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MODELS AND THE DECISION MAKING PROCESS:

THE HUDSON RIVER POWER PLANT CASE.*

Charles A. S. Hall** MASTER
Introduction

Estuarine environments are heavily used by both fishes and man. The

large volume of flowing water, biological richness and ready access to both

sea and rivers have made estuaries attractive to fishes for feeding and

spawning, and attractive to man for food, shipping and industry. At the pre-

sent our electric power generating capacity is increasing at about 10 percent

each year, and estuaries have been a convenient and economical location for

siting them. To what extent is this use of an estuary incompatible with estu-

arine fisheries?

Various factors have interacted to allow us to address this problem and

to make some reasonably quantitative predictions for at least some species in

some estuaries. This report is based on the results of several analyses of \/

power plant effects on the. Hudson River Striped Sass based on data collected

directly or under contract by the major utility involved (Consolidated Edison). The

analyses were conducted principally at Oak Ridge and Brookhaven National

*Based on the study "The Potential Effect of Electric Power Generating
Stations on the Hudson River Striped Bass and Other Estuarine Fisheries"'
by C. Phillip Goodyear end Charles A. S. Hall (In preparation). This report
should be considered only as a preliminary working paper prepared for this
conference.

**Departmerit of Biology, Brookhaven National Laboratory, Upton, NY, and
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Laboratories as a part of environmental Impact assessment work.

Life history patterns of estuarlne dependent organisms.

The chief biological characteristic of estuaries Is their tremendous

richness. Studies of the energy fixed and used in these places indicate that,

in general, estuaries have the greatest availability of food of any region in

the world. These conditions have made estuaries rich feeding grounds for

fishes, and it is also here that nan takes his greatest harvest of sea foods.
in the United States

Five of the six most important commercial fish species are in some way estu-

arine dependent, as are most of our saltwater sport fishes.

The utilization of estuaries by marine organisms is not random. Through

evolution behavioral and physiological adaptations have been selected to maxi-

mize the use of estuarine richness during the juvenile stages of organisms

through the timing of reproduction and migration patterns.

The general pattern by which estuarine-dependent organisms utilize estu-

aries is as follows: adults migrate from their normal feeding regions, which

are often far from estuaries, and spawn so that eggs or larvae will drift into

the estuary. The young hatch in or on their way to estuaries, and upon arri-

val, exhibit various behavioral and morphological characteristics that tend

to keep them there. For example, young finfish maintain their position in

estuaries by swimming, by day-nig'it vertical movements, or by settling on the

bottom. Shellfish often attach themselves to substrates by various claws and

shrouds. The young spend from a few weeks to one or two years in the estuaries,

and may later swim or drift with currents to adult feeding regions.

The salt-wedge circulation pattern (Fig. 1), characteristic of estuaries

with large fresh water inflows, consists of fresh water moving seaward near

the surface, and salt water moving up Into the estuary on the bottom. The



inward flowing salt water may be found from many tens to hundreds of kilo-

meters to sea, and the boundaries of the salt-wedge shift landward and seaward

in response to tides and seasonal variations in fresh water input.

The bidirectional flow of water in estuaries has allowed the development

of three different patterns by which organisms use estuaries for reproduction

and juvenile feeding. These three patterns are (1) ocean spawning, followed

by 1 immigration of the larvae in the inraoving, deeper salt water, (2) estuarine

spawning in which the larvae do not move appreciably, and (3) river spawning,

followed by downstream drift or swimming of larvae or juveniles. The commer-

cial shrimps of the Gulf of Mexico (genus Penaeus) are examples of a group of

organisms that exploit the first pattern, various Fundulus, or killifishes

are examples of tii*. second, and Salmon and the striped bass, (Morone saxatilis)

is an example of the third. These general relations are presented diagram-

matically in Fig. 1.

The striped bass.

The striped bass, an example of a fish that spawns above estuaries, is a

large, cosmopolitan anadromous fish that spends much of its life cycle directly

in or near estuarine water. They apparently are rarely found at distances of

greater than 8 km from the shore and normally are found much closer.

The species has been successfully introduced to the Pacific coast of the

United States. The fish is an important commercial species with landings of about

1.6 million pounds from New York waters alone. Sports fishermen catch an

additional 25 million or so pounds from New York waters, and stripers, or

rock, as they often are called, are an Important part of the tourist

economies of such regions as Cape Cod and eastern Long Island. Many sports



fishermen are extreoely enthusiatlc and vocal about stripers.

Talbot has reviewed the life history of the striped bass and documented

the crucial role estuarlne ecosystems play in their life history.

We have extended the work of Talbot and others to develop in detail the

life history patterns of the Striped Bass in the Hudson River (N.Y.). The

essential features are the following: the fish are spawned above salt water

principally in the Saugerties to Cornwall sections (Fig. 2). The eggs and

young larvae drift downstream during development for about five or six weeks.

of life
After several weeks the young fish begin to exhibit a diurnal pattern of

migration. In the vicinity of the salt wedge the young fish are swept toward

the sea during the night when they are found at the surface, and are swept

upstream during the day when the fish tend to be found near the bottom. At

five to
about six weeks the fish maintain their longitudinal position by swimming.

near shore or
At this time the majority of the fish are found on the shoal areas in the

vicinity of Haverstraw Bay.

We constructed a computer model to simulate the fish life history based

on figure 3. [The details and differential equations that were used in the

final models are given in Goodyear and Hall (in preparation) and Goodyear

(1974).] Forcing functions are river flow, river morphology, temperature and

quantitative_fish spawning patterns. The principal1state variable is fish

one run of
biomass by age and location. The results of the computer simulation of the

* (solid lines)
natural population of Striped Bass is given in figure 4 along with observed

« .

distributions of fish in the river based on plankton net samples. The model

agrees reasonably well, but by no means perfectly, with the field data,

which is itself rather variable. Subsequently additional computer models

have been developed both by the AEC and by consultants to the utilities.



Modeling power plants.

Power plants in the Hudson River may affect fish in at least four ways:

thermal, chemical, by impingement and by entrainment. The direct addition of

heat to the river did not appear to be important relative to other effects.

Chemical toxins periodically added to the cooling water intake to clear

fouling organisms^anci erosion of cooling coll metals are locally
to fish

damaging but are considered elsewhere. Impingement of adult fish on the
A when fish cannot swim against even small currents

trash screens during the winter may kill hundreds to hundreds of thousands
A

of fish per day per plant. But the most important problem appeared to be

entrainment, or the pulling of eggs and larvae through the cooling coils with

the cooling water. Figure 2 includes estimates of croling water used per day.

One Kay to visualize what this means relative to the whole river is that the

(as per 1972)
ten plants projected for the Mid-Hudson would use the water contained in about

*
three kilometers of river each day.

We "turned on" the power plants in the computer and removed fish from

the respective river segments according to the mean concentration of Striped

Bass in each section (in some runs we used more complicated distribution pat-

terns), the quantity of water used by the plants and the expected mortality

of a fish as it is drawn through the ondensor.

Results of the model. ,

During the course of three years or so we have constructed a number of

probability and computer models. A major impression we have of the

results of all these models and all the different runs that we have made with
cumulative

each is that the impact of the plants on the Hudson River Striped Bass during
.relatively

their first six months or so remains - stable. In other words, all of

the different assumptions Chat ve have built into the model with time have



not drastically altered our predictions of the magnitude of entralnment on the

bass. In many cases changing assumptions decreases the impact of some plants

.icreases the impact of others.

Our results indicate that if all ten power plants are constructed with

once-through cooling there will be major effects on young Striped Bass. The

results of a typical run of the Brookhaven Model are shown in figure 4. The

predicted effects of entrainment mortality (assuming well-mixsd river sections

and 100 percent mortality of fish that are drawn through the condensor), are

shown .or the same conditions as the population simulation mentioned above.

The upper dotted lines in figure 4 represent the estimated population of

Striped Bass in each section remaining with thebanskammer, Lovett, Indian Point

one and Indian Point two power plants operating--conditions existing during

the spring of 1973. The lower dotted lines represent population estimates for

each segment if all ten plants projected in 1972 were, actually built with

once-through cooling. The first situation represents about 20 percent mortality

of the fish during their first four months or so, the second condition (i.e.

all ten plants runni -a) would reduce the population of four-month-old fish by

about 70-80 percent.

Other runs emphasized the importance of the salt-wedge (normally found

at about Indian Point in June--hence 3 to 5 week old fish with a diurnal

pattern of movement are maintained within the influence of the Indian Point

plants) and/or have incorporated increasingly detailed considerations of

river flow and fish life history.

The Oak Ridge model has been run under a variety of assumptions including:

differences in importance of upstream migration within the salt-wedge, importance



of vertical and horizontal variations in fish density and percentage of mortality

of organisms entrained. These results are given in detail elsewhere, but

are broadly similar to those presented above.

Runs were also made using what we considered to be the maximum possible

density compensation during the first three months. This is based on assuming

that the mortality rate would be the same as the mortality later in the season

at the same population density when no plants were operating. The assumption

of maximum density dependence during the first three months reduced the effect

of the plants by 20-30 percent, i.e. to 50-60 percent.

What then would be the effect of this loss of progeny on the fisheries?

Vhe answer to this is less subject to exact analysis than was the entrainment

mortalities, and is strongly conditional on the relative importance of density-

dependent vs. density-independent factors for post-juvenile fish. We think

that in the case of Striped Bass that density-independent factors dominate,

at least in the strong years that dominate fisheries. This is because the

Striped Bass fisheries show pronounced year class dominance. For example the

1948 and 1958 year classes dominated the fisheries in the two to five year

period after their birth. In other words the fish populations are more

dependent on favorable environmental conditions than on lack of competition

for their survival. In addition, the existence of a congeneric competitor

which is less susceptible to entrainment (White Perch) would also tend to

support this contention since the Striped Bass may not be able to recognize the

lack of interspecific competition. We therefore infer that the loss to the adult

fisheries would be roughly proportional to the loss of young fish being supplied

to it and that losses could become greater over the years as fewer spawners

return each year. However, this point is certainly open for question.



Decision making resulea based on the model results.

Justifiably concerned about the effects that the atomic plants under their

Jurisdiction would have on the fish, the Atomic Energy Commission regulatory

agency required that all future Hudson River plants would have to be equipped

with wet cooling towers and that cooling towers would have to be back.fitted on

existing plants. Of course cooling towers have other adverse environmental

features and require substantial quantities of energy to run.

In early 1974 a review panel composed to two physicists overturned our

model assumptions which had been prepared by about a dozen ecologists, engineers,

hydrologists and operations researchers over wore than two years. One important

aspect of the fish's liffe history was dismissed by fiat. I confess that I am

perplexed as to their scientific rationale. The legal decisions based on this

are currently in flux.

Consolidated Edison has dropped plans for Verplank 1 and 2 (Indian Point

4 and 5), perhaps due in part to these studies but no doubt additionally

influenced by operating difficulties of the earlier nuclear plants* However,

Con Ed has constructed and begun operation of the other large fossil fuel

plants (Bowline and Roseton, these in conjunction with other utilities) and

is proceeding with plans for Storm King (Cornwall)*, and another fossil fuel

plant (Ossining) on this T&ppan Zee. These plants, of course, are not subject

to the restrictions of AEC licensing and are not equipped with cooling towers.

All of these plants, particularly Storm King, are subject to a variety of other

fegal restraints and battles, and which "side" is "winning" appears to change

isonth by month. In the meantime there has been some decline reported in the

Striped Bass catch in Mew York waters. We would not be so rash as to attribute

•Recently Can Ed has announced that Storm King would
use only half as much water (and presumably generate only a
half as much peaking power) as previously announced.



this to power plants presently operating, but the model would predict at least

the direction of Che. catch statistics. Since many of the plants are built

and operating with once-through cooling, we may have an exceptionally nice

opportunity to test our model output with the one difficulty that since the

bass naturally go through wide fluctuations there is no way to get a genuine

check on the model's preductions. In the meantime additional large scule

research, financed by the utilities, is taking place. This will enable us to

build more precise models but would seem to us to be unlikely to change the

effects of the aggregate power plants very much.

Presently the AEC has begun a program of research aimed at eventually

placing power plants off the shore of New York-New Jersey. This decision,

like the cooling towers, will require enormous amounts of energy to implement

and will have other environmental Impacts. If these decisions were based in

part oh the results of our modeling efforts it is not at all clear to us that

the best social/environmental decisions have been made.

Various model outputs and various loyalties of modelers.

It is well known that a model can give you almost whatever results you wish,

depending upon what sort of assumptions you want to make and what numbers

you choose as representative fot your inputs and coefficients. This, of course,

was obvious to us when we started this project. What was not so obvious was how

the results of at least the early calculations and models were very much a

function of the personal convictions of the modeler. Our models, created by

a couple of ecolc^ists who also like to fish and who are, in addition,

suspicious of continued industrial expansion, predicted dire effects on t'.ie

fish. Early results of consultants to the power companies predicted negligible

effects on the fisheries. However, in this case, with time the more obvious



fallacies have been weeded out and the results of the modelers of different

persuasions have begun to converge at least with respect to the number of

fish entrained, I consider this a positive sign.

We have used what we consider to be median assumptions in our models

where parameters were not known for sure, but we have been Impressed by the

efforts that consultants to the utilities have gone to demonstrate that one

extreme or another of a poorly known parameter (whichever would give the

smallest effect on the fish) was the proper one to use. We suppose that they

chought the same of us. Yet we are impressed at how "objective" science in

this case was very much a function of one's personal convictions pertaining

to ether matters. This would appear to be the case in many environmental

matters.

We were supposed to do an objective model of the river, the fish and the

power plants. In theory this would be entered into a larger framework of

decision making in which the fish would be weighed against the plusses and

tninusses of more electricity and other matters. The fish per se probably would

not count for much in the overall assessment, although the tourist industries

directly or indirectly dependent upon the fish are worth some hundreds of

millions of dollars per year. We would suspect that more people have watched

stripers caught on (the electricity consuming) television than have caught the

fish themselves. Yet large, expensive decisions are being made on the basis of

the fish's supposed welfare, and they will probably continue to be made on

that basis. Is this good? Are the fish symbolic? Do they allow a platform to

allow people who specifically or unconsciously oppose continued industrial

expansion to have some leverage? Are we sufficiently affluent to preserve

relict pieces of wilderness along our shores? I don't know.

10



Conclusions of this study particularly pertinent to the Alta Conference.

1. The critical information needed for the evaluation of the fish

mortality predictions wu< the life history patterns of the Striped Bass, the

physical conditions of the river (flow, volume of sections, degree of mixing,

etc.) and certain parameters of power plant operation, such as volume of

cooling water used and percent mortality of fish during entrainment. The

mathematical formulations per se did not appear to be important for the correct

evaluation of Che effect of power plants1 operation and relatively simple

algebra (coupled with a large computer) appeared sufficient.

2. A number of parameters, such as density compensation of adults at

sea, could not be determined at this time with confidence from either

mathematical or biological procedures.

3. The initial results of the various models were predictable,at least

in retrospect, from the employer and subjective value preferences of the modeler.

However, with titne, the results of the different models appear to be converging

to reasonably similar results, at least with respect to predicting the percentage

of Striped Bass entrained, as cross examination continued in meetings, hearings, •.«*-

courtrooms. Nevertheless, there remains a high divergence of opinion on those

pares of the model that are not presently subject to precise analysis or on

which good data is not: available. Presently, the methods of analyses and

assumptions used continue to be predictable from the subjective values of

the modeler. However we believe our values most realistic, but I suppose the

consultants to the utilities feel the same.

However, when good, appropriately trained scientists were hired by the

utilities we have found it relatively easy to discuss the problem and even

agree upon the principal assumptions, based on analysis of the data. We look

11



forward to even more convergence of assumptions and results. Much unnecessary

litigation can be avoided by having the "opposing" scientists work out the

difference3--rather than the larger adversary systems.

4. Construction and operation of the power plants has in most cases

proceeded during the analysis of the effects of the power plants.

5. Society has procedures by which a few scientists without expertise

in a certain area can negate the work of many scientists of various pertinent

disciplines despite years of work and general agreement of the latter.

6. The scientists involved in the modeling procedure had very little

to do with the decision making process, and as a result, policy decisions

were implemented, perhaps contrary to those that might be recommended by the

modelers.

7. There was great interest in the evaluation of the fish mortality,

a problem reasonably tractable to analysis. Almost no attention was paid to

the less tractable, but more important total cost/benefit relation of the

value of environment and electricity. The decision making process tends to

be channeled by tractability, not importance.

8. However, the fish lssu. gives a lever to conservationists who oppose

industrial expansion In general. The specific issue is more easily fought

thanthe potentially more Important but vaguer Issues of fuel depletion,

regional air pollution, and thVJ&ustrlal expansion made possible by the

availability of electricity.

12



FIGURE LEGENDS

Fig. 1. A representation of several important physical and biological

circumstances in an estuarine environment. In an estuary with large fresh

water inflows, such as the Hudson River, the less dense fresh water flows seaward

above the salt water. The salt water, in turn, flews landward below the fresh

water to replace other salt water that is entrained (drawn into) the surface

freshwater. In the Hudson River the salt wedge interface can be found from

Manhatten to Poughkeepsie, depending on the amount of fresh water discharge.

The shoreward flowing salt water can be detected many tens of kilometers to sea.

The intensity of photosynthesis along the river-sea gradient is represented

as the top graph en the figure and is greatest in the vicinity of the salt

wedge. Different strategies that fish have evolved to exploit the riches of

estuaries for juvenile stages are represented by th-i three types of "spawners".

Fig. 2. The Hudson River, the divisions used for analysis (named for

towns) the approximate volume of each section, the power plants projected for

each section in 1972 and the quantity of water used by each power plant. As

a general rule the Striped Bass are spawned in or above the Cornwall section

and grow up in the Cornwall Section ot below, particularly in the vicinity

of Haverstraw Bay (the wide bay in the northern part of the Croton section).

Fig., 3. A representation of the principal model components for the

Hudson River Striped Bass population model. The principal state variable is

the fir.h population in each section. Fish are added to each section by



spawning, and by immigration from adjoining sections. Fish are subtracted

from each section by mortality, by outmigration and by entrainment mortality

from the power plants.

Fig. 4. A more or less typical output of the Brookhaven computer

program. The 8 boxes represent the 8 principal sections of the riverused for

analysis, from upstream (Coxsackie) to downstream (Croton). The circles represent

the number'of eggs found in each section week by week based on 1967 data. The

crosses represent the number of larvae and juvenile fish found in each section

based, again, on the 1967 data. The total population measured in each section

would be the summation of eggs and larvae-juveniles. Since the fingerlings

become strongly net-shy after a month or so the population estimates after July 1

should be considered minimal estimates. The solid lines in each section represent

the population estimate of the computer model without any powerplants running.

The upper dotted line represents the population estimates with 4 power plants

on, and the lower dotted line represents population estimates with all 10 power

plants on.
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GLOSSARY

Anadromous: refering to fish that spawn in fresh water but spsnd their

adult life in the sea, such as the salmons.

Density de- The biological process by which organisms are more likely
pendent compen-
sation to survive or grow at lower population levels due to the

lessening of competition or predation.

Entrainment:

Estuary:

Once-through
cooling

drawing in, such as the process by which young fish are

drawn into the cooling coils of power plants during once-

through cooling.

partially enclosed coastal regions where fresh and salt

water mix: typically river mouths.

The procedure by which power plants draw cooling water directly

from a natural water body, then return the water directly

to that environment.

Population model: A simulation of the total number of a species in a region.

May include other attributes of the population.

Primary pro-
duction

the rate at which organic material is made by populations of

green plants by the process of photosynthesis. It is the

basis for biological richness*


