an ecosystem to focus our
attention upon are dimensional; usually capable of representation as x, y and z
from some reference point and sometimes involving the time dimension. And
the choice >f these boundaries clearly is ad hoc. From experience, we learn
that monitcring the transfers that occur in both directions across our ad hoc
boundaries is an immense practical problem and almost always is done less
than adequately in terms of our own minimum standards.

In every case, empirical determination of the transport of energy and mat-
ter across arbitrary ecosystem boundaries is an imposing challenge. Conse-
quently, ax+lysts find themselves with a very practical motivation to place
boundaries so as to minimize the challenge. The problem of setting boundaries
and knowing boundary dynamics can go so far as to reduce the geographic or
substantiv» dimensions of the ecosystem. studied. Carried to its logical extreme,
this approach would result in our taking tive-gallon water samples from an eco-
system and carrying them to the 1aboratory where we could experiment with
them undec controlled conditions--and this, in some cases, is not a bad idea.

16



A wise and earthy philosopher once offered the insight: "When the only tool
you have is a hammer, eve~g looks like a nail." There is another kind of
bounding we do sometimes consciously and sometimes not. Probably all analysts
and modeler: would agree that it is an a priori truth that we limit our simulations
and analytical efforts to those things for which we have conceptual and manipula-
tive tools. lj'ow many of us are willing to admit that we may also bound our cog-
nition of "re-l" aquatic ecosystems on the same basis? The urge to detour into
Korzybskian general semantics will be resisted here with the remark that the
tools we hav~ to work with almost certainly impose some sort of bounds on our
cognition of the ecosystems we seek to analyze and model.

But to return to physical boundaries, setting boundaries and achieving a
workable strategy for handling boundary dynamics, both in the model and in the
field, are critical to the design of an aquatic ecosystem modeling and analysis
project. Jf the strategy has not already been worked out at the time a proposal
for funding is submitted, then the proposal should, as a minimum, contain the
plan for developing such a strategy.

The whole boundary issue is so closely related to the validation issue that
one can consider the two as parts of the same issue; for, if we had data acquisi-
tion and management resources equal to the task, both issues could be resolved
easily.

5. Validit and Validation

Following the "hammers and nails" metaphor, and obeying our own
Aristotelian rules of logic, we discover that we cannot prove that any so-called
"real life" system with which we choose to concern ourselves exists beyond the
boundaries of our capabilities to conceptualize it and to validate our concepts
through our f:.ve senses and the instruments  abstractions in themselves! that
these five senses  and the cognition which organizes their operation! have con-
structed. Whether or not we might like to dismiss this concern as being entirely
too metaphysical, the fact remains that one's cognition of a physical thing is sep-
arate and dist inct f rom the thing itself; and, not only is this cognition an abstrac-
tion, it is also an extraction in that it contains less detail than does the thing.
Metaphysics or no, analysts and modelers who ignore this paxadox place them-
selves in danger of creating internally consistent entities which are, simply put,
invalid.

At the risk of belaboring the point, Figure 4 is an overly simplified but
very real and practical example of the validity problem which ecosystem analysts
and modelers face.
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Figure 4. Which extrapolation is valid?

Time  td! is the time over which data with which to validate some hypo-
thetical mcdel exist or can be obtained. But time  t! is the period with which the
analysis and simulation is concerned. Note that the analysis and simulation must
be concern=d with times and values beyond those represented in field data or the
requirement for the work  at least the simulation! is obviated. How, then, do we
determine which of the dashed lines represent the change of value  v! over time
 tx!? We co it, of course, with an equation that represents an accepted concept
of the dynamics of  v!. And here we are back where we began; there is no em-
pirical pro>f unless it lies in small-scale laboratory data or data from similar
ecosystem»; so it is necessary to rely on peer group agreement that one's con-
cept is valid.

This paradox does not invalidate ecosystem analysis and modeling any more
than it invalidates chemistry and physics. It is a paradox that underlies all science
and a very wide spectrum of human experience. The paradox is ameliorated
 although not entirely dismissed! as each scientific discipline matures on a diet
of ever brcader and deeper empiricism. For the immature discipline of ecosys-
tem analysis and modeling, the paradox raises a caution flag to test carefully the
empirical and conceptual ground as we proceed lest we find ourselves, like some
cartoon ch iracter, far beyond the edge of the cliff before we become aware
enough to c rash.



With the validity issue as thoroughly muddied as space permits, we can now
proceed to the simpler question of validation with the casual observation that the
practical problems involved in collecting enough data to validate a model or sub-
model of a ge~graphically extensive aquatic ecosystem are enormous as shown in
this storybook example. Ideally, analysts facing such a challenge would set up
remote, continuous monitoring stations at all important locations in the living
ecosystem. For exemplary purposes, let's say there would be only a hundred
such stations. Now, each station would monitor a variety of hydrological,
physical/chemical, microbiological, and macrobiological parameters. Let's say
that the total number of parameters sensed by each station would not exceed 100.
If each station were to transmit each parameter over a separate microwave
telemetry ch:umel, the number of channels �0, 000! is likely to exceed the local
surplus; so a channel-sharing query-response system must be employed--which
means data cannot be sampled simultaneously but must be sampled serially. Now,
ignoring the fact that remote sensors for many important biological phenomena
 carbon fixation rates in phytoplankton, for instance! are not yet within our techno-
logical abilities, let's say that we obtain 100 each of our monitoring units for a
bulk-order price of only $50, 000 each--most optimistic; the sensor units then will
only run us 5 million. dollars. Probably for another 2-3 million we could obtain
and program the needed communications control and data buffering, logging, and
preprocessin~ gear. With this gea.r on hand, a programming, computer techni-
cian, and fie]d technician staff of 50 or so people along with associated terrestrial
and aquatic transportation equipment, test instruments, replacement inventory
 remote equipment has a habit of disappearing in storms and as a, result of vandal-
ism! and so forth probably would run us just under two million dollars a year.
Allowing the,~ve postulates, which are hugely optimistic at present, a five-year
field data program of adequacy would approach $20 million--if we had the tech-
nology to do it. If defending the national aquatic environment were considered by
our society tc> be as important as arms races with other nations, we could prob-
ably afford a couple of hundred such projects. At the moment, most aquatic eco-
system analysis and modeling projects are funded at a level of a few hundred
thousand doll ~rs per year--in toto and at best.

Today, field data collection is more likely to be done by students in skiffs
and trucks at places that are relatively easy to reach and only during fine weather.
Today, we usuaHy are attempting to validate our models against field data that
are entirely iaadequate. Today the only alternatives, then, to people with the
professional iwcellence to achieve in spite of these restrictions are to stop eco-
system analysis and modeling altogether or to divert a significant fraction of the
national budget toward exnplacing monitoring gear that is within the state of the
art while we develop adequate monitoring gear that is not yet within the state of
the art.

Today's technological and fiscal restrictions intensify the previously men-
tioned danger of simulation validations being themselves invalid. As this danger
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increases, so must our reliance upon the professional excellence, responsibility,
and ethics of the analysis and modeling project team.

6. Lead Times and Time Ste s

Lead times for developing worthwhile aquatic ecosystem models and
time step problems within models are two subjects related logically only by their
mutual dept ndence on the tixne dimension. However, on a more subjective plane,
the tixning problems analysts and modelers face with xespect to their sources of
funds and users may have implied solutions buried somewhere in the mechanisms
modelers e;mploy to handle time step disparities within the models themselves.

The li ad time problem in ecosystem modeling is an amplification of an
elderly cannon still sometixnes in evidence in backrooms of a variety of service
groups such as typing pools. The picture xnay be almost anything; the caption
reads: "Of course I want it done today. If I wanted it tomox row, Vd give it to
you tomorrow!" You see it is most usually true that our socio-economic machinery
does not respond to non-critical problems. Future issues, not yet critical, do not
usually rec:ive high priority. And so it is that aquatic ecosystexns usually are
obviously st.ressed before enough money to support an ecosystem analysis and
modeling project is devoted to the task. This leads to the paradoxical situation
in which va..id results are demanded immediately and valid results can only be
derived from a lengthy deve1opment prograxn. More painfully, the situation can
lead to prexnature and irrevocable decisions that the analysis and modeling re-
pudiate subsequently. How it might be done effectively is obscure, but somehow
we must m«ke progress toward assuring that ecosystem analysis and modeling
projects be:~ early enough to have some promise of producing usable results in
time to be «ffective. In any case, proposals to study aquatic ecosystems which
involve extended lead times should be scrutinized rather carefully if expert opin-
ion concludi:s that the ecosystem of concern is already in a highly stressed con-
dition. And note the paradox here, the ana1ysts and xnodelers are hard put to
attract monetary support until they convince others that the ecosystem in question
already is in danger. And, by the time they can prove it, it xnay be too late.
Just how does one convince the patient to begin treatment before the disease
becomes te cminal '?

Turning froxn the temporal issues in the world for which models are devel-
oped to tho< e in the world about which they are developed, we see that the essence
of ecosystexns as subjects for analysis and modeling is the time dependency of the
spectrum o. states in which they can be. The state of such a system is taken to
be different at time t = n than at time t = n-1; and the state at t = n-l is a subset
of tbe para. meters that determine the state at t = n.

If we build constant time steps Into our models and the models' responses
are nonlinear, as they very often are, then the steps may be too long to be
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practical dui ing some transitions and too short to be significant during others.
The alternative to the constant time step is to build feedback control  servo! loops
into the mod ls that sense the rate of change of significant variables and then
adjust the letxgth of time of t = n~ t = n+1 as a function  possibly an integral
function! of one or more rates of change of significant parameters during the step
t = n-1. 2 3...x~t = n. Good models of non-linear ecosystem dynamics contain
such provisions. Models of nonlinear dynamics that do not adjust their time steps
as a function of change rate exponents may either be missing some important sys-
tem dynaxnics or be using more computer time than is justified--or both.

When we move toward the interfacing of one submodel with anothex', the
problem worsens. For example, a hydrological submodel may be valid with time
steps of several hours while one phytoplankton response submodel might require
time steps o.~ the order of a few minutes while another treats phytoplankton re-
sponses as seasonal phenomena. ln either case, the time steps of the hydromodel
will not match those of the phyto. This is not an overwhelming problem since
averaging interpolation buffers or summation buffers can be built into the code
that interfaces the two submodels so long as the flow of data between submodels
is in only on direction. But, if, say, phytoplankton population dynamics have
fluctuated through x cycles during, say, t = n~t = n+1 of a hydrodynaxnic sub-
model, and only an average value for the x cycles is passed to the hydrodynamic
model, then the phytoplankton distributions manifested in its outputs may be
invalid. Such problems are by no means insoluble, but they do persist as barriers
to effective interfaces between submodels; barriers to be overcome on a case-by-
case basis.

Can acuatic ecosystems analysts now employ their technical timing inter-
face techniques to deal with the timing problems they face with their users and
funders? C:ux users and funders be educated to support ecosystem analysis and
modeling ea:."ly enough to give the discipline and the ecosystem a fair chance'?

7.; cos stem Hestructurin

t arrying on from the fundamental issues of time steps, we note that,
as aquatic ecosystems continue to be stressed over time, the gradual adjustxnents
which result reach thresholds beyond which the ecosystems undergo restructuring--
sometimes significantly and sometimes drastically. Massive fish kills are exaxn-
ples of this phenomenon and it appears most often to result in the new system
achieving a state that exhibits a, good deal less structural complexity than did the
previous on»: species disappear; ecological niches disappea,r and the community
framework is not at all the same as it was. Moreover, in any aquatic ecosystem
this phenomenon can occur as a chain of restructuring events leading ultimately,
if contamination stress is great enough, to a virtually lifeless body of watex'.
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If we rre curious about the whole range of potential futures of an aquatic
ecosystem, our analysis and modeling must accommodate such restructurings.
Yet, in order to do so, either there must be several submodels or a single model
must contain a system of stress threshold branches--which makes it several sub-
models hool.ed together. Dr. Ca»ale reports that one of the University of
Michigan's !nodels handles this question by using phosphorus loading levels as
triggers for changing from one structural basis to another. Where the value of a
single parameter is valid, the process of sensing and changing from one submodel
to another i: simplified. When the transition is known to occur as a function of
the product af several values, the process is somewhat more complicated. When
it is not knom. with any certainty how or why such threshold transitions occur,
models of them must represent nothing more than educated guesses and should
not be taken as anything more than that.

8. 3olution Strate 'es

:K we nutrify a small pond continuously, eutrophication will ensue and
proceed to t;xe point that the pond becomes a bog and then eventually dry land.
We understand this process from our experience and from the literature. The
scientific community agrees in general that the eutrophication process does occur
and even understands roughly the sequence of events that comprise it. Thus, a
general model of eutrophication of this mythical example pond would behave in
ways that did not surprise its creators nor their peers. A model  and system!
such as this has been called "intuitive" in that, there are no big surprises in its
responses tc inputs. But if we did not now understand the process of eutrophica-
tion; if we were pretty sure of the sequence of events but did not know their out-
come; then, were we to build a model made up of the smaller pieces which we did
understand, its overall eutrophic behavior probably would surprise us and we
might call ~t "counter-intuitive". For the purposes of this section, then, intuitive
models or submodels are those having surprise-free response patterns even
though the absolute value of the outputs may be interesting enough to be a little
surprising; while counter-intuitive models or submodels exhibit surprising
behavior patterns as well as surprising results. Anyone who objects to the terms
"intuitive" aad "counter-intuitive" as they are employed here may complain to
Jay For rester.

Now, for those models, submodels, or pieces thereof which we do  or
think we do! understand, we can develop general mathematical statements or
chains thereof which represent what Dr. Connor has termed a "solution strategy".
The term is apt in that the statement s! make explicit how the problem of simu-
lating understood behavior patterns will be handled. For exnnple, it may be
decided that, in some mythical submodel, phytoplankton levels at time tl will be
a function of phosphorus, nitrogen, temperature, light, and CO~ concentrations
at time tO liinited by a maximum mytotic rate value which is species specific.
This would be the solution strategy for determining phytoplankton levels at given



times and this strategy could then be expressed in a series of simultaneous differ-
ential equations or some surrogate thereof and finally reduced to computer code
which, when given to and species mytotic values would determine phytoplankton
concentration: of species  s! at times t1' t2 t3

In this n~ythical and somewhat trivial example, it is easy to see that re-
sources  P, N, CO2, etc.! will be used up, light below the surface will be attenu-
ated by turbid:.ty, and temperature may change, too. So to values of these vari-
ables must be changed at ti in order to compute values at t2--and so on. Clearly,
with no added inputs beyond those given at to, this response curve will be assumtotic.
Now, if other submodels in the system affect levels of P, N, CO2, light, and
temperature, these, too, must be represented first as general solution strategy
statements and then as formal equations and finally as debugged code. And they
must be interfaced with the phytoplankton submodel within compatible time
sequences. Now there will be two levels of equations: those which play out sub-
model change:. between t�and t +> and those which adjust t +I starting values for
the submodels before calculations of t +2 are made. Where the modeled system
may conta.in ten input sources for varia,bles of concern, an order of magnitude
more variables than the above example, ten phytoplaz.kter species, a variety of
bacterial reactions, climatic drivers of light and temperature and so forth, it is
easy to see that the complexity of this whole physical-chemical-microbiological
submodel could become considerable. Moreover, if hydrological and macrobio-
logical submodels are included, too, the complex becomes complex indeed. And
how to handle this complexity is the overall solution strategy.

The selc.ction of solution strategy usually may be based upon literature,
experience, aid whatever data base exists. Data should be gathered and analyzed
and literature searched until all principal investigators involved become comfort-
able with the solution strategy chosen. If a grant or contract proposal is written
after the solution strategy has been developed, that strategy should be explicated
in the proposal and supported. If the solution strategy has not been settled at the
time a proposal is prepared, the proposal should describe how and with what re-
sources the sclution strategy will be derived. In any event, development of the
mathematical model should be withheld until total agreement on the beginning
solution strategy is achieved by all principals in the project. Then all should
acknowledge that the final solution strategy will be a product of iteration and be
willing to have it change and refine and to communicate changes to one another.

Fina.lly, the aquatic ecosystem modeling discipline will mature only to the
extent that it develops a firm foundation in refined solution strategies. Therefore,
all solution st< ategies should be documented along with their strong and weak
points and made available to other investigators. This is an imperative for the
health and growth of aquatic ecosystem analysis and modeling.
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9. Laborato Data and Field Data

Assuming that a beginning solution strategy is in hand, the issue of
data with w.hach to support it and verify its predictive ability becomes visible.
Subsections B. 4 and B. 5 above discussed the problems of obtaining adequate field
data. This subsection is confined to a brief examination of the respective roles
of laboratory and field data.

First, it is possible to glean from the foregoing discussion of solution
strategies that they may be strongly driven by the x'esults of laboratory experi-
ments. In:xddition, it is well recognized that far froxn all necessary aquatic eco-
system dat can be obtained froxn laboratory experiments; for example, tidal
currents in an estuary are seldom an appropriate subject for the laboratory.
Moreover, support for the predictive ability of a model ultimately must be based
upon data collected from the field.

Both types of empiricism have their roles in aquatic ecosystem analysis
and modelir.g and the roles are inherently complementary. Proposals for such
projects should make the respective roles of laboratory and field data clear and
reports covermg such projects should contain evaluations of the effectiveness of
both types cf data in the project. The construction of this sort of a literature
base is important to the growth of the discipline.

10. Hardware and Software

The mathematical model may be limited only by knowledge, imagina-
tion, and the state of our mathematical tools but the simulation model faces more
practical li>nitations; namely, computer hardware and software. As a rule, the
smaller anc less expensive computers are easier to use, more restricted in what
they and their software can do, slower, and capable of accessing less data quickly.
Generally sseaking, one does not expect to run a simulation consisting of over 100
simultaneous partial differential equations on an IBM 360-20. The larger and
more expensive machines are not always available, require greater sophistica-
tion. to take advantage of their hardwax'e and software abilities, much faster, more
prone to bugs, a great deal more flexible, capable of accessing huge data files
fairly rapidly, and potentially more expensive.

A pro ject team that, for any combination of the for cgoing considerations,
decides to restrict itself to a smaller hardware/software system does thereby
decide to restrict itself in a number of attendant ways. First, if the model is to
be large and coxnplex, it will either have to be very clever with its housekeeping,
or exnploy a small data base, or be satisfied with some rather elongated simula-
tion runs. Second, the variety of output forms and formats will very likely be
quite restricted since sophisticated plotters and displays are not characteristic
of the smaller systems. Third, the number of equations that can be run
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simultaneously will be small so that the simulation model may have to be "modu-
Iarized" and this means adding more code which further extends running times.
Fourth, computer programmers have a habit of doing "cute" things with assembly
languages in order to get slow systems to run faster; this leads to code in the
simulation mendel that is difficult or impossible to maintain or modify once the
programmer who committed the act has left the project. All in all, the smaller
hardware/software systems beget simpler simulation models; if a sophisticated
model is attempted with such a system, the project team almost invariably finds
itself either . impMying the model or moving to a larger system.

The larger systems are faster and more flexible and usually demand a
higher level of technical sophistication in the persons who use them effectively.
They most usually are more expensive but, if the system has adequate time-
sharing capabilities, the extra expense may not be great in the long run. The
reason for this is that, although the larger systems cost much more per unit
time, they can do a great deal more in that time. If, for example, one must use
eleven hours of machine time at $10/hour to do what he could do in one hour at
$100/hour, then the slower and cheaper system is a dubious bargain--particularly
when personnel time and other factors are equated. If the machine has remote
access time, haring, and the project is so fortunate as to have a remote terminal
in its space, convenient access to the system is greatly enhanced and the simula-
tion model usually is developed and debugged much more rapidly.

All in all, developing and debugging simulation models is a task with suffi-
cient inhere+; challenge that it needs no additional strangulations through the
device of inadequate computing systems. It is the responsibility of the project
team to assess its computing system requirements adequately and assure that the
simulation model will not be stunted in its growth by lack of adequate computing
capabilities. It is the responsibility of funding agencies to verify that this task
has been completed well before a proposed project receives support.

The foregoing generalities, however, should not be taken to mean that more
simplified simulations on smaller machines are of little or no value. Quite the
contrary. W.cere simpler models are appropriate, so are smaller and less
complicated computers. In fact, some of the more significant simulation devel-
opments such as H. T, Odum's work are accomplished with inexpensive computer
hardware. 1U.'.oreover, until a solution strategy which clearly demands sophisti-
cated hardware and software is developed, it is inappropriate to pay the price for
them. The niessage here is that the hardware and software should fit the task
and be neithe r too large nor too small for the job they must do.

11. Disci lini the Disci line

Ideally, each and every aquatic ecosystem analysis and modeling
project would use the work that had gone before as a foundation upon which to
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build a further contribution to the discipline--as well as a solution to pragmatic
problems of policy. But an ideal world ours is not. Hugh McLellan summed up
the current state of affairs in his introductory remarks at the workshop. His
statement makes up in succinctness for anything it may lack in kindness; to wit,
"It seems that all proposed projects promise products of nearly unlimited utility
and find th .t all previous work essentially is withaut value for the problem at
hand." Dr, McLellan's statement may be slightly overdrawn, but its point hits
the mark quite well. The transference of techniques and products among aquatic
ecosystem analysis and modeling projects today is indeed quite low.

Of reasons for this there are plenty. Frequently, computer programs are
undocumented or poorly documented. Computing hardware and software often are
incompatibI.e and, "it is easier to write your own new code than to modify and
translate s<nneone else' s"--entirely true. Objectives, critical parameters, and
assumptions implicit in the models usually differ significantly. Scientific back-
graunds an<1 approaches of principal investigators may differ. Time constants
may vary niarkedly. Even with good documentation, help from people thoroughly
familiar with a simulation frequently is necessary, and these people may have
moved on and be no longer available. If the previous work is more than a few
years old, its techniques may be obsolete in terms of today's hardware, software,
and mathenmtical mechanics.

Prop<>sed solutions to the technology transfer problem covered a wide
spectrum f:."om the concept of a "super software system"  such as NASA's
NASTRAN i s to finite element structural analysis! through a "how to" cookbook
on developing solution strategies and the attendant automated routines. The
attendees achieved high unanimity that we are nowhere near the place at which
the aquatic ecologists' NASTRAN could be developed--even if the considerable
funding required was available. At the other end of the spectrum, a text on the
develapmert of solution strategies attended by suggestions for and examples of
translating solution strategies into effective simulation models received a, unani-
mous vote in favor. This text wouM still be far less than a cookbook. By and
large, the workshop consensus indicated that we have not yet achieved the gen-
eralization of principles necessary to the writing of a truly useful cookbook;
there still <re toa many differences among ecosystems for which general princi-
ples have nat yet been derived,

C. Mana:>ement Issues

Clearly, the foregoing technical development issues contain forceful man-
agement implications. We believe that the foregoing management implications
are clear a:~d that they need no further expansion here. This subsection, then,
focuses its attention an management issues beyond those that are purely technical.
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1. Standards of Excellence

Established disciplines and the professions that relate to them have
well recognized standards. These standards derive from a well structured and
widely agreed upon foundation of knowledge. New contributions to the knowledge
base are readily evaluated and assessment of the degree to which they contribute
to the base is made possible if not exactly easy. Most well established disciplines
and the professions that apply them may be said to have standards of excellence.

In the =ase of aquatic ecosystem analysis and modeling, such standards are
as yet available for neither the techniques nor their products. And, for at least
three very good reasons, it is not going to be easy to get there from where we are.

First, the field is not yet entirely sure of its substance. Is its substance
creative insight into the workings of aquatic ecosystems that stems from some
fortunate combination of innate talent and extensive education? Is it the advance-
ment of mathematical tools and their application? Is it computer hardware and
software technology? Is it the technol.ogy and techniques of field data collection
and analysis? Is it broader and better laboratory work? Almost certainly it is
all five. But in what orders and in what combinations? The framework for this

foundation has yet to be built. First, we must become clear on the substance and
then form it into an agreeable framework.

Second, and this is probably endemic to all emerging fields, funding gen-
erally is not reliable enough for any one project to establish unilaterally a
discipline-wide substantive framework that can be expanded upon by others.
Each analysis and modeling project tends strongly to be restricted in terms of
geography ax~d policy issues; in other words, it is highly applications oriented.
Moreover, one of the workshop members pointed out that, if we will acknowledge
the truth, th Federal and state agencies that fund much of such work today tend
to be creations of political expediency. Consequently, their policies, personnel,
structures,,md fiscal foundations tend to be somewhat less stable than many of
us would lik». As a result, many ecosystem analysis and modeling projects are
vulnerable hi externally imposed perturbations in direction and funding. That the
foregoing is a real problem is almost certainly true. But the extent to which it
is serious pi obably is open to some argument.

Third, any field that is new enough to exhibit the first two conditions is an
attractive nuisance in terms of opportunistic incompetence. When one considers
all the probl ms aquatic ecosystem analysis and modeling face along with the fact
that the valu and excellence of its products are subject to interpretations, vulner-
able to fuzzy initial objectives and sometimes hidden in the mysticism  for many!
of computers, it is not difficult to imagine technical incompetence augmented by
quick wit sui viving entirely undetected for some time.
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There is no quick solution to this problexn. The discipline demands stand-
ards of excellence and we do not yet have them. The shortest and znost economi-
cal route fr>m here to there seems to lie in the chartering of an ad hoc commission
to lay out a proposed initial charter of standards and ethics. These xnight then be
refined and ratified by the entire senior community and reviewed and revised
annually the reafte r.

If one wishes to build a bridge, he needs to know certain fundamentals
such as how wide the river is and what sort of tzaffic his bridge is to carry. If
one wishes ~ do an aquatic ecosystexn analysis and modeling job, he needs to
know certai z fundamentals such as how broad the problexn is and what sort of
decision traffic his work should support. As yet, bridges are not constructed of
fiberglass because its structural and economic superiority over conventional
bridge materials remains unproven. Here the bridge builders have it all over the
model build:rs, for the bridge builders already have proven znaterials and methods
and the model builders usually do not.

If the decision to embark upon an aquatic ecosystem analysis and modeling
project arises from a need initially perceived from the political perspective, can
the project }>e given topics and goals that are valuable and probably within reach
technically:"peaking'? And, to turn. it around, if the initial impetus for the project
arises froxn professional interests of the analysts thexnselves, can they find things
that they really can do that are also valuable in the political arena?

It is by no means a trivial challenge, but it is one that must be met; policy
makers must be involved from the beginning; topics and goals toward which prog-
ress can be measured znust be explicit; and analysts and modelers xnust be open
and honest o.bout the goals they know they can attain, think they can attain, and
know they xx.ight not attain. Anything less stands entirely too great a chance of
culminating in arguments over whether the work was worthwhile or not.

3. Communication Within and Without

Progress in intricate technical realms is a function of cooperation and
cooperation is a function of communication. Total communication within a complex
and developing discipline is an unachievable ideal; as such, it is something worth
striving for. And so it is that we find communication between aquatic ecosystem
modeling projects and even communication within projects usually acknowledged
to be inadequate.

Taking the easier issue first, we find correlations between the level of
communication within projects and the number and similarity of backgrounds of
the key proj ct members. Managing intraproject communication when the number
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of principals is small and they are all civil engineers working on a hydrodynamical
problem is 1:.kely to be a fairly easy task; managing intraproject communication
for a whole aquatic ecosystem modeling and analysis project involving dozens of
principals of widely divergent disciplinary backgrounds is likely to be a whole
different ket';le of fish.

There is, however, good precedent in the annals of the aerospace industry.
One of the p! ecepts of "systems management" as practiced in that industry is to
divide the project into subsystems, having well defined interfaces with other sub-
systems and then to assign subsystem responsibility to subsystem managers who
will communicate with each other as the project manager affords them the moti-
vation and freedom to do so. Subsystem managers then take responsibility for
communication within their own subprojects and may divide them into sub-
subsystems and sub-subprojects. If done well, this approach results in a pyra-
midal management and information exchange structure that has a major deficiency:
that deficiency is that people toward the lower end of the pyramid who could be
synergistic but are in different subgroups might not find themselves communicat-
ing. And this deficiency largely can be overcome with frequent project review
meetings wherein the progress and problems of each subproject are presented
and discussed openly. In practice, this utopian ideal is sometimes approached;
the key seems to lie in the technical competence and personalities of the project
and subproject managers.

Intezpi oject communication is an even more imposing problem. If we were
to attempt to communicate adequately through the medium of written correspondence
and journal articles, we would approach a state in which most of the effort went
into writing up one's own work and reading of the work of others. Computerized
information,'torage and retrieval systems are expensive and have worked we11
with well boimded and high structured information categories. Unfortunately,
aquatic ecos pstem modeling does not yet meet the qualitative criteria, nor does
it yet enjoy ~ level of funding that would permit a nationwide automated data bank
net with a time-sharing conversational mode query capability. The interim
answer to th: interproject communication problem, then, appears to be annual
workshops supplemented by a monthly abstracting service. This is not quite an
adequate solution but it is one we should be able to afford and it is certainly
better than tIie level of interproject communication that exists today.

4. l

AVhen a group is doing something it doesn't yet know how to do, it
will make m.stakes by doing things that are entirely reasonable in light of what
it understands when the mistakes are made. Later, when understanding is
greater, the mistakes become apparent. They are then corrected in light of the
new knowledge. And even the corrections may prove to be mistakes and demand
correction in light of some later and broader understanding. This is iteration.
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Iteration, like New York City, is nobody's fault because it is everybody' s
fault. To demand that people do things they don't already know how to do without
making mistakes is paradoxical. To demand that people, in order to avoid mis-
takes, do only what they already know how to do, is to halt the evolution of human
knowledge.

So, ix.. things such as aquatic ecosystem analysis and modeling, iteration is
something that happens and it happens whether or not the project team wants it to
happen. If the team resists iteration, effort goes into the resistance, communi-
cation tends to break down, doing the work is more difficult, and the product may
suffer. It is, then, a good idea not only to accept iteration but to encourage it.
When the team accepts iteration as natural and, therefore good, iteration. can be
m:meed cooperatively; no effort goes into resisting it; communication very likely
is strengthened; the work is easier; and the product is enhanced. Managing itera-
tion, then, begins with encouraging it. When iteration becomes something that is
acceptable 1o do, the team members themselves will work out ways to do it
effectively.

Among the tricks that can be employed to encourage effective iteration is
the one of being sensitive to and open about things in a model that are indeterminate
in terms of how they work and in terms of how sensitive the model is to them. If a
given black box in the model is indeterminate in both these realms, then there is
little justifi "ation in devoting very much time and effort to determining the box's
transfer coefficient until the model's sensitivity to it is uncovered. So there is
some justification for assigning a more or less arbitrary transfer coefficient to
that black box early on, flagging it as arbitrary and fully intending to give it a
harder second look if it turns out to be something to which the model is at all
sensitive..K this is done in all cases wherein it seems appropriate, iteration is
encouraged in two ways. First, no one has any involvement with the arbitrary
coefficient and so no one is bothered if it is replaced. Second, very little time is
spent developing previously unknown transfer coefficients before the first trial
runs of the simulation model;therefore, the first runs and resulting sensitivity
analyses can occur much earlier in the project--leaving more room for iteration.

5. The "We and The "Issue

a. The We and They Issue Between Modelers

The workshop repeatedly assumed a form that placed hydro-
dynamicists and "biologists" or "ecologists" on different sides of an imaginary
fence. Several times someone would call the assemblage on this distinction and
there would be overt agreement that the distinction was invalid and useless; that
the ecosystems of concern were continual and that all who dealt with the modeling
of any part of their dynamics were ecosystem modelers  or analysts!. Then the
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discussions ~vould return almost immediately to references to ecologists and
hydrodynami=ists. There did not seem to be anything we could do to dispel this
distinction in the behavior and presumably the minds of most of the participants.

So there it is. Is it bad? It is true that there is a tendency to develop
hydrodynami."al models first  or apart! and that they frequently don't entirely fit
the interface needs of the more biologically oriented models when the latter go
into development. And it is not clear that even this is very bad. Usually the out-
puts of the h> dro-models can be adjusted to more or less fit the interface needs
of the other models, albeit at some effort and expense, so not too much is lost in
this regard. But isn't it valuable for the form and substance of the hydrodynamic
solution strategy to be created with sensitivity to the chemical and biological
dynamics? And isn't it valuable for the form and substance of the chemical and
biological dynamics solution strategy to be entirely sensitive to the hydrodynamics?
Isn't this the only route to creating truly integrated models that do not depend on
marginally e:Xective "adsptors" to achieve workable  or seeming1y workable!
interfaces between submodels? The consensus of this workshop is that it is the
only route.

How to achieve this degree of integration is abundantly unclear. Perhaps,
in first-generation models we will have to tolerate adapter mechanisms in the
submodel interfaces and look toward achieving true integration  gradually! in
second-, thii d-, or fourth-generation models. On another hand, perhaps we can
learn to select principals and manage modeling efforts so that true integration
occurs naturally as an effect of the principal people in the project and of an aura
of cooperation and synergism created by these people and the management.

Universities typically are quite rigid in their disciplinary devisiveness and
the boundaries are not crossed easily and without personal risk. Perhaps uni-
versities usually are not ideal environments for doing applied multidisciplinary
developments--which ecosystem modeling and analysis projects surely are. Per-
haps long-lived workshops of the sort employed with apparent success by Buzz
Holling in British Columbia are an appropriate mechanism. There workshops
occurred by UBC-centered efforts, but were not of UBC itself. They contained
principals from government and the business community, as well as academicians.
Perhaps this approach bears examination as a solution to the other part of the
"we and they" problem, too.

b. The '%'e and They" Issue Between Modelers
or Analysts and Users

It was said and acknowledged in the workshop that users usually
expect models to be tangible products  computer programs! that, in effect, are
crystal balls capable of foretelling the future. It was said and acknowledged in



the workshop that users usually do not know what they want specifically and  not
surprisingly! don't know what to do with whatever products they do get, One can
use this to justify continuing involvement of ecosystem analysts in a project--
promise of continued employment. Or it can be used to prove that users are
incompeten.; in this realm--if that is what one wishes to do. Or it can be used to
question how well the users and the ecosystem analysts are communicating. Or
one can challenge the truth of the assertion itself. But it is not clear how any oi
the above approaches wiU lead to better models used better.

If one assumes that the users, be they politicians, bureaucrats, scientists,
or businessmen are the users of the results of ecosystem analysis and modeling
products, then one must assume two more things. First, the users--if only they
may be capable and adequately informed, must know the kinds of decisions to be
made and therefore the kinds of answers that they need and can use. Second, it
is unethical for ecosystem analysts and modelers to provide users answers that
they cannot understand, or do not need, or cannot use.

This ..eads to the conclusion, that agreement upon. the objectives of any eco-
system analysis project--agreement reached unanimously and really � should be
achieved early in the project  or before it is started! and maintained throughout the
life of the project. The agreement should be explicit, detailed, and clear. Dis-
agreements that remain unresolved for any length of time  a few weeks or a few
months in unusual cases! should be treated as stimuli for re-examining the wisdom
of continuing the work. For, to continue work when those responsible for creating
the product: and those responsible for using them are not or may not be in full
agreement on the form and substance of the products can be nothing more nor less
than unethi<: al.

The Holling type of workshop is the only obvious route to initiating and sus-
taining agreement between the analysts, modelers, and users. In the Holling
approach, all work together with an explicit time commitment; each assumes
equal responsibility for the form, substance, and products of the project and all
stay with the work until understanding and agreement, are clear. And the entire
"we and they" issue thereby disappears. It should be tried beyond British
Columbia. It might work.

6. Levels of Su ort and Times of Grace

The philosophy subsection of this section alluded to the phase-lag
issue wherein ecosystem analysis and modeling results frequently are demanded
earlier than they can be produced. It came out clearly in the workshop that one
of the we-and-they things that must be resolved early in the life of such a project
is when it +ill be reasonable to expect results, what the results will be, and what
level of support and participation will be needed to achieve the results. The
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project team must be afforded an adequate opportunity to achieve success by both
the user faction and the funding faction. A team that is concentrating its efforts
on assuring «nough funding to stay in business while defending its unproductive-
ness to the u'er faction is a team that is not concentrating wholeheartedly on the
task for which it was formed. And there is a positive feedback effect in this in
that the more the team must fight for funds and defend its lack of results, the
poorer the results; thus the harder it must compete for funds and defend its re-
sults. To escape this sort of destructive cycle, there must be early and clear
agreement on what results are reasonable with a given amount of time and level
of funding. It is the responsibility of the project team, the users, and the funding
agency to assure that such an agreement is reached clearly and explicitly before
a project proceeds very far.

Implicit in the foregoing is the idea of times of grace; some significant
period of time during which the project team can be free to concentrate on what it
has contracted to do; a time during which the team is supported and not distracted
by the funding agency and the users. Implicit in the time of grace idea is the
recognition that it is finite. When it is over, results, not excuses, are to be
expected.

'Io the degree that a project team member views his commitment to a
multidisciplinary project as a detriment to his disciplinary ambitions, he will be
a less effective team member. Conversely, to the degree he can view his partici-
pation in the project as being in alignment with his professional ambitions, he
tends to be a more effective team member. Moreover, he needs to remain con-
vinced that h;.s participation in the project is good for him and so must somehow
be both drawn' in and protected by his project manager. This situation, which
occurs frequently in universities, demands a forceful, understanding, and charis-
matic project; manager who is himself free of concerns that the project may not be
in his own best professional interests. And this, it seems, is the key to all the
rest of it.
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APPENDIX A

SE LECTED READINGS

The re.'erences listed here were employed by the author as a basis for inter-
preting the issues that came up in the workshop. This list does not contain all
Ses, Grant aquatic ecosystem analysis and modeling publications; these are given
in the projec.; summaries to the extent they have been supplied by the contributors
of the projec'; summaries.

Alexander, C. "Notes on the Synthesis of Form". Harvard University Press. 1968.

Anon. "Oregon State Simulation Model  OSSIM!". A special report of the Willamette
Simulation Unit, Oregon State University. 12 Aug. 1975.

Bateson, G. "Steps to an Ecology of Mind". Ballantine Books. 1972.

Boguslaw, R, "The New Utopeans". Prentice Hall, lnc. 1965.

Forrester, J. "Principles of Systems". Wright-Allen Press, Inc. 1968.

Leendertse, J. and E. Gritton. "A Water-Quality Simulation Model for We11 Mixed
Estuaries and Coastal Seas". The New York City RAND Institute. 1971.
� vol.;i

Lindeman, R. "The Trophic-dynamic Aspect of Ecology" in W. Hagen "Readings
in Population and Community Ecology". W. B. Saunders Co. 1964.

Mar, B. "Where Resources and Environmental Simulation Models are Going
Wrong"'. Conference on. Ecological Modeling, International Institute for
Applied Systems Analysis, Vienna, Austria, Sept. 4-6, 1973.

National Acmlemy of Sciences, "Eutrophication: Causes, Consequences, Correc-
tives". NAS 1971.

Patten, B. "Systems Analysis and Simulation in Ecology". Academic Press,
1971 azd 1972. � vol. !

Raser, J. "Simulation and Society". Allyn and Bacon, Inc., Boston. 1969.

KeBy, R. "I[PS Vancouver Regional Simulation Project � 3rd Year Report".
Resour:e Science Center, U. British Columbia, Vancouver 8, Canada.



Regier, H. 'Fishery Regimes: The Roles of Slogans and of Science". University
of Toronto  undated!.

Robinson, H. and D. Knight  ed. ! "Cybernetics, Artificial Intelligence and
Ecology". The MacMillan Press, Ltd.  London! lg72.

Von Bertalanffy, L. "General System Theory". George Braziller, New York.
1968.



APPENDIX B

SUMMARIES OF RELEVANT SEA GRANT PROJECTS IN
AQUATIC ECOSYSTEM ANALYSIS AND MODELING

The brief suxnmaries given here are intended to provide a reference base
upon which to evaluate the contents of this report since, to a degree, they reflect
the collective frames of reference the participants brought with them. to the work-
shop. They are reproduced here as submitted by their originators with no
changes other than any superficial editing that xnay have been appropriate. Where
participants kaid not provide the requested suxnmaries, the author had no choice
but to substitute information from NOAA form 90-2's. Also, although a standard
format for these contributions was requested, what appears here is what was
submitted.

a. Z'roject Title: Mathematical Modeling of Total Coliform
Bacteria in Grand Traverse Bay

Principal Investigator: Raymond P. Canale
Department of Civil Engineering
University of Michigan

Funding History: Sea Grant 1971-1973

Objectives: To determine optimum bacterial pollution control strate-
gies for Grand Traverse Bay using modeling techniques

Description: The natural die-away rate of coliform bacteria as a func-
tion of temperature was determined. This information,
along with bay circulation patterns  provided by A. W.
Green, Jr., University of Michigan!, and loading was
used to develop both dynamic and steady state contaminant
profiles in two dimensions.

Publications:

"Modeling the Spatial Distribution of Coliform in Grant Traverse Bay",
 with A. W. Green, Jx'.!, proceedings of the Fifteenth Conference on
C reat Lakes Research, pages 719-729, 1972.

"Steady State Modeling Prograxn � Application Manual",  with S.
5achiappan!, Sea Grant Tech. Report No. 27, MICHU-SG-72-207, 1972.
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"Modeling and Simulation of Lakes and Impoundments"  with D. A.
Scherger, W. S. Lung!, Proceedings of the Fifth Annual Association
of Environmental Engineering Professors Workshop, Mathematical
Idodelin in Environmental En ineerin ed. T. M. Keinath and

M. P. Wanielista, page 439, 1972.

"A Water Quality Model of Coliform Bacteria in Grand Traverse Bay",
 with R. L. Patterson, J. J. Gannon and W. F. Powers! Journal of
the Water Pollution Control Federation, 45, No. 2, Feb. 1973.

"Field Verification and Application of a Model of Total Coliform
Bacteria in Grand Traverse Bay", Journal of Water Pollution Control
], ederation, �972!, 46  ll!, pp. 2261-2424.

"Some Applications of Optimization Techniques to Water Quality Model-
ing and Control",  with W. F. Powers! IEEE Transactions on S stems,
]Can and C bernetics Vol SMC-5, No. 3, May 1975.

Uses: The model can be  has been! used to evaluate the impact of
storm water overflow, boat holding tank spills, and waste treat
plant discharges on the coliform levels in Grand Traverse Bay.

]. uture Plans: Respond to requests by users.

b. I>roject Title: A Complex Food Web Model for Lake Michigan

]'rincipal Investigator: Raymond P. Canale
Department of Civil Engineering
University of Michigan

].'unding History: Sea Grant 1973-1975

Objective: To understand and control the effect of nutrient inputs on
eutrophication and the fishery of Lake Michigan.

]>scription: The model is a coupled system of 24 nonlinear differential
equations which simulate the seasonal behavior of 7 zoo-
plankton, 4 phytoplankton and 13 nutrients. The model is
two-layered and has no horizontal definition. The top
predator in the model is the alewife. The model forcing
functions are external nutrient loadings, sunlight, tem-
perature, and water transparency. The model has been
calibrated using field data from Grand Traverse Bay.
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E'ublications;

'The Effects of Temperature on Phytoplankton Growth"  with A.H.
Vogel!, ASCE, Environmental En 'neerin Division 100, No. EE1,
E'eb. 1974, page 231.

"A Food Web Model for Lake Michigan; Part 1 � Justification and
Development of the Model",  with A. Vogel! University of Michigan
Sea Grant Technical Report No. 40 March �974!.

"A Food Web Model for Lake Michigan: Part 2 � Model Formulation
and Preliminary Verification"  with L. M. DePalma and A. H. Vogel!
I; niversity of Michigan Sea Grant Technical Report No. 43, May �975!.

"A Plankton-Passed Food Web Model for Lake Michigan"  with L. M.
DePalma and A. H. Vogel! chapter in Modelin of Biochemical Proc-
esses in A atic Ecos stems, Ann Arbor Science Publishers, Ann
Arbor, in press.

I: ses: The model has been used to determine the effect of eutrophica-
tion on zooplankton species composition. Zooplankton species
distribution in turn affects the competition. between various
fish. The model has also been used to determine the affect of
heavy alewife predation of zooplankton composition.

Future Use: It is planned to use the model to help understand how the
chub fishery in Lake Michigan can be restored.

c. Project Title; Experimental and Modeling Studies of Protozoan
Predation on Bacteria

Principal Investigator: Raymond P. Canale
Department of Civil Engineering
University of Michigan

Funding History: University of Michigan and Sea Grant 1971-1973

Objectives: To develop a sub-model for protozoan predation on bacteria.

Description; Various freshwater protozoan feeding  on bacteria! studies
are conducted in both flask and chemostat cultures. The
growth rate and yield of the protozoan are determined and
related to prey  bacteria! concentration. These results
are used to develop bacterial and protozoan feeding



submodels. The submodels are coupled systems of non-
linear differential equations. The results of long-term
predation studies are compared with model calculations.

E'ublications:

"Experimental and Mathematical Modeling Studies of Protozoan Preda-
t:ion on Bacteria"  with T.D. Lustig, P.M. Ruback and J.E. Salo!
Biotechnolo and Bioen 'neerin, XV, pages 707-728, 1973.

"A Multi-Group Model for Predator-Prey Interactions",  with
E. Villarreal and Z. Akcasu! Biotechnolo and Bioe eerin XVII,
pages 1269-12990, 1975.

"A Theory of Interacting Microbial Populations: Multi-Group Approach"
 with E. Villarreal and Z. Akcasu! Journal of Theoretical Biolo, in
press.

I. ses; The protozoan feeding and yieM submodel is a necessary com-
ponent of any large nutrient recycling ecosystem model.

Euture Plans: Laboratory and modeling studies will be expanded to
include two protozoan predators.

Project Title; Mathematical Modeling of Biological Production in
Grand Traverse Bay

E'rincipal Investigator: Raymond P. Canale
Department of Civil Engineering
University of Michigan

I'unding History: Sea Grant 1972-1974

C>bjectives: To determine optimum nutrient control strategies to limit
algal productivity in Grand Traverse Bay,

Description: The model is a system of nonlinear differential equations
which simulates the spatial and seasonal distribution of
nutrients, chlorophyll, and zooplankton in Grand Traverse
Bay. The model has been calibrated using accounts for
fluid circulation, nutrient inputs, the annual variation of
temperature and sunlight, and light extinction in the water.
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;?ublications:

"A Methodology for Mathematical Modeling Biological Production",
Technical Report to University of Michigan Sea Grant Project, 1971.

"A Dynamic Model for Phytoplankton Production in Grand Traverse
Bay",  with S. Nachiappan and D. Hineman! Proceedings of the 16th
Conference on Great Lakes Research, page 21-33, 1973.

"A Model for Biological Production in Grand Traverse Bay"  with
D. Hineman and S. Nachiappan!, University of Michigan Sea, Grant
Report No. 37 �974!, 115 pages.

Uses: The model can be  has been! used to evaluate the impact of eco-
nomic development and population growth on algal levels in
Grant Traverse Bay. Algal levels are in turn related to the
recreational value of the bay waters.

3'uture Plans: Respond to requests by users.

e. E>roject Title: A Chloride and Total Phosphorus Model for Saginaw Bay

I'rincipal Investigator: Raymond P. Canale
Department of Civil Engineering
University of Michigan

E'unding History: Sea Grant 1973-1975

 !bjective: To determine the impact of the control of point and nonpoint
sources of phosphorus on water quality in the bay.

I!escription: A two-dimensional steady state model is being developed
for chloride and total phosphorus using bay circulation
data  provided by A. W. Green, Jr., University of
Michigan! and loading rates from streams and the atmos-
phere  provided by K. Mancy, University of Michigan!.
The model was calibrated and verified using measured
chloride distribution patterns during two periods in 1974.

E'ublications:

"A Model for Total Phosphorus in Saginaw Bay"  with J. Squire! in
preparation for Journal of Great Lakes Research.



Ijses: The model has been used to show the relative impact of point
vs. non-point sources of phosphorous. The model can also
addr ess problems concerning chloride pollution.

:" ufrrre Plans: Respond to request from users.

f.:?roject Title: A Long Term Model for Eutrophic Lake Recovery
Following Alternative Restorative Techniques

1?rincipal Investigator: Raymond P. Canale
Department of Civil Engineering
University of Michigan

:. unding History; USEPA 1972-1975; Sea Grant 1973-1975

Objectives: To predict the long-term effects of various management
techniques on water quality.

�escription: A differential equation model was developed for a small
eutrophic lake which included nutrient cycling, plankton
growth, macrophyte growth, and interactions with the
sediments. The model was verified using data collected
from White Lake, Michigan.

!?ublications:

Lung, Wu-Seng �975! Lon -Term Prediction of the Role of Sediments
in Lake Recover, Ph. D. Thesis, Department of Civil Engineering,
University of Michigan.

1Jses: The model has been used to predict the impact on water quality
of a land disposal  spray irrigation! wastewater treatment
scheme recently constructed in Muskegon County, Michigan.

:. uture Plans: Compare model predictions with field data to be gener-
ated over next three years.

g. '?roject Title: A Sub-Model for Oxygen Utilization by a Protozoan-
Bacterial Ecosystem During StabGization of Organic
Matter

Principal Investigator: Raymond P. Canale
Department of Civil Engineering
University of Michigan



Fu.xding History: Univer sity of Michigan and Sea Grant 1971-1973.

Ob iectives; To develop a submodel for protozoan and bacterial oxygen
consumption during stabilization of organic Inatter.

Description: Oxygen use by a freshwater protozoan-bacterial community
is monitored in a flask culture. The energetics of oxygen
utilization is divided into various mechanisms and Inodeled
using mathematical techniques

Publications:

"Utilization of Oxygen by a Bacterial-Protozoan Community"  with
F. Cheng!, ASCE, Environmental En neerin Division ~100 No. RK1,
Feb. 1974, page 171.

Uses: The oxygen uptake submodel is a necessary component of any
large ecosystem model for oxygen in aquatic systems.

h. Project Title: Water Circulation Modeling and Measurement

Principal Investigator: A. W. Green, Jr.
Atmospheric and Oceanic Science
University of Michigan

Furiding History: 1972-1976

Objectives: To provide dynamic models of water circulation and diffusion
of contaminants in lakes and bays to water resource managers.
To provide models of circulation and diffusion to ecosystem
models. To aid field observers in planning measurement
programs in order to obtain optimum information from obser-
vations. To validate the models by correlating results with
field data.

Description: A fine grid � km resolution! numerical dynamic model for
diffusion and transport in Saginaw Bay bas been developed
and initially checked out.

Us~ s: These models provide information about water circulation and
diffusion which is valuable to water resource managers and
planners, since they show regions of stagnaticn, active ex-
changes, and distributions of the transports. Stagnation zones
should not be used for water supplies or swimming. Distribu-
tion of transports and diffusion show where material is carried.
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P-.oject Title: A Dynamic Model of Alewife Population in Lake Michigan

P.rincipal Investigator; Richard L, Patterson
School of Natural Resources

University of Michigan

Funding History: 1978-1974

Objectives: To estimate carrying capacity of Lake Michigan for ale-
wives and the impact of predation by sport fishes on the
long run stability and biomass levels of alewives in Lake
Michigan.

D:scription: Numerical models of reproduction, growth, recruitment,
and mortality of alewives are developed and synthesized
into a numerical model of population biomass. Time is
the single independent variable in all cases. Temperature
and available food supply are two environmental variables
used to force the models. Other input variables are
a! effect of spawning on food consumption, predation rates
of salmon, and harvest rate by commercial fishexmen.

j. Project Title: Dynamics of Great Lakes Fisheries

Principal Investigator: A. L. Jensen
School of Natural Resources

University of Michigan

Funding History: 1974-1975

Objectives: To transfer catch and effort data for major fish species
of United States waters of the upper Great Lakes from.
data sheets to punched cards, snd to apply yield equations
to these data for the purpose of fishery management.

Description: Catch and effort data for whitefish have been compiled
and analyzed separately for 27 statistical districts in the
U. S. waters of the three upper Great Lakes. This
analysis provides a sound basis for managexnent of the
Great Lakes whitefish fishery. A paper, Assessxnent of
the United States Vfhitefish Fisheries of Lake Superior,

44



Lake Michigan, and Lake Huron, was prepared and sub-
mitted for publication to the Journal of the Fisheries
Research Board of Canada. The results of this work
have also been corn.municated to fishery scientists in the
State of Michigan Department of Natural Resources and
the National Marine Fisheries Service.

U:es: The information will be made available to the Nationa1 Marine
Fisheries Service, the Bureau of Sport Fisheries and Wildlife,
and the State Departments of Natura1 Resources. The informa-
tion will be useful for fishery management.

a. R/FA-2 Application of Pish Growth Model  Continuing!

Pxincipa1 Investigator; James F. Kitchell, Institute for Environmental
Studies, UWMSN

A model of fish biomass dynamics  Kitchell et al 1974! provides the
ba>is for an integrative and synthesizing approach to analysis of both
th» fish growth process and the interaction between predator-prey and
environment. The model has been recently modified to account for
numbers-biomass interactions within the f ramework of cohorts identi-
fied as functional groups and/or age classes of a given consumer
sp:cies  Eoonce et al, in preparation!. It has proven to have potentia1
fo> diverse applications as indicated by recent uses in  a! simulating
th» dynamics of energy-budgeting processes of fishes in heterotherrnal
habitats  e.g. power plant effluents!,  b! studies of benthic insect popu-
lations and  c! evaluations of management strategies for northern pike
 E sox lucius! populations.

Four steps may be defined in utilizing a model for evaluation of
resource- related problems; �! Model formulation, �! Implementation,
�! Validation, �! Application.

The development process is perhaps most demanding of the four, and
as noted above, has already been accomplished. In the past few months,
se serai improvements have been implemented to provide maximum flexi-
bility for application to a wider variety of situations. Program changes
ha ze been made which greatly facilitate user interaction with the model
vis. teletype and a user's manual has been prepared. After implementing



changes in the program, it was revalidated using previous test data with
satisfactory results.

Parameter estimation required for implementation is largely specific to
Vie applications desired. A major advantage of this particular model is
ttet it was designed to utilize parameters that generally have been or can
b: measured. Thus, the primary effort in implementation is a literature
s arch directed to that species of interest; this has been initiated for
walleye and perch.

Demand for physiological parameters required for energetics simulations
i< substantial yet generally available for walleye, perch, and coho salmon
or closely related forms. Research of C. Norden  see BR-7! is yielding
ci>mparable information for alewife arMi smelt. Population structure and
ti ophic exchange parameters are often site specific yet also generally
a'~ailable as the result of ongoing U. W. Sea Grant sponsored research
e Sorts on Lake Michigan and through collaboration with University of
Michigan  Great Lakes Research Division! and Bureau of Sport Fisheries
a:>.d Wildlife personnel at Ann Arbor, Michigan.

Application of the energy budgeting subroutine of the model will be em-
p |oyed to determine those interactions between ration, temperature and
biomass  mean size and population density! that wi11 optimize the growth
process for walleye and perch maintained under intensive culture condi-
tions. Both the process and product of these simulation studies will be
ci>nducted in consultation and collaboration with Calbert's aquaculture
subp rog ram

The ultimate goal of work on coho-alewife predator-prey interactions is
a modeling effort directed largely to simulations of environmental manipu-
lation and fisheries exploitation strategies as a tool for determining the
r.lative significance of long-term change in the pelagic zone of the Lake
Michigan ecosystem. Manipulations will be performed to evaluate the
importance of:

1. Physical-chemical condiU.ons  e. g. temperature!

2. Predator-prey distribution discontinuities which will be based on
information gleaned from ongoing Sea Grant supported research on
Lake Michigan BR-7, LR-I, LR-2, FA-I!

3. Fishery exploitation levels

All will be designed to examine stability of the coho-alewife interaction
aud its potential as a Great Lakes resource.



Se lected Refex'ences:

KitcheH, J.F., J.F. Koonce, R.V. O' Neill, H.H. Shugart, J.J.
M ~uson and R.S. Booth. "Model of Fish Biomass Dynamics."
Trans Amer. Fish Soc. 103:786-798, 1974.

Koonce, J.F., J.R. Peterson, J.F. Kitchell and P.R. Weiler. "A
Numbers-Biomass Model for Aquatic Consumers." MS paper.

E4'GB-3 Regional Water Quality Management

Principal Investigator: Harold J. Day, Environmental Control, UWGB

Co-Investigators: Erhard Joeres, Civil and Environmental Engr.,
UWMSN; Robert Lanz, Environmental Control, UWGB

Ba =kground:

Objectives:

The continuing objective of the study is to provide an improved basis for
decision making related to water quality managemen.t in the lower Fox
River and Green Bay. Secondary objectives for the final year are:

Calibrate the watershed response model using n.ew data obtained
by the Sea Grant faculty and staff of the Wisconsin Department of
Natural Resources  DNR!.

Improve existing response models by including some recent ad-
vances in water quality modeling relating to feedback mechanisms
in nitrification, and the stochastic nature of the system.

2.

Use the response model to determine the limits of quality manage-
ment achievable through low flow augmentation, and through reaera-
tion at some of the hydroturbines and critical reaches of the stream.

3.

Develop a management model using the watershed response model
and economic data obtained from. public sources and simulate the

Th continuing investigation of water quality management alternatives
in ~he lower Fox River watershed will terminate during the next grant
ye:u. Leadership in the development of an areawide management
or~~ization, focused on water quality in the river and the bay, continues
to be a primary motivation for the study. Progress toward understand-
ing and/or implementing regional water quality management continued
primarily as a result of Sea Grant support, even though many other
activities, including massive investments by the private and public sec-
tors and hearings on water quality conducted by both state and federal
agencies, have occurred within the period of the study. Recent federal
legislation focused on water quality improvements confirms the high
priarity of this concept and the value of this project.



river and bay system under several regional xnanagement policy
alternatives to predict the resulting physical and economic changes.

Adapt these system response and management policy models for
the watershed to a man-computer conversational mode to make
them effective dexnonstration tools for use with decision makers

throughout the Fox River Valley.

Organize and conduct local meetings, both industrial and municipal,
using a remote access interactive computer terminal to demonstrate
the results of different policy decisions, such as the downstream
water quality effect of constructing a new waste water treatment
plant, to local leaders.

6.

Approach:

p.."ogress:

Hydrologic and hydrographic data on the river and bay system;
municipal, industrial and agricultural waste loads to the xiver and
a1gae contributions from Lake Winnebago and the downstream
river reaches, have a11 been collected and are ready for use in
the system response model.

The mathexnatical model to simulate the river system prepared by
Quirk, Lawler and Matusky for the DNR in 1969 has been improved
to reflect the wider range of data available and also to account for
that part of the lower bay east of the ship channel extending approxi-
mately five miles beyond the mouth of the river.

2.

Data collected during the inventory effort have been organized on a
map of the region for use by public schools of the area and other
interested organizations. The map and accompanying narrative
will be published by the summer of 1973 in time to assist in the
public demonstrations of the river system simulation. planned

Airing the first half of the 1973-74 study period, the water quality re-
sponse madel will be completed, and a cost-effectiveness management
model fraxnework which uses the river-bay response model will be de-
velopedd and used to simulate the economic and technologic consequences
of policy decision in the river basin. During the second half of the year,
the computer program will be adapted for use in a portable terminal,
px oviding more direct access to the computer by citizen and civic groups.
A meeting for river basin community leaders will be held to discuss the
study's results and to observe the remote terminal in action. The repre-
sentation at this and sixnilar meetings of both municipal and industrial
leaders having waste treatment responsibilities will be encouraged.



during late 1973 and early 1974. Data collected as a result of
related Sea Grant projects were used by the federal EPA during
their 180-day hearings on water quality at both Green Bay and
Appleton-Neenah-Menasha.

Applications:

The Great Lakes Basin Commission has selected the lower Fox Valley
a,:" one of the ten problem areas to get special EPA funds for study of
water pollution. Recent federal legislation in water pollution control
h as provided the basis for direct application of the results from this
study info the public arena. In light of the Federal Water Pollution
Control Act Amendments of 1972, the strong possibility exists for the
creation of a community-based regional organization titled the "Fox
River Valley Improvement Association"  FRVIA! to serve this function.

A..l past and ongoing Sea Grant projects in the Green Bay area would
h .ve application to the FRVIA effort; this study would be particularly
useful both in assisting during the creation and in contributing data
arid experience during the ongoing agency investigations.

c. R, GB-1 Phytoplankton and Nutrient Modeling in Lower Green Bay
�974 proj ect!

P:..incipal Investigator: Michael Adams, Botany, UW1VJSN

Co-Investigators: Edward H. Dettmen, Environmental Studies, UWMSN
Paul Sager, Ecosystems Analysis, UWGB
Joseph Koonce, Limnology, UWMSN

Background;

An important component of water quality degradation, particularly in
in.iand lakes and in bays and estuaries, is the stimulation of blooms of
al,~ by nutrients released into waterways as a result of man's activi-
ties. The lower end of Green Bay is a particularly striking example
of this phenomenon, exhibiting algal blooms having densities near the
mouth of the Fox River which are up to two orders of magnitude larger
than farther out in the bay  Sager, 1973!.

Modeling and experimental work on Green Bay in the past few years has
produced a large data base characterizing the hydrologic and biological.
behavior of Green Bay. Simultaneous research on other aquatic systems
by the International Biological Program  IBP! has produced substantial
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progress in the development of mathematical models of biological sys-
�.ems. Among these are models of phytoplankton and zooplankton pro-
iuction. The availability of the Green Bay data base provides an
opportunity for adaptation of these models to a flow-through system
such as Green Bay. This permits both a test of the models on Green
Bay, and an opportunity to draw together previously obtained biological
and hydrologic data.

Objectives;

The objectives of the proposed research are to adapt models developed
by IBP for use in a system such as Green Bay, to simulate spatial
distributions of algal biomass and nutrient concentrations along tran-
sects in lower Green Bay, and to investigate the consequ.ences of
reduced, nutrient loading of the lower bay by the Fox River.

The aquatic primary and secondary production models developed by IBP
generally assum.e spatial uniformity of nutrients and food resources.
Transport and dispersion processes must be introduced into these
models to make them applicable to lower Green Bay, since hydrologic
flow and mixing affect the spatial distribution of both nutrients and
biota.

The models will be run with data characterizing the hydrologic inflow
and nutrient loading from the Fox Kiver to Green Bay for periods during
which data exist for nutrients and algal biomass along transects in the
lower bay. This wiH permit comparison of model performance with
observed Green Bay response. This portion of the work would involve
an analysis of the sensitivity of model behavior to variations in environ-
mental conditions. Transect da.ta of the type needed already exist for
the summer of 1969, and it is proposed that more be obtained during
the summer of 1973.

Approach;

Previous studies on Green Bay have determined the general flow and
mixing characteristics of water in the lower bay. Ahrnsbrak and
Habotzkie �970; Ahrnsbrak, 1971! used conductivity and transmissivity
data collected during the summer of 1969 to calculate diffusivities
along the bay using a one-dimensional model. This study, and another
by Modiin and Beeton �970!, showed that water entering the bsy from
the Fox River moves toward the east shore of the bay, with a well-
defined plume of river water extending along this shore north of Point
Sable. Modlin and Beeton have also determined the flushing rate and
lakeward transport rate of Fox River water in Green Bay. The percent



river water in this plurne changes slowly in the lower bay, with the
water off Point Sable containing approximately 69Fp river water
 P..hrnsbrak and Ragotzkie, 1970!.

Sc.rveys of algal populations and nutrients show much steeper gradients.
S~.ger �973! finds a change of approximately two orders of magnitude
in phosphorus concentrations and algal populations along a transect
oiiginating at the xnouth of the Fox River and extending approximately
23 km up the center of the bay. This attenuation rate, which is high
when compared with that for conductivity, is presuxnably due to uptake
of phosphorus by algae and losses of algae to sinking and grazing. It
is proposed to simulate these changes in algal population and phosphorus
cc ncentration.

The IBP model for phytoplankton production describes algal growth as
a, function of light intensity, temperature and nutrient concentrations
 Hasler and Eoonce, 1971; Koonce, 1972!. The xnodel is based on the
assumption that accurate description of subceUular processes is an
important key to understanding phytoplankMn dynamics. The basic
model consists of four differential equations representing algal biomass
aud internal concentrations of nitrogen, phosphorus and reduced carbon.
This explicit treatment of internal cellula,r nutrient concentrations per-
mits the model to simulate the processes of luxury nutrient consuxnption
and subsequent use of these reserves during periods of external nu.trient
depletion. This feature makes the model particularly suitable for simu-
lation of the temporal change in nutrient concentration experienced by a
phytoplankton population being transported along Gxeen Bay. Other
processes included in the model are excretion by phytoplankton and
sinking and grazing losses.

Calculations of grazing losses are based on a generalized formalism
developed by IBP for predator-prey interactions. The formalism takes
Into account texnperature dependence of grazing and the relative prefex-
ences of zooplankton for various al~ species.

The approach taken to modeling the distribution of phpWplankton popu-
lations along a transect will be to divide the transect into a, number of
segments, each of which represents a volume of bay watex centered on
that segment. Calculations for any given time interval will determine
phytoplankton production, loss to sinking, grazing, diffusion, and
la-.eral transport by water xnovement. Simultaneous calculations for
each volume element will determine changes in nitrogen and phosphorus
ccncentrations due to algal uptake, excretion, diffusion and transport,
and changes in the zooplanlMn population. Thus, nutrient, concentra;
tions and phytoplanLWn and zooplankton populations in any given volume



element will be a function of primary and secondary production rates
in upstream" volume elements at previous times and of transport and
diffusion rates into and out of that volume element.

Data needed to perform the simulation include Green Bay mixing char-
acteristics, Fox River discharge rate and nitrogen and phosphorus
concentrations of Fox River water, water temperature and turbidity
along the transect, solar radiation and wind speed, aU over the period
of simulation. Data needed for validation of model results a.re periodic
nutrient concentration and phytoplankton population data along the tran-
sect during the time period to be simulated.

Wherever possible, the model will be parameterized to make use of
generaUy available data. rather than on-the-spot measurem.ents, thereby
minimizing data collection needs and making the model more useful as
a management tool. Wind speed and solar radiation data of the form
needed may be obtained from standard U. S. Weather Bureau data.. Fox,
River discharge data. are available from the gauging station maintained
by the U.S. Arxny Corps of Engineers at the Rapide Croche Dam at
Nrightstown, Wisconsin.

All other data needed for simulation and validation are available for the
summer of 1969. It is proposed to use the results given in the papers
by Modlin and Beeton �970! and Ahrnsbrak and Bagotzkie �970! to
describe transport and mixing. The remaining Fox River and Green
Bay data ha.ve been obtained by one of the authors of this proposal  Paul
Sager!. The Green Bay data, are for a transect originating at the mouth
of the Fox River and extending approximately 21 km up the center of the
bay.

The proposed modeling effort would be considerably strengthened by the
availability of data along a transect which follows as closely as possible
the mean position of the Fox. River plume centerline along the east shore
of lower Green Bay. This is expected to be the main path along which
phytoplankton will be transported, and availability of data along this path
would permit more straightforward calculations. lt is proposed to col-
lect the necessary Fox River nutrient data and nutrient, phytoplankton,
temperature and turbidity data along a 25 km transect foUovring the
plume during the summer of 1973. Mixing and transport parameters
obtained previously and described above would be used in conjunction
with these data.



Applications ..

The proposed research will provide an opportunity to adapt advanced
primary and secondary production models to Green Bay and test their
effectiveness as tools for predicting water quality. Such tools would
b» of great use both to other researchers and to regulatory agencies
attempting to evaluate in advance the consequences of proposed policies
fcr controlling nutrient releases into waterways. The large expense of
such control programs would make prediction of expected water quality
iraprovement highly desirable for agencies such as the Wisconsin
D partment of Natural Resources and the U.S. Environmental protec-
tim Agency.

R.f e rene es:

l. Ahrnsbrak, W. F. and R.A. Ragotzkie, "Mixing Processes in
Green Bay," Proc. Thirteenth Conf. on Great Lakes Research.
I. A, G, L, R,, II; 880-890, 1970.

2. Ahrnsbrak, W. F., "A Diffusion Model for Green Bay, Lake
Michigan," Technical Re ort $7, Sea Grant Program, University
of Wisconsin-Madison, 1971.

3. Hasler, A.D. and J. P. Koonce, "A Process Study of Nutrient
Uptake Rates and Phytoplankton Growth H;inetics," Eastern
Deciduous Forest Biome Memo Report 0 71-65, 12 pp., 1971.

4. Koonce, J. F., "Seasonal Succession of Phytoplankton and a, Model
of the Dynamics of Phytoplankton Growth and Nutrient Uptake,"
Ph.D. Thesis, Zoology Department, University of Wisconsin-
Madison.

5, Nodlin, R. F. and A. 1UI. Beeton, "Dispersal of Fox River Water in
Green Bay, Lake Michi~," Proc. Thirteenth Conf. on Great
Lakes Res., I.A.G. L. R., I-. 468-476, 1970.

6, Sager, P. E., Personal Communication, College of Environmental
Science, University of Wisconsin-Green Bay, 1973.



3. Unix ersi of 3hode Island

Project Title:a.

 I! Development of an Integrated Three Dimensional Hydrodynamic,
Salinity and Temperature Model

�! Analytical Modeling of Coastal Zone Areas

P rincip al Investigators;

Dr. Frank %hite, Mechanical Engineering and. Applied Mechanics and
Ocean Engineering Department

Dr. Malcolm L. Spaulding, Ocean Engineering Department

Age and Annual Funding History:

~Ae

$24, 000/Yr.

$25, 000/Y r.

Second Y ear

First Year

Research in the modeling area has been underway at the
University of Rhode Jsland for approximately 5 years.

Users, Uses, Objectives:

To develop a three-dimensional model for salinity, temperature and
circulation that would include the effects of wind, gravitational circu-
lation and vertical temperature structure. The development of the pro-
posed model would provide a sound, reliable basis on which could be
developed water quality, ecological and coastal planning models for
Narragansett Bay, as well as the Block Island Sound area.

�! Development of a hybrid model constructed as a marriage be-
tween finite-element and finite difference modeling techniques for pre-
diction of efouent transport from waste discharges in the coastal zone.

�! Application of the existing two-dimensional vertically-averaged
hydrodynamic and mass-transport models to the Block Island-Rhode
Island Sound area.

�! Using computer-generated movies and plots, refine existing
techniques for presentation of model predictions.



5:odel Development and Application:

Development:

Two and three dimensional numerical models using finite differ-
ences and finite element techniques to solve for coastal zone
hydrodynamics, salinity, temperature, and water quality parame-
ters. Predominant driving forces are the wind and tide.

Applica.tion:

Models are being applied to local coastal areas to include
Narragansett Bay, Block Island Sound, Rhode Island Sound, and
Buzzards Bay to give estimates of the circulation and transport
of constituents of use by local communities and private industries.

Validation:

Verification of model predictions are performed by use of existing data
sets and supplementing these with any information collected by other
organizations in the study area. Preliminary effort is underway to
devise techniques to determine which boundary conditions and field
s ations provide the most information for the least cost.

Tr~terface:

The results of model predictions are used in studies performed for
local government, and private industry and coordinated through the
Coastal Resources Center. Coordination within the University,
particularly with the eco-simu1ation group, is maintained by contracts
b tween the individual investigators of the various projects.

Future Plans:

I. Extend application of the three dimensional models to the
s>uthern Rhode Island coastline and continue to explore the relative
importance of wind, tide, and outer continental shelf water mass
niovement as driving mechanisms for the flow.

2. Develop a three dimensional model that filters gravity waves
aud thus allows larger time steps to study wind driven coastal xone
c irculation.

3. Continue efforts to use interlacing of various models and grid
systems, both finite difference and finite element, to develop computa-
tional and procedural techniques to aid in the siting of shore and vessel
o ri~nated waste discharges.



4. Develop techniques to determine the sensitivity of model pre-
dictions to boundary condition representation; the ultimate goal being
to develop optimum sampling networks to minimize data requirement
for understanding of coastal zone circulation.

5. Continu.e work on developing tidal current and height charts to
aid the local boating community.

6. Extend modeling techniques to investigate the consequences of
hurricane in the coastal zone and their influence on coastal communities.

b. Project Title: Systems Ecology Studies of Narra~sett Bay

Principal Iovestigator: Scott Nixon, Graduate School of Oceanography

Funding History:

~Matchin

60, 864

3,853

Fed.-Sea Grant

269, G16

61, 147

To date

Proposed

Objectives:

The major objective of this project is the analysis and modeling of the
Narragansett Bay ecosystem with a view toward its management and
evaluation of its response to inputs resulting from increasing popula-
tion and development. Specific objectives for 1975 include �! the sim-
ulation of various perturbations and management strategies on the Bay
using the xvorking model, �! the application of the model to additional
water systems to explore its general applicability, �! sensitivity anal-
ysis of the model, �! field and laboratory experiments and measure-
ments to attempt to discover the mechanism regulating the fail production
dynamics in the Bay where observed data departs significantly in some
years from simulated values, �! complete the analysis of the role of
bottom communities in bay nutrient cycles begun this year, �! continue
exploration of the role of high and low marsh areas in bay nutrient cycles.

Applications:

�! The model will be used to respond to specific requests of state
agencies including Statewide Planning, Department of Natural Resources
and Public Health. For example, we are now examining the effect of
relocating sewage outfalls on bay nitrogen dynamics for the R.I. Public
Health Department.



�! The basic model is being applied to different waters to test its
applicability; for example, use of the model has been made in an RFF
s wdy of Mexican lagoons, and agreement has been reached with AID
to use the model off Peru.

�! EPA is interested in the role of emergent marshes in estuarine
nxtrient dynamics. AVe are providing information on this.

Accomplishments during Past Twelve Months:

The ecological simulation model now provides realistic simulations of
p,~ytoplankton, zooplankton, and five nutrients in eight spatial elements
around the Bay.

Progress:

�! Laboratory measurements of respiration, excretion, feeding,
axd particle-size selection have been obtained for adult menhaden

�! Laboratory measurements of respiration, excretion, feeding
and fecundity as Gmctions of temperature have been obtained for the
common estuarine carnivore, %In is ~led i.

�! The annual cycle of nutrient regeneration � forms! by bottom
communities has been measured in situ.

�! N'easurements on the role of marshlands in bay nutrient cycles
h ave begun.

c Project Title: Effect of Dredge Spoil Disposal on Benthic Animals

Principal Investigator: Saul B. Saila, Graduate School of Oceanography

Funding History:

Objectives:

�! To determine the status of recolonization of dredge spoil in
Rhode Island Sound by benthic invertebrates.

To date

Proposed

Fed. -Sea Grant

16, 842

10,808

4, 016

2, 058



�! To identify the natural habitats of coloniring species.

�! To predict the future benthic community type on the disturbed
area and its value in terms of food for commercial species.

�! To provide data. on contamination of sediments and animals at
the study site.

�! To examine aspects of the natural history of dominant Rhode
Island Sound benthic species which relate to the effect of spoil on these
animals.

During 1975-76, detailed statistical analysis of the data will be carried
out to identify species groups and response patterns. Broader aspects
of resource management in Rhode Island Sound will also be considered.

Applications:

�! This research will be used in regionaL decisions on ocean dis-
posal of dredge spoil. Within a year such a. decision vriH be made con-
cerning a large volume of spoil from Fall River, Mass. The proposed
dump is at depths equivalent to those at the study site, outside of state
controlled waters.

�! Results on rates of recolonization and identity of recolonizing
species will be published in a, scientific journaL. These results wiH be
of particular interest becau.se of the long temporaL data base at this
site.

Progress during Past Twelve Months:

�! Facilities have been set up for sorting preserved animals and
for observing live animals. Over 100 quantitative 0. 1m2 grab samples
ha.ve been. obtained from both spoi1-affected and natu.ral bottoms.
identification and counting has been completed for half the grab samples.
Direct observation of eight sample locations has been made by divers.

�! It has been determined that:  a! spoil in both erosional and
depositional areas still ha.ve low densities of benthic animals four years
after deposition;  b! colonization of silty spoil has been by members of
natural silty bottom communities; and  c! deposit feeders are important
on natural sand bottoms in Rhode Island Sound. Sediments from grabs
have been submitted to the ib ational Water Quality Lab, Narragansett,
for contaminant analysis.



Pxincipal Investigator: Candace A. Oviatt, Graduate School of
Oc eanogr aphy

Funding History:

Fed. -Sea Grant Maicbin

To date

Proposed

10, 947

l3,479

2,474

1, 284

Ol: j ecti ves:

 l! To apply ecological systems analysis to document the histori-
cal and existing patterns and interactions between man and nature in
th». coastal zone and to quantify them at least on a. gross level.

�! To generate a. "macro-model" that xnay be used to simulate
th» general consequences of long-range management strategies in,
terms of the stresses that human and economic development will put
on natural ecosystems and to explore general constraints that the
natural ecosystems of the coastal zone may impose on development.

Applications:

W<>rk will be combined with parallel work by economist and sociologist.
The resulting concepts and plans will be presented to the South
Kiagstown planner and the Town Councils of South Kingstown and
Narragansett, and to citizen groups to be used as a basis for discus-
si»ins of effects of various kinds of coastal xone development. Derived
pl'»ns and general principles will be published where suitable.

Pxogress during Past Twelve Months:

A large amount of basic data on human ecology has been collected, in-
cluding past and present quantitative data for: land use  including
di. tribution of ownership and lot sizes!, land sales, buiMing activity,
agricultural use and yields, surface and ground water, quality and
quantity, soil types, air quality, commercial fishing activity and
yi»:lds, industrial production and effluent, recreation. and tourism,
energy use  gasoline, diesel, heating oil, electricity, natural gas,
wc ad, coal, marine gas!, ga,rbage and rubbish generation and disposal,
roads, automobiles and traffic, human population levels  composition,
and demographic parameters!, food consumption, mental and physical
health, public services, education, employment and incoxne, etc. Work
has be~ on collection of natural ecology data and on development of a
conceptual model for the towns.

d. Pxoject Title; Ecosystem Analysis � Application in a Coastal Town



4. Lou:.Siana State Universi

Project Title: Marin.e-Fresh Water Exchange and Coupling with
Biological and Chemical Systems

Principal Investigator: B. L. Smith, Center for Wetland Resources

Funding History:

Fed. -Sea, Grant

39, 272

Matchin

To date 38, BM

Obj ectives;

Applications;

The coupling of coastal oceanographic processes with biological-
chemical system is a. critical requirement in the LSU continuing
systematic studies and pa.rticularly in ecosystems investigations.
Products of this research will contribute significantly to the planning
efforts of a variety of agencies including the Corps of Engineers,
Louisiana Wildlife and Fisheries Commission, Louisiana Superport
Authority, State Department of Public Works, and Louisiana. Highway
Department. lt will also provide considerable support to LSU's con-
current Coastal Zone Management program.

Accomplishments during Past Twelve Months:

A computerized implicit finite difference solution to the hydrodynamic
equation of motion in two dimensions has been developed. Also, the
feasibility of synthesizing water exchange driving function has been
determined through a preliminary examina.tion of Gulf derived coastal
oceanographic and meteorological data. Finally, a critical area

60

The objectives of this project are to couple coasts oceanography and
meteorology to the marine-fresh water boundaries, and correlate
water exchange and circulation to biological and chemical systems.
The three-year prograxn had first year objectives of revimving existing
models, developing applicable mathematical methodologies, and col-
lecting and reducing available field data.. Second and third year activi-
ties include interfacing the driving functions, water exchange, circulation,
mixing and water height with nutrient transport, marine-fresh water
boundaries, biological activity and chemical processes. Statistical
techniques will be incoxporated and verification through empirical
testing will be undertaken.



 Ba.rataria Bay! has been selected for mcthodolo~~ validation and much
field data has been collected and reduced for application with the
ma thematics.

5. Universif

Project Title: The Hydrodynamic and Environmental Modeling of the Great
Bay Estua.ry System

Principa] Investigator: Barbaros Celikkol, Mechanical Engineering

Proposec. Funding: Fed. -Sea Grant, 33, 800

Objectives:

The first year objectives are:

Matching, I8,600

I. Adapt Leendertse's and Wang and Connors mathematical models to
UNH computer and the Great Bay Estuary.

2. De: ign an experiment with the National Ocean Su.rvey to calibrate and
validate the models.

3. Ca,rry on the field myeriment with National Ocean Surv'ey and carry on
adclitional field work.

4. Calibrate, valida.te the models and make comparative studies.

5. Initiate model improvements.

6. Iniiiate the study of environmental parameters such as transient pollu-
tio», salinity intrusion, temperature distribution.

Applications:

Informat.on will be used to advise the New Hampshire Coastal Zone Commis-
sion, Water Supply and Pollution Control Commission. It will also be made
available to the Normandeau Associates and thc Public Service Company of
New Haxr @shire.



Project Title: NORFISH � A Concept Directed Toward a Total System
Quantitative Approach to Management of i%orth Pacific
Coastal Zone Resources

principal Investigator: L. J. Bledsoe, Fisheries/Quantitative Science

Fun ding History;

Fed. -Sea Grant ~NfLtc11B1

Obj ctives:

Long Range:

1. In-house quantitative capability for solution of fishery problems.

2. Quantitative xnanagement tools for Gshery resources.

3. Interdisciplinary facoity for quantitative expression of biological,
social, legal, and economic factors related to fishery problems.

4. Provide information on the effects of alternate management strategies.

5. Supply college graduates with capability for whole system based resources
management.

Specific Objectives for 1975-76:

Data implementation, calibration and exercise of the northeastern
Pacific fishery system simulator.

Implementation of salmon system sixnulator at Washington State Depart-
ment of Fisheries.

2.

Liaison with and support for quantitative studies of puMic and private
fishery agencies.

3.

Publication and dissemination of NORFiSH fishery systexns research.4.

Thc above capabilities ivill be directed toward ixnproved utilization, in the
broad sense, of oceanic and coastal zone living resources, especiaUy fish-
eri s, of the northeastern Pacific.
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To date

Proposed

513, 000

69, 900

222, 600

36, 100



Applicati ons:

Accomplishments during Past Twelve Months:

Salmon troll fishery system analyzed for optimal management.

Pr>totype fishery system planner demonstrated for northeastern Pacific.2.

Ec anomic history and enhancement methods analyzed for Skamt giver
salmon production.

Atlas of productivity of Bering Sea trawl fishery produced using 3-
dimensional graphics.

Information system accesses 130 million bit data base for Washington
De>artment of Fisheries.

Halibut model analysis projects economic return under various alterna.�
bves.

6.

Pl.uming map and statistical area atlas produced for FAO.7.

7. lVIassach~setts Institute of Technolo

a. Project Title: A Biochemical Model for Coastal Waters with an
Application to Red 'Tide Outbreak~

Principal Investigator: Prof. F. M. M. Morel, Civil Engineering Dept.

Fuading History:

Fed. -Sea. Grant Natchin

23, 339

47,594

-0-To date

Proposed 325300

NOM'ISH products will be available through Sea Grant Advisory Services to
commercial fishermen and the fishing industry for the enhancement of their
operations, NQRFISH also supplies logistic support or advisory publications
directly to the Pacific Marine Fisheries Commission, the Food and Agricul-
ture Organization of the United ihations  FAO!, NMFS, the Washington State
Department of Fisheries  WDF!, and the International Pacific Halibut Com-
mission. Support to the V7ashin~n State Department of Kcolo~ in their
coastal zone management activities has been provided.



Objectives:

The objectives of this project are twofold: 1! develop a biochemical
model of coa.stal waters which accounts for the effects of oligoelements
on the microbiota,; 2! test experimentally the hypothesis that trace
metal chelation--copper in pa.rticular � plays a key role in the trigger-
ing of certain dinoflagellate blooms  red tides!.

Applications:

The successful development of a predictive biological model as proposed
herein will augment considerably the set of tools available to deal with
the great complexity of coastal water management. One of the most
obvious and innnediate impacts should be to permit rational decisions
regarding the nature and the degree of treatment necessary for domestic
waste waters.

Successful completion of the experimental part of the project will pro-
vide us with aQ the information and experience we would need to artifi-
cially trigger and control a red tide in the laboratory. This, of course,
would augment considerably our understanding of the mechanisms pf
red tide outbreaks in New England waters.

An actual modeling of the conditions that result in a red tide wouM rep-
resent the synthesis of both parts of the project. This should prove
extremely valu.able for prediction and control purposes.

Accomplishments during Past Twelve Months:

So far we have I! chosen the parameters that need to be included in the
first version of the model: nutrients and essential trace Inetals;
2! defined the principles on which to build the model; 3! gathered. a pa.rt
of the necessary fundamental information on some of the parameters;
4! obtained bas!c experimental data on the growth of ~Gon aulax tamarensis;
5! started to interpret literature data by computing heavy metal specia-
tion in ~Gon ulsx culture media; and 6! initiated a systematic exlterimental
study of the effect of copper activity on the growth of ~Gon gular tamarensis.

b, Project Title: The Sea. Environment of Massachusetts Bay and Adjacent
Waters

Principal Investigator: J. J. Connor, Department of Civil Engineering
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Fu.'>ding History:

Fed. -Sea. Grant

To date

Proposed

500, 500

125, 100

318, 375

61,  Ns

Ob jectives;

Applications:

Jnf >rmation derived frozn the data will be applied to environmental
impact studies in the Mass Bay area. Procedures and optimal data
acquisitions systems will be developed on the basis of field experience
foz general application to environmental impact assessznent. The
inf ~rmation wiD be transmitted to the National Oceanographic Data
Ceater  NODC! routinely after appropriate data, reduction and analysis.
Th= numerical models will be released to government agencies, environ-
mental consulting firms, and other potential users. Extensive applica.�
tioa for coastal zone management in Massachusetts is anticipated.

Ac=omplishments during Past Twelve Months:

An intensive field experiment designed to show thc interrelationships of
the nitrogen nutrient cycle in the Bay was undertaken as a culmination
of thc routine nutrient sampling program. The vertically averaged cir-
culation and dispersion mathematical models along with user's manuals
ar» being distributed. An extensive model verification progxam is weQ
under way for the "Mass Bay". This involves cataloging and analyzing
all current meter data in the Bay, running the computer programs with
the observed tidal and wind conditions for various time intervals, and
evaluating the predicted vs. observed response. Similar analyses will
be carried out for dispersion. A workshop which presented the
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Th general objectives of the project are the definition of the physical
dyzmmics and water quality environment in Massachusetts Bay. lnitiaUy,
the primary emphasis was placed on field measureme~t programs in
order to establish base line information. This phase has been com-
pleted and emphasis has now shifted to the verification and application
of !xumerical models which predict circulation and dispersion processes
in coastal waters such as 1Vlass Bay. The predictive nuznerical models
will be extended by incorporating techniques developed in Estimation
and Optimiza.tion Theories, and this will provide capabilities for design
of cost-effective monitoring systezns. The water quality aspects of the
project are now focused on validating a hypothesis for the triggering
mechaniszn causing red tide in Mass Bay.



developments of the Mass Bay Sea Grant Project was held in October.
Two new and significant areas of study have been initiated: design of
cost-effective environmental sampling networks, and study of the

Project Title: The Sea Environment in Massachusetts Bay and
Adjacent Waters

Principal Investigators: J. Connor and B. Pearce

Project Age and Annual Funding History: Project initiated July 1971.
Annual funding level approximately $150, 000 from Sea Grant and
approximately $75, 000 from industrial sources

Objectives:

The general objectives of the project are the definition of the physical
dynaxnics and water quality environment in Massachusetts Ray. ln the
initial phase, the emphasis was on field measurements and the estab-
lishment of baseline information for Mass Bay. In the fall of 1972,
work on developing numerical xnodels for predicting hydrodynamic
circulation and dispersion was initiated. These models utilize the
finite element method and the software has been designed so that the
capabilities can be applied by engineers in consulting firms and gov-
ernment agencies to evaluate the transient response of coastal waters
having irregular land boundaries. Starting in Septexnber 1974, the
deterministic modeling effort was extended to incorporate stochastic
methods. Our first objective was the implexnentation of the Kalumn
filter estimation technique m the dispersion model. This will provide
a capability for assessing the effectiveness of a saxnpling network and
opens up new opportunities for the design of cost-effective observation
networks. A second objective was the developxnent of solution strate-
gies for circulation and dispersion studies in coastal waters taking
into account the randoxnness of the wind. and bdal perturbations. We
are concerned here with the numerical simulation of dispersion proc-
esses over long time periods where fluctuations in tidal and wind exci-
tation should be considered.

Description of Models:

1. CAFE-1

Finite element formulation for vertically averaged hydro-
dynamic cix culation. Computes transient response  surface elevation
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and the depth averaged velocities! over a two-dfmensional re@on due
to tidal and wind excitation. Can treat arbitrary boundary geometry
and variable depth. Extensive verification studies have been carried
out for Mass Bay. This involved comparison of observed velocity
dist;ributions with the "predicted" velocities.

2. CAFE-2

Finite element formulation for 2 layer circulation. Same
con@utational features as the one-layer model. Verification studies
are now underway. We were planning to use Geld data for summer-
time conditions in Mass Bay that was to be obtained by EGhG du.ring
the summer of 1974. Unfortunately, they did not go out into the Bay
until October 1974. Also, their data on the motion of the surface ele-
vation is inaccurate. We made some measurements last summer with
our own equipment  current meters!, and are now working on the data.

3. DISPER-1

Finite element formulation for vertically averaged disper-
sio». Computes transient distribution of vertically averaged concen-
trai;ion over a two dimensional region having an irregular boundary.
Car., handle distributed or point loads applied m the interior domain
and either concentration or flux boundary conditions. Results of the
NO:IIES experiment  summer 1973! have been utBized for verification
of the numerical model.

4. DISPER-2

Finite element formulation for dispersion in 2-layered
flow. Has been designed to utilize the output of the 2-!ayer circulation
model. Computes the transient average concentration in each layer.
Th» program allows for entrainment, decay, settling, and variable
layer thickness. A field experiment desi~ed for verification of the
2-h~yer dispersion model was conducted last summer and the data is
now under analysis.

5. DISPER-ESTIMATION

A version of DISPER-1 with the Kalman filter capability
added. Program development is nearly completed. We are now attempt-
ing to identify some simple examples which we can use to check out and
illustrate the method. We will also look for some "real" applications.
Th» program computes the transient vertically averaged concentration
dis.ribution over a two-dimensional region with a numerical integration
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scheme. At certain discrete times, observed values of the concentra-
tion at certain points in the interior region  i.e., thc sampling network!
are combined with the "predicted" values and a new estimate is gener-
ated. The Kalman filter method uses a linear combination of observed

and predicted values with the constants of combination determined by
minimizing the trace of the error covariance matrix. One can also
exercise the program without iield data. This is the mode for assess-
ing the effectiveness of a sampling network which is measured by the
fina3, value of the trace of the error covar iance matrix.

Future Plans:

The project is scheduled to be completed by June 1977. The last
year's effort  July 76 � June 77! wQl be essentially a wrap-up of the
software and publications aspects. We also plan to have a national
Sea Grant Conference on "Environmental Modeling" at M.I.T. in
June 1977.
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APPENDIX C

AGENDA

SEA GIANT AQUATIC ECOSYSTEM MODELING WORKSHOP

Conducted By - The Oceanic Institute

Hosted By � The University of Wisconsin

Sponsored By - Office of Sea, Grant - NOAA

Dates: July 21-23, 1975

place: Roam 313, Wisconsin Center
702 Langdon Street
Madison, Wisconsin

pxogram Chairman � Joe A. Hanson, Oceanic Institute

Monda. Jul 21 1975

Welcome and introduction to the purpose and objectives of the workshop-
Bob Hagotzkie, University of Wisconsin Sea Grant Director, and
Huge McLellan, OSG

9:00-9:20 a.m.

Session L Overview of Current Sea Grant Ecosystem Modeling
projects. Chairman - Joe Hanson  Roughly 10 minutes
for each presentation with 10 minutes for discussion!
University of Michigan Ray Canale
Mass. Inst. of Technology J.J. Connor
University of Rhode island Malcolm Spaulding
University of New Hampshire Barbaros Celikkol
University of Washington Lewis Bledsoe
Louisiana State University Lincoln Smith
University of Wisconsin Kwang Lee

9:20 a.m.-

12:30 p. m.

Lunch � Wisconsin Center Cafeteria12:30-1:30 p. m.

1;30-4:30 p. Ql. Session II. Hydroloy,cal Mechanics of A<patio Kcosystems
Chairman; J. J. Connor � MlT

Discussants: Barbaros Celikkol � UNH

Bert Green � U. Mich.

Malcolm SpaxQding � URI
Bernie LeMehaute - Tetratech  OSG Advisor!
Don O'Conno» � Hydroscience, Inc.

 Review Teaxn!
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7:30-3:00 a.tn. ~Re zstratlon: 3rd Floor Wtsconsln Center, 703 Langdon Street



Session IIt. Physical and Chemical Dynamics of Aquatic Ecosystems
 Part 1! Chairman: Ray Canale

Discussants: J. J. Connor � MIT

Kwang I ee � U. Wise.
Gerald NcHugh - LSU
Bob Ellis � Rensselaer Poly Inst.  OSG

advisor!
Don O' Connor � Hydroscience, Inc.  Review

Team!

4:30-6:30 p.m.

Attitude Ad ustment: Lake Lounge Room on the 3rd Floor of the
Wisconsin Center. There will be sumptuous
hors de'oeuvres arranged by Delphine Skinner
of U. Wise. and a ca.shbar.

6:30-7:30 p. m.

Tuesda Jul 22 1975

Session IV. Microbiological Dynamics of Aquatic Fcosystems
 Pa,rt 1! Chairman: Scott Nixon � UM

Discuss ants; Lincoln Smith � LSU
Ray Canale � U. Mich.
Bryan pearce - M1T
3ernie Le Mehaute - TetraTech  OBG Advisor!
John Caperon � U. Hawaii  Review Team!

10: 00-12:00

Noon

12:00-1:00 p. m. Lunch - Wisconsin Center Cafeteria

Session 1V. A continuation and compl.etion of the morning's deliberations.
 Part 2!

1:00-2:00 p.m.

Session V. Nacrobiological Dynamics of Aquatic Ecosystems
Chairman: Louis Bledsoe - U. Wash.
Discuss ants: Malcolm SpauMing - URl

Scott Nixon � URI

Ray Canale � U. Mich.
Bob Ellis � Rensselaer Poly. Inst.  OSG Advisor!
Ted Foin � UC, Davis  Heview Team!

2:00-5:30 p. m.

Wednesda July 23 1975

Session VI. A round-table wrapup aixned at stating where Sea Grant-
supported aquatic ecosystem modeling stands today and
deterxnining where it should be headed in the future.
Chairxnan: Joe Hans on

8:30 a.m.�

12;30 p. m.
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8:30-10:00 a. m. Session IH. A continuation and completion of the deliberations of the
 Part 2! previous afternoon.



Observations of the Review Team:
Don O' Connor

John Caperon
Ted groin

2.

3. Observations of the Sea Grant Advisors
Bern,ie Le Mehaute

Bob Ellis

4. Hound-table Discussion
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1. Opening Remarks: Tom Murray - OSG Asst. Prog. Director





APPENDIX D

LIST OF PARTICIPANTS

The Hosts:
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Dr. Wern r A. Baum

Chanc ello r

Universit~ of Wisconsin
Milwauke», Wisconsin 53201

�14! 963-4331

Mrs. DelIihine Skinner, Secretary
Sea Grant College Program
University. of Wisconsin
1800 Uni,v rsity Avenue
Madison, Wisconsin 53706

�08! 262-0905

Mr. Hugh J. McLellan
Program Director
National Sea Grant Program
3300 Whit:haven Street, N.W.
Washington, D, C. 20235

�02! 634-4124

Mr. Joe A. Hanson

Senior Systems Scientist
The Oceardc Institute

Waixnanala, Hawaii 96795
 808! 259-7951

Dr. Bernard LeMehaute

Vice President

Tetra Tech, Inc.
630 North Rosemead Boulevard

Pasadena, California 91107
�13! 449-6400

Dr. Robert Ragotzkie, Director
Sea Grant College Program
University of Wisconsin
1800 University Avenue
Madison, Wisconsin 53706

�08! 262-0905

Mr. Thomas E. Murray
Assistant Program Director
National Sea Grant Program
3300 Whitehaven Street, N.W.
Washington, D. C. 20235

�02! 634-4125



The Review Team:

Dr. John Caperon
Hawa.ii Institute of Marine Biology
Box 1346

46007 Lilipuna
Kaneohe, Hawaii 96744

 808! 247-6631

Dr. Donald J. O' Connor

Hydroscience, Inc.
363 Old Hook Road

Westwood, New Jersey 07675
�01! 666-2600

The Sea G rant Nodelers

Dr. Lewis J. Bledsoe

Res a.rch Assistant Professor

University of Washington
373'! 15th Avenue N. E.

Seattle, Washington. 98195
�06! 543-2016

Dr. Barbaros Celikkol

Assistant Professor of

Mechanical Engineering
Uni rersity of New Hampshire
Durham, New Hampshire 03824

� 03! 862- 1352

James N. Kremer

Research Assistant

Graduate School of Oceanography
Un.i zersity of Rhode Island
Kingston, Rhode Island 02881

�01! 792-6258

Dr. Gerald McHugh
Office of Sea Grant Development
Center for Wetland Resources

Louisiana State University
Baton Rouge, Louisiana 70803

�04! 388 � 2395

Dr. Theodore C. Foin

Division of Environmental Studies

University of California
Davis, California 95616

 916! 752 � 3044

Dr. Raymond P. Canaie
Associate Professor

Depa,rtment of Civil Engineering
College of Engineering
The University of Michigan
Ann Arbor, Michig~ 48104

�13! 764-8495

Dr. J. J. Connor

Professor of Civil Engineering
Room 48-305

Massachusetts Institute of Technology
Cambridge, Massachusetts 02139

�17! 253-7148

Dr. Kwang K. Lee

Visiting Associate Professor
College of Engineering and

Applied Science
University of Wisconsin-Milwaukee
Milwaukee, Wisconsin 53201

�14! 963-4377

Dr. Steven Moore

Assoc. Prof. of Civil Engineering
Bldg. 48-427
Massachusetts Institute of Technology
Cambridge, Massachusetts 02139

�17! 253-1771



Dr. Bryan Pearce

Assistant I'rofessox

Bldg. 48-3


Massachusetts Institute of Technology
Cambridge, Massachusetts 02139

�17! 253-7823

Dr. Ronnal P. Reichard
Project Assistant
College of Technology
University of New Hampshire
Durha,m, New Hampshire 03824

�03! 862 � 1352

Dr. B. Lincoln Smith

Associate l~rofessor

Departxnent of Marine Sciences
Louisiana. State University
Baton Rouge, Louisiana 70803

�04! 388-8265

Mr. Donald Stewart

The Univexsity of Wisconsin
Laboratory of Limnology
Madison, %wisconsin 53706

�08! 262 � 3088!

Dr. Malcolm L. Spaulding
Assistant Professor

Ocean Engineering Department
College of Engineering
University of Rhode Island
Kingston, Rhode Island 02881

�01! 792-2273




