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INTRODUCTION

This report concludes two and one-half years of study at Florida Power
Corporation’'s Crystal River Power Plant. Its purpose is to serve as a
decision making tool for regulatory agencies of the State of Florida and
the federal government. In particular, the Atomic Erergy Commission and
the Environmentz] Protection Agency are required to evaluate the power
plant's effect on the local and regisnal environments prior to issuance
of an operating license and a discharge permit. This report describes
the baseline conditions found at the two existing fossil fuel units
thereby serving as a basis for accessing the interaciton with the envi-
ronment of Unit 3, an 855 MWe Nuclear Power unit. In addition, this
research formed the basis for the setting of plant operating limititions
which will assure that existing ecosystems cf the receiving waters are
not significantly altered.

Environmental projects at the Crystal River Plant began shortly after
Florida Power applied o the AEC for the license to construct Unit 3 in
August, 1957. In a letter to the AEC, the Department of the Interior
(Fish and Wiidlife Service) expressed concern that the proposed once-
through cooling might be detrimental to the marine environment. As a
result, Florida Power Corporation committed to conduct a study of the
effects on the environment at Crystal River attributable to the two
existing units as a proviso to issuance of the nuclear plant construc-
tion permit in September, 1968. This survey was initiated by the Florida
Department of Natural Resources under contract with the Company and
resulted in some half dozen publications growing out of a year and a
half study. Detailed hydrographic mapping of the discharge plume was
begun in June, 1970.

In compliance with the NEPA legislation of 1969, Florida Power submitted
its original Ernvironmental Report in the Fall of 1970. On September 9,
1971, as a result of the Calvert Cliff's decision, the AEC pubiished its
revised Appendix D to 10CFR Part 50, which required holders of construc-
tion permits issued prior to January 1, 1970, to "Show Cause" why con-
struction should not be stopped pending the completion of an environmental
review. Florida Power filed the required statement October 15, 1971,
and advised the AEC that it intended to submit a new environmenta!l
report incorporating the substance of the original report and containing
the information required in the revised Appendix D. On November 23,
Florida Power was notified that construction would not be halted. The
new environmental report was docketed January 4, 1972. Three volumes
were submitted on that date and in response to further questions, two
more volumes were compiled. Eight months later, in Sentember, 1972, the
AEC Draft Environmental Statement was issued.

It became evident from the concerns expressed in the draft statement
that the federal regulatory agencies were relatively unaware of much of
the environmental research which was currently being conducted at Crystal
River and which had been done in the past despite several years of
widely circulated reports. As a result, Florida Power docketed a tech-
?1cal description/discussion of research at Crysta: River in “arch,

973.

To resolve differences and identify problem areas in the exi. ~q i.-
search, on May 10th, a meeting was held betwe 1 Florida Power and tr«
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AEC, EPA, NOAA and the Department of the Interior. At this meeting, a
revised research program was outlined which to a great degree was con-
sistent with the research then in progress. The AEC Final Environmental
Statement, issued later in May, concluded that an operating permit
should be issued but that Florida Power should produce an acceptable
environmental research program capable of establishing baseline ecologi-
cal data from which an evaluation of the effect of the operation of
Crystal River 3 could be made prior to November, 1974. An additional
goal was to provide sufficient information to make an assessment of
cooling alternatives for the plant.

The Company began to implement the revised program, continuing to uti-
lize resources from within Florida, particularly the state university
system, the keywords being accessibility and credibility. On June 11th,
Florida Power docketed the proposal describing the implementation of the
revised research program which would comply with the expressed concerns
of the federal agencies. The scope went beyond that for the third unit
to a consideration of the impact of units 1, 2, and 3. This was to
ensure that the EPA would be supplied data acceptable in making its
assessment for the discharge permit (NPDES) for all three units. On
June 27, 1973, the most significant meeting to date was held at the AEC
offices in Bethesda, Maryland with federal participation which included
the AEC, Department of Interior, EPA. and NOAA. At this meeting, the
revised research program was essentially accepted. Two exceptions
required that the direction of the plankton program be modified and
ongoing independent statistical analysis of the program be performed.
Finally, the concept of an interagency team to give direction to and
monitor research progress was formalized. The need for the interagency
team was strongly supported by Mr. Nathaniel P. Reed, the Assistant
Secretary of the Interior for Fish, Wildlife and Parks, and Mr. Jack
Ravan, Region IV Administrator of EPA. By September, the plankton
program and a statistical overview proposal had been accepted.

On October 15, 1973 the AEC officially designated the membership of the
Interagency Governmental Subgroup (the interagency team). This team

has met once each quarter since its inception. At these meetings, the
researchers elaborated on their findings and the interagency team could
make comments and criticisms of any part of the program. Because all
the principais were present, it was possible t resolve program issues
immediately thereby avoiding much of the delay in approval usually as-
sociated with this type of program. The importance of the concept of
continual governmental participation through such an interagency sub-
group cannot be overstated. It allowed the federal agencies an improved
method to insure that the proper environmental information was being
generated to assure the technical basis for responsible licensing deci-
sions. In addition, by continued governmental participation, those who
must make these decisions are well enough informed to make judgements.
From the Company's standpoint, Florida Pcwer has the assurance that the
data and methods are acceptable to the concerned agencies, without risk
of loss in time and can be confident that permits will not be delayed as
a result of inadequate enviornmental information.

This report stresses only those areas where the existing environment and

the power plant interact, primarily those immediate to the intake and
dizcharge canals. Specific studies included .1) a survey of the benthic,
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pelagic, and planktonic communities of the intake and discharge canals,
the inner bay area (that area under the plant's influence) and the outer
bay; (2) the effects of entrainment on plankton dominants; (3) a model-
ling of all major communities to identify the major components and
pathways; and finally (4) a benefit-cost analysis which looks at the
power plant and its system at the regional level. A uninvolved third
party was enlisted to provide overview and to evaluate statistical
procedures. Supporting information to aid in the assessment of cooling
alternatives is supplied in the appended reports by the consulting firms
of Gilbert and Associates and Dames & Moore. A benefit-cost analysis
of alternate cooling schemes vs. the designed once-through system is
also incorporated.

I=5



PROGRAM OVERVIEW AND STATISTICAL REVIEW
LAW ENGINEERING TESTING COMPANY



In response to a request by Florida Power Corporation,

Law Engineering Testing Company contracted to participate

in The Crystal River Environmental Research Program to Meet

Current Federal Requirements. Responsibilities in this pro-

gram includad acting as a disinterested third party for

purposes of:

A.

Meeting with individual principal investigators as
requested by Florida Power Corporation preliminary to
obtaining final year of data in the Crystal River
study. These meetings were for purposes of obtaining
information on various objectives, proposed statistical
models, and tests.

Reviewing quarterly data of various phases of the
Environmental Research Program at Crystal River for
purposes of providing statistical control and over-
view functions. After each review, a summary report
was furnished to Florida Power Corporation.

Meeting with individual principal investigators during
the ccurse of the study as requested by Florida Power
for purposes of providing statistical consultation.
eeting with interagency personnel as needed and re-
quested for purposes of discussing objectives, statistical
models and significance likely to be obtained therefron

on each phase of the Crystal River Research Program.

These responsibilities have been fulfilled to date and are

represented by a series of summary ceports submitted to Florida

Power Corporation. These professional services were supplied by

Drs. Don E. Henley, Limnologist and Robert T. Lackey, Statistician.
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1. ABSTRACT

This is the report of a contract between the Systems Ecology group
of the Department of Environmental Engineering Sciences, University of
Florida and the Florida Power Corporation summarizing many studies of the
estuaries at Crystal River and the impact of the power plants. Models,
energy evaluations, and measurements of five estuarine ecosvstems were used
for an evaluation including the effects of entrainment, temperature,
circulation, and economic costs on the shallow inshore bottom dominated
bays, deeper bays where plamkton is more important, oyster reefs, salt
marshes, and intake and discharge canals as well as the larger power shed
region. Impact on the estuary was compared with impact of proposed cooling
towers to determine which alternative maximized generation of total value
by the combined system of man's economy and the production processes of
nature. An energy cost-benefit procedure showed a cooling system utilizing

the estuary to have much greater value than a system of cooling towers.
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2. SUMMARY AND RECOMMENDATIONS

This is an evaluation of the present and proposed systems of power
plants and estuary at Crystal River, Florida. After seven years of operation
the power plants, the adjacent estuary, and the circuiation of water
between plant and estuary have developed patterns cf marine life involving
adaptation of ecosystems to the plant and vice versa. The plant is like a
gliant consumer, absorbing some of the plankton and swimming.life, returning
them as nutrient materials to the estuary along with some increase in
temperature and current velocity. This circulation has been substituted
for the coastal circulation that existed before the plant and its barrier
were constructed. A new plant now under construction (Unit #3) will increase
the flow and thus the area of influence of the consumer (power plant)
interactions. This report summarizes studies of the several estuarine
ecological gubsystems affected by the plant and suggests the changes that
may follow w«ith the additional plant. The observed and possible positive
and negative effects of the plants on the estuary are compared with alter-
natives such as cooling towers using a new energy cost-benefit approach.
The economic vitality of the region served by the Florida Power Corporation
is dependant on maximizing the total useful work including that of man and
that of nature in the estuarine ecosystems. The losses in useful work
associated with the estuarine impact are far less than the losses that
would result with building cooling towers.

Ecological subsystems stuc _ed include (1) a shallow inshore bay
dominated by bottom plants and animals, (2) marshes with their tidal

creeks into which larger fishes, eshrimp, and crabs come and go, (3) oyster



reef bars, (4) the deeper waters further out, in which plankton ecosystems
are more important with fewer bottom organisms, and (5) the new ecosystems in
and along the power plant intake and discharge canals. Measurements of
predominant organisms, the general diversity of life, overall metabolism
and energy budgets, and nutrient cycles that are a part of these, show
relatively small differences in the areas affected by the plant and areas
measured nearby. Only the inshore bay ecosystem in the direct path of the:
outflow showed a significant decrease of about 50% in total metabolic work
and related indices. The area of this shallow bay exhibiting depressed
metabolism under present conditions of once-through cooling of two units
is about 175 acres.

Simplified overall energy models were used to provide perspective
on the interaction of parts of ecosystems, the effect of more circulation,
the effects of temperature, and plant impact. Computer similations were
run on each of the subsystems to determine consistency of the concerts of
how the estuary works with observed data. As finalized, the computer graphs
of seasonal change produced by the models were giving patterns similar
to the observed seasonal trends of data. These model studies included the
action of temperature as an accelerator of constructive processes and as a
disordering destructive process as is well established in biological studies
of temperature effect on life. These models were simulated with conditions
expected for the new plant (greater flow and slightly increased temperature).
The effects on the general productivity weve predicted to be within 30%

of the present condition.

If built, cooling towers for units 1, 2, and 3 would require a flow

I-15
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of monoy of 17 million dollars per year and thus an energy diversion of

540 z 107 Kcal of fossil fuel equivalent work per year. Presently, the effect
of the two operational units is a reduction of present estuarine energy flow

in units of equivalent ability to do work only about 1 % as much as the
energy flow associated with cooling towers. If the effect on the estuary
increases to 64 x 109 K:al as predicted in this report from the increased discharge
of Unit 3 the factor favoring estuarine cooling becomes 50 to 1., The energy
flowing throughout our rational economy to supply 17 million dollars worth

of goods and services to build and maintain a coolirg tower is estimated to

be /. ' from purchased fossil fuels and 30% from the free services to the

economy from work of the environment such as absorbing and recycling wastes.

In other words, 30% of the energy cost of the cooling towers is environmental
impact elsewhere. This effect in 100 x 109 Kcal of fossil fuel work equivalents
per year is about 2 times greater than the 64 x 109 Kcal/yr of impact on

the estuary.

In summary, energy evalvations show that the system of power plants and
esturrine cooling as they are after an adaptation period is economically and
ecologically more competitive than the proposed alterratives of cooling towers.
The estuarine ecosystems after adaptation are somewvhat different from unaffected
ones, but within the range of energy budget, metabulism, diversity and prod-
uctivity of fishery species of other Gulf Coast estuaries.

Calculations were made to show the power needs for the region using the
new concept of energy investment matching. The carrying capacity of the
Crystal River Power plant region for economic development based on purchased

energy sources from outside is calculated as that levei with as high a ratio of

natural free energy contribution to match purchased energy as competitors.
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This ratio (na:ural to bought work rates) is about 1.0 bought to 0.4 natural
for the United States (1970'. Since this ratio is declining along with
world fuel supplies, the maximum carrying capacity for fossil fuel work
is estimated to be declining trom present value of 45.3 x 1012(P1U!) Kilo~-
calories per year. Allowing 637.' of this for electric power generation
and converting to electrical units, the ultimate power needs of the
region served by Crystal River units are calculated to be 1890 megawatts,
similar to the capacity of the present plants and those under construction.
This calculation predicts little further power plant development, although
there may be further . onomic development in the less populated areas around
the plants. The impact of the plant on the estuary should not be judged
as one of many yet to come.

For the start-up of the third pl t, we recommend that any judgement
as to the effects be reserved until after the initial transitional period
of adaptation is over. In order to allow observation of the adaptationm.
Since the new adaptations that will follow the addition of flow froa the
third power plant will require at least one year, we recommend monitoring
for key indices of the ecosystems through a two year transition pericd.
A buny for continuously measuring total metabolism has been constructed
and is now operational for scanning each of the affected ecosystems by
rotating every week. (See section 6 of this report). Zooplankton diversity,
larger fisles caught by nets in aarsh creeks, and visual scanning of bottom
ecosystems are aaditional techniques for a long range, low cost, monitoring
of the estuary during the transition.

-
Percent for United States in 1970,
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SUMMARY

SHALLOW INSHORE ECOSYSTEM OF BOTTOM COMMUNITIES
AND THE ®FFECT OF THE POWER PLANT DISCHARGE PLUME
Wade Smith

The heated discharge of Florida Power Corporation's power plants near
Crystal River, Florida first flows into a shallow estuarine basin of about
one meter average depth consisting primarily of benthic animals and plants,
and expecially one species of seagrass, Halodule wrightii (formerly
Riplanthera wrightii), This bottom dominated ecosystem is influenced by
oyster reefs on its boundaries and mud bottoms adjacent to the salt marshes
on the landward edge. (See Fig. 1, 2, and 3.) As part of a larger project
to assess the enviromnmental impact of these plants and a third under con-
struction, total community metabolism has been measured since the summer of
1972 4in this basin and similar benthic dominated areas to the south and
rortk. Measurements from this study and data from concurrent studies by
others were concined with models and computer simulations to evaluate the
effects of present and future plants.

Total community metabnlism was measured with the complete diurnal
method and a more approximate Jawn-dusk-dawn method. A marked seasonal
pattern of daytime net photosynthesis, might respiration, and gross
production was evident in the control areas with lowest values in winter,
highest in summer and fall. Values in the control area were similar regardless
of season. Winter values were similar in the two areas, but were 2 to 3

times higher ir the control areas during spring, summer, and fall.
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The range in values of gross production of 2 to 10 g Ozllz.dl measured
in the Crystal River region are very similar to those measured in th:
many different types of bay systems of the Texas coast (Odum and Hoskins,
1958; Odum and Wilson, 1962), falling within the lower two-thirds of the
range of values recorded there (Odum, 1967). Odum (1963) reports seasonal
patterns and levels of metabolism for Redfish Bay,a Thallassia and Halodule
dominated Texas bay which is much like the control areas at Crystal River.

Light and dark bottle measurements of water column metabolism excluding
larger organisms indicated the benthic dominance of metabolism except in
spring. In the discharge bay water column metabolism ranged from 3.10 g Ozlnzoda
to 0.81 g Ozlmzvda. being highest in spring based on only two measurements,
and considerably lower in summer and fall. In the control areas the average
value ranged from 3.14 g 02/n2°da to 0.54 g Ozlmz'da and was also highest
in spring and lower in the fall.

Plankton production was a larger portion of total production in the
discharge area than in the control areas ranging from 752 of total production

in the spring to 23% in the summer and fall. In the control area it was

33% in the sp~ing and 7% in the fall.




SUMMARY

METABOLISM AND MODELS OF OUTER BAY ECOSYSTEMS
AFFECTED BY THERMAL PLUME

Hank McKellar

This chapter evaluates the effects of the coastal power plant at
Crystal River, Florida on the outer bay ecosystem. Considered were the
net effects of the thermal discharge, canal spoil banks, and plankton
entrainment on ecosysterm energy flow. An energy circuit model was
proposed for the bay ecosystem's structures, functions, and interfaces
with influences from the power plant. The major energy flows and storages
of the model were evaluated with field measurements and with supporting
information in the literature. Evaluated models for both "discharge" and
"control" bays were compared to show differences due to the new design of
ecosystem parts and processes which developed in adaptation to power
plant iufluence.

Power plant influence on total biological energy flow was small
with less than 102 difference in annual averages of community gross
primary production (5.58 and 5.22 g organic -attcr/nzlday in the control
and discharge bays, respectively). During August, September, and
October, net daytime production in the c¢ischarge bay was significantly
lower than in the control bay by about 15Z, poesibly indicating some
degree of photosynthetic inhibition following the warmest months of the
year. Some evidence was also found indicating a spring time stimulation

of respiration and photosynthesis in the discharge bay.
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In general, bottom metabolism in the control bay was more important
than the plankton. Gross planktonic production usually comprised less
than 50% of the total community gross production. Power plant influence
in the discharge bay apparently led to more plankton dominance in community
energy flows with gross planktonic production generally greater than
50% of community production. Annual average gross planktonic production
was 1.93 and 3.06 3/nzlday for the control and discharge bays, respectively.

Rates of zooplankton respiration per unit body weight were found to
change significantly from winter tov summer (0.006 g/g/day and 0.028 g/g/day,
respectively)although no differences could be shown between control and
discharge bays. Daily oxygen consumption by zcoplankton was between
3% and 9% of total planktonic respiration and between 0.52 and 1.5% of
total community respiration.

Planktonic chlorophyll-a in both bays fluctuated from winter concentrations
around 1 mg/m3 ro spring and summer peaks around 5 mg/m3. Although no consistent
differences were demonstrated between the two bays, the annual average
in the discharge bay (2.97 g/n3) was about 34% higher than in the control
bay (2.21 g/m’).

Total phosphorus in the water column fluctuated from winter concentra-
tions around 30 mg/l3 to spring and summer values around 60 ng/lJ. During
most of the year, concentrations in the discharge bay were 20 to 40%
higher than in the control bay. This trend was offset by higher levels
in the control bay during spring phyto,lankton blooms. Annual averages
¢t total phosphorus were 40.9 -3/33 amd 44.1 lg/l3 for the control and
discharge bays, respectively. Dissclved inorganic phosphorus was

consistently higher in the discharge bay by about 10% indicating possible
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effects of increased temperatures on recycling inorganic fractionms.

Chlorophyll-a and total phosphorus concentrations in the power plant
canals were similar to those found in the bays. As was found for the
discharge bay, the discharge canal always had higher concentrations of
dissolved inorganic phosphorus than the intake canal.

Distinct gradients of chlorophyll and phosphorus concentrations were
found across the continental shelf adjacent to the power plants.
Chlorophyll-a concentrations in inshore waters we > found to be more than
an order of magnitude higher than concentrations found at stations over
the outer shelf. Similarly, total phosphorus at inshore stations was 30
to 80Z more concentrated and particulate phosphorus was 100 to 200% more
concentrated than in offshore waters. The seaward effecr . nower plant
influenca2 on these materials could not be distinguished from the = _ idients.

The combined information on system metabolism and organisms biomasses
indicated that the total system turnover rate during the summer was faster
in the discharge bay. Total organism biomass (48.5 g/nz) in the discharge
bay was about 30 lower than in the control bay at 66.8 g/mz. With similar
rates of total metabolism, respiration per unit biomass was correspondingly
higher in the discharge bay. To*al system turnover times for the control

and discharge bays were 15 and 11 days respectively.
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SUMMARY

OYSTER REEFS AT CRYSTAL RIVER, FLORIDA
AND THEIR ADAPTION TO THERMAL PLUMES

M. E, Lehman

Intertidal oyster reefs receiving thermal effluent from power
plants were compared with those unaffected nearby. Field measurements
of biomass gave area-weighted estimates of 253.4 g/m2 (dry meat
weight) for the thermal area, and 256.4 p/m2 for the control area. The
American oyster, Crassostrea virginica, comprised 78% of the total
consumer biomass in the thermal area, and 47% in the control area.
Lower species diversity in the thermally-affected area may reflect the
greater oyster dominance. Spawning rates of c/sters were similar in
both areas with less seasonal variation in the plume-warmed waters.
Total community respiration of reefs in the thermal plume was 20.9 g/
mzlday. Respiration of reefs not in the thermal plume was 15.7 u/mzl
day. Underwater metabolic rates of thermally-affected reefs were six
times greater than rates during exposed periods at low tides. The
underwater rate was three times the exposed rate for reefs not re-

ceiving thermal effluent.

1-23




Simple models evaluated and simulated to help understaud present
conditions showed increased turnover times of storages in the thermal
model. Over-all structure and function were similar in the two models.
Simulation of future adaptation to additional thermal influerca gug-
gested a dampening of seasonal variation in certain standing stocks
with some stocks being reduced. Increased temperatures as much as 4°C
altered reef stocts less than 20%.

The value of oyster reefs in the energy budget of the estuary was
calculated for use in ewnvironmental impact statements. Similarities
of reef system s:ructure and function, and comparable energy budgets,
of thermally-affected and unaffected reefs, suggests successful adap~-

tation of reefs at Crystal River to thermal plumes.
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SUMMARY
ECOBYSTEMS OF THE INTAKE AND DISCHARGE CANALS

W.M. Kemp

The power plant's intake and discharge canals represent significant
components of the coastal areas near Crystal River. The ecosystems within
the canals have developed in response to the energy sources and stresses
provided by the power plant. Because of their proximity to the power plant
and since they are strongly influenced by plant activities, the canals' offer
a reasonable point at which to monitor the effects of power plant operation.
Field work from June to January, 1974, and computer simulations are presented
which attempt to characterize these ecosystems.

Total gross primary production in the canals ranged from 6 to 22 g/mzlday.
Average primary production in the intake cinal was 35" greater than in the
discharge canal, perhaps owing to the greater dejpth of the euphotic zone in
the intake canal and to thermal and chlorine stresses in the discharge canal.
Also, P/R ratios were slightly higher in the intake canal.

Gross planktonic productivity ranged from 0.17 to 16.9 g/nzlday and was
about 2.5 times greater i- the intake canal than in the discharge canal.
Planktonic production accounted for about 362 of the total production in the
intake canal and about 21% in the discharge canal.

Total animal biomass in the discharge canal, dominated by a littoral
community of oysters, barmacles and crabs, was about 70% greater than in the
intake canal system. The intake canal intertidal animal community was
dominateda by the small porcelain crab, Petrolisthes sp. with mud and stone

crabs contributing substantially to the overall biomass. The intake




canal benthic intertidal animal community was 467 more diverse than the

discharge canal.

An energy circuit model is pronosed which illustrates some major
characteristics of this ecosystem, with emphasis of consumer components.
Simulations were performed to test the model's response to varying rates of
plankton input, benthic consumption of plankton and detrirus, fish

immigration, fishing pressure, and water flow.
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SUMMARY
CHARACTERISTICS OF TIDAL CREEKS RECEIVING THERMAL DISCHARGE

Mark Homer

Results of the first months of sampling are i.cluced in this report.
Fish biomass levels in the control creek peaked in July at 4.6 g wet v.ight/nz.
while discnarge creek fish biomass reached its highest level in September
at 3.7 z/nz.
Lower divarsity levels for the first five mor.ths of sampling were
found in the discharge creek. Diversity in species per 1000 ranged from
9.5 to 20.5 in the discharge area and from 13.5 to 23.5 in the control creek.
Preliminary measurements were made at planktonic and sediment metabolism
using light and dark bottle methods. Gross production ranged from 1.83
to 2.29 g 02/n3/day in the discharge creek area and from 1.29 to 2.82 g 02/n3/day
in ghe control area. 24 hour respiration ranges were 1.34 to 2.16 g 02/n3/day
in the discharje creek and 1.24 to 2.21 g 02/m3/day in the control creek.
These values were similar to those measured in the shallow inshove bay
system of basin #1.
A few preliminary fish production values were calculated for two species
of resident killifish, Fundulus grandis and F. similis of age class 0.
In the control areas, production values for F, grandis ranged from
-0.22 to 18.9 x 10°2 g wet wt/m’/mo, while those for F. similis ranged from
1.35 to 21.34 x 1072 g wet vt/lzllo. In the discharge area F. grandis
production values ranged from -0.21 to 1.51 x 10'2 g wet wt/nzllo. while

those for F. similis ranged from -0.05 to 13.54 x 10“2 g wet wt/uzlno.
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3. ENERGY EVALUATION OF COOLING ALTERNATIVES AND REGIONAL IMPACT OF
POWER PLANT AT CRYSTAL RIVER, FLORIDA *
W.M. Kemp
Department of Environmental Engineering Sciences
University of Florida, Gainesville 32611

In keeping with the requirements set forth in *ne National Environment
Policy Act(NEPA,969)Florida Power Corporation hasestablished and supported a
multifaceted research program to investigate the impact of the Crystal
River electric power generating plant on the region with which it interacts.
Together, the various components of this research effort are intended to
characterize the relationship of the existing two-unit plant with its
environment. In addition, effort has been made to project this understanding
to anticipate any further impact which would result from the operation of
the third unit . Future rescarch monitoring programs will be maintained
to detect any further environmental changes.

To assist in organizing the many aspects of this project, models have
been developed as a format for assuring comprehensiveness of the fieid
program and for understanding the interrelationships of the research tasks
and of the parameters being measured. Model simulations have helped to
predict the general consequences of proposed power plant changes and have
led to identification of sensitive ecosystem parameters for further scrutiny.
This report provides such models and data synthesis toward an understanding
;T_TE:-;onccptl provided in this report include inputs from many participants
of this and related projects in the Systems Ecology Program at the University
of Florida. A summary of the important concepts can be found in Odum, H.T..
Energy, Value, and Money, in C. Hall and J. Day (eds),Models as Ecological

Tools: Theory and Case Histories (in press) Special contributions from
C. Kylstra, W. Boynton, S. Bayley, and J. Zucchetto are gracefully acknowledged.
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of the effects of the power plant on the estuary. An overall evaluation of
the impact of the Crystal River power plant on its regional environment
under several management alternatives is quantified using an energy cost

benefit analysis technique.

Methods and Concepts of Environmental Impact Analysis

and Regional Planning

The concept of environmental impact assessment was developed to "insure
that presently unquantified environmental amenities and values may be given
appropriate consideration in decision making along with economic and
technical considerations "  (NEPA , 1969). The mandate of this law requires
that environmental impact assessment be directed toward regional design and
planning for a vital economy of both ran and nature. It is essential in
this planning process that impact .f human activity on "natural" work
functions be understood so .nat man's structures and functions can be designed
to maximize the sum of both mature's and man's work, coupled together in the
1egional economy. We suggest that the overriding notion which dictates
surviving patterns, and upon which all planning effort must be based is
the Lotka maximum power principle. Our efforts to evaluate the role of
the Crystal River power plant in its regional environment through modeling
and energy cost-benefit calculations are rooted in the essence of the
Lotka principle. The following few paragraphs are pr-vided to explain
this principle and its corollaries as preface and ¢ .planation to our methods

of environmental impact assessment.
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Lotka Principal of Maximum Power for Regional Design

The Lotka principle states that any system will tend (o prevail,
prosper, and survive in competition with alternatives if it utilizes all
its energy resources to maximize its useful work value. In order to maximize
its value a system must build adequate structure to maintain flexibility
in competitive functions and channel its energies into feedback pathways
which further increase its total power budgets. Furthermore, a system of
man and nature such as a region containing estuaries, power plants, and
human settlements makes best use of its available energies by building
intricate structures which emphasize partnerships, symbioses and diverse
functions, and avoid unnecessary waste. Translated specifically into
management questions in the Florida Power Corporation pcwer shed, the
pattern of power plant, man, estuary, and the economy of circulating
money which develops a compatible fabric, maximizing the useful work of the
entire region, will maintain an economically competitive position and
ultimately be regarded as reason.tle, correct, and desirable by component

individuals who adapt as part of the surviving system.

Converting EnergyValues to Work Values Using F 2rgy Quality

It has been recognized for some time in the fields of engineering
and physics that all types of energies do not possess equal ability to perform
work (Tribus and McIrvine 1971; Evans, 1969). In such a large, diverse
region as that which is directly influenced by Cryatal River, there is
a broad spectrum of many kinds of energies contributing various work functions

in the system. The analysis presented in this report tabulates and compares
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magnitudes of energies flowing into and out from the region, and attempts
to eastablish management schemes which will maximize the overall work —ralue
of these energies to the system.

Since measurements and reported data are usually given in terms of
erergy flows rather :“han "useful work accomplishments" but since it is the
latter in which Lotka's principle and our analysis are ultimately interested,
the general ability of a given flow of a given kind of energy to do a unit
of work becomes a key issue. We therefore introduce the notion of energy
quality which we define as the ability of a unit amouit of energy to perform
a unit of work (work value). On a relative scale the energy quality or
"work concentration" for one energy type can be quantified in terms of
another type. An energy quality ratio (EQR),then, is the ratio of the work
values of two different cnergy types, and a system of energy quality ratios
can be developed with the work concentration of a given energy type being
se. equal to unity. This energy type is thus given unit quality and is
then usedas the common basis to which all other energies are compared.

Only when energies of various quantities, concentrations and sorts
are converted to a common basis using energy quality ratios 1is their work
value comparable. We calculate ther: JOR's /*ark concent ation factors) by
investigating a given work process which ¢-- e performed by more than one
energy type. The kilocalories of energy (in terms of hear content) required
to do this work by a given kind cf energy is i~versely prcportional to itr
quality. A recent paper by Odum (1974) provides an example calculation
in which it is shown that electrical energy is about 3.6 times as concentrated

to suppor: work as is the thermal energy of coal. It costs about 3.6
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calories of energy in the form of coal (including cost of maintaining
the installations involved in the conversion) to make one calorie of
electricity. Calculations for all of the energy quality conversion ratios
used in this report are given iu Appendix C.

Some of these work concentration factors are calculated from only
one of two examples, but others utilize numerous data sets to document mean
EQRS. It is thought that the caergy quality ratios will vary some depending
on the actual concentration of energy per unit area, that 1is, 150 feet of
water head can generate electricity more efficiently that can 25 feet of
head. Therefore energy concentrations common to northern Florida were used
wherever possible. While the exact magnitudes of these energy quality ratios
are somewhat variable from situation .to situation, we are confident that
those used in this report are reasonable.

In an earlier report (Odum et al., 1973) the EQR of primary production
of sugar was set equal to 1.0 and work concentration factors were related
to it as a common basis for comparison of work value. Calculations in
this report utilize the EQR for the work of fossil fuel energy as the
common level for comparison,since fossil fuel work dominates most regional
sytems in this country. Where relevant, totals are also given in terms
of 1973 U.S. dollars, realizing that most readers will have a better sense
¢f the work associated with dollar rather than fossil fuel magnitudes.
Table 1 summarizes the energy quality ratios used in this report as calculate.

in Appendix C.
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Table 1. Energy Quality Ratios (Work Equivalents) for Various

Kinds of Energy Flows at Concentrations Typical for Florida.*

Energy Type Reference tn Sugar Fossil Fuel
Appendix C Equivalents Work Equivalents
Sunlight 1 0.01 7 x 107
Winds 1 1.8 0.13
Tides 2 6 0.4
Waves 3 3 0.2
Water Head 4 25.5 1.7
Water as Dilutant 5 15 1
Sugar 7 1 0.7
General Water 6 0.2 0,014
Kinetic Energy
Wood 7 2 0.14
Coal 7 10 0.7
} 15
Fuel Ci1 7 20 1.4
Electricity 7 50 3.6
Dollars 45 x 10 3 x 10

* Work equivalents are genmerally greater for energy flows found in high

concentrations - viz., the amount of work per Kcal of water head is greater

for a larger head than for a smaller.
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Mixtures of High and Low Energy Quality

Within the network of both "natural" ecological systems and the
economic systems of man, as well as within the combined systems of both
which must be considered in regional evaluations, many components of varied
energy qualities occur working together. The work of lower energy quality
units and functions ‘evelops higher quality ones, which in turn feedback
special services of management ard recycle for the effective functioning
of the whole system. For example, in biological systems one observes
food chains converging in the high quality functions of larger complex
animals that have management roles in the ecosystem. The pattern of dis-
tribution for these various system comp ments whose energies are of different
qualities emerges in a distribution resembling the classical power spectra
of molecular energies, ocean wave frequencies, or turbulent eddy energies.

The extent to which high quality components can be developed in a system

(both in terms of level of quality and numbers of units at the highest
qualities) is dependent on the magnitude of the total energies available

to the whole system. Higher quality units are more energy expensive to
maintain, and the expense increases with quality in an apparent logarithmic
fashion. High quality functions must be supported and maintained by a
broad base of lower quality wocrk functionms.

When a system is complex, branched, and running on several main
sources of energy, one must develop models and diagrams to suggest what
are the main means by which the overall condition of surviving maximum power

is developed. An example of such a complex system is the food web of the
estuary at Crystal River. Fig. 1. in Section 5 of this report is a diagram

of this system. In Fig. 3. of Section 5 the trophic web system is
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rearranged into general work functions. Since all work functions are of
equal value to the overall operation of the system, the higher trophic

levels which process less energy have a greater work value per unit energy.

Transitions and Steady State

When a modification is made in a regional pattern, there may be
transition periods in which subsystems change and substitute as part of
the adapting and selecting processes, ultimately leading to a new kind
of steady state that maximizes power under the new conditions. For
ultimate planning, the temporary losses as one system replaces another
should not be the primary long range questions as to desirability of
alternatives, although they must be included in calculating the total loss
or gain in replacement. Evaluation of the impact of adaptation to new
conditions required a diversion of energy and will usually be manifest as
a temporary negative to the total system. For example, a significant
impact could result from starting up a power plant or in stopping it after
adaptation, but the main issue should be the nature of the new steady

state after adaptation has occurred.

At Crystal River there has been an adaptation period of over
7 years since the initial plant operation, and the adapted system

which is well tuned to its environment (including the Crystal River
power plant) has had sufficient time to develop. Under the

additional special energy conditions associated with the power plant,
(ultimately from fossil and nuclear fuels), certain changes in the estuarine
ecosystems have occurred with new adaptations developing and replacing some

previous ones. The new external energies, while displacing some previous
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values, are also the basis for additional work value to the region. The

energy users that will prevail are the ones which make the best use of the combined

energies in accordance with the Lotka principle.

Ultimate Evaluation on Large Scale

In evaluating alternatives and making choices in management questions,
such as the best method for cooling a power plant, the ultimate decision
must be determined by that alternative that will maximize the power of the
overall larger scale system of estuary, terrestrial system, and human
economy all considered together. The various economic decisions of man
are a part of the overall self design process for maximum work value but
typically do not consider the large supporting and free energy flows of
nature. In evaluating the environmental impact of the Crystal River
power plant, the scale of analysis must be one-step broader than the local
area of impact. This is because significant work value effects result
from energy exchanges across the local boundaries of that area. While
components interact at the scale of their own system, the system which
they comprise further interacts as a component in a larger system, and
so on, through a cascading hierarchy. Fig. la and b and 2a and b illustrate
the regional scale for analysis of power plant effects, and Table 4 gives

the method used for calculating the areal extent of this region.
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Table 4. Calculation of Terrestrial® and Horinob Areas Affected by Crystal River
Power Plant.

TERRESTRIAL REGION AREA

A, = area land region = A G
1 . ps ‘aﬁf"

A, = Area of 32 counties in Floride Power Corp. Power Shed
? = 23,878 mi?

Gcr = Electric Power generating capacity of Crystal River plant /3 units)

= 1690 Mw
G & = Electric Power generating capacity of al!l power plants in
P 32 county area.
= 4453 Mw
A 2 1690

1

23,878 mi~ x (m’) = 9062 miz

“This calculation is based on the assumption that the land region affected is that
portion of the total Florida Power Corporation power shed equivalent to the fraction
of the total Florida Power Corporation power generation provided by the Crystal River
Plants.

MARINE REGIONAL AREA

A = Area Marine region = L x h
m cr

- -c“ . 3 . = h
beo * L. (Gvs) t heQxT/ Leg/ d: d =

Ry ® length of shoreline in power shed = 308 mi.

Ler™ length of -hogelinc affected by Crystal River = 117 mi.

Crystal River plant water flow = 2940 fr.3/sec.

o
"

T = estimaced life of plant = 30 yrs.

a.
L]

depth of volume affected by Crystal River distributed over
A" 4.97 fc.

h = width of area affected by Crystal River = 30,218 ft.

A, = (30,218 fr.) x (4.97 £t.) = 1.867 x 10'0 £c.% @ 1 74 x 10° w2

bThc affected marine area is calculated assuming that the maximum water volume affected
would be that which is pumped through the power plants during their operational life.
It is also conservetively assumed that no water parcel is ever pumped more than once.
The length of the coastal water area effected is calculated by pro-rating the total
coastline in the power shed by the fraction power contribution by Crystal River units.
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Subsystems

Model building for the purpose of evaluating contributions to
maximum work value is complicated by subsystems that develop specialized
adaptations to particular combinations of energy flow cf man and nature.
At Crystal River, where shallow bay ecosystems, deeper plankton-domi-
nated ecosystems, oyster bars, and salt marshes interact with one
another as subsystems of the greater estuary, the power plaat is yet
another susbystem that has some similarities to a reef of plankton
consumers. New ecosystems are developing in the power plant canals
as a result of the unique combination of pumping, channeling, barge
stirring, and thermal energies occurring there. Each of these old and
new subsystems including the power plant technology itself becomes
linked to the other systems as the plastic ecological components go
through an adapting and selecting process. The total work value 'mich
results is maximized as symbioses develop between subsystems so tlat
the energies of one help functions of the other. The subsystem inter-
connections cycles, population management service, migrations, and spa-
tial and temporal timing of behavior in harmonious schemes. Any over-
view of energy flows and regional design toward maximum work value (and
thus, survival) requires models that recognize symbiotic pathways of
functional exchange in systems as they ultimately emerge surviving
from the adaptive and self designing process. Figure 1 in the preface
to Section 4 illustrates the interrelationship between subsystems in

the estuary adjacent to the Crystal River power plant.

Energy Cost Benefit Table

Once a model for emergy pathways and the main subsystems is drawn

and evaluated for each alternative of special energy management ap-
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plication (Figs. la & b, and Figs. 2a & b) one may summarize the total
work done by tabulating the total energy inputs after comversion to

the same concentration level. Each alternative considered affects

its own particular energy gains and losses. In many cost-benefit
analyses such as for Crystal River, the changes in work value associated
with various alternative plans, although significant in themselves,

are small in comparison with the total regional work value. Therefore,
a tabulation includes just the changes in work value for each alter-
native related to some base (e.g. primitive) conditions. The system
with the higher total energy flow per area per year is the one that

will ultimately survive since it is the system with the higher re-
sources for itself and its ability to withstand competitions from with-
out and from within. It is the system that provides the most total

real work to the combined pattern of man and nature. The system with less

total work will falter in economic and ecological competition.

Energy Budget for the Coastal Zcne Region Influenced by the Crystal

River Power Plant

Given in Figs. la & b is a general model of the main energy flows
in the region 'nfluenced by the operation of the Crystal River power
piant. The main energy flows into and out of the regional system are
given in terms of their raw heat content (Fig. la) and their respective
fossil fuel work equivalents (Fig. 1b). Corresponding to these diagrams
the main components to the regional energy budget arc listed in Table
2. The details of calculation for these energy fluws are given in

the footnotes following the table.



Table 2. Ene y Budget for lcgiou‘ Affected by Crystal River Power Plants

Foot- Heat Cou{z Energy Qual- Work Value
Source note (Kecal x 10 ity Ratio Fossil Fuel
(fossil fuel) Equiva}intl
(x 1079)
Free:
Wind 1 2.3 0.13 0.30
Tides 2 2.5 0.4 1.0
Waves 3 0.3 0.2 0.06
Fresh Water Head 4 0.2 7 | 0.34
Freshwater 5 0.3 1.0 0.30
(as dilutant)
Productivity
- Land 6 343.0 0,07 24.01
- Estuary 7 15.8 0.07 1.11
Subtotal Free 362.4 7. 12
Purchased:
Power Plant Puel 8 +23.0° 1 23.0
Crystal River
Others 9 (44.6) 1 (44.6)
Other Fuels 10 +22.3b 1 22.3
Goods & Services 11 +52.7° 1 52.7
Imported
Exported 12 -9.9° 1 -9.9
Tourists & Cap. 13 +56.0° 1 56.0
Invest. S,
Subtotal Purchased 144.1 144.1

Total

506.5 x 10*%Kcal/yr

171.2 x 10*%Kcal/yr

a See Table 4 for calculation of size of affected regionm.

b Fossil fuel work equivalents.
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Footnotes to Table 2

(1) Wind: Power, Pwd = (drag) x (velocity) =D » y=1/2p * A * u3° Cf

C¢g = (1.89)(1.62 log %’)-2'5; K' = roughness coeff. = 4 x ht of vegetation
B
A = surface area = 9062 mi’ = 2.53 x 10 1 £e%; 1 = 5.67 x 10t

Cf = .002; Assume mean wind speed u = 7.33 fps

Py = 1/2(2.3 x 107 lb 2.y (7,33 ££ f‘ )3 (2.53 x 10M£¢%) (.002)x
7 sec -4 Kcal
(3.15 x 10" 288 (3.24 x 107 K281

= 2.3% x 10 ZKcallyr
(2) Tides: Power, P = pgkh

h=291.4cm; A=1.77 x 1013cm2; g = 980 cm/secz; p = 1.025 .g/cm3

2
P_ = (1.025 g/cn) (980 cm/sec?)(1.77 x 10%em?) (Zhed om)

2
(2.38 x 1071 K“1)(1410 ‘;:")

Pr = 2,49 x lclzkcallyr
(3) Waves: Power, P = 1/8 pg3/2H5/22 (for shallow waves,ﬂ )
wv 3 20
1.025 g/cmz; g = 980 cm/secz; H= 30 mn;z = 1.88 x 107cn

©
i

P = 1/2 (1.025 g/cu’) (980cn/sec?)>? (30em)>/%(1.88 x 107 cm) x
(3.15 x 10 sec/yr) (2.38 x 10'11xc:1/¢rg)
Pwv = 0.27 x 1012Kc11/yr = 3.8 x 106ft-1b/day/ft

(4) Fresh Water Head: Power, P_ = 1/2 p:g-V+h

FH
P=1.0 g/cn3; g = 980 cn/sec2

V = volume of fresh water running off and infiltrating in region x

eainfall x sres x fractice rusoff = (soég)(.oaa%f)(z.sa x 10M1ee?) x

1 yr
1.5 % 106|ec)('28)
0.29 x 10*%¢¢3/yr = 0.82 x 10%cn?/yr

h = mean height of water = mean elevation of region = 100 ft
Py = 1/3)1 8/m) (980 cm/sec?) (30.48 x 10%cm) (0482 x 10'8cn’/yr) x

=11 Kcal
re (2.38 x 10 erg)



Footnotes to Table 2 (continued)

. - = cl
(5) Fresh Water Dilutant: Power, P, Qr x Vx m (nRTjLCE) xVxm

n = 1 mole/35gm; R = gas constant = 1.99 cal/noleok
T = annual mean water temp = 20%¢c = 293%

C1 = freshwater delta conc. of dissolved solute = 120 ppm
C2 = golute conc. of seawater as sink = 35,000 ppm

V = total freshwater in region = 2.95 x 1010 3/yt (rain)

B e (—— y( 1.99 x 107 -“—!#(293%),(’:;(%0000)(1203/1: )(2.95 x 10-%3/yr)

= 0.34 x 10 ZKcallyr

land Froductivity: ’ -
(6) Land Productivity: Power PLP AL x M

AL = area of affected land region = 2.35 x 101°n2
M = typical mean metabolism for pine flatwoods = 40 Kcal/nzlday

10 2

= (2.35 x 10 ) (40 Kcal/m /day) (365 day/yr)

Pip
= 343 x 101Kcal/yr

(7) Marine Productivity: Power, PHP = AM x M

AM = area of affected marine region = 1.74 x 109n2

M = typical outer bay metabolism = 25 Kcal/mzlday
HP = (1.74 x 10 m )(25Kca1/m /day) (365 day/yr)

= 15.8 x 10*%Kcal/yr
(8) Power Plant Fuels: Power, PPC sCxpxlx KF?

C = per capita electric consumption = 8.5 x 103Kwh/cap/yt
p = population of region - 2.3 x 106
f = fraction of population served by Crystal River = .38
KFF = fossil fuel equivalent of electric power = 3.6

Ppc = (8.5 x 10° ll""/yr)(a«so"’:—‘-)(z 3 x 10%cap) (.38) (3.6)
=23 x 10”-xca1/yr (FFWE)
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Footnotes to Table 2 (continued)

: . 1-f
(9) Power Plant Fuels: Power, PPO PPC( 3 )
= 12 Kcal ,.62 - lq:
PPO 2.3 x 10 -;;— (733) 37.5 x 10" "Kcal/yr

(10) Other Fuels: (Gasoline, Natural Gas, Liquid Fuels):
Por'(cc"'cnc*'cu)"l’
CG = consumption of gasoline - 15.9 x 106Kcallperson/yr
G, = " " natural gas - 1.98 x ]06Kcallpetson/yt

NG
Gy ¢ " " 1iquid fuels - 7.66 x 10%°kcal/person/yr
Pop = (15.9 + 1.98 + 7.66) x 10° (.88 x 10%cap)
= 22.3 x 10'%cal/yr

(Fuels burned in electric power generation are subtracted)

(11) Imported Goods and Services: Power, PI = I(f)(1-e) (SO
I = total dollars paid for imports in Florida = $16.88 x 109/yr
f = fraction of Florida population in region = .13
e = fraction of budget spent on fuels = .10

S = conversion of dollars to Kcal = 30,000 Kg&l

PI = $16.06 x 109/yr (.13)(.90)(30,000§§£l) = $§1.88 x 109/yr
= 5.63 x 1013 Kcal/yr

(12) Exported Goods and Services: Power, P_ = E(f) (S)

E
E = total dollar value of exports from Florida = $2.54 x 109/yr
f= .13 ; $ = 30,000 Kcal/$

P, = $2.54 x 10°/yr (.13)(30,000 Keal/$)

= $3.31 x 10%/yr (30,000) = 9.9 x 10'? Keal/yr
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Footnotes to Table 2 (coptinued)

(13) TIourists and Capital Investments: Power, P, = D, (f)S - P,

D, = total dollars coming into Florida =

I
f = fraction of Fla. population in region
9 Kecal _ o. 12 Kecal
PTC $16.88 x 10" /yr(.13) (30,000 5 9.9 x 10 ye

= 56 x 10'% Kcal/yr = $187 x 10’ /yr (30,000 K<&d)

1-49



The 32-county area served by Florida Power Corporation is shown
in Fig. 3, a relatively rural area of Florida having towns, agriculture,
forestry plantations, lak:s, estuaries, swamps, and other non~human
ecosystems. The region considered to be influenced by the Crystal
River power plant operation is taken as that portion of these 32 coun-
ties (and each subsystem therein) represented by the fraction of t'ie
toral electric power generated in the FPC power shed which would be
provided by the Crystal River plant. The affected marine ar.a is
taken as a function of the total volume of water pumped by the 3 generat-
ing units in a 30-year lifetime. This Volume is spread over the Gulf
shelf along a coastline equal to a prorated portion of the total coast-
line in the 32 counties. Table 4 details the specifics of this method
used in calculating the size of the region of power plant influence.

Figs. la & b provide some perspective on the value and importance
of the power plant system to the overall system of man and nature, both
in terms of heat energy and fossil fuel work value. Included in the
diagram is the work of the sun in photosynthesis and stirring air masses,
the input of potential energy of rain as a flowing mass and chemical
dilutant, the energy transferred to the earth from friction of winds,
the inflow of waves and tides onto the coast, the input of various fossil
fuels including coal and oil to run the power plants, the import and
export goods and services, and the influx of tourists and investment
dollars.

The Crystal River power plant fuel consumption is about 5% of
the regional energy budget in terms of heat content, but accounts for
over 132 of the work done in the region. Natural energies represent
about 72% of the regional energy in terms of heat content, but only

152 of the regional work value. Inversely, purchased energy accounts
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for 28% considering heat content, but 85% in terms of work equivalents.
The total work value of the region is equivalent to some 171.2:1012

fossil fuel kcal/yr (5.7 billicn 1973 U.S. dollars).

Energy Cost Benefit Calculation of Cooling Alternatives

As an integral part of the overall environmental impact analysis
various alternative schemes for managing the power plant cooling water
flow must be evaluated, balancing gains and losses to the regional
work economy associated with each alternative. Government regulatory
agencies have suggested that cooling towers be considered as possible
means for mitigating losses of nature's work value resulting from the
cooling water flow of the power plant. Table 3 provides a comparison
of the total work value lost to the system resulting from 3-unit power
plant operation under three management alternatives. In terms of
fossil fuel equivalents of work value, the use of mechanical draft
cooling towers (the cheapest technological alternative) for unit 3
results in some eighty times greater loss to the region than using the
estuary for cooling. Cooling towers for all three units give a loss
of work value of about 160 times the losses incurred without cooling
towers. The money which would be invested in cooling tower construc-
tion, operation and maintenance represents a diversion of fossil fuel
energy from cther possible investments into the economy of man and
nature which would return a greater income to the system. By way of
comparing magnitudes of investments, the cost of cooling towers for
all three units is about equivalent (in terms of work value) to complete
inhibition of primary productivity in the entire estuary region assigned

2

to the power plant (about 1.8:109n or 600 miz).
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£6-1

Table 3. Changes in Regional Annual Energy Budget Associated with Management
Alternatives for Cyretal River Power Plants

Eetuary Cooling Cooling Tower Cooling Towers
Unic 3 1 Units
Heat Fossil Fuel Heat Fossil Fuel Heat EQR  Fossil Fuel
Foot~ Kcal Work Equi- Kca Work Equi- Kca Work Equi-
Affected Energy Flow  note (x 109 EQR  valents (x10%) EQR  valents (x10 valengs
(x10%) (x 109) _{x 10%)
Land Productivicy '
Construction Land 1 -22.6 0.070 ~1.58 -23.2 0.070 -1.62 -23.80 0.070 ~1.66
Salt Spray Effects 2 - - - -43.3 0.070 -0.30 - 8.65 0.070 -0.61
Estuacy
Potential Energy in 3 (560b - (lw)b - - - - -
Residual Heat
Plant Stgirring - +0.03 0.014 +0.0004 +0.004 0.014 +0.00006 - - -
Interrupted Circulation § -0.01 0.014 -0.0001 -0.01 0.014 -0.0001 -0.01 0.014 -0.0001
Ecosystems Displaced by 6 -19.4 0.070 -1.36 -19.4 0.070 -1.36 -19.4 0.070 ~-1.36
Canals
Canai Metabolism 7 +13.2 0.070 +0.92 +11.0 0.070 +0.77 + 6.6 0.070 +0.46
Depressed Inner Bay 8 - 7.8 0.070 +0.55 - 3.9 0.070 -0.27 - - -
Metabolism
Screen Wash Mortality 9 - 1.0 0.070 ~-0.07 - 0.5 0.070 -0.035 - - -
Entrainment Mortality 10 -11.45 0.070 -0.80 - 5.61 0.070 =0.39 - - -
Subtotal of losses to ecosystem -3.44 -3.21 -3.20
Cooling Towers -276.0 1.0  -276.0 -539.0 1.0 -539.0
Power Plant (230,000)® (230,000)® (230,000)®
Total Change in Heat Content 49,0 -361,42 -571.5
TOTAL CHANGE IN POSSIL FUEL mn VALUE =3.44 6 - -279.21‘ ~542.2
(80.11 x 10°/yr) (99.3 x 10°4yr)* ; ($18.07 x 10%/yr)*

& Converted to 1973 U.S. dollars by ratio 3 x 10°Kcal: $1 (Odum, 1974)
b Numbers in parentheses not included ia totals.



Footnotes to Table 3.

(1) Construction Land Productivity Loss:

Unit 3: Power, Pc, = Ac. x M

1 2
Acl = Area covered by conscruction = 3 x losft2 = 1.58 x 10%m?
M = Metabolism of ecosystems displaced = 60 Kcal/mzlday
Pc1 =(1.58 «x loénl)(ﬁoxcallmzldaY)(365%51) = 232 x 108Kc11/yr
Units 1-3: Power, Pc2 = Acz xM
Ac2 = Area covered by construction = 1.61 x 100m2

Pe, = (1.61 x 1o°n2)(6oxc.1/m2/day)(3659§¥) = 238 x 10%Kcall/yr

(2) Depressed Land Productivity from Salt Spray

2

Unit 3: Power, Ps. = (R )(d) M

1

R = radius of area in which salt spray addition equals
background rate of salt deposition.

d = assumed mean rate of productivity inhibition = .25

M = metabolism of affected terrestrial ecosystems = 60 :c7i.y
Background salt deposition rate = 0.125 lb/uzlyr

Maximum salt deposition rate from towers = 4.8 1b/acre/mo
= 0.140 1b/m%/yr

R (at max. rate) = 0.5 Km

05"2 2 9
Pal = (7.9x1 ) (.25) (60 Kcal/m"/day) (365 days/yr) = 4.33 x 10 Kcal/yr
Units 1-3:

Psz =2 x Psl = 8.65 x 109Kcal/yr
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Footnotes to Table 3. continued

(3) Potential Energy 7a Residual Heat: Pt o PTsExln & TI

T = change in te.perature across condensers
C = gpecific heat of water
Q = flow rate of water
= density of water
T = absolute temperature
Units 1-3:

6m3 3
3 3 6cm 3Kca1 8°
Pt (8 C)( )(7 1x 10 )(1 02g/cm”) (10 - 2 ) (10~ )(2930

= 5.6 xloll!(..c.a_];
vr

)365 day/yr

Units 1-2:

Pt = (6 C)(lcal)(7 IOQE— ) (1.02 3/¢m3)(106.%L9(10'3KC31)(
lchal
yr

291)365 day/yr

= 1.6 x 10

(4) Plant Stirring: Pke = 1/2 Qv2

v = velocity of plume
Units 1-3:

Pke = 1/2(1.02 g/cm’) (7.1 x 101259—)(30— D) x(’65-x)(2 38 x 1ollK°‘1)

day erg
= 0.3 x 10%eal
yr

Units 1-2:

Pke = 1/2(1.02) (3.6 x 10%2) (15)%(365) (2.38 x 10~ 11

8Kcal
yr

)
= 0.04 x 10
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Foonotes to Table 3 continued

(5) Circulation Interrupted by Spoil Banks

This is the calculated loss of kinetic energy of estuary waters diverted
into frictional heat loss due to drag of canal spoil banks.
Pke = 1/2 RAV° = Power of kinetic energy
= mass of water g/c-3
R = east-west horizontal length of affected zone
d = depth (cm)
V. = velocity (cm/sec)
A. Water Movement Not Interrupted by Spoil Banks
Assume a horizontal velocity profile of constant mean velocity from eng
of spoil banks to 0.5m from coast (boundary layer).
1) Area outside boundary layer
V=15 cm/sec
Pke, = 1/2 (1.020 g/cm’)x (Scm/sec)’ x (4.5 x 10%cm) x (200 cm)
= 5.74 x 10° erg/sec x 3.15 x 10 sec/yr x 2.38 x 10" Kcal/erg
= 4.30 x 10%kca1/yr
2) Area inside boundary layer
V= 2.3 cm/sec
Pke, = 1/2(1.020 g/ca’)x(2.5 cm/sec) x(.5 x 10°cm)x(100cm)
= 3,98 x 107ergl/|ec x 3.15 x 107sec/yr x 2.38 x 10-11Kca1/erg
= .30 x 10%kecal/yr

Total PA (area inside + Area outside) = Pke1 + Pkaz = 4,60 x 106Kc11/yr
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Footnotes to Table 3 continued

B. Water Movement Interrupted by Spoil Banks
Assume that as flow streamlines move west to sweep around spoil banks,
they create a back-eddy on the southwest side of the spoil bank/shore
intersection. Velocities are reduced due to frictional drag.
1) Zone outside of back-eddy (R = 3 S x 10°cm)
V= 2.5 cm/sec
Pke = 1/2 (1.02)x(2.5)°x(3.5 x 10°)x(200)

- (5.6 x 10%)x(3.15 x 10")x(2.38 x 10" 1%

)
= 4.2 x 10°Keal/yr
2) Zone within back-eddy (R = 1.5 x loscn)
V=1.0 cm/sec
Pke = 1/2 (1.02)x(1) k(1.5 x 10°)x(100)
= (.77 x 10))x(3.15 x 10)x(2.38 x 1072}
= .58 x losxcallyr
Total PB = Pkel + Pkez = 468 x 106Kcal/yr
Difference in Pke with spoil banks = Pl - PA
Pke = 468 x 10k cal/yr ~ %.60 x 10%kcal/yr = -4.12 x 10%kcal/yr
Total loss in available power prior to spoil bank emplacement equals 2 times

calculated Pnet, assuming mirror image effect on other side of spoil banks.

Total (Pka)net = 2(=-4,12x 106Kca1/yr) = -~ ,0824 x loskcnllyr
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Foctnotes to Table 3. continued

(6) Ecosystems Disglaced bz Canals

Production = Ax P x D

A = Area displaced (nz)

P = productivity of displaced system (Kcnl/mz)
(40 Kcal/mz/dly for land]
[25 Kcal/mz/day for marine]

D = time in days

A. Terrestrial systems

1) Area of plant = 1.68 x 106tt2 = 1.55 x 106m2

Pt = (1.55 x 10%n%) (40Kcal/m%/day) (365 days/yr)
= 2,26 x 1010 Kcal/yr
B. Marine systems
6, 2 3 2
1) Area of discharge canal = 5.3 x 10 ft° = 4.93 x 10°m
2) Area of intake canal = 17.5 x 106ft2 = 1.62 x 105m2
Pm = (2.13 x 10%%(x) 25Kcal/n?/day) (365 days/yr)
= 1.94 x 1010 Kecal/yr

Total production displaced = Pt + Pm

10

= 4.20 x 10" Kecal/yr
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Footnotes to Table 3. continued

(7) Canal Metabolism

Metabolism - GPP x A x K x D
GPP = Gross Prim.ry Production (mean annual)

A = Area in canals (nz)
Kcal

80,
D = time in days (365)

K=

= 4.5

A. Units 1 and 2 operating:
1) Intake canal: (A = 5.62 x 10°m>) (GPP = 9 gOz/mz/day)

M= (x(5.62 x 10%)x (4. 5)x (365)

= 8.32 x 10°Keal
yr

2) Discharge canal: (A = 1.47 x 105m2)(GPP = 11 gozlmz/day

Mp = (11)x(1.47 x 105)x(4.5)x(365)

9Kcal
yr

= 2.64 x 10

3) Total metabolism = M. + M) = 1.10 x 101°5§§l

B. Units 1, 2, 3 operating:

Based on model predictions metabolism increases by 20%

10Kcal 10Kcal
T

M= (1.2)x(1.10 x 10 vr

) = 1.32 x 10

C. No Circulating Water Flow

Based on model predictions metabolism decreases by 407%
10Kcal _ 1010Kca1
yr

M= (.6)(1.10 x 10 yr

.66 x
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Footnotes to Table 3. continued
(8) Depressed Inner Bay Metabolism
The annual mean total community metabolism for the shallow inner bay
ecosystem was measured to be 502 lower for the discharge area than for the
control area. (see Smith, Section 4A, Fig. 22)
Production bay = M. - M) Ay
HC = metabolism of control area = 1.22 x IOAKcallnzlyr
MD = metabolism of discharge area = .65 x 104Kca1/m2/yr
AB = Area of inner ba& system = 6.9 x 105-2
P = [1.22 x 10°) - (.65 x 10%](6.5 x 107)

= [.57 x 10%1(6.9 x 10°)

9Kcal
yr

= 3.9 x 10
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Footnotes to Table 3 continued

(9) Screen Wash Mortality

2)

3)

4)

5)

6)

7)

8)

9)

P = B x EQR
B = Biomass lost in 1 yr (extrapolated from gms wet wt/52 days)
EQR = Energy Quality Ratio (see section 5 for derivation )

Batfish
P = (6.61 x 10°)x(29.8)
= 8.9 x 107
Burrfish
P = (1.57 x 10°)x(25.3
= 1.8 x 107
Blue Crab
P = (.98 x 10°)x(29.7)
- 1.3 x 10
Cowfish
P = (.49 x 10°)x(29.5)
Wt % 107
Pinfish
P = (.41 x 107)x(23.7)
= 4 x 107
Tunicate
P = (.41 x 10°)x(11.2)
°.2%10
Silver Jenny
P = (.38 x 10°)x(27.8)
= (.5 x 107)
Squid
P = (.32 x 10°)x(36.4)
= (.5 x 10)
Silver Berch
P = (.29 x 107)x(31.3)
= (.4 x 107)
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Footnotes to Table 3 continued

10) Scaled Sardine
P = (.25 x 10°)x(24.4)
= (.3 x 107)
11) Jack
P = (.17 x 10%)x(33.5)
= (.3 x 107)
12) Mullet
P = (.11 x 107)x(12.7)
= .1x 107Kc11/yr
13) Atlantic Threadfin
P = (46.2 x 10°)x(24.4)
= 50.7 x 107 Kcal/yr
14) Other
P = (1.43 x 10°)x(25)
1.67 x 107K:a1/yr
= 0.67 x 109K;:1

Ptotal = work equivalent loss/yr

Biomass total = 59.6 x losgtana/yr = amt lost/yr
Total loss of Biomass through Screen Wash =
BL = (59.6 x 1053/yz1x(5 Kcal/gm) = 29.8 x 1055?%l

Value of this mass as detritus
Vm = (29.8 x 106Kcallyr)x(EQR detritus) = .17 x 1035§§l

Total Annual Loss of Value to Region = P Vm

total
- .67 x 10°868L _ ;5 , jo%eal _ o o, ,o%cal
yr yr yr
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Footnotes to Table 3. continued

(10) Entrainment Mortality for Zooplankton:

PB =NxmxQxMxKxRx EQR
N = numerical density (individuall/n3)
m = mass per individual (K9/individuals
M = metabolism per mass (Kcal/kg'day)
K = entrainment mortality
R = loss of metabolism (day /replace)
Q = daily circulating water flow (nslday)

EQR = energy quality ratio (see section 5 for derivation)

Units 1 and 2 Operating:

Copepods -

P = 10.765 5% .68 x 107% K&« s00 5%2§y x .3 kill x 10 &2

ind ¥ kg-d replace
« 3.4 x 10°m°/day x 11.1 x 365 days/yr

:Kcal
yr

= 1.51 x 10

Fish Eggs and Larvae -

8 Kg Kcal day
ind * zsokg'day x .90 killi x 20reolace X

x 3.4 x 106m3/day x 11.1 x 365 days/yr

P = ss i%g x 1.18 x 10~

7Kcal
yr

= 1.61 x 10

Chaetognaths and Medusae -

Kcal A day
x .30 Kill x 20replace

- ind -8 a
P=171 3 x 1.98 x 10 Kg/ind ZSOKS’d&Y

3N 106m3/day x 24.0 x 365 days/yr

8Kcal
yr

= 1.51 x 10
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Foonotes to Table 3 continued

Veligers, Trochophores, Mysids, etc.-

- -8 kg Keal day
P= 2279 125 x .68 x 1070 X8, x 250 {EAL  x .30 ka1l x 20 $AY,

3
. 6 m
3.4 x 10 day x 20.4 x 365 days/yr

& 6 Keal
4.13 x 10 ye
Juvenile Fish -

- 4 kg Keal day
P04l 5  CUE x250 [SAL x o0kl x20 X

3.4 x 10° n>/day x 24 x 365 days/yr

. 4.56 x 10° Esal

yr
Units 1. 2. and 3 Operating
Copepods~
- -8 kg Keal 3
P = 10769 $§§ x .68 x 107 £B, x 500 {E8L x .3 ki1l x 1088%1ace ®
7.1 x 10% w3/ day x 11.1 x 365 day/yr
3.16 x 10° Zsal
yT

Fish Eggs ind Larvae-

P = 22 ng x 1.18 x 10" x 250 Ei%ﬁhy x .9 kill x 20 giﬁl.ce x

p 3% I8 106 m3/day x 11.1 x 365 days/yr

- 7 Keal
3.36 x 10 yr

Chaetognaths and Medusae -

-8 kg Keal day
P =171 12§ x 1.98 x 1070 58 x 250 Eifﬁhy x .3 kill x 20 2%

% 5 - 106 m3/day x 20.4 x 365 days/yr

5 8 Keal
2.68 x 10 yr
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Footnotes to Table 3 continued

Veligers, Trochophores, Mysids, etc. -

P = 2279 -*-S x .68 x 1.0°8 %ﬁd x 250 mﬁg‘day x .3kill x 20 ﬂrglace 5

7.1 x 106 m3/day x 14.3 x 365 days/yr

- 9 Keal
.86 x 10 -

Juvenile Fish -

-y -4 g Kcal day
Pe.6il 107 (8 x2s0 (880 x 9wl x2002E,  x

7.1 x 10% m°/day x 20.4 x 365 days/yr

9 Keal
P=29,52x 10 yr

Total 1 & 2 Operating = 6.76 x 10° 5§§l

Total 1,2,3 Operating = 1.38 x 1010 5‘;%1

Vercent value of biomass converted to detritus = ,17

Total loss of value ( 1 & 2 Operating) = 5.61 x 109 59-3%

Total loss of value ( 1,2,3 Operating) =11.45x 10 9 'i‘;‘g.l.
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Power Needs for a Vital Economy Estimated from the Ratio

of Energy Invested to Work Returned

The ratio of the total work output (work of nature, Wn, plus work
of man, Hf) of a system to the fossil fuel investment (Wf) in that sys-
tem all converted to fossil fuel work equivalents gives an indication
of the overall return for invested fossil fuel capital.

Wn + W

Ve

f

The ratio approaches infinity in primitive societies and declines to-
ward unity as the system becomes more and more dependent on bought
energies such as fossil fuel.

Among competing systems of man and nature with approximately
equivalent amounts of fossil fuel to invest, the surviving sys.em will
be that which invests the fossil fuel energy in such a way as to prc-
duce the maximum system work without destroying the balance between

man's and nature's work value. In the hierarchal fabric which €inds

systems embedded within larger systems which are imbedded within still larger
systems, and so on, the adaptive investment ratio to guide the design

of one system is determined by the investment ratio of the larger

system, as long as energy resources of the larger system remain rela-

tively constant. Referring to numbers given in Table 2 and considering

only the fuels burned versus terrestrial productivity, the investment

ratio for the Crystal River power plant region is:

78.89kcal/yr + 149.3kcal/yr _
149.3kcal /yr

1.53

This number is considerably higher than that which has been previously
calculated for Florida (1.25) and even higher than the investment ratio

as calculated for the entire U.S. (1.41)(Kylstra, 1974). This indicates
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that the region considered still has roum for fossil fuel investment
(that is, unit 3 at Crystal River) without becoming non-competitive
in the larger Florida system in which it functions. This conclusion,
of course, assumes that energy resoruces, specifically net fossil fuel
available, will remain constant during the period of investment. The
fact that we have been experiencing disproportionate increases in
fuel cost (by a factor of four in three years) indicates that fossil
fuel available for development investment in the U.S. has declined
markedly. With the fuels that support so much of our economy becoming
scarce, it is mandatocy that we plan our fossil fuel investments in
terms of priorities. Such priorities must be established (in accord-
ance with the Lotka principle) on the basis of the specific increased
monetary or natural work value which would result for the regional
economy.

Cooling towers for all three units at Crystal River would re-

duce losses to the environment in fossil fuel work equivalents by:

(3.44-3.20)x10 kcal/yr = 0.24x10°kcal/yr

With an investment of 539x109kcal/yr the annual return is about 0.05%,
which is poor compared to returns available from other investment
opportunit? .s.

Our calculations indicate that there is substantial loss of
ecosystem work resulting from power plant operation at Crystal River

(3. 44x10°

fossil fuel equivalent kcal/yr, or $110,000/yr for proposed
three unit operation). This is about 0.002% of the total regional work
budget. Considering the construction and operation of cocling towers

as an investment which would mitigate part of this loss by diverting

fossil fuels from other investment opportunities; the return on this
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investment would be 0.052. The total loss in work value to the ecosys-
tem is less than 1% of the diversion of fussil fuel capital resulting
from the co-ling tower alternative (for all three units). By the
objective criteria presented in this analysis, cooling towers are a
poor investment for the total work budget (and thus survival) of this

region.

1-68



LITERATURE CITED

Bureau of Economic and Business Research. 1973. Florida Statistical
Abstract. College of Business Adminstration. Univ. cf Florida,

Gainesville, Florida. Univ. of Florida Press

Evans, R.3. 1969. A proof that essergy is the only consistent measure

of potential work (for work systems). Ph.D. Thesis.Dartmouth College

Federal Power Commission. 1970. The 1970 National Power Survey. Part IIIL.

U.S. Govt. Printing Office. Washington, D.C. 20402

Gutfreund, P.D. and P. Urone. 1972. Salt deporition from salt water
cooling towers. Dept. of Environmental Engineering Sciences, Univ.

of Florida, Gainesville, Florida. Unpub. Ms.

Kylstra, D.C. 1974. Energy analysis as a common basis for optimally
combining man's activities and nature. Paper presented to, the
National Symposium or Corporate Social Policy. October 5, 1974.

Chicago, Illinois

Littlejohn, C. 1974. Bureau of State Planning, Department of Administration,

Tallahassee, Florida. Personal communication.

McKellar, H.N. 1974. Personal communication, Department of Enviornmental

Engineering Sciences. University of Florida. Gainesville, Florida

National Environmental Policy Act. 1969. Public Law 91-190, 91st Congress,

S. 1075 Jan 1, 1970.

I-69




Odum, H.T., W. Smith, H. ¥cKellar, D. Young, M. Lehman, and W. Kemp. 1973.
Preliminary presentation of models to show interactions of power plant
and estuary at Crystal River, Florida and energy costs and benefits
for alternatives of management of cooling waters. Progress Report
to Florida Power Corporation and licensing Agencies Concermed with

Planning at Crystal River, Florida

Odum, H.T. 1974. Energy quality concentration factors for estimating
equivalent abilities of energies of various types to support work.

Dept. of Environmental Engineering Sciences. Univ. of Florida, Gainesville

Florida. Unpub. Ms.

Odnm, H.T. Energy Value, and money. (in) C. Hall and J. Day (eds) Models

as Ecological Tools: Theory and Case Histories (in press).

Tribus, M. and E.C. McIrvine. 1971. Energy and information. Scientific

American 224 (3): 179-190

United States Atomic Energy Commission. 1972. Draft Environmental Statement
by the Directorate of Licensing. U.S. Atomic Energy Commission.
Related to the proposd operation of Crystal River Unit 3 by the
Florida Power Corporation. Docket No. 50-302. U.S. Atomic Energy

Commission, Washington, D.C.

United States Atomic Energy Commission. 1972. Draft Environmental Statement
by the Directorate of Licensing. U.S. Atomic Energy Commission
Related to the Proposed Operation of Turkey Point Plant by the Florida
Power and Light Corporation. U.S. Atomic Energy Commission, Washington,

D.C. Dockets No. 50-250 and 50-251

I-70



Woodwell, G.M. and Whittaker, R.H. 1968. Primary production in terrestrial

communities. Amer. Zool., 8:19-30

Woodwell, G.M. and Botkin, D.B. 1970. Metabolism of terrestrial ecosystems
by gas exchange techniques: The Brookhaven approach. In: Studies in

Ecology (D.E. Reichle, ed) Springer-verling, New York. pp. 73-85

Yaalon, D.H. and J. Lomas. 1970. Factors controlling the supply and the
chemical composition of aerosols in a near-shore and coastal environment.

Agricultural Meteorology 7:445-454.

Zucchetto, J.J. 1974. Personal communication. Department of Environmental

Engineering Sciences. University of Florida. Gainesville, Florida

I-71



4. MAIN ECOLOGICAL SUBSYSTEMS OF THE

ESTUARIES AND THETR ADAPTATION TO THE POWER PLANTS

Although the questions of management alternatives must be decided on

the lorger overall scale as already discussed, the present procedures and

laws, the habits of thinking of most scientists and environmental managers
in our culture, and the design of the research programs at Crystal River
as required by agencies are oriented downward to the parts and processes
within the estuary and its relation to the plant. Since it is the further
responsibility of this cumponent of our research team tov help the visualization
and planning of these smaller scaled detailed efforts by providing models for
portrayal and understanding of the subsystems, six are identified:

l. Inner bay with bottom communities

2. Outer bay with plankton associations

Cyster reef
Canal Ecosystems

5. Tidal Creeks

6. Salt Marsh

The ecosystems that form the estuary include the shallow inner waters
dominated by bottom plants and organisms, deeper waters with plankton roles
more dominant, oyster reefs, special ecosystems developing in the canals
under influence of energies of water flow and plant action, the salt marsh
inte which warm waters exchange, and the tidal creeks interacting with both
the salt marsh and bay ecosystems. For the first five of these subsystems a
summary system ecological model is given with stocks and flows eaumerated.
Supporting tables show the source of these numbers within the current report
of various inves:igators or elsewhere. These diagrams and tables include

many of the varied data. Then in the narrative that goes with each system,
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the diagrams are discussed in terms of turnover rates, comparisons with con-
trol areas, and estimated cffects of temperature directly and as partially
cancelled by recycle and push-pull effect of temperature affecting all parts
of the system. Included in these considerations are questions about plant
actions on plankton turbidity, metabolism, nutrients, and other organisms.
Fig. 1 shows the main ecosystems of the power plant region. These
include the intake area south of the spoil banks and the thermally affected
discharge area to the north, the developing ecosystems of the power plant
canals affected by plant pumping and heat loading, and offshore systems linked
by advective exchange driven by large scale eddy motion with those inshore.
The power plant pumps water, materials, and orgarisms in its role as a large
coastal consumer, processing and returning them in a different form with added

heat to reenter the cycles of the regional ecosystems.
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4A. SHALLOW INSHORE ECOSYSTEM OF BOTTOM COMMUNITIES
AND THE EFFECT OF THE POWER PLANT DISCHARGE PLUME

Wade Smith
Department o>f Environmental Engineering Sciences

University of Florida
Gainesville,32611

INTRODUCTION

The heated discharge of Florida Power Corporation's power plants near
Crystal River, Florida first flows into a shallow estuarine basin of about
one meter average depth consisting primarily of benthic animals and plants,

and especially one species of seagrass, Halodule wrightii (formerly

Diplantiiera wrightii). This bottom dominated ecosystem is influenced by
oyster reefs on its boundaries and mud bottoms adjacent to the salt marshes
on the landward edge. (See Fig. 1, 2, and 3.) As part of a larger project
to assess the environmental impact of these plants and a third under con-
struction, total community metabolism has been measured since the summer of
1972 in this basin and similar benthic dominated areas to the south and
north. Measurements from this study and data from concurrent studies by
others were combined with models and computer simulations to evaluate the
effects of present and future plants. These projects included: Measurements
and modeling of the deeper aquatic systems in which plankton played a more
important role, the salt marsh system, oyster reef associations, and canal
systems; measurements of biomass of stocks such as resident bay fishes,

marsh creek fishes, benthic invertebrates and
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seagrass and macroalgae; seasonal measurement of nutrient levels; seasonal
zooplankton stocks; impingement of organisms or the barrier screens of the
intake pumps.

Some questions considered in this study were:

1) What is the effect of heated effluent on total community metabolism
as a measure of overall adaption and level of work functions developed
under these conditions as compared to those of other nearby coastal areas?

2) What are the differences in levels and composition of standing
stocks in the thermally affected and unaffected areas. How does this
indicate system adaptation in the affected area?

3) What are the relative magnitudes of flows between stocks? How do
turnover times compare between systems?

Reported here are results of the metabolism studies and synthesis of data

relating to this shallow system from other project tasks.

METHODS

Metabolic Measurements

Community metabolism was measured with both complete diurmal sampling
runs following Odum and Hoskins (1958), Odum and Wilson (1962), and Odum
(1967), and an abbreviated method using dawn-dusk-dawn oxygen measurements
(McConnell, 1962). Oxygen was measured by the azide modification of the
Winkler technique (Standard Methods, 1971) but adapted for use with smaller

sample collection bottles.

Mini-Winkler Field Kit and Winkler Method Modification
Because of the large number of samples to be processed and the need for

compactness, a mini-Winkler field kit developed at the University of Texas
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Institute of Marine Sciences was used in this study. Standard flat-topped
125ml reagent bottles were used for sample collection in place of 300ml

BOD bottles. Samples were fixed with 0.5 ml of manganous sulfate and azide
reagent carried in dropping bottles in the field kit. After acidification

with 0.5 ml concentrated sulfuric acid 100 ml subsamples were titrated with

0.0125N sodium thiosulfate. This normality allowed direct reading of ml

of titrant as mg/l of oxygen.

Sources of variability between replicate pairs of oxygen samples could
have arisen from many sources. Since the small reagent bottles used
were of an inexpensive nature variation in their inudividual volumes was
expected. A test of 54 bottle subsample of those in use gave an average volume
of 122.8 ml with a standard deviation of 1.66 ml (see Table 1). Because
each bottle was filled from separate samplesof bay water taken
30 seconds to one minute apart variations due to water mass differences
could also have occured. Other sources of variation could have included
differences in reagent volumes added and differences in sample volumes
titrated. Actual differences in titrant volume encountered between replicate
pairs of samples were small, however. Based on a subsample of 486 replicate
pairs 72.6% differed by 2 drops (0.1 ml) or less. Since titrant volume was
generally in the range of 4-8 ml, this gave an average error of 1.3-2.5%.
Loss of accuracy due to increased sources of variability was, therefore,
congidered minimal, and was far outweighed by convenience in handling in the
field. Thus, more samples were processed permitting better statistics in

estimating values for the whole bay.

Complete Diurnal Sampling of Oxygen

Stations were sampled approximately every three hours over a 24-hour

period. Two buckets of surface water were collected about one minute apart

I-82




fable 1 . Average volume ol water sample bottles used in diurnal
oxygen analysis

- -

Bottle Volume Bottle Volume Bottle Volume
No. (ml) No. (ml) No. (ml)
115 125.0 77 123.0 118 125.0
132 124.8 31 123.0 40 125.5
25 121.7 45 ‘22T 123 120.4
149 125.7 146 ¥21.7 28 121.0
68 122.5 145 121.1 120 125.5
76 123.5 18 125.3 155 122.23
124 121.3 29 122.9 147 123.0
157 323+3 148 123.0 67 124.8
38 122.0 156 122.7 158 121.0
143 120.9 47 .22.0 88 125.2
16 120.9 85 125.8 48 120.9
11 122.4 49 3229 133 121.4
86 120.9 140 125.0 10 123.8
74 122.5 125 124.9 162 §22.4
159 120.9 84 135:7 46 120.4
22 123.5 69 123.0 71 121.0
59 121.8 64 121.8 33 122.8
63 122.0 50 1283 144 125.0

Average volume = 122,8 ml
Standard dev. = 2.7

1-83



at each station and sample bottles were filled from the bottom by siphoning
through rubber tubing. Late night samples were sometim: stored without
acidification for titration the following morning. Time, temperature,
salinity, and depth were noted at each station.

The effect on the Winkler method of saving fixed oxygen samples with or
without adding acid was tested because of controversy surrounding the proper
procedure. Thirty bottles were filled with salt water from a thoroughly
mixed bucket and immediately fixed with the manganous sulfate and azide
reagents. A group of ten bot..es w23 picked at random, acidified, and
titrated within 30 minutes. The remaining bottles were split into two
groups, one group of ten bottles received acid while the other group did
not. After storing in the dark for eight hours acid was added to the latter
group and both groups were titrated. Tablie 2 gives the results of the three
treatments. Differences between treatments were significant (95% level)
but were considered too small to have any effect on the measurements.

Because of the large tidal flushing. advection of water masses from
outside areas was important. In order to assess this effect on the
diurnal oxygen curve in the study areas four or five stations were sampled
in the early part of the project. Measurements showed a general similarity
in the daily increase and decrease of oxygen at all stationms suggesting that
advection was from areas of similar metabolism, and it was cecided that
any errors introduced by advection were small, and the number of stations
was sometimes reduced to two or three. See Fig. 4 for example of separate
points and the mean curve.

Diurnal metabolism graphs were constructed using a standard format to
allow easy visual comparison of all diurnzl samples taken at Crystal River as
well as with others in the literature (see Fig. 4). Several different
workups of data were employed as the study progressed. At first, a graph for

each station was plotted. Oxygen per square meter was obtained by multiplying
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Table 2. Results of technique test of Winkler method to determine
effect of presence or absence or acid in fixed bottles which have been

saved for 8 hours.

Bottles fixed, Bottles fixed and Bottles fixed immediately.
acidified, and acidified immediately. Acidified and titrated
titrated immediately Titrated 8 hours later 8 hours later.
(ml. titrant) (ml. titrant) (ml. titrant)
5.41 5.45 5.46
537 5.40 5.49
5.40 5.46 5.50
5.47 5.43 5.45
5.52 5.45 5.52
3.55 | 5.43 5.45
5.45 5.45 5.55
5.45 5.40 5.45
5.45 5.40 5.45
5.43 5.42 5.46
Average 5.45 5.43 5.48
Std. Dev. 0.0540 0.0233 0.0355

I-85



: = L0 48

0600 1200 1800

salinity(ppt)
‘7/-' |
\\<
PNy
}
.. -
'j‘

v

LRI POOR ORIGIAL

3

/

Fig. 4 . I xamole of work-up of
B . i o -~ NP ?’h\ diurnal oxygen data for October
o'///” 30-31,197? for discharge basin #1
showing points from all five

stations sampled and mean curve,

.

Percent Saturation
< i

3

0600 1200 1800

1-86



oxygen concentration (;/-3) by depth at that time. Percent saturation was
calculate ‘or the temperature and salinity at each time using the formula of
Truesdale, et al., (1955). /he divergence of Truesdale's saturation
values from those presented in Standard Methods (1955) was reviewed by
Churchill, et al., (1962), who showed deviations at temperatures less than
25°C. Maximum deviations, however, were less than 5% of the Standard
Methods values so the errors incurred in this study by using Truesdale's
values were considered small. Average curves were constructed from
individual station curves by averaging hourly values for oxygen concentration,
depth, temperature, and salinity. Oxygen per square meter and per cent
saturation were then calculated from the averaged data. After this
initial testing of data, individual station graphs were no longer done..
Instead, only the average graph was done but with individual station points
also plotted on it. Each oxygen point represented the mean of duplicate
Winklers.

An oxvgen rate of change curve was constructed from the graph of
average oxygen per square meter. The amount of change of oxygen during
each hour was measured and plotted on the half-hour. This raw curve
reflected changes in oxygen concentration under one square meter due to
changing depth from tide exchange and diffusive exchange with the atmosphere,
as well as photosynthesis and respiration. The effect of changing depth was
eliminated by multiplying the incremental depth change for each hour by the
average oxygen concentration during that hour. This value was added to
the rate curve if the tide was falling or subtracted if the tide was rising.

The final adjustment to the rate of change curve was for oxygen
lost or gained by diffusion betweeu the water and atmosphere. At Crystal
River the rate of diffusion tended to be largely a function of tidal

current velocity and was measured at various stages of the tidal cycle
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using a small nitropen filled plastic dome, which floated on the water
surface (Hall, 1970, based on original work of Copeland and Duffer, 1964).
A field oxygen probe measured the return or oxygen to the dome from the
water under the normal conditions of underwater circulation. The
diffusion rate as g/nzlhrIIOOZ deficit was calculated from the area of
water surface covered, volume of the dome, and the observed saturation
value of dissolved oxygen in the water. This was the maxinum rate of
diffusion into oxygen-free water or out of water 200Z% saturated with oxygen.
Fig. 5 shows a typical diftusion measurement, Table 3 shows a sample
calculation, while Table 4 gives the diffusion measurements made in this
study. Because of the small number of measurements taken, assigning
diffusion rates to time periods on the graph was a combination of actual
measured values and estimates based on field experience with the general
magnitudes of tidal currents at different stages of the tidal cycle

in the study areas. The actual diffusion correction for each hour was
calculated by multiplying the maximum rate selected for that hour by the
actual saturation deficit during that hour.

This laborious method was soon modified to a faster procedure.
Average oxygen concentration, temperature, depth, salinity, and percent
sa*uration .ere plotted as before, but the areal oxygen curve was not
calculated. The rate of change curve was obtained by multiplying the
hourly rate of change of oxygen concentration by the average depth at that
hour giving the rate of change on an areal basis. The adjustment for
diffusion was made as before. In all methods the final rate of change graph
showed the rise of oxygen due to net photosynthesis during the day and
decrease due to respiration ac night. Net daytime photosynthesis was
taken as the area under the rate of change curve above the zero rate of

change line. Night time respiration was taken as the area under the
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Fig. 5. Plot of oxygen meter reading with time for two
diffusion experimentc conducted at Fort Island. Meter was
adjusted to read 10 when calibrated in air. Line through
points was obtained by computing a linear regression.




Table 3. Example of calculation of diffusion constant from data

obtained from floating dome experiment at Fort Island, June 25, 1973

Volume of dome = 4.5 liters

Surface area of water covered = 0.1024 nz

Average percent saturation during run = 87.6%
From regression equation, rate = 12.6!/hr/0.102602/87.61 sat.

If dome full of air about 20%Z of volume would be oxygen:
(4500ml) (0.2) = 900 ml 02

After 1 hour 12.6%Z of that amount of O, had diffused 12:
(900 m1)(0.126) = 113.4 mf 0,/hr/0.1024 m"/87.6% sat.

Correction of volume to STP:

273%k
113.4 ml x S5550

= 100.51 ml at STP

Weight of oxygen:

32

100.51 =l x <55060 a1

= 0.144 g0, at STP

2

K= 0.144 gOZ/O.IOZQ nzlhr /87.6% sat. = 1 40 gOzlmzlhr/87.62 sat.

K= 1.60 gol’nzlhrllooz deficit
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Table 4. Diffusion Rates Measured in the Power Plant Discharge

and Fort Island Study Areas

Location

Date

Tidal Stage

Wind

zblffusion Rate
(80,/m" /hr/100% deficit)

Discharge Bay

Discharge Bay

Discharge Bay

Discharge Bay

Discharge Bay

Discharge Bajy

Fort Island

Fort Island

Oct. 10, 1972

June 28, 1973

July 26, 1973

September 12, 1973

September 12, 1973

September 12, 1973

June 24, 1973

June 25, 1973

Falling.Low
high to high low

Falling.High
high to low low

Falling High
high to low low

Slack high tide

Falliag.High
high to low low

Falling_ High
high to low low

Rising. Low
iow to low high

Falling High
high to low low

Brisk white
caps
Brisk

Moderate

Calm to light

Calm

Light

Light

Light

0.78

0.53

0.54

0.13

0.24

0.44

0.55

1.60




rate of change curve below the zero rate of change line.

Dawn-Dusk-Dawn Measurements

In order to gain more data as a check on day to day variability
of total metabolism and to reduce the amount of field labor involved the
dawn-dusk-dawn method was used after the first year. The low point
of oxygen at dawn, the high point at dusk, and the low point the following
dawn were measured as a short cut method of approximating the true
diurnal curve. Experience in the field showed that the time of the
minimum and maximum was not always at dawn or dusk. Clouds in the east
at sunrise tended to delay the onset of rising oxygen by an hour or more.
Similarly, afterncon thunderstorms often caused the downturn of oxygen well
before dusk. Even on clear days full diurnal curves showed that oxygen
concentration often would not increase any more in the last 2 hours
before sunset. The times of dawn and dusk sampling, then, was often
adjusted to the prevailing conditions. Dawn samples were delayed if the
morning was cloudy in the east. Dusk samples were generally taken about
1 1/2 hours before dus' .

Water samples were drawn, fixed, and titrated as described before.
Diurnal graphs of averaged data were drawn in the same way as for full

diurnals but used only three points. Fig. 6 gives an example.

Light-Dark Bottle Measurements

Light and dark bottles studies wu« .7 in the later stages of the
project to estimate the metabolic component of the water column as apart from
bottom and fishes. 300 ml BOD bottles were suspended at about 0.5 m
depth with small chains secured to a four foot length of 3/4 inch PVC
pipe floated at each end by a plastic milk cazton. Generally, five

replicates each of both light and dark bec¢tles were put out as soon as the
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dawn diurnal run was completed and picked up at the same time the

following day. Fixation and titration were as in Standard Methods (1971)
except that only a 100 ml subsample was titrated because of the 0.0125N
thiosulfate used. The increase in the light bottle was tsken as 24 hour net
production, the decrease in the dark bottle was taken aes 24 hour respiration,
and the sum of the oxygen gained plus that used up was taken as gross

photosynthesis.

RESULTS

For purposes of synthesis, increasing understanding of total system
Structure and function, and assessing the nature of the adapted and surviving
system which has developed under the influences of the thermal plume, data from
other tasks of the Crystal River project as well as that gathered in this
phase are presented here. Data for control areas comes from two different
sites. Biomass data was gathered by Snedaker in basin #6 just south of tne
intake dike while diurnal metabolism data was measured in a bay near Fort

Island just to the south of the mouth of the Crystal River (see Fig. 1 ).

Diurnal and Season Patterns of Data from
Other Portions of Crystal River Project

Sunlight
Fig. 7 gives average daily insolation by month for the pericc 1961-72

measured at Tampa, Florida 90 miles to the south (U.S. Weather Bureau, 1967).
Peak insolation months (about 6000 Kcll/lz’day) were April and May at the

very end of the winter-spring dry season. Daily summer values were lower
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probably due to frequent afternoon thunderstorms. Fig. 8 gives a typical
summertime pyranometer tracing for Crystal River showing afternoon thunder-

storms reducing insolation.

Alr Temperature
Fig.9a gives monthly mean, maximum, and minimum daily temperatures
at Tampa (taken from Fla. Power Corp., 1972). Diurnal variation was smallest
durin, ~he summer months when the climate was primarily under the influence
of the Bermuda high pressure system and frontal systems usually remained
well north of the area. Minimum temperatures dropped sharply in October
as cold fronts began penetrating into Florida and remained low through
the winter when the climate was characterized by cold snaps following each

frontal passage with warming until the penetration of the next cold air mass.

Precipitation

Monthly mean and maximum 24 hour precipitation at Tampa is pres~nted
in Fig. 9b (taken from Fla. Power Corp., 1972). About 60% of the yearly
rainfall occurred from June through September, the rest falling over an
extensive eight month dry period extending through May.

wind Direction and Speed

Wind rose diagrams by season are given in Fig.10 (Fla. Power Corp.. 1972).
Summer winds are predominantly westerly and easterly as influenced by the
large scale circulation about the shifting position of the Bermuda high
pressure cell and by the more local regional land-sea breeze system.

With the change in the fall and winter to weather patterns dominated by
frontal Systems the predominant wind direction shifted to northerly

directions. Average wind speed (Table 5 , Fla. Power Corp., 1972) was
lowest in the summer and highest in fall and winter, probably due to the

strong winds associated with frontal passages.
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Fig. 10. Wind direction by season at Crystal River site. Bars give
percent of readings occurring from each compass bearing (Fla. Power

Corp., 1972).
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Table 5. Seasonal average wind speed at Crystal River site (Fla.
Power Corp., 1972).

Average Wind Speed (mph) Frequency of Calms (%)

Spring 11.1 0.88
Summer 9.5 1.56
Autumn 12.0 0.43
Winter 12.0 0.59
Annual 11.4 0.75
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Water Temperatures

Weekly average water temperatures at various locations in the discharge
canal, dis-:harge study area, and intake area are given in Fig. 11. Buoy
locations are given in Fig., 12, Weekly average power plant load for units 1 and 2
and temperature rise across the condensers for unit 1 is shown in Fig. 13,

The seajonal ambient water temperature cycle was indicated by buoy K located
at the Gulf end of the south intake dike (Fig. 11) and water entering the
intake pumps (Fig. 13). For 1973 lowest temperatures of 12 to 15°C occurred
in January and February rising through the spring to a plateau of 28-30°C 1n
the summer months of June through September. Rapid cooling began in October.
These data are very similar to monthly average data for Cedar Key 25 miles to
the north (25 year record).

Discharge area temperatures (Fig., 11) had the same seasonal pattern
as ambient areas but with a consistant temperature increase due to the thermal
plume. Canal temperatures (buoys F and G) were about 5% higher than ambient,
corresponding to the average temperature rise across the power plant condensers.
Over the shallow inner bay, {(buoys GA, GB, GC) the average temperature increase
was only about 3°C over ambient, probably due to evaporative and radiative
cooling and mixing with some ambient water.

Diurnal temperature patterns are given in Fig. 13 for four days in late
May, 1974. Ambient daily change (buoy K) was about 3°c. Canal temperatures
(buoy G) was about 5°C above ambient but the pattern was variable. Tidal effects
were evident in the record with buoys G and GD exhibiting opposite behavior.

In the canal (buoy G) surface temperature decreased at high tide, probably as
cooler offshore water flowed in over the warmer but more saline and dense plume.

At the north boundary of the discharge plume (buoy GD) a rising tide pushed warm
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plume water across the bay, which finally reached the buoy sensor at full
tide stage. The temperature quickly dropped to ambient as cooler water from
the north flowed past on the falling tide.

The effect of plant load on temperature is apparent in the data pattern
for May 26 and 27 when unit 1 went offline while unit 2 continued to operate
at a fairly constant load factor. Since poch units continued to pump ambient
water, the canal temperature dropped several desrees because of dilution of the
heat from unit 2. Because of mixing and cooling the plume reaching
buoy GD dropped closer to ambient levels. Very little solar heating was

evident for May 27 because of the cloudy conditions for that day.

Benthic Macrophytes

Seatonal patterrs of biomass of benthic macrophytes in basin #1 affected
by the thermal discharge and in basin # 6 south of (he ‘n.ake dike are given
in Fig. 15. Biomass in basin #1 was composed alnost entirely of the
seagrass Halodule wrightii except during the winter of (:72-73 when mixed
Ectocarpaceae were present in abundance. It <id no: return, however,
during the milder winter of 1973-74. Basin #6 had a larger standing stock with
macrophytic algae becoming much more important. See report by Van Ty.e for

more detail and discussion.

sid Fishes
Seasonal values of biomass and numbers of fishes caught in drop nets
in basin #6 are given in Fig. 16. See discussion by Adams elsewhere in

this report for more detailed data and analysis.

Nutrients
An indication of nutrient levelc in basin #1 may be indicated by

measurements at the mouth of the discharge canal (Fig. 17).
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Total Metabolism Measurements

All total metabolism measurements obtained by the free water diurnal
methods and water column metabolism as measured by light-dark bottles
are given in Tables 6 and 7 for the discharge bay and unaffected bays.
The total metabolism measurements are plotted graphicallv by date in Fig. 18
and 19, and all data for the three years have been combined and plotted
on one 12 month graph in Fig. 20 and 21 .
Daytime Net Photosynthesis

Seasonal averages of daytime net photosynthesis are shown in Fig. 21
for the discharge and control bays indicating a seasonal trund in both
areas. In the discharge bay highest net production occurred in the spring,
was somewhat lower in summer, and lowest in the fall. However, the seasonal
differences were not significant at the 952 level. In the control bays
the highest value also occurred in the spring, with lower values in the summer
and fall, and lowest in winter. T-tests (e4 = 0.05) showed that winter
was significantly different from the other seasons, spring was different
from summer but not from fall, while summer and fall were uot different.

Comparing the two areas showed that spring, summer, and fall values
of net production in the control bays were generally 1.5 to 2.5 times those
in the discharge area with almost i{dentical values in the winter. Spring
and fall values were significantly different between areas while winter and
summer valies were not.
Nighttime Respiration

Fig. 22 gives night respiration by season for the control and discharge

areas. A marked seasonal pattern was evident in the control area. The
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Table 6

Record of Metabolism by Diurnal Free Water Metabolism and
Bottle Measurements in Plume Affected Inner Bay Area (Basin 1)

Daytime Change Change Gross
Net Night in Light in Dark Produc~- Insolation
Photosynthesis Respiration P¥*R Bottles Bottles tion (Kcal/nz-da)
Date Method * (gn02/u2~da) (ngZ/nz-da) (ng,/mz-da) (mg/1) (mg/1) (3-02/n3)
Winter:
Dec. 14-15, 1972 D 2.42 2:53 4.95
~ dJan. 22-23, 1973 D 0.90 31 2,01
w Jan. 31-
~ Feb. 1, 1973 D 1.24 3.60 4.84
Mean 1.52 2.41 3.93
Std. Dev. 0.80 125 1.67
Spring:
May 10-11, 1973 DDD 4.83 4,28 233
May 11-12, 1973 DDD 2.88 3.29 6.17
May 24-25, 1973 DDD 2.57 1.12 3.69 6500
May 25-26, 1974 DDD 1.68 0.70 2.38 6409
May 26-27, 1974 DDD 2.28 1.79 4.07 +1.15 -0.39 1.54 5834
June 14-15, 1972 D 1.33 1.71 3.04
June 29-30, 1972 D 2,27 2.17 4.44
June 17-18, 1973 D 3.24 2.40 5.64
June 18-19, 1973 DbD 2.14 0.89 3.03
June 19-20, 1973 DDD 0.00 1.31 1.3
June 20-21, 1973 DDbD 2.39 1.90 4.29 +2.47 -2.18 4.65
June 21-22, 1973 D 1272 2.50 4.22
June 22-23, 1973 pDD 0.96 1.19 2.15
Mean 2.18 A 4.12 1.81 1.29 3.10
Std. Dev. IS & ) R | 2.02 0.95 1.27 2.20
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Table 6 (cont'd)

Daytime Change Change Gross
Net Night in Light in Dark Produc- Insolation
Photosynthesis Respiragion P+ R Bottles Bottles tion (Kcal/m*-da)
Dat Method*
K (ngz/mz-da) (gm0, /m -da) (ngO/mz'da) (mg/1) (mg/ 1) (gn02/-3)

Summer :
July 7-8, 1972 D 3.15 2.29 5.44
July 26-27, 1973 pDD 3.51 2.64 6.15 +0.71 -0.30 1.01 6115
Aug. 2-3, 1972 [h] 5.96 4.16 10.12
Aug. 2-3, 1973 DDD 0.92 1:25 2:%7 +0.51 -0.06 0.57 2889
.Aug. 22-23, 1973 D 1.14 1.96 3.10
Aug. 23-24, 1973 DDD 1.16 Y.27 2.43 +0.86 -0.36 1.22
Aug. 24-25, 1973 DDD 1.43 1.48 2.91
Aug. 25-26, 1973 pDD 0.10 2:27 237
Aug. 26-27, 1973 DDD 0.56 1.78 2.84
Aug. 27-28, 1973 DDD 1.09 2.57 3.66

Mean 1.90 2.17 4.12 0.69 0.24 0.93

Std. Dev. 1.78 0.86 2,49 0.18 0.16 8.33
Fall:
Oct. 29-30, 1973 DDD .12 1.60 .72 +0.54 -0.22 0.76
Oct, 30-31, 1973 D 1.60 277 4.37 +0.47 -0.23 0.70
Oct. 31-
Nov. 1, 1973 +0.68 -0.19 0.87 3850
Nov. 1-2, 1973 DDD 1.27 2.21 3.48 +0.55 -0.36 0.91 4490

Mean 1:33 2.19 3.52 0.56 09.25 0.81

Std. Dev. 0.25 0.59 0.84 0.09 0.08 0.10

* DDD - Dawn-dusk-dawn method
D = Full diurnal curve method
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Table 7

Record of Metabolism by Free Witer Diurnal Metabolism and
Bottle Measurements in Fort Island Area Away from Plume.

Daytime Change Change Gross
Net Night in Light in Dark Produc- Insolagion
2 Photosynihesis Respiragion P+ R Bottles Bottles tioa (Kcal/m" -da)
Date Method (gm0, /" +da) (gmozln -da) (gmuzlmz-da) (mg /1) mg/1) (gnozln )
Winter:
Feb. 13-14, 1973 D 2.03 1.25 3.28
Feb. 22-23, 1973% D 1.48 1.68 3.16
Mean 1.76 1.47 3.23
Std. Dev. 0.39 0.30 0.69
Spring:
May 25-26, 1974 DDD 5.36 4.47 9.83 +1.81 -0.54 2.35 6409
May 26-27, 1974 DDD 4.72 4.29 9.01 +1.67 -0.60 2.27 5834
June 25-26, 1974 DDD 1.93 3.05 4.98 -2.11 -3.48 1.37 3037
June 26-27, 1973 pnD 5.09 S At 10,46 +0.70 ~-0.46 1.16 6543
June 26-27, 1973 pl 6.20 5.67 11.87 6343
June 27-28, 1973 DDD 5.3/ 5.75 10.92 6144
June 28-29, 1973 vbD 5.63 4.96 10.59 +0.58 -0.22 0.80 6648
Mean 4.87 4.79 9.66 0.53 3.27 1.57

Std. Dev. 1.38 0.95 2.25 1.58 1.47 0.69
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Table 7 (cont'd)
Daytime Change Change Gross
Net Night in Light in Dark Produc- Insolation
Dok Methodz Photosynthesis Respiration P+ R Bottles Bottles tion (Kcnllnz'da:
(gm0, /n’-da)  (gm0,/m*-da)  (gn0,/w’-da)  (mg/1) (mg/1) (gm0, /m®)

Summe r
Aug. 02-03, 1972 D 4.18 5.54 10.12
Aug. 16-17, 1972 D 3.54 5.69 9.23
Aug. 10-11, 1972* D 2.60 3.40 6.00
Aug. 24-25, 1973 D 3.95 6.22 10.17
Aug. 26-27, 1973 DDD 1.55 6.87 8.42
Aug. 27-28, 1973 DDD 3.77 1:33 11.10

Mean 3.27 5.91 9.18

Std. Dev. 1.00 1.37 1.80
Fall:
Nov. 12-13, 1973 DDD 2.14 3.41 5.55 +0.10 -0.17 0.27 3100
Now. 13-14, 1973 DDD 3.97 4.35 8.32 +0.17 -0.12 0.29 4140 |
Nov. 14-15, 1973 bbD 4.30 4.15 8.45 +0.13 -0.12 0.25 4280
Nov. 15-16, 1973 DDD 3.36 5.09 B.45 +0.21 -0.06 0.27

Mean 3.44 4.25 7.69 0.15 0.12 0.27

Std. Dev. 0.95 0.69 1.64 0.05 0.05 0.10

\
|
|
|
|
* Hodges Island ‘
1 Single Station |
2 DDD - dawn-dusk-dawn method 1
D - full diurnal curve method

|

|

\
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lowest value (1.47 gOzllz'day) occurred in winter, increased to 4.79 gozlwz'day)
in spring, reached its highest value (5.51 goznz'day) in summer, and declined
again in the fall to 4.25 gOz/nz'dly. T-tests (95% level) showed that

soring, summer, and fall were not significantly different from each other

while all were significantly different from winter.

In the discharge area night respiration values stayed almost constant,
varying between only 1.94 goz/nz'dny and 2.41 gOZ/nz-day over the four
seasons. T-tests showed no significant difference between any seasons.

Comparing the two areas in winter showed the controls to be lower
than the discharge bay but not significantly different (95X level). During
spring, summer, and fall night respiraction in the central bays was larger
and significantly different from the discharge bay.

Daytime Net Photosynthesis Plus Night Respiration

If nighttime respiration was ass;med to be the same as daytime
respiration, then the sum of daytime net photosynthesis and night respiration
was a measure of gross production. Fig.2Z gives a plot of daytime net
photosynthesis plus night respiration by season for the discharge and control
bays. Average P + R in the discharge bay showed virtually no variation
with season, remaining about 4 302/n2'day. There was no statistical
difference between seasons (95% level).

The control bays showed a seasonal pattern of average P + R, being
lowest in winter (3.23 gozlnz-day). highest in spring (9.66 gozlnz'day)
and declining some in summer and fail. There was no significant difference
(95% level) between spring, summer, and fall values, but they were all

significantly different from the winter value.
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Average winter P + R in the control area was slightly lower than that
of the discharge bay but the difference was not significant at the 952
level. Control area values were larger during spring, summer, and fall
than those obtained in the discharge are, the difference being significant
at the 95% level.
P/R Ratio

P/R ratios calculated two different ways are given in Fig. 24a and 24b.

The first ratio (Fig. 24a) would indicate if the net gain of photosynthetic
product manufactured during the day was sufficient to satisfy nighttime
respiration requirements. Fig. 24b involved the assumption that daytime
respiration was similar to that measured during the night. It measured
whether total photosynthetic product produced was sufficient to satisfy
total respiratory requirements. The patterns exhibited were similar in
both calculations. In the discharge bay the P/R ratio was less than
one during winter, summer, and fall, increasirg to greater than one in
the spring. The control bays had a ratio greater than one during winter
and spring, dipping below one in summer and fall. The ratio was lowest
during the summer.
Light and Dark Bottle Measurements

Light and dark bottle measurements of water column metabolism excluding
larger organisms are given in Table 6 and 7 for the discharge bay and
control bays. Relatively few measurements were made with none available
for the winter period in both areas or for the summer period in the control
bays. Ia the discharge bay water column metabolism ranged from
3.10 gOZ/nz'da to 0.81 sOZ/mz'da. being highest in spring based on only

two measurements, and considerably lower in summer and fall. In the control
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areas the average value ranged from 3.14 ;Ozllz'd. to 0.54 gozllz'da and
was also highest in spring and lower in the fall.

Plankton production was a larger portion of total production in the dis-
charge area than in the control areas ranging from 75% of total production
in the spring to 23% in the summer and fall. In the control area it was

33%Z in the spring and 7% in the fall.

DISCUSSION
Evaluated Seasonal Models

Energy diagrams have been drawn for the plume affected basin #1 and
the Fort Island and basin #6 control areas to cempile overall project
data in one place and to aid synthesis in the mind’'s eye for gainin-~ a
comprehensive overview of the effect of the thermal discharge on the
shallow system of basin #1. These diagrams are presented by season in
Fig. 25 a-d and Fig. 26a-d. The numbers are drawn from various tables
and graphs in this and other project reports or calculated as indicated.

The components were chosen to represent the major stocks and flows being

measured,
Total Metabolism Measurements

Comparison with other systems

The range in values of gross production of 3 to 10g Ozlmz’da measured
in the Crystal River region are very similar to those measured in the
many different types of bay systems of the Texas coast (Odum and Hoskins,
1958; Odum and Wilson, 1962), falling within the lower two-thirds of the
range of values recorded there (Odum, 1967). Odum (1963) reports seasonal
patterns and levels of metabolism for Redfish Bay, Thallassia and Halodule
dominated Texas bay which were much like the control areas at Crystal

River. Hellier (1962) reported summer values of gross production for the
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Table A. Calculations of numbers presented in Fig. 25a-d and 26a-d.
Storage Description Calculation Reference
Q Total phosphorus in
} bay water
Qz Phytoplankton biomass
03 Benthic macrophyte Van Tyme,
biomass this report
Q‘ Organics in water
column
Qg Resident fish Adams, this
report
Q6 Benthic invertebrates Evink, this
report
Q7 Organic matter in

sediments
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Table A continued.

Flow Description Calculation Reference
J1 Average seasonal insolation
J2 Gross production of phyto- Seasonal average from Tables 6 or 7 of light and dark
plankton bottles. Assumed to be 10% of total gross production
if no bottle data available,
J3 Phytoplankton respiration Assumed to be 30% of gross production
J4 Benthic macmophyte gross Seasonal average total system gross production (P*R)
production from Table 6 or 7 minus phytoplankton gross production
JS Benthic macrophyte Assume 307% of gross production Day, 1973
respiration
J6 Sediment microbe Remainder after all other respirations including
respiration dark bottle were subtracted from seasonal total
respiration in Table 6 or 7.
35 Respiration of benthic Assume respiration rate of 0,085 g dry wt. respired/ Day, 1973
invertebrates g dry wt./day.
J8 Respiration of resident fish Assume turnover of 12 times per year. Day, 1973
J9 Oyster reef respiration Assume respiration of 5% dry body wt./day Day, 1973
JlO Respiration of water column Dark bottle value minus calculated phytoplankton

microbes

J11"’12 Phosphorus taken up in photo-

synthesis

J13'J19 Phosphorus regenerated by res-

piration

respiration.

Assume phosphorus 0,57 of organic matter

Assume phosphorus 0.5% of organic matter.



upper Laguna Madre, Texas, a hypersaline Halodule dominated system,
which were two to three times Crystal River control data while winter

metabolism was similar in the two areas.

Seasonal patterns in control areas at Crystal River

Seasonal trends of metabolism in the Crystal River coastal region
as indicated by data from the control bay measurements (Fig. 21 and 22),
show low photosynthesis in winter, a pulse of net productivity in spring
corresponding to the yearly peak of sunlight in April and May (see Fig. 7),
and lower values in summer and fall with reduced insolation due to after-
noon convective clouds and storms. Respiration was also low in winter,
increased greatly in spring along with net photosynthesis, peaked in
summer, and declined again in fall possibly being influenced by the
temperature “egime, which peaks in August. High respiration in summer
possibly reduced net productivity. Light-dark bottle measurements
(Table 7) 1in the control areas, although incomplete, tend to reinforce
this pattern of a pulse of spring productivity. When daytime net
photosynthesis and night respiration were added together as a measure
of gross production of organic matter (Fig. 22) the spring pulse of net
gain was not as sharp, as productivity remained high through both spring
and summer.

A P/R ratio (Fig. 23) greater than one in winter indicated a net gain
in organic matter during this season, but it probably was small because of
the level of metabolism. Although net photosynthesis reached its seasonal
high in spring, the P/R ratio was only slightly greater than r .e since total
respiration had also increased indicating a close coupling ,f organic
matter production and total respiratory demand during this "spring dinner"
period. The dominance of respiration over production during summer

and fall may result from increased sediment microbial respiration of
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accumulated organic material from winter and spring during the period of

highest seasonal temperature.

Seasonal patterns in tie thermzlly affected basin #1

Patterns of metabolism in the thermally affected basin #1 were remarkably
constant compared to the unaffected area.(Fig. 21 and 22). An increase in net
photosynthesis is evident in the spring although the difference was not
statistically significant at the 95% level. Respiration tended to be highest
in the winter possibly attributable to stimula.ion from the higher temperatures.
The seasonal differences, hcever, were not statistically significant.

Since metabolism values were similar in winter in the two areas (Fig. 21
and 22), and assuming worst case conditions, lower values in spring, summer,
and fall could be possibly attributed to a depressing effect of the power plant
heat loading during these seasons.

P/R ratios (Fig. 23) were less than one in all seasons except spring
indicating utilization of an externmal source of organic matter such as detritus
exported from the surrounding salt marshes and organisms killed by the power
plant and flushed in by advection of the discharge plume. The ratic rose above
one in spring indicating a spring pulse of productivity as occurred in the

control areas.
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Seasonal Model of the Shallow Inshore
Benthic Dominated Ecosystem

Fig. 27 disgrams a model of the inshore system of basin #1 and #6 used for
an analog computer simulation reported in a previous report (December 1973)
using more preliminary data than now available. The model has been aggregated
so that all fish have been lumped into one compartment, phytoplankton have been
eliminated, and the relationship of microbes to the detrital oiganic matter
compartment has been simplified. Table 8 gives the calculations a- ' sources
of the values of the flows and storsges listed on themodel disgram. The simu-
lation was done on an EAI 680 analog computer.

The model consists of five biological storages internal to the madel
(benthic plants, total phosphorus, organic matter, benthic invertbra.es, and
fish) and one external component (oyster reeis), With the exception of organic
matter these components were chosen because they are the ones being measured at
Crystal River as part of the overall project. The dynamics of oyster reefs were
not included because of the more detailed model being done by M. Lelman (see his
section in this report). However, their role in filtering food, contributing
to the detrital pool, and regenerating nutrients are included. Zooplankton have
been considered part of the bemnthic invertebrate compartment because no separate
data were available for the inner bay area. Phytoplankton have been excluded
from the model because measurement< have shown them usually to contribute

207% or less of the total metabolism.

Of the total driving force of sumlight energy falling on the estuary (Jo)
some is absorbed by the primary producers (Jl) and fixed into organic matter
(JZ) at a rate which is a function of the level of sunlight energy, t'e stock
of nutrie~r (phosphorus) available, the temperature driving the reactions, ar

the quantity of plant structure for capturing the available insolation.
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Table 8

Description, calculations, and source of values of stocks and flows used for simulation of Inner

Bay system.

Storage Description Calculation Reference

Q1 Total phosphorus in bay water Measured at Crystal River site Smith, 1973

Q2 Benthic macrophyte biomass Measured at Crystal River site Snedaker, 1973

Q3 Organic matter in watcr column

and sediments Estimate

Q4 Benthic invertebrate biomass Measured at Crystal River site. Venturi pump Snedaker, 1973
samples plus core samples. Core samples
unavailable. Assumed to be of same order as
venturi pump value. Therefore, total biomass
2x venturi value.

Qs Fish biomass Measured at Crystal River site by drop net Snedaker, 1973
method. Assume dry wt. 25% of wet weight

R Oyster reef biomass Measured at Crystal River site Lehman, 1973
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Table 8 (cont.)

Flow Description Calculation Reference
J Total sunlight reaching ground Average of measured valyes for 2-week period in Young, 1973
1 June, 1973, 5500 kcal/m/day
Jz Gross photosynthesis of bottom Total metabolism measurements minus phytoplankton
plants component as measured with light-dark bottle
measurements
Summertime average gross metabolism - 4. 6Sg0 /n /da Smith, 1973
Light-datk bottle gross productivity - ¥ 8630 /- /da Smith, 1973
4.65g0, /- /da - (1. 8680, /- /da) (0.5m) =
¥ 7.g0 /n /da
J3 Phosphorus loss offshore due By difference at steady state: J28 + J30 + J16
to flushing £ +3 + J + J
26 29 4" 31 ;
0.0215 g/m“/da = 0.0186 g/m"/da + J32
J.. = 0.0029 g/m>/da
32
J4 Phosphiorus released by plant Assume phosphorus to be 0.5% of organic matter
FampLration (3.72g/n’ /da) (0.005) = 0.0056 g/m’/da
J6 Bacterial respirction By difference after subtraction calculated respiration

of benthic plants, benthic invertebrates, oysters, and
fish from measured total respiration.

o L R Wt <

4.52g/m>/da - 1.12 - 0.3 = 0.09 = 0.73 = 2.28g/m>/da

Total respiration - J3
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Table 8 (cont.)

Flow Description Calculation Reference

JIO Organic matter input from marsh Detrital export from marsh = l.Og/-ZIQz of Young, 1973
marsh area/day. Assume marsh area about the same
ag inner bay area Input to inmer bay = 1.0g/
m/day.

J Ingestion of organic matter by Sumof J ., and J__. 0.533/-2/day + 0.53g/lzlday

L4 1 18
benthic invertebrates = 1.06g/m" /da

J Ingestion of organic matter by fish By difference. T_,_+J -J
12 ) 25 223 22 2
0.53g/m" /day + 0.25g/m" /day - 0.l4g/m“/day =
0.363/-2/day
J13 Loss of organic offshore By difference at steady state ng + JlO J27
+ = + +
i tintin " utin Yt
4.833/nzlday = 3.93/-2/day + J13
2
J‘.3 = 0.93g/m" /aay
J Ingestion of organics by reef Steady state population so that J , = J__+ J. _ = 0.2
14 organisms 223 " 33 13
& + 0.2 = 0.4 g/m"/day
Jls Feces, pseudofeces, death Assume steady state population so that J15 = J33 =
0.203/n2/day
J16 Phosphorus recycled by reef Assume phosphorus 0.5% organic matter
respiration

(0.2 g/-zlday)(0.00S) + 0.001 g/nzlday



Table 8 (cont.)

Flow Description Calculation Reference

Jl7 Feces production of benthic Assume 507 assimilation efficiency of ingestion
iavertebrates Therefore, J17 = J18 = 0.53g/u2lday

J18 Gross assimilation by benthic Assume 15% of standing stock per day
invertebrates

(3.5/n2)(0.15/da) = 0.53 g/nzlday

| Respiration of benthic invertebrates Assume respiration rate of 0.085 g dry wt. Day, 1973
respired/g dry body wt/day

J Phosphorus released by benthic Assume phosphorus 0.5% of organic matter
invertebrate respiration (0.3g/u2/day)(0.005) - 0.00ISg/nzlday

€EvT-1

J Mortality Assume 2.5% of standing stock per day
(3.5 g/m?)(0.025/day) = 0.09 g/m>/day

J Predation loss to fishes Assume 4% of standing stock per day
2
(3.5g/m")(0.04/day) = 0.14 g/nzlday

J,,3 Gross assimilation by fish Assume to be 10% of standing stock per day
2 2 !
(2.5g/m7)(0.1) = 0.25 g/nzlday

J Respiration of fish 3.6Z of dry body wt. per day Prosser and Brow..,
2
(2.5 g/m) (0.036) = 0.09 g/m’/day 1961

Feces production of fish Assume assimilation efficiency of total food
intake to be 50%, i.e., the same as J23
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Flow Description Calculation Reference
Jz Phosphorus released in respiration Assume phosphorus to be 0.5% of organic matter
" of fish (0.09g/m? /day) (0.005) = 0.00045 g/m?/day
J27 Mortality (all causes) Assumed to be difference between respiration and
gross assimilation (J23 - J24 + J27)
0.25 g/nzlday - 0.09 g/lzlday = 0.16 3/.2/day
J Phosphorus released in microbe Assume phosphorus is 0.5% of organic matter
% respiration 2 2
P (2.28 g/m /day) (0.005) = 0.0114 g/m"/day
J29 Flow of plant biomass into By difference assuming steady state
eXgis matter poal J, =J, +J ., at stcady state
2 3 29
- St Tl
J 2
29 = 3.72 - 1.12 = 2.60 g/m" /day
J30 Phosphorus input from salt marsh 1.0 g/lzlday = detrital input from marsh (see
calculation for J 0). Assume 1g or detritus comes
from 1g of live pinnt. Juncus roemerianus is
0.15% phosphorus. Assume 90% of phosphorus lost
from plant .pon death. Therefore, 1lg detritus
would have released:
(I.Og/nzlda)(0.00IS) = 0.0015g P/-zlday
J31 Uptake of phosphorus by plants Assume phosphorus is 0.5X of organic matter produced

in photosynthesis

in gross photosynthesis (Jz)
(3.72 g/nzlday)(0.00S) = 0.0186 g/lzlday
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Table 8 (cont.)

Flow Description Calculation Reference
J32 Loss of phosphorus to offshore By difference assuming steady state
et Total inputs = total outputs
0.0ZAIglnzlday = 0.01863/.2/day + J32
3y, = 0.0241 -0.0186 = 0.005 g/a’ lday
J33 Reef respiration Assume total biomass = 1003/!:2 of reef area.

Use respiration rate of 7.5g/m /day

Assume reef area is 5% of bay area and
submerged 12 hrs/day

(7.Sg/nzlday)(0.05)(0.5) = 0.20 g/nzlday



The organic matter produced becomes available to consumers after flowing (J29)
into an organic detritus pool (QJ). In addition to cycling through the consumers
(Jll,JIZ'JIA) where some is assimilated this detrital pool has a constant

inflow from the adjacent salt marshes (JIO) and loses a portion permanently to

offshore waters (J13).

Respiration pathways are = fuaction of the temperature acting on the met-
abolic pathways and the quantity of bior.ass respiring. The benthic invercebrace‘
and fish consumers react to their termperature affected respiratéry rate by
adjusting their food gathering activities in proportion to their respiration rate,
Respiration also regenerates phosphorus, which is recycled into the phosphorus
pool within the water column (Q1)° Phosphorus also flows in at a constant rate

from the salt marshes (JJO) and is lost permantly offshore (J32).

The first simulation of this model using as initial conditions summer values
for the plume affected inner bay area gave responses shown in Fig, 28, The
light and temperatur2 regimes at Crystal River were approximated with sime wave
forcing functions. Light had a seasonal high of 5500 Kcal/mzldn at the end of
June and a seasonal low at the end of December of 2500 Kcal/mZ/da. The tewper=-
ature fuaction lagged 3 months behind light reaching a high of 35°C at the end of
August and a low of 16°C at the end of March.

The storage component of benthic plants and its epiphytic associations followed
a seasonal pattern which tracked primary production. Their maximums occured in
late summer with the peak occuring just before maximum temperature. These
maximum values were very close to the measured values at Crystal River, The
decline through the fall reached a broad minimum lasting through the winter.
The ensuing spring rise in rate and biomass was somewhat steeper then the decline
of the previous fall. The minimums were much lower than measured values both
biomass and gross production dropping by a factor of 3 or 4 while temperature and
light dropped only by about 2 times. Observed at Crystal River but not yet
included in this model is the change of dominance in the benthic plants
from lHalodule wrightii in the late spring, summer, and fall to an Ectocarpaceae
in the winter and early spring. This species substitution may be a system
mechanism for making use of the still relatively abundant winter-ime light energy
source and thereby increase winter metabolism. Inclusion of this observed

behavior in the model may raise the low minimums of biomass and gross production,
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Total respiration closely tracked gross production and plant biomass
since the major contributors to this rate were plant and microbial
respiration in this simulation. The seasonal variation in total respiration
was similar to measured values. The ratio of gross production to total
respiration (P/R ratio) varied from about 1 in the summer to about 0.5 in the
winter, a seasonal variation similar to observed data.

Total phosphorus exhibited a sharp rise in level through the summer,
peaking in the fall, and slowly declining until the next summer. The few
measurements so far taken at Crystal River indicate a fairly constant level
of tetal phosphorus in the water column throughout all seasons. Incorporation
of physical flushing by tides and the discharge plume into the model coefficients
should level out the behavior of this component. The current model is probably
more similar to a closed sys:em such as a reservoir.

Organic matter exhibited only a small fluctuation due to the large storage
relative to the inflows and outflows.

The consumer populations of the benthic invertebrates and fish could not
be maintained unless a small outside source of biomass was added. The summer peaks
corresponded fairly well with measured values but overall behavior was not like

the observed patterns.

A Model of Temperature and a Metabolism-Sensed Energy Inflow

In order to refine and improve the large system lodcl'lubnodoll of the
producer and consumer components were simulated in isolation. The goal of this
effort was to test ideas about these modules concerning the role of temperature
on their function and to gain a better understanding of their dynamics in the
context cf the larger model.

A submodel of the consumer compartment and the results of its simulation
are given in Figs. 29-34, 1In this configuration temperature directly affected
the pathway of respiratory metabolic disordering. As this drain increases
with temperature the organism must increase its input of energy to compensate.
The pathway of structural rebuilding and maintainence was postulated to vary
directly with the rate of structural degradation. With a constant rate of
food addition to the food tank this submecdel had the property of decrease in the
steady-state level of biomass with increasing temperature (Fig. 30). This
behavior may result fium che limited food source being drawn upon (constant
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flow source) becoming limiting preventing the rebuilding of structure from
keeping up with the drain. Fig. 31 showed this as a seasonal pattern with
biomass acting inversely to temperature over a four-year pericd.

The great sensitivity of this configuration to the rate at which food
was added to the food tank (productivity) is seen in Fig. 32. At a constant
temperature increasing producti/ity by a factor of 2 greatly increased consumer
biomass. Simulated as a seasonally varying cycle of productivity with
temperature held constant gave a response as shown in Fig. 33,

A scasonal pattern of varying production and temperature gave results
graphed in Fig 34, Production was programmed to follow seasonal pattern like
sunlight (high in late June, low in late December) with temperature lagging
3 months behind. The standing stock of food rose rapidly with production while
the scock of consumers lagged behind. Once temperatures rose, food was rapidly
grazed back and consumer biomass quickly added. Consumers declined in the fall
and winter.

Overall behavior of this configuration does not correspond very well with
obsarved patterns in nature. The sensitivity of biomass to food availability was
too great, which may be result of the 5-day turnover time chosen for this
submodel. However, a consumer with these coefficients could possibly exist
if it were to migrate away during periods of low temperature and productivity,

returning when conditions were suitable once again. Its ability for rapid growth

could then take maximum advantage of available food.

Push~Pull Effect of Temperature on a Producer Module
with an Unlimited Energy Source

Shown in Fig. 35 is a su._wodel of the producer compartment illustrating
the push-pull effect of temperature acting on both the photosynthetic and
respiratory sides of the storage compartment. This simulation assumed that in an
adapted plant the coefficient of the respiratory drain due to temperature is
not larger than the corresponding temperature induced increase in the rate of
photosynthetic rebuilding. In this case the effect of temperature on the
disordering pathway is set equal to the effect on the synthesis pathway.

Fig. 36 and 37 graph the model response to the variation of one forcing
function while holding the other constant. With varying temperature and constant
light (Fig. 36) respiration and production vary with temperature. Since the
push equals the pull, however, biomass remains constant. In the opposite
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Fig. 35, Energy model, equations, and analog diagram of producer module testing
the push~pull effect on both constructive and disordering pathways drawing on an

unlimited energy source.
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condition of constant temperature and varying light respiration, biomass, and
production track the light pattern (Fig. 37).

Combining varying light with varying temperature lagging three months
behind gives model responses graphed in Fig. 38, Productivity and biomass
rose rapidly in the spring as light increased but the respiratory drain was
still small with the low temperature, remained high through the summer, and declined
through the fall and winter when both temperature and light were declining.
Respiration lagged productivity tending to follow the temperature function.
This simulation indicated that this small sub-model had some of the basic
patterns observed in many real eituartes; Not modelled here is the coupling of
consumer populations to this seasona: pattern and their role i1 nutrient
regeneration. Addition of these components in a larger model may tend to make

total system respiration track produccion more closely.
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4B. METABOLISM AND MODELSE OF OUTER BAY ECOSYSTEMS
AFFECTED BY THERMAL PLUME
Hank McKellar
Department of Enviornmental Engineering Sciences

University of Flrrida
Gainesville, Florida 3.611

INTRODUCTLON

Present technological societies now face a transition from conditions
of abundant energy supplies and rapid growth to a steady state with limited
energies. Survival through the transition and into the steady state will
depend on a new partnership between man and nature with optimum combinations
of natural energies and fossil fuel based technologies (Odum, 1971; 1973).
Therefor§ the need is urgent to understand, predict and plan for viable
interfaces between natural ecosystems and technology. Presented here is an
effort to evaluate the effects of a coastal power plant on an adjacent

marine bay and to develop a model for understanding and prediction.

The Coupling of Estuarine Ecosystems with Coastal Tower Plants

Due to the large volumes of cooling water necessary for fossil-fuel
and nuclear driven power plants, it has been desirable for power companies
to locate generating stations in coastal environments. The heat and water
exchange added with the thermal plume plus effects of plankton entrainment
represent additional driving energies to which the affected marine ecosystems
must re-design and adapt.

Propused in Fig. 1 is a general energy circuit model of the major

parts and processes of an estuarine bay ecosysten and its interactions with

a coastal power plant. Such models have been shown to be a powerful

tool in evaluating overall impacts of man-nature interactions and

1-159



Pig. 1.

An energy circuit diagram of the outer bays near Crystal River.
The diagram specifies external driving forces, internal stor-
ages, pathways of energy exchange, and their interactions.

The power plant influences involve four main interactions; a T
increases bay water temperature, AT and pumping causes a

switch from plankton import to detrital import due to entrain-
ment: mortality, pumping adds to the general water exchange
through the bay, and the spoil banks interrupt coastal currents
and thereby inhibit water exchange.
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in environmental planning (Odum, 1962; Odum, Littlejohn, and Huber, 1972).

This model specifies energy exchanges among five major compartments of

energy storage in the marine system and their relationships to external

|
energies, including the power plant. The power plant is shown to interact ‘
as functions of the thermal plume (A‘l‘). the physical water exchange due
to the pumping of cooling waters, and the physical structure of the canal
spoil banks.
Water temperature in the bay, as influenced by ambient water temperatures
and the heat added by the power plant (AT) was a major determinar. of total
energy flow through the bay system. A major effect of tempmerature is to
increase biologica' exchanges involved with community primary production,
respiration, and corresponding nutrient recycle. Up to a certain lim't,
heat is expected to stimulate primary production through the enzymatic
process of photosynthesis (Jorgensen and Nielson, 1969). Heat also
stimulates respiratory activities of producers and consumers. Nicol (1967)

summarizes respiratory responses of a wide range of marine organisms

documenting two to three-fold increases with each 10°C rise in temperature.
Higher levels of general activity in swimming, feeding, and reprodu~tion.
Fig. 1 shows zooplankton, benthic invertebrates, and fish with a property
which increases their self-maintaining feed-back energies in proportion to

their own respiration rates, thereby providing an adaptive response to

A major issue concerning the metabolic responses of organisms to
higher temperatures is the net effects on total community metabolism of the
energy costs associated with increased respiration and the benefits of

effects of higher temperatures.
|
|
increased photosynthesis and trophic transfers. Copeland and Davis (1972)
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found that total community metabolism in heated artificial pools containing
estuarine water and biota was higher than in similar unheated pools. The
heated systems were more autotrophic during the summer and more heterotrophic
during the winter.

Temperature also serves as an information source which triggers
migration of larger organisms to and from the bays. Many invertebrates
and fish leave the estuarine bays during the winter and head for the warmer
deeper waters of the Gulf. Those organisms and their young return again
in the spring in time for the vernal bloom of estuarine productivity (Gunter,
1945; Simmons, and Hoese, 1959; Copeland, 1965; Odum, 1967). Summer
emigrations also occur when temperatures exceed normal maximum preferences.
These temperature related movements represent programmed responses of
estuarine organisms to maximize their utilization of seasonal energy pulses.
These responses are shown in Fig. 1 as a temperature controlled switch on
the migratory exchanges of larger consumers with external stocks.

The actual volume of water pumped by the power plant: ad he physical
structure of the associated canals and spoil banks alter patterns of water
exchange. In un-affected bays water exchange with the sea and adjacent
bays is due to tidal action and advective currents. Rates at which plankton,
¢ \trients, and detritus are imported to the system are proportional to
their external concentrations and the magnitude of water exchange. Export
rates are similarly related to concentrations within the system and water
exchange.

Plankton populations and nutrient stocks generally have rapid tu..over

times in marine systems and, therefore, tend to fluctuate suddenly with
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small changes in the environment. For these compartments, water exchange
serves as a stabilizing energy which spreads out local concentrations

and moderates large fluctuations. Such effects may, thereby, add to the
stability of the entire system. Fig. 1 shows effects of power plant
operation on water exchange. The volume of power plant pumping adds

to the total water exchange and the physical structure of the associated
canals and spoil banks may inhibit water exchange by interrupting longshore

currents. Again, the model points out issues of energy costs and benefits

associated with power plant influence.

Plankton are entrained in the power plant cooling waters and the
corresponding mechanical and thermal shock and effects of chlorination
ccuse some degree of stress on the entrained orginisms (Morgan and Stross,
1969; Heinle, 1969, Carpenter, Peck, and Anderson; 1972; Fox and Moyer,

1972, Carpenter, et al, 1974). Entrainment mortality is shown in Fig. 1
as a switch from plankton imports to detritus imports to the rec2iving bay.
This effect may tend to decrease planktonic involvement in the receiving
systems while contributing to detrital exchanges and nutrient recycle.

In summary, this proposed model points out several component issues
concerr ‘ng the net effects of energy costs and benefits to estuarine bays
as they interact with coastal power plants. If the energies added by the
power plants represent a resource with which the ecosystem may interact then
the system's use of its total available energies may increase (Odum, 1974).
Otherwise the energies added by the power plant may be a stress on the system.
The encompassing issue addressed in this study concerns the functioning of
the entire bay ecosystem as a coordinated unit. Does the system which self-
designs and adapts to power plant influences develop structures and functions

capable of maintaining its original levels of energy flow?
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This study is an effort to evaluate this issue for the outer bay

ecosystems affected by power plants near Crystal River, Florida.

Plan of Study

The interface design between the outer estuarine bays and the Crystal
River power plants was examined through ecosystems models evaluated by
field measurements and other available data. The conceptual model shown
in Fig. 1 was presented as

(a) a visual summary of the issues to be evaluated,

(b) an inventory cf the total energies driving the system, the dominent

internal storages, and the critical pathways of energy exchange; and as

(¢) a structural basis for collecting and comparing data from " affected"

and "control" bays.

Total community metabolism, as determined from diurnal oxygen curves,
was taken as an indication of the ecosystem's ability to process its total
available energies. Comparisons of metabolism between bays affected by
the power plants and similar control bays indicated the degrees to which
the affected system had changed with respect to those abilities.

Metabolism studies conducted at sites in the outer discharge and control
bays are indicated in Fig. 2. Studies were initiated in June, 1972, and
were performed at approximately quarterly intervals through May, 1974,
thereby establishing the general seasonal trends of metabolism.

Since plankton were an important component of the outer bay ecosystems,
efforts were made to partition total metabolism between its planktonic

components and the remaining benthic and nektonic components.
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Zooplankton respiration and corresponding turnover rates were estimated
by measurement tc determine their relative importance in the total energy
flow of the bay system.

Light penetration through the water column and concentration of
phosphorus fractions and planktonic chlorophyll in the bays were also
measured to augment the interpretation of metabolism data.

To determine the transition of water mass characteristics from off-
shore environments up to these bays and the possible seaward extent of
power plant ‘ffects, phosphorus, chlorophyll, and zooplankton concentrations
were determine. iu transects from stations on the outer continental shelf to
the bays near the power p!ants.

Concurrent with these studies, investigations were conducted by other
researchers on biomass of macrophytes, benthic invertebrates, fish, and

zooplankton in the bays and power plant canals (Snedaker, et al, 1973-74

Concurrent with these studies, investigations were conducte . by other
researchers on biomass of macrophytes, beathic invertebrates, fish, and
zooplenkton in the bays and power plant canals (Snedaker, et al, 1973-72;

Maturo, et al, 1972-73 ;Drew. 1974) . This additional information was combined with
the metabolism data and other supporting measurements from the outer

control and discharge bays. Using this data base along with information in the
literature, and with some necessary calculations and assumptions, the

energy circuit model in Fig. 1 was completely evaluated for both the outer
dis~harge Bnd control bays. The e¢valuated models thereby provided a

direct visual comparison of the differences in energy flows, storages, and

rates of systems turnover.
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Field Measurements

Total Community Metabolism

The metabolic activity of the total outer estuarine community was deter-
mined from diurnal oxygen changes in the free water with two methods modified
from Odum (1956) and Odum and Hoskin (1958). The first method involved the
analysis cf full diurnal oxygen curves with date from several stations. The
second method was an abbreviation of the first which involved estimating
daily oxygen changes from samples taken at times near dawn and dusk (McConnell,
1962) . Both types of analysis required corrections for oxygen diffusion
across the air-water interface and allowances for tidal fluctuations in depth.
A total of 43 metabolism studies were performed in the outer estuarine areas
near Cyrstal River. The major areas of data collection were the outer
discharge area (Dl) and the outer control area (Cl) where 84% of the total

metabolism values were obtained.

Full Diurnal Oxygen Curve Procedure

For each determination of total community metabolism three to five stations

were monitored for dissolved oxygen, temperature, salinity, and water depth.
Stations in th2 outer discharge area (Dl) are given in Figure 3. Stations

were visited at approximately 3-hour intervals throughout a 24 hour period.
DissolQed oxygen was determined on duplicate water samples (taken approximately
1 minute apart) by the Azide Modification Method (APHA, 1971). Values obtained
from stations within an area were averaged for each sampling time, thus

obtaining an averaged diurnal curve for each parameter.
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On several occasions an oxygen probe (Yellow Springs Instrument
Model 51-A) was used to facilitate oxygen determinations at various depths
in the water for the diurnal analysis. Use of the probe enabled continuous
oxygen monitoring at a single station rather than intermittent sampling at
several stations. For these diurnals, the small variations in oxygen were
observed while the generality gained from multiple station diurnals was
sacrificed.

Typical diurnal variations in these parameters are shown in Figure 4.
Ths »sercent oxygen saturation for each combination of dissolved oxygen, temp-
erature, and salinity was calculated using the formula of Truesdale, Downing,
and Lowden (1955). At temperatures less than 25°C values given by this
formula are known to differ slightly from those given by APHA (1971) as
reviewed by Churchill, Elmore, and Buckingham (1962). However, the maximum
deviations were less than 5% of the Standard Methods values so errors incurred
by using Truesdale's formula were considered negligible. Truesdale's formula
proved to be more useful in this study because it provided saturation values
for water temperatures above 35°C.

Observed oxygen changes were considered to be due to community
metabolism and atmospheric exchange across the ajr/water interface. Although
community metabolism and atmospheric exchange generally influence dissolved
oxygen in proportion to water surface area, the corresponding additions or
losses of dissolved oxygen are mixed throughout the water column. Therefore,
the observed change in oxygen concentration between each hour (Fig. 4a)
were multiplied by the average depth of the water column during that time
interval (Fig.4 b) to obtain the rate of oxygen change in g/mzlhr (Fig 4¢,

solid line). Atmospheric exchange was determined (see Oxygen Diffusion,
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below) and subtracted from the observed rate of oxygen change. The

corrected curve (Fig. 4f dashed iine) thereby represented oxygen changes

due to the net effects of photosynthesis and respiration. The integrated
area defined by the corrected curve above the zero rate-of-change line during

the day presented net daytime community photosynthesis (P Y The

net day
area b : zero rate of change line represented nighttime community
respira. Yo

-

Odum and Hoskin (1958) caurioned researchars on the use of the free-
water diurnal oxygen curve procedure in open estuarine areas where large net
exchanges of water masses with different oxygen regimes may lead to con-
siderable errors in calculating total metabolism. However, oxygen concentra-
tions at different stations wittiin each study area were generally similar
(Fig. 4c’, indicating that the exc' ‘nging water masses had similar metabolic
histories. Therefore, the general procedure for calculating total metabolism

did not involve a special correction for net water mass advection, although

some error was involved.

Dawn-Jusk Procedure

The full diurnal oxygen curve procedure was abbreviated in order to
cover more area and to obtain metabolism estimates for several days in
succession during each study period. For this abbreviated procedure,
stations were sampled only at times near dawn, dusk, and the following dawn
(or dusk-dawn-dusk) during a 24-hour pericd. Samples were taken, as before,
for dissolved oxygen, water depth, temperature, and salinity. Oxygen con-
centrations observed at times near dawn and dusk were taken as the best

estimates of the daily oxygen minimum and meximum, respectively. These

measurements thereby provided points for an estimated diurnal curves

for oxygen, depth, temperature and saturation (Fig. s).
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Dawn-dusk estimates of diurnal curves have been used in previous meta-
bolism studies in carboy microcosms (McConnell, 1962), shallow artificial
poc 1l microcosms (Whitworth and Lane, 1969), and in shallow marine ponds
(Smith, 1971) where oxygen changes were n° . ai.fected by tidal action and
net water adsection. The semi-diurnal tidal patterns in the open estuarine
bays at Crystal River required addit.onal considerations in interpreting
dawn-dusk data. Oxygen changes were measured on a volume basis and nultiplied
by the depth to obtain rates of oxygen change on a basis of surface area.
Therefore, care was taken to establish the actual times and magnitudes of
tidal depth changes. The depth curve (Fig. 5b) was calculated from the ob-
served depth measurements (see data points) and the expected tidal depth
changes as indicated by published tide tables for the Crystal River area
(U.S. Dept. Commerce, 1972-1974).

Figure 5 illustrates the direct ccmparisons of the dawn-dusk procedure
with the full diurnal analysis (Fig. 4) although such graphical representtion

was not necessary for metaboliswm calculations from dawn-dusk samples.

The net oxygen diffusion during the day in gO,/m2 was calculated as

D = (K)(S. )( )
Q

day ay tday

2 -
where K was the diffusion constant in g/m“/hr/100% saturation deficit, Sqay

was the average rercent saturation deficit during the day ( = (Sdaun + Sd”n_)/2).

and tday was the time between dawn and dusk in hours. Net daytime photosynthesis

4
‘P ) in g/m“/day was calculated as
net day

)(Z, ) ~-1D

[OZIdusk day day

([0,]

Pnet day y: dawn

where {O’]dawn and [O,]quk were th~ oxygen concentrations observed at dawn
and dusk, respectively, and zday was the average daytime deptn of the water

column through which changes in oxygen per m2 were integrated. Zday was
calculated by averaging hourly depthe from dawn to dusk as determined in
depth plots such as in Figure 5b. Nighttime respiration wes calculated

in a similar manner for the interval between dusk and dawn minus the net

nighttime oxygen diffusion.
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Sixty-three percent of all the total metabolism estimates were obtained

by the dawa-dusk procedure. To evaluate the differences between metabolism
estimates obtained through this abbreviated procedure and full diurnal analyses,
a subsample of full diurnal curves was analyzed according to the dawn

dusk procedure. Stations along the full diurnal curves taken 1-2 hours

after sunrise and 1-2 hours before sunset were taken as dawn and dusk

samples. Corresponding metabolism estimates were calculat;d and compared

with estim: -es obtained through integrating the full dfurnal curve. Resulting

differences are shown in Fig.6.. Occasionally, the dawn-dusk estimates were

30-40% lower than those obtained by {.11 diurnal analyses. These deviations
occured on dates when oxygen concentrations legan to decline several hours
before dusk due to cloudy and/or rainy conditions. The corresponding "dusk"
sample underestimated the oxygen maximum. However, dawn-dusk estimates were
generally less than 10% below those from full diurnals. The average difference
between these 18 »airs of values was 0.25 g/mz. which was not sji_iificant

at a 95% confidence level. However, when wide deviations occured, estimates

obtained by the dawn-dusk procedure were low.
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Oxygen Diffusion

Oxygen diffusion (D) in g/mzlhr was calculated as a linear function of

the deviation of the dissolved oxygen concentxation from saturation.

D = KS
vhere S was the percent dissolved oxygen saturation deficit and K was the
oxygen diffusion coefficient in glmzlhr at 100% saturation deficit (Odum and
Hoskin, 1958).

Diffusion coefficients were determined from gas exchange into a floating
plastic dome with a method based on original work by Copeland and Duffer
(1964) and further developed by Hall (1970) and Day (1971). In general, a
small plastic dome with an oxygen probe inside was floated on the water
surface. An 1ni¥ial oxygen meter reading was obtained representing 100%
saturated air. The dome was then purged with Nz gas until the 02 meter

reading was close to zero. Oxygen meter readings were recorded at short
intervals for one to two hours thereby documenting return of oxygen toward
saturation. For this duration, oxygen return to the dome was generally linear
as shown by the results from seven diffusion experiments (Fig. 7). With the
observed rise in percent oxygen satuzation in the dome, diffusion coefficients

were calcnlated as follows:

saturation in dome,

k= MPOY x (%0,

(A) (t) (X sat. def.)

where K = diffusion coefficient in g 02/n2/hr at 100%Z saturation deficit;

v = volume of air in dome initially displaced by oxygen (ml) = volume of dome

X .2 (air = 20%Z oxygen); (Oz) = density of oxygen corrected *to air temperature;
A = area of water surface covered by the dome; t = duration of the experiment;
and 7 sat. def. = average percent saturation deficit between the dome and the

weter for the duration of the experiment.
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Figure 7. Oxygen return to a Nitrogen-filled plastic dome in experiments
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The highest diffusion coefficient was observed during an ebbtide
with fairly strong current velocities (Fig. 7a). The lowest K values
(Fig. 7c and f) were observed during flood tides when currents were generally

weak and variable.

Based on these data the following diffusion coefficients were used

in metabolisa corrections for diurnal curves obtiined in the outer bays
at Crystal River,

(a) In the areas where the majority (84%) of the total metabolism
measurements were taken (areas D1 and Cl; Fig. 2) a coefficient
of K= 0.35 b/mzlhr at 100% sat. def. was used for diffusion
corrections for all tidal stages. This value was alsu used for
correcting the single diurnal curve obtained at Hodges Island
(control Area © Fig. 2). Diffusion corrections using this
value usually represented less than 5% of the observed oxygen
changes.

(b) Diffusion measurements were not available for the outer stations
at Fort Island (Control Area Ca; Fig. 2). However, diffusion
values obtained for the im.er areas at this location were apprax-
imately three times higher than in the inner discharge area
(Smith, 1974). Also, these measurements indicated an approximate
two-fold increase of ebb-tide diffusion coefficients over those
observed during flood tides. Assuming similar relationships
between diffusion coefficients for the outer discharge area (Cl)
and those for the outer stations at Fort Island, a K value of

1.00 was used for diffusion corrections during ebb-tides and a
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value of C.50 was used for corrections during flood tides.
This combination led to diffusion corrections generally less than
10% of the observed oxygen changes.

(C) Data in Fig. 7a, b, and ¢ indicated that diffusion coefficients
were relatively hign in discharge area Dz, especially during
ebb-tides. For the two metabolism studies in this area a K value
of 4.75 was used during ebb-tides and a value of 0.5 was used
during rising tides. Since control area C2 (Fig. 2) was further
offshore and unprotected from oyster bars and spoil banks, these
relatively high diffusion coefficients were also used for the
single metabolism study at that location. These values led to
diffusion corrections which were 15 to 60% of the observed oxygen

changes.

Total Plankton Metabolism

Levels of net primary production and total respiration of the plankton
community were determined by oxygen changes in light and dark bottles. Dark
bottles were prepared by completely covering 300 ml BOD bottles with one
layer of black electrical tape and a second layer of silver duct tape.
Tops were covered with 2 layers of aluminum foil during experiments. Approx-
imately 5 gal. of water were collected in a plastic bucket, mixed thoroughly,
and siphoned into triplicate pairs of light and dark bottles. Two additional
bottles were also filled for determination of the initical r .gen concentration.
The light and dark bottles were incubated on station by suspending them at a
depth of approximately 0.5 m for 24 hours. The oxygen changes in the light

bottles were nultiplied by the average water depth to obtain an estimate of
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net planktonic production (3/-2/day) for the 24 hour period (Pnec-24)'
Similarly, the changes in the dark bottles were taken as total planktonic

respiration over the 24 hours (R24)'

n _Uptake by Co tra Zooplankton

Zooplankton respiration was estimated based on oxygen changes in BOD
bottles to which portions from concentrated zooplankton samples were added.
Zooplankton samples were collected by filtering 5 to .0 m3 of water through
a 202/4 mesh (relaxed) zooplankton net. The concentrated sample was diluted
to a known volume (1000 ml) with raw sea water and mixed gently. Small portions
(5-10 ml) of the diluted zcoplankton sample were carefully added to 3 partially
filled BOD bottles which were then filled with sea water, stoppered, and
suspended in the water on site for incubation. Three additional bottles
were filled only with sea water as controls. The remainder of the zooplankton
sample was preserved with buffered formalin to be later dried at 60°C for 1-2
days and weighed. To account for variability betwe:n zooplankton tows,
this entire procedure was generally performed in duplicate resulting in the
incubation of 6 bottles with concentrated zcoplankton and 6 control bottles.

The bottles were allowed to incubate for 5-6 hours during the winter
and 2-4 hours during the summer. After incubation, the bottles were examined
to datermine if the zooplankton were still moving and then analyzed for
dissolved oxygen. Results were discarded when 02 dropped below 3 g/n3 and/or
zooplankton died during incubation. This occurred once in 18 experiments.

Zooplankton respiration was calculated as

r= (Q0g (V)
() (V) (£) (2)
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where R was the respiration rate in g 02/3 dry wt./hr.,lsoz was the observed
oxygen change in the BOD bottles (g/nz). v was the volume of the BOD bottles
(3 x 10°‘n3). t was the duration of the experiment (hrs), V was the volume
of water concentrated for the zooplankton sample (mJ), . was the fraction
of the zooplankton sample placed in the BOD bottles, and Z was the concentration
of zooplankton in the open water column (g dry wt/n3).

Zeiss (1963) showed that respiration of some planktonic species (Daphnia
32523) increased significantly during concentrated conditions while other

species (Calanus finmarchicus) showed no metabolic change with concentration

Some error was possibly introduced in this present study since effects of
concentration were not accounted for. The degree to which zooplankton were

injured or killed by collection also contributed error which was not accounted

for in these experiments.

Lix... Penetration

The penetration of sunlight through the water column was determined
from submarine photometer data and from secchi disc observations.

With the submarine photometer (T.S. Submarine Illuminance Meter S/N 88/30)
light intensity was measured at 0.1 m depth intervals from the water surface
to the bottom. Each measurement was compared with surface illumination as
indicated by a "deck" cell. The percent of surface light remaining at each
depth interval was then calculated and plotted as shown in Fig. 8. Light
intensity generally decreased exponentially with depth through the water column

as expressed by s G
I, =1e . & Zl)

2 1 .
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Fig. 8. Example of light penetration data obtained with
a submarine photometer.
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where Iz is the 1lig. .emaining at depth 32, I1 is the light intensity at
a lesser depth (Zl). and K is the light extinction coefficient in neters-l.
Therefore with data as plotted in Fig. 11 the extinction coefficient was

calculated as
g« A (1,71

B, -8

When the secchi disc was used, light extinction coefficients were

calculated as
K=1.7/d

where d was the depth at which the secchi disc disuppeared.

Phosphorous and Planktonic Chlorophyll

At approximately quarterly intervals, water samples were taken from
6 stations in the vicinity of the Crystal River power plants and analyzed
for phosphorus fractions, planktonic chlorophyll, and pheo-pigments. At
each sampling data duplicate samples were taken from 2 stations in the control
area just south of the intake canal spoil banks (area Cl, Fig. 2), one station
in the intake canal, one at the mouth of the discharge canal, and two stations
in the outer discharge area (D1, Fig. 2). Approximately 4 liters of water
were collected from a depth of about 20 cm for each sample. Duplicate samples
were collected from each station about 1 min. apart. Samples were placed on
ice and kept in the dark until they were filtered for analysis 1-2 hours
after collection.

Total phosphorus was determined on unfiltered samples by the persulfate
oxidation method of Menzel and Corwin (1965). Total dissolved phosphorus
was determined also by the persulfate oxidation method performed on samples
cthat had been filtered through a O.GS‘p. acid washed, membrane filter.

Dissolved inorganic phosphorus was determined on filtered water by the
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single-solution, molybdenem-blue method of Murphy and Riley (1962). Samples
for dissolved inorganic phosphorous determinations were preserved with 40 mg/l
mercuric chloride and refrigeration. Analyse: were perf(rmed within one
week of collection. Suspended particulate phosphorus was taken as the
dif ference between total phosphorus and total dissolved phosphorus. Dissolved
organic phosphorus was taken as the difference between total dissolved phos-
phorus and dissolved inorganic phosphorus.

One to two liters of sample water were also filtered through glass-
fiber filters which were frozen and kept in the dark for later chlorophyll
determinations. For analysis, the filters were homogenized in 90% acetone,
placed in the dark, and refrigerated for pigment extraction. After at least
one hour the samples were centrifuged and the supernatant was analyzed spectro-

photometrically for chlorophyll-a and pheo-pigments (Lorenzen, 1967).

Distribution of Phosphorus, Chlorophyll, and Zooplankton Across the Gulf Shelf

Using Florida State University research vessel, R/V Tursiops, samples
were taken in transects across the Gulf shelf from approximately 100 miles
out in the open Gulf to the vicinity of the Crystal River power plants.
Fig. 9 shows the station locations and Ffig. 10 shows the slope of the
continental shelf along this transect.

At offshore station A single samples were taken at the surface, 10m,
25 m, 50 ~, and 80 m from a water column approximately 100 m deep. At
offshore station B samples were taken at surface, 10, 25, and 45 m from a
total depth of 50 m. At all other stations water samples were taken only
from the surface and bottom in water columns 5-10 m deep. All samples were
analyzed in duplicate for phosphorus fractions and chlorophyll as described

above.
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Fig. 9, Sampling stations taken from R/V Turisops on the Northeastern Gulf of
Mexico continental shelf,. November 25,1972 (o), March 18-19, 1973 (x),
Jun. 1'2. 1973 (.)-
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Zooplankton samples were collected at the deeper stations (A and B)
by vertical plankton tows with a 0.5m, 202 u mesh-size¢ plankton net. At
shallower stations, zooplankton samples were collect>d Ly towing the net
horizontally behind the ship underway at approximately 0.5-1.0 knot. Zoo=-
plankton samples preserved in borax buffered formalin for later drying and

weighing.

Systems Comparisons

The data obtained as described above were combined with other available
data (o evaluate the major components of the energy circuit diagram. Data on
organism biomass, needed to quantify internal energy storages in primary
procedures, zooplankton, macro-invertebrates, and fish, were collected by
other researchers under contract with Florida Power Cor,oration. These and
other data {rom the Crystal River bays were available in quarterly Environmental
Progress Reports.

The quantified energy diagrams for the discharge and control bays
facilitated the direct comparison of data from the two systems. With this
format data were organized to indicate differences between the discharge and
control systems with regards to total energy flow, componenet biomass,
exchange rates, and metabolic turnover rates. For comparison, compartment
storages were generally expressed in units of grams organic matter/mz.
Accordingly, exchange rates were expressed in g/nz/day. Storage and flows of

nutrients were expressed in units of grams of total phosphorus per mz.
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RESULTS

The effects of the Crystal River power plants on the outer bay ecosystems
were studied through systems models which were evaluated with direct field
measurements. The energy circuit diagram in Fig. 1 was presented as a
conceptual model summarizing ecosystem structures and functions and interactions
with the power plant. Given here, are the results of field measurements
with which major variables in the model werequantified. Completely evaluated
energy diagrams are presented which enable direct comparison between the

control and discharge bay systems with respect to energy flows and storages.

Field Measurements

Temperature, Salinity, and Light Penetration

Water immediately discharged from the power plants was generally 5-6°C
warmer than ambient water temperatures. Although patches of undiluted plume
water were often observed in the outer discharge bay, average temperatures
generally reflected considerable mixing of the plume with water masses of
ambient temperature (Fig. 1l1a). When both of the.power plants were operating,
the thermal discharge volume was about 3.5 x 108 m3/day (640,000 gallons/min.)
and the water in the outer discharge bay retained an average temperature about
3°C warmer then water in the outer control bays. When only one of the two
power plants was on line (such as in May, Sept., Oct., 1973) the tl.ermal
discharge volume was reduced by about 50% with a corresponding reduction in
the average temperature differences between the discharge and control bays.

Maxima. temperatures for both control and discharge bays (30° and 33%%,
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Fig.

11,

Water temperature, salinity, and light extinction in the
outer control and discharge bays. (a) Water temperature
is shown with data points representing average diurnal
temperatures measured during metabolism studies. Lines
are drawn wonthly temperature means from continuous temp-
ature recordings provided by Florida Power Corporation,.
(b) Salinity points represent average diurnal values
measured during metabolism studies. (c) Light extinction
coefficients were calculated from secchi disc depths (d)
where (K=1.7/d) and from submarine photometer data
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respectively) were observed in August (1972 and 1973) with a minimum temperature
of 12°C recorded in February. Diurnal variations of water temperature were
generally within a range of 2°c about the mean diurnal temperature in the control

bays and 3-4°C about the mean in the discharge bay (McKellar, 1974).

Salinity in the outer bays fluctuated between 20 and 30 o/oo (Fig. 11b).
Before spring, 1973, control data were taken from the bays near the Withlacoochee
and Cry tal Rivers (See Fig. 2). Salinities at these sites were about 5 o/oo
lower than in the bays near the power plants. From May 1973 through May 1974
control data were taken from the outer bay just south of the intake ranal spoil
banks of the power plant. Here, salinities averaged about 25 o/ - and were
similar to those measured in the outer discharge bay. Diurnal variations of

salinity were usually within a range of 4-5 o/0o about the average in boll bays

(See McKellar, 1974).

Data from secchi disc observations and submarine photometer readings
were used to calculate light extinction coefficients for the bays (Fig. 1llc).
The average extinction :oefficient found for the outer discharge bay was
1.2 + 0.2 mater -1. This value indicated that about 10% of sunlight at the
water surface reached a depth of 2m (the average depth of the outer bays).
The few measurements taken in the outer control bay showed an average extinction
coefficient of 1.0 + 0.1 neter-l indicating that about 14% of the surface

light reached a 2m depth. The differences in light penetration found between

the control and discharge bays were not significant.
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Fotal Community Metabolism

Estimates of community gross primary prcduction and total community
respiration were based on seasonal measurements of total community metabolism
in the outer discharge and control bays. These data are summarized in Fig.

12 and 13 and Table 1. A tabulation of all data obtained in these metabolism
studies is provided in McKellar (1974) which includes the dates, locations,
number of stations and type of procedure used, diurnal ranges and means of
water depth, temperature, and salinity.

Seasonal trends of community metabolism in the discharge and control
bays were generally similar (Fig. 12). Winter-time lows were 1.5 to 2.0
g/mzlday and summer-time highs were 3.5 to 4.0 g/mzlday for both net daytime
photosynthesis and nighttime respiration. However, the paired data for August,
September, and October (1973) showed with 99% confidence that net daytime photo-
synthesis was consistently lower in the discharge area during these months.
Also, with a lower degree of statistical confidence (80%) the paired data in
May, 1974 indicated a higher rate of nighttime respiration in the discharge

bay.

[f daytime respiration was at least as large as nighttime respiration a
minimal estimate of total community respiration would be(2 x Rnight)’ A
corresponding estimate of total community gross primary production would be
the sum of net daytime photosynthesis and nighttime respiration (Pnet day 2 g

Rnight)' This approximation of gross preduction for the control and discharge
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bays showed seasonal fluctuations with a summer average of 7-8 g/m‘/day and a
winter average of 3-4 g/m?/day (Fig. 13). Again the trends for the thermally
affected bays and cun. .1 bays were very similar although some evidence
existed indicating a possibly late summer and fall depression and a

springtime stimulation of gross primary production in the discharge bays. The
combined data for fall 1972 and 1973 (Table 1) provided 80% confidence for
expecting that gross primary production was slightly lower in the discharge
bays. The paired data for May, 1974 also provided similar levels of confidence
indicating higher levels of gross primary production in the discharge bays in
the spring (1974).

The ratio of net daytime photosynthesis to nighttime respiration indicated
the degree of autotrophy or herarotrophy in these systems (Table 1). There were
no significant differences between the P/R ratios in the control and
discharge bays and none of the averaged ratios were significantly different
from unity. These results indicated an overall balance of organic produc .on

and consumption in the outer bays near the power plant.

Plankton Metabolism

Light and dark bottle experiments were performed in winter, summer, and
fall, 1973 and again in spring, 1974. A summary of these results (Table 2) shows
the levels and relative importance of plankton metabolism in these estuarine
bays. Details of these data are available in McKellar (1974).

Winter data indicated that plankton metabolism in the control and

discharge bays was similar showing low levels of gross primary production
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Table 1.

Seasonal Averages of Total Community Metabolism
(g0>/mZ/day) in the Outer Control and Discharge
Bays, 1972-1974.

P R
Net Daytime Nighttime
Production Respiration P+R P/R
Season Bay n Mean (5. p.) Mean (3. D) Mean (5. D.) Mean ($. D)
Summer Control 9 4.05 (1.74) 4.20 (1.02) 8.25 (2.30) 0.97 (.40)
D scharge | § 3.78 €1.27) 3.57 (1.02) 7.32 (1.89) 1.08 (.42)
Fall Control 3 2.52% (N,045) 2.79 (0,70) £.31* (0.71) 0.94 {.24)
Discharge 5 2.15*% (1.40) 2.24 (N.63) 4.39* (0.80) 1.0S (.42)
Winter Control 3 .52 (n.31) 2.06 (n.83) 3.58 (0.66) .88 (.51)
Discharge 2 L Y (0.032) 1.96 (1.19) 3.28 {1:.16) 0.83 (.52)
Spring Control 5 2.74 (0.62) 2.41 (0.36) 5.15 (.82) 1.14 (.26)
Discharge S 3.20 (1.20) 2.68 (0.63) 5.88 {(1.75% 1.18 {.24)
Annual Mean Control 2.71 2.87 .98 0.98
D.scharge 2.61 2.61 5.22 1.04

n - Number of divrnal studies performed.
S.D. - Standard Deviation.

* Indicated control and discharge values are significantly different with 80%
confidence as shown by two-sample t-tests.



Table 2.

Seasonal Averages of Plankton Metabolism (g Ozlmz/day) in
the Outer Control and Discharge Bays.

Pnet 24 R24 Pgross

Season Bay n Mean (S.D.) Mean (S.D.) Mean (S.D.)
Winter Control 3 0 (.30) 0.31 (.32) 0.31 (.14)
1973

Discharge 2 =0.47 (.36) 0.97 (.70) 0.50 (.35)
Summer Control 2 0.04* (.50) 1.17 (.06) 1.21% (.43)
1973

Discharge 2 3.58* (.26) 1.03  (.22) 4.61* (.10)
Fall Control 2 871 {.33) .76  (1.02) 1.88. €. 7)
1973

Discharge 2 1.27 (1.08) 2.52 (1.79) 3.78 (2.80)
Spring Control 1 4.14 0.51 4.65
1874

Discharge 1 2.85 0.52 3.37
Annual Control 1.24 0.69 1.93
Mean

Discharge 1.80 1.26 3.06

n = Number of light and dark bottle experiments.

S.D. - Standard deviations,

* «n. ~ates control and discharge values were significantly

diffesent with 95% confidence as shown by two-sample t-tests.
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(Pgross 1.0 g/mzlday), and some net consumption of organic matter (Pret 24 < 0).
Data for all other seasons generally showed strong autotrophic tendencies

(Pnet 24" 0) for plankton communities in both bays with net daily production
values of 3 to 4 g/mzlday in the spring and summer.

Summer values in the control bays showed an approximate &4-fold increase
of both gross planktonic porduction and respiration over winter values. In the
discharge bay, respiration was similar to winter values, but gross production
had increased approximately 10-fold. Whereas respiration in the two systems
was similar gross production and corresponding levels of net production were
significantly higher in the discharge bay during the summer studies. Average
fall netabolism values in the discharge bay were not significantly different
from those in the contrecl bays. The single experiment in bay system for
spring, 1974 showed similar respiration rates but higher rates of gross and
net production in the control bay.

On an average, the outer control bay was more beuthic dominated with
planktonic production generally comprising less than 50% of the total community
gross production (Pnet day + Rnigh:, Table 1). The outer discharge bay was
apparently more plankton dominated where planktonic production was generally

more than 50% of community production.

Oxygen Consumption by Concentrated Zooplankton

Zooplankton biomass and rates of oxygen consumption were determined during
the winter and late summer. Results of these studies indicate the c2asonal trends
of zooplankton respiration in the outer bays. These data are presented in
detail in McKellar (1974) and are summarized here in Table 3.

In general, the agreement of oxygen uptake among replicate bottles in
each experiment was good with a mean coefficient of variation usually less than

20% (see Appendix). Although agrecment between separate experiments during
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Table 3.

Biomass and Oxygen Consumption of Concentrated Zooplankton in
the Outer "ontrol and Discharge Bays.

Biomass*
( g dry wt/m>)

Oxygen Consumption
(g 02/g dry wt/hr)**

(g 0,/m?/day) **+

Season Bay Temperature (°C) n Mean (5.D.) Mean $5.0.)
Winter Control 13.2 - 14.2 3 0.066 (.023) 0.006 (.002) 0.019
Summer Control 29.0 - 30.2 7 0.086 (.046) 0.023 (.019)

Discharge 30.9 - 33.0 7 0.058 (.042) 0.033 (.020)

(Combined) 29.0 - 33.0 14 0.072 (.042) 0.028 (.018) 0.097

* Biomass in the open water columm.

** Oxygen consumption while concentrated in BOD ho.

*** Calculated for the open water column with a 2m depth, (g dry wtlm3) x (g Ozlg dry

les.

wt/hr) x (24 hr/day) x (2m)



the winter was also good (Table3) variations d. ~g the summer were large with
standard deviations representing 60 to 90% of the mean oxygen uptake v o.
Even though some of the summer experiments showed oxygen uptake rates
which were similar to those found in winter, the combinc i summer average for
control and discharge ays was almost five times higher than the winter
average (99% confidence).
Daily oxygen consumption by zooplankton per n” during the winter was about
3% of total planktonic respiration (see Table 2, Ry;) and about 0.5% of total
community respiration (see Table 1, 2 x Rnight)' The relaciée magnitude
of zooplankton respiration had increased by summer to a combined summer average

representing about 9% of total planktonic respiration and about 1.3% of total

community respiration.

Chlorophyll and Phosphorus

Out er Bays. Chlorophyll-a fluctuated in both bays from winter time
concentrations around 1 mg/m3 to spring and summer peaks around 5 mg/m3 (Fig. 14).
On a given date large differences in chlorophyll .(oncentration existed between
the control and discharge bays. At the measured peak of the spring phytoplankton
bloom in the control bay chlorophyll concentrations were ca. 3 mg/m3 higher than

in the discharge bay. In early may, August, and early December, chlorophyll

concentrations in the discharge bay were ca. 2 g/m3 higher than in the control

bay. Chiorophyll-a concentrati ns perhaps reflected rates of planktonic
productivity which were found to be higher in the control bay during the spring
and higher in the discharge bay during the summer (table 2).

The stock of degraded chlorophyll (pheo-pigments) féllowed the general
seasonal trends of chlorophyll-a with fluctuations from undetectable concentrations
to nearly 2 mg/m3 (Fig. 14), No apparent differences were shown between

control and discharge bays with respect to the relation between chlorophyll-a

and {ts degradation products.




The seascnal trends of chlorophyl~a were also reflected by changes cof total

phosphorus in the water column (Fig. 15a) which varied from winter concentrations
around 30 mglm3 to spring and summer values around 60 mg/nJ. As was found for
chlorophyll-a, the maximum total phosphorus concentration was measured in the
control bay during the spring and in the discharge bay during the summer. The
annual mean concentrations of total phosphorus were similar for both bay

systems (Table 4).

Seasonal fluctuations in total phosphorus were duc mainly to changes in
suspended particulate phosphorus (Fig. 15b). Particulate phosphorus usually
comprised most of the phosphorus in the water column with an exception being
shown by the December samples when total phosphorus in both bays was more
evenly distributed among all three fréétioﬁﬁ. .Seasdhal fluctuationskofv‘
particulate phosphorus resembled those found for chlorophyll (Fig. 14).

Dissolved inorganic phosphorus was consistently higher in the discharge bay
throughout the year (Fig. 15). Paired t-tests for the sampling dates in 1973
showed that dissolved inorganic phosphorus in the discharge bay vas significantly
higher (95X confidence) with a mean difference of about 4 mg/mJ. The maximum
differences were found in August and September when water temperatures were near

the seasonal maximum (Fig. 11a) and minimum differences were found in

February and May.

Canals. Measurements of chlorophyll and phosphorus fractions in the inta':e
canal and at the mouth of the discharge canal indicated possible changes in these
materiais as they passed through the power plants and into the plume-receiving
bays. These data are ghown in Figs. 16 and 17.

Concentrations of chlorophyll-a in the two canals were very similar (Fig. 16)

with seasonal changes resembling those observed in the control bay (Fig. 14),
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This relationship might be expected since a significant portion of the
cooling water intake comes from bay areas just seaward of the outer control
bay (see Fig. 2).

Concentrations of phcsphorus in the power plant canals are shown in
Fig. 17. The annual average concentrations of total phosphorus in the
intake and discharge canals (39.9 and 44.0 mg/mB. respectively) were very
similar to annual averages in the control and discharge bays, respectively.
0f the anaual means, particulate phosphorus comprised about 50% of the total
in the intake canal and about 40% in the discharge canal. Dissolved inorganic
phorphorus in the intake canal comprised about 10% of the total; whereas
in the discharge canal, this fraction was consistently about 10%Z higher
than in the intake canal and comprised about 20% of the total phosphorus.
This trend possibly indicated higher rates of phosphorus regeneration in
the warmer waters of the discharge canal.

ion of P orus oro and Zooplankton

Across the Gulf Shelf

Phospho: us, chlorophyll, and zooplankton concentrations were measured
during cruises across the continental shelf to the vicinity of the Crystal
River power plants. Cruises were made in November (1972), March, and June,
1973) when data were collected to examine the lateral structure of cross-
shelf gradients. Station locations were shown in Fig. 12 and detailed
tabulation of the results are available in Appendix C. Also given in
Appendix C are graphs showing some seasonal changes in the vertical structure

of waters over the outer shelf.
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Fig. 14. Chlorophyll-a and pheo-pigment concentrations in the outer
bays. Each point represents the average of duplicate samples

take at a single station.
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Seasonal Averages of Chlorophyll-a and Total Phosphorus
(mg/m>) in the Outer Control and Discharge Bays (1973).

Table 4.

Chlorophyll-a

Total Phesphorus

Season Bay n Mean ($.D.) n Mean (S.D.
Winter Control 2 1.10 (0.14) 2 24.2 (1.2)
Discharge 1 1.17 (o0 .60) 4 30.4 {3.1)
Spring Control 4 3.22 2.33) z 66.3 (5.9)
Discharge 4 2.57 11:%2) 2 44.3 (1.9)
Summer Control 2 2.67 (0.12) 2 RS (3.7)
Discharge 2 5.37 (0.27) 2 58.8 (8.4)
Fall Control 1 1.86 (1.29) 2 30.7 (1.9)
Discharge 4 2.76 (0.83) 2 42.8 (1.9)
RS T Cotrol 2.21 40.9
Discharge 2.97 44,1
n - Number of duplicate samples taken

S.D. - Standard Deviation
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Fig. 15.

Phosphorus concentrations in the outer bays (1973)

(a) Total phosphorus in the water colummn, (b) suspended
particulate phosphorus, (c) Aissolved inorganic phosphorus
(¢) dissolved organic phorphorus. Each point represents
the average of duplicate samples taken at a single station.
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Fig. 16. Chlorophyll-a and pheo-pigment concentrations in the power plant
canals (1973). Each point represents the average of duplicate
samples taken at a single station.
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Fig. 17.

Phosphorus concentrations in the power plant canals (1973).
(a) Total pl.osphorus in the water column, (b) suspended
particilate phosphorus, (c) dissolved inorganic phosphorus
(d) dissolved organic phosphorus. Each point represents the
average of duplicate samples taken at a single station.
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Distributions of temperature, salinity, plankton, and phosphorus across

the Gulf shelf showed some transitions of water mass properties from the
outer shelf to the coastal waters near the power plants. Cross-shelf gradients
are shown in Fig. 18, 19, and 20 and are summarized in Table 5.

Temperature gradients across the Gulf shelf indicated the heat buffering
property that was provided for shallow inshore areas through water exchange *
with the outer shelf. In November, the water over the outer shelfi was about
6-7°C warmer than the cool water (13.5°C) at the most landward station about
7 miles from land (Fig. 18). Four months later, in March, the temperatures
over the outer shelf and ia coastal water were about the same at 20-21°C
(Fig. 19). By June outer shelf water was 5 to 6°C cooler than the 30°C inshore

waters that were not affected.by the thermal plume (Fig.20).

In general, concentrations of chlorophyll, phosphcrus and zooplankton
increased from the offshore stations, across the shelf, toward the coastal
bays. In particular, chlorophyll-a concentrations in inshore waters during
March and June were more than an order of magnitude higher than concentrations
found over the outer shelf. Also, total phosphorus at the inshore stations
was 35% to 80% more concentrated and particulate phosphorus was 100 to 200%
more concentrated than in offshore waters. Fluctuations of total phosphorus
across the shelf generally corresponded to changes in suspended particulate
phosphorus which coincided with changes in chlorophyll and zooplankton.

Zooplankton were patchy in water masses within 25 miles of land.
Concentratiuns were found ranging from levels characteristic of offshore
populations (0.01 to 0.03 ‘/.3) to concentrations as high as 0.29 g/nj.
Statistical comparisons of cross-shelf zooplankton concentrations showed

no significant differences.

Evidence of lateral eddy exchange between offshore and coastal water masses

was provided by the cross-shelf salinity distribution found in June (Fig. 20).
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Salinity dropped at an average rate of 1 o/oo rir 8 nautical milee from 95

miles seaward to land. The isolated salinity peak of 33 o/oo water at

a station about 15 miles from land indicated the intrusion of an offshore eddy into
waters of lower salinity (26-28 o/oco). This pocket of more saline water

coincided with an abrupt drop in concentrations of phosphorus fractions and

chlorophyll-a.
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Fig. 18, Distributions of vater temperature, chlorophyll, and zooplankton
along a transect from the outer Gulf shelf to the vicinity of
the Crystal River power plants, November 25,1972. Each point
represents the weightad averages for the entire water column. The
arrow on the lower right indicates the seaward extent of the power
plant intake channel and spoil banks.
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Table 5.

Differences in Chlorophyll-a, Zooplankton, and Phosphorus Concentrations Between Inshore and Offshore Stations on
the Gulf Shelf. Inshore values represent averages of stations taken within 25 nautical miles of land; offshore values
are averages of stations 95-122 nautical miles from land (scations A and B, Fig. 11). Means are of the depth weighted
averages for the entire water column at n number of statiouns.

25 Nov., 1972 18-19 Mar., 1973 1-2 June, 1973
Mean (n, S. D.) Mean (n, S. D.) Mean (n, S. D.)
Chlorophyll-a Inshore 5. 20 12, .5%) 2.96%* t(b. .84 2.66% (7, 1.22%)
(mg/m3) Of fshore 0.28 (2, .20) 0.19% (2, .06) C.19*% (2, .03%)
Zooplankton Inshore 156 (2, .189%) .059 ‘(b. L047%) .065 (6, .037)
(g/m3) Of fshore .007 (2, .003%) .032 (2, .001%) .018 (2, .003)
Total Phosphorus Inshore 1.35*% (4, .06) 097 €1, - .26)
Of fshore 1.00* -(2, .07) 0.52 (2, .06)

Particulate Inshore 0.42 (4, .12) .83 (7, .23)
Phosphorus Of fshore 0.20 (2, .03) 0.14 (2, .03)
Dissolved Inorganic Inshore 5 0.09 (4, .03) 0.08 (7, .10)
Phosphorus Of fshore u (2, =) 0.08 (2, .10)
Dissolved Organic Inshore 0.85 4, .07) &35 47, .10)
Phosphorus Of fshore 0.79 ‘(2. .01) 0.30 .06)

* Indicates that values inshore stations were significantly different from offshore stations with
95% confidence as shown by two -sample t-tests and F-tests.



Evaluated Energy Flow Diagrams for the Outer Bays

Data presented in the previous sections were combined with other
available data to evaluate the models shown in Fig.'s 21 and 22. These
Quantified diagrams represent the best available estimates for energy storages
and flows in the outer control and discharge bays during summer conditions.
The most reliable values (based on measurements taken at Crystal River)
are shown in bold print and the least reliable ones are in
parentheses. Data from other research projects under contract with Florida
Power Corporation which were used in these models are summarized in the appendix
to this section (Appendix 4B-A) Appendix A. The values for all the driving forces,
storages, and flows shown {n Fig.'s 21 and 22 are listed in Appendix 4B-B with
component discriptions and the necessary calculations, assumptions, and references

needed to fully evaluate the models.

Comparison of Fig's 21 and 22 indicates the major differences in system
structure and function between the outer control and discharge bay eco-
systems. Higher water temperatures and the altered pathways of water
exchange represent the major changes in external driving forces to which

the discharge bay system has adapted.

Water Exchange

Exchange of external water masses with the water in these open
estuarine bays was the main driving force for the import and export of
materials and organisms. Since the outer bay was defined as an area of
1 klz (see Fig. 3) with an average depth of 2 m, then the volume of the

outer bay was about 2 x 106n3. The complete physical flushing of this
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volume due to tides, currents, and (in the discharge bay) plume exchange
was on the order of 1 to 2 times per day. The exact total volume of water
exchange is still uncertain due to the lack of information on mean longshore

currents and the effects of the power plant on them.

Producers

Cross primary production (JGP) in the discharge bay was about 10%
lower than in the control bay during the summer with a corresponding 20%
decrease in producer biomass (Ql)' Complete turnover of producer biomass
due to organic production (Q /J ) occured every 5-6 days in both bays.
Respiration per unit producer biomass also appeared to be similar in both

bays with a respiratory turnover time of producer biomass of about 10 days

Consumers

Zooplankton biomass (Qz) in beth contrnl and dischare bay systems
was less than 1% of the biomass of the total consumer biomass (Q2 + Q3)
and their metabolism (Jp,) was about 1% of total system respiration.
Although biomass was not measured directly in the outer discharge bay,
biomass was estimated to be about 302 lower than in the control bay consi=-
dering entrainment mortality (Drew, 1974), biomass levels in the discharge
channel (Maturo, et al 1973-74), and estimated rates of water exchange
(see Appendix D,E’ and F). Water exchenge was a major factor in determining
zooplankton biomass due to water exchanges was less than 1 day. Respiratory
turnover time for zooplankton biomass (QZ/JRZ) was about 1.5 days. This
rapid metabolic turnover time is consistent with literature values for small

zooplankton species (such as Acartia tomsa) in warm water. A. tonsa was
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$ 4 ] " r : v e { " 107% 7
often the domin zooplankton species in these bays (Maturo, al, 1973~74)

Benthic invertebrates and fish biomass in the discharge bay was about
B

lovver than the biomass in the control bay. Although oyster biomass

harge bay was actually higher than in the control bay (Lehman, 1974;

:ndix D) the biomass other benthic invertebrates (shrimp, crabs,
haetes, etc) and fish was much lower in the thermally affected bays.
possibly indicates higher rates of emigration of mobile organisms

he discharge bays during the st part of th /ear. his pathway

ited by the emigration

letritus and microbial components (
available ’
bout 48.5 g/m” ) Q.) This value wa Imos J0%Z lower
han the total organism biomass in the control bay (66. y/m ). However,
respiration per unit biomass for these compartments was about 30X higher in

lic turnover time for total system

he discharge bay. Accordingly, the metabo
biomass (excluding detritus) in the control bay was about 30X longer than in
4
u

the discharge bay.. Turnover times were 15 ar days, respectively, for

the control and discharge bays.
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Simulations

An outer bay model was programmed and simulated to test its validity
and predictive responses to future power plant conditions. The simulation
model (Fig. 23) was simplified by assuming that water exchange (bay flushing)
and fishing pressure were constant for a given simulation and that organism
migrations (J03 and JSO) were independent of temperature changes Therefore,
for each simulation, the model emphasized the net effects on metabolism and
trophic exchanges of ceasqpal oscillations of sunlight and temperature.
Three simulations were performed representing different degrees of power
plant influence on water temperature and bay flushing.

The mathematical representation of this model is given in Table 6.
The driving force of sunlight was generated as a cosine function of time.

The temperature function was generated with a 3 month lag behind sunlight.

Usini; an initial set of ernditions for forcing functicna, st nding stocks,
ané cxchanpe rates, the coefficients in Lhe equations were 21lculated, the
equations were scaled for programing on sn Apolicd-Dynamics “naler computer, and
oreliminary simulatlicns of the model were verformed. Appendix 4B-C and its accomp~
anying footnotes list these values along with the necessary documentations,

calculations, and assumptions.
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Table 6.

External driving force functions and differential equations for
Outer Bay Model

Forcing Functions

State Variables

Temperature, T = cos (wt +@)+ AT ;

Sunlight, Io = cos wt; period = 1 year

= 90° = 3 months
#

AT = power plant influenée

o5 (KpoQ,T)
*K‘N(KRWQ‘IT)

Rate of Change = Gross Production + Import Export' - Losses to next trophic levels - Death - Respira-
tion
- - - * _ _ =
0N Producers, Q1 Kplt QSQIT + Jo1 KIOQI KIZQI(KRZQZT) Kl“Q‘ KRIQIT
-
E - 5 ~ i . L
Zooplankton, Q2 KLZQI(KRZQZT) J02 KZOQZ K23Q2(kR3Q3T) K. kRZQZT
+K62Q4(KR2Q2T)
Benthic Inverts
. = + - - -
and Nekton. Q, K23 (ra%T) Jo, K30Q3 K23 K342 = Kgayt
+
K 3% KgyT)
90, (KT
Oiganic Detritus _ + - -
and Microbes, Q, K1Y Jog Ks0% K42Q (KgoQpT) Kral,T
MPTA K43 KgaQyD
s
- - + . _
Phosphorus, Q5 KIS(KRIQIT) Jo5 KSOQS { KSII QSQIT

P ]

P, = 1o - k,(k_1.0.Q,T)
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‘afluenced remeneration more than s fimction of utilization and iepletion during
times of hi~h primary production,

Since fishing oressure (Ig) in this model was constant, the fishing yield
was linearly pronortional to the standing stock of rucher cunsumers. lherefore,
the daily eateh followed the rise and fall of nekton snd benthic invertebrate
biomass with a peak yield of about ,008 g/m’/d-y in late summer, Future work in
modeling the fishery =nd yield must account for seasonal pulses in fishing pressure

and migrations of imnortant fishery species in order to obtain more accurate
Simulations. ‘s presented here the model larks such nrogrammed pulses and does
not include, for example, mechanisms simul~tineg the mullet fishery with high
winter yields, The simul-ted nulse in yield shown in fig could nossibly
corresnond to the blue crab landings durinpg the summer which dominate both the

volume and value of the Citrus county fishery,

Similated Zffects of Units 1 and 2, Figure 25shows the model resnonse to a

3°C rise in temperalure and an approximate doubling of the water volume flushing
through the outer bay. These conditions attempt to simulite the eoffects of the
operation of nower olant Units 1 and 2 on the original "control" ecosystem,

For contrast the control condition is plotted with 2 solid line and thc new
conditions 7re plotted wi : the dotted line.

Gross nrimary oroductivity under the new conditions w-s slichtly hizher than
the control nroductivity from mid-winter to late summer with a maxdmum difference
of only -hout 1 g m’/d*y during the serine, During the rest of the year productivity
wag not a"fected. "ith natural v-riati-n of day-to-dsy community oroduction, this
chanre would probsbly not be detentable in field studies,

Total re;oirntion was 1.0 to 1.5 g/m?/day higher throushout the year with the
new conditions. ‘gein, this slight increase would pessibly be undetectable due

to natural variations of this parameter.
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Plant biomass was relatively un-affected hy the new conditions with anly
slightly hicher lovels during the soring (10%) and sliphtly lower levels during
late summer and fall. Snedaker et al. (1973) found that the average benthic macrophyte
bilomass wis about 25% Lower in the discharge estuary than in the intake (control)
estuary during the summer, ilowever, the natural varisnce of macronhyte biomass
camoles would possibly not render thisz differcnce significant, levertheless, it
will e of considerable interest in future simulations to examine the combinations
of coefficients or model alterations which mirht lead toward a significant change
in nroducer biomass.

Zoonlankton biomass w~s much lower during the late srring ~nd early winter
and fluctustions were much damnened in comparison with the oriminal control
simulation, F"eth the dampening of fluctuaticns and the lowering of the hiomass
w.re much under the influence of bay flushing, Future sivmlations will ~ttemst
to isolate the nartisl ~ffects of temperature and flushing r-tes.

Organic detritus was about .0-15% lower during the spriny maximum with the
new conditions, reflecting higher rates of decomposition (resniratory reseneration)
nd faster rates of transfer to hizher cunsumers.

denthic invertebrates and nekton reached hirher levels throughout the year
under the new conditions. The preatest difference from control conditions was
during the late summer maximum when this compartment was aout 157 higher than
the control condition. T"vidently the effects of higher temperatures and flushing
rates slimulated the transfer of food to the hirher consumers more than Lhey enhanced
respiralory losses. Arain, some logic centrolled migrations such as thnse involved
with temnerature oreferences must be considered for future simulations.

With the new conditions total ohosohorus wis higher by about 20-75% during the
spring and early summer but was un-affected during the £all maximum. The stimulnus

to rhosnrhorus regeneration imnosed by the new e~nditisns w-~s thus rreater during
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times of lew smhient temnerature th-n Juring times when temner-turc were
highest.
Fishing yields, sgain reflecting nekton and benthic invertebrate biomass,
was abou* 107 higher for the new conditicns then for the control. ‘gain, the use
of Lovic conrolled temperature preferences and migrations will a'd to the validity

of the model in future preductions of fishery yields.

Simulated Zffects of Unit 3. The simulations shovm in Figures 24 and 25 show

rartain natterns that »rre very similar tc those documented by existing data while
other trends =re not as well documented and possibly need -dditional work and study.
llowever, the model does have pronertics of the resl ecosystem under study at
Crystal River and some insicht may be gained now in an attemnt to simulate
patterns that mirht emerpge when Unit 3 hegins operation,
The actual disch-rge water from the nower nlant will not be
much warmer than the w-ter discharged now by Units 1 -nd 2, Howover, the volume
and velocity of discharge will ~poroximately double thus jetting a grester smount
of plume water to the ou%er areas of the discharge bays. It is estimsted, therefore ,
that with the approximate doubling of water voliume flushi® through the outer cay
an additional 3°° rise in termperature will occur with the oneration of Unit 3.
Figure 26 shows with solid lLines the simulated patterns under present conditions

(with nits 1 and 2) in contrast to resultant patterns under conditions imposed
by nit 3 (dotted lines). The main features indicated by the simulation of
Unit 3 conditions were:

(a) Gross primary productivity was not affected

(o) Total resniration showed an additional 1-2 g/m?/day increase

(¢) PLant hiomsss was slightly lower (by about 5 g/m?) through the summer
and early fall when temperatures were hirhest.

(d) 7monlsnkton biomsss w»s slightly lower »nd =nnual variations were
almost entirely eliminnted.

(e) Genthic invertebrates and nekton wrre sgain higher tireughout the year.
I-231
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(£)"hosnhorus coneentrati~ns = re nat s pnifie-ntly affocted

hile these rosults do not yet ¢ nstitute 2 definite nrediction, they do

lemongirate the utility of the model -nd the moten*isl for such n~redictive use.
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APPENDIX 4B-A
SUMMARY OF DATA FROM OTHER RESEARCH PROJECTS AT CRYSTAL RIVER USED TO QUANTIFY MODELS

Standing Stock
(g organic matter/m’)
Control Discharge

Item Season Bay Bay Reference Assumptions
Benthic Summer, 1973 44.8 36.3 Snedaker, et al 1 g organic matter/g dry wt
Macrophytes 1973-74
Zooplankton Summer, 1972 0.16 Maturo, et al. a

Fall, 1972 0.15 1973-74 -

Winter, 1973 0.06 »

Spring, 1973 0.19 5 .
Oysters and Annual Arg. 6.1 6.5 Lehman, 1974 g/m” ip overall bay = .03x
Reef Organisms g,'-z on reefs (Reefs =

3% of bay area).

*Benthic Macro- Winter, 1973 2.0 Snedaker, et al 0.55g org matt/g dry wt
Invertebrates Summer, " 3.6 0.8 1973-74
Fall, " 21 0.7
Spring " 5.2 1.2
*Vertebrates Summer, 1973 1.9 1.5 -~ 0.90 g org matt/g dry wt
(Fish) Fall, " 0.3 0.8 . -
Winter, " 0.3 0.5 I* ”
Organics in Summer, 1973 26.0 30.9 Stanford, 1974 2 g org matt/g org carbon
the Water

*Benthic macro-invertebrates and fish were sampled only in the shallow inner bays at Crystal River.
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APPENDIX 40-3

EXTERNAL DRIVING FORCES, STORAGES, AND FLOWS IN
EVALUATED OUTER BAY MOPELS (Figs. 21 and 22).

I. Outer Control Bay Model (Fig. 21)

-

EXTERNAL DRIVING FORCES:

Notation Description Calculations and Assumptions References
Iy Sunlight I, = average incolation in southeast U.S., e-July Peifsnyder and Lull,
1965
= 5500 kcal/m?/day
12 Ambient water 12 = average summer temperature Grimes (1971) and
temperature Fig. 11
= 30° C
l3 Tidal water exchange l3 = (average tidal range) x (area of bay) x (tides per
day) x (tidal exchange coefficient)?d (a) McKellar, 1974
= (1.0m) (1 x 10%:?) (2/day) (0.70)
= 1.4 x 10® m3/day
Ib Advective water I, = (mean longshore current velocity)?@ x (average depth (a) Assumption
exchange of bay) x (length of bay bou@dary) x (advective (b) Assumed to be
exchange coefficient)b similar to tidal
exchange coefficient
I5 Fishing Pressure Assumed to be proportional to the!numbers of sport and Fla. Bd. Con. Salt

commercial boats registered in “itrus County

Is'

2.25 x 103 boats

Water Fish. Div.
Mar. Res., 1970




EXTERNAL DRIVING FORCES (cont.):

Description

Calculations and Assumptions

References

Notation

Io1

vt-1

External concentration
of phytoplankton

Import of phytoplankton
due to water exchange

External concentration
of zooplankton

Import of zooplankton due
to water exchange

See footnote 1

Igy = (Chlorophyll-a conc. in control bay)? x
(carbon : chlorophyll-a ratio)? x (organic
matter :carbon)

(.00267 g/m>)(100)(2)

.53 g/m>

Jo1 = (Iol' above) (13 + I,, above)

(Bay area)

(.53 g/m3) (2.6 x 108 »’/day)/10° w?

1.39 g/mzlday

See footnote 1

102 = (Zooplankton stuck in control bav)?
(Bay depth)

(.16 g/n>)/(2m) = 0.08 g/m’

Jo2 = (102, above) (I3 + 1,, above)/bay area

(.089/m3) (2.6 x 106 m3/day)/ 106 m?

0.21 g/mzlday

(a, Table 4, summer
conrrol
(b) Steele & Baird, 1965

(a) Maturo, et.al. 1973-74
Appendix 4B-A
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E”TERNAL DRIVING FORCES (cont.):

Notation Description Calculations and Assumptions 8 References
103 Fxterna’' density of Assumed to be the density of macro-benthic
migrating invertebrates invertebrates and fish in the control bays
and fish :
Igy = (Macroinvertebrates + fish)? (a) Snedaker et.al.,1973-74

J03 Invertebrate and fish J03
migration

104 External concentration 103
of detritus

J04 Import of detritus due to JOA

water exchange

2 2 footnote 2
3.6 g/m” + 3.8 g/m

7.4 g/m?

Assumed to be about 10%Z pér day of the
external stock of invertebrates and fish

(.10)(103, above)
(.10) (7.4 g/m®)

0.74 g/m?/day

[(Total density of organiés in control bay See footnote 1
water)@ * bay depth] - (phytoplankton (a) Stanford, 1974
concentration)b Appendix 4B-A

(b) I,,, this cable
(26 g/ul/2m) - .53 g/m’ "

13 g/m3 - .53 g/m>

12.5 g/m>

.
a

= (103, ahove)(ll ¥ L abo@e)/bay area

(12.5 g/mJ)(2.6 x 108 mlléay)/106 m?

32.5 g/mzlday "
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EXTERNAL DRIVING FORCES (cont.):

Notation Description

Calculations and Assumptions

References

IOS External concentration
of phosphorus

JOS Import of phosphorus due
to water exchange

105 = (Total phosphorus conc. in control hay water)?

042 g/m3

JOS = (IOS, above)(l3 + I,, above)/bay depth

(.042 g/m?) (2.6 x 10° m3/day)/10® m2

.11 g/m?/day

See footnote 1
(a) Table 4, summer
control

INTERNAL STORAGES:

Q1 Total producer biomass

Q2 Zocplankton biomass

Q3 Benthic invertebrates
and fish

Qy = Fhytoplankton + benthic macrophytes

Phytoplankton = (Chlorophyll-a concentration)?
x (carbon : chlorophyll ratio)b x (organic
matter : carbon ratio) x (bay depth)

= (2.67 mg/m>) (100)(2) (2m)
= 1.07 g/m?

Benthic macrophytes = 44.8 g/m“ (c)

Q, = 45.9 g/m2

Q. = (0.16 g/m?)

2
Oysters and reef organisms = (6.1 g/mz)a

Benthic macroinvertebrates = (10.8 glmz)b

Fish
Q3 = total

(3.245/n2)b
20.7 g/m?

(a) Table 4, summer contro
(b) Steele and Baird,
1965

(c) Snedaker, et.al., 1973
Appe;:1x 4B-A

Appendix 4B-A

(a) Appendix 4B-4

(b) See footnote 3
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INTERNAL STORAGES (cont.)

Notation Description Calculations_and Assumptions References
0 Detritus stock with Q = water column detritus and bottom detritus
& 4
asscciated microbes ’
water column detritus = (total organics in the
water)@ - (phytoplankton)b (a) Stanford, 1974
5 ’ Appendix 4B-A
= (26.0 g/m“) - (1.07 g/m") (k) See Q;, phytoplankton,
2 above
= 24.9 g/m (¢) Assumption
Bottom detritus = 75 g/m2 (c)
Q, = 100 g/m’
Qg Total phosphorus in the Qg = (Total phosphorus conc.)? x (bay depth) (a) Table 4, summer
water 3 ; control
= (0.042 g/m”) x (2m)
= 0.08 g/m2
FLOWS :
J Light used in Assuming that peak production during the
1 photosynthesis summer uses 50% of incident solar radiation
Jl = 2250 kcal/mzlday
Jr Light remaining for
additional photosynthesis J

. T
= 5500 - 2250 kcal/m’/day

= 2250 %cai/m’/day
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FLOWS (cont.):

Notation Description Calculations and Assumptions References
Jep Total community gross JP = "net + Rnight Table 1, summer
primary production 2 control bay
= 8.25 g/m"/day (g0, = g org. matter)
R Total community respiration Jg = Rnight x 2 Table 1, summer
control bay
= 8.40 g/mzlday
J'u Producer respiration Jr1  Assumed to be 507 of Jp E.P. Odum, 1971
= 4.13 g/m’/day
Jr2 Zooplankton respiration Jgp2 = (Qy, this table) x (0.028 g Oz/g dry wt./ (b) Table 3, combined
hr§a x (24 hr/day) summer average
= (0.16 g/nz)(0.0ZS g/g/hr) (24 hr/day)
= 0.11 g/mzlday
J Benthic invertebrate and J Assumed to reflect a metabolic turnover time
R3 R3
fish respiration of 15 days
Jpz = (Q4, rthis table)/ (15 days)
= 1.38 g/m?/day
Jra Respiration of detritus Jpe = Jp = Qgp + Jp2 + Jg3y)

with associated microbes

8.40 - (4.13 + 0.11 + 1.38)

2.48 glmzlday
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FLOWS (cont.):

Notation Description Calculations and Assumption§ References
J Phosphorus recycle from Assuming that respired organic matter was
N
community respiration 1% phosphorus

Jy = (.01)(8.40) = .08 g/m?/day

Jio Expert of phytoplankton Jio = (Phytoplankton stock)® x (I, + I, above) (a) See Ql‘ this table
due to water exchange (Bay area) (Bay depth)
= (1.07 g/m’) (2.6 x 10° -m3/day)
(106 m<092m)
= 1.39 g/w®/day

312 Zooplankton grazing Calculated to give an organic balance to the

compartment

Jyp = 0.08 g/m? /day Footnote 4
9, Benthic invertebrates and Calculated to give an organic balan;e to

‘ fish grazing the compartment

Jy3 + 1.0 g/m /day Footnote &

Jlb Producer death and
transfer to detritus Calculated to give an organlc balance to the

compartment -

Jyg = 3.0 g/mzlday Footnote 4
J20 Zooplankton export due Jyg = (Zooplankton stock) (13 + 14, above) (a) See Q,, this table

to water exchange
(Bay area) (Bay depth)

J23 Zooplankton loss to benthic Calculated to give an organic balance to the Footnote 4

invertebrates and “ish

compartment



FLOWS (cont.):

Notation Description Calculations and Assumptions References
Zooplankton death and feces Calculated to give an organic balance to the Footnote 4
transfer to detritus compartment

le. = ,025 g/-zlday

Benthic macro-invertebrate Assumed to be 10%Z per day of the standing stock
and fish emigration of benthic macro-invertebrates and fish
2
J3p = (.10)(3.6 g/n" + 3.8 g/m’)3 (a) Footnote 2

= (.10)(7.4 g/m?)

= 0.74 g/mzlday

Benthic invertebrates and fish Calculated to give an organic balance to the Footnote 4
death, and feces transfer to compartment
detritus ’

Jyy = 1.7 g/m” /day
Commercial and sport Commercial fishing harvest = .004 g/mzlday Footnote 5
fishery harvest Commercial fishing harvest = .002 p/m /day

Jg = .006 g/mzlday

a

Detritus export due to Jl.o = (detritus in the water) x (13 + 14, above) (a) See Qé' this table

water exchage

(Bay area)(Bay depth)

= (24.9 g/m’) (2.6 x 10°n/day)
(106 m2) (2m)

= 32.9 g/mzlday
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FLOWS (cont.):

Notation Description Calculatiors and Assumptiogé References
J‘3 Benthic Invertebrates and Calculated to give an organic balance to the Footnote 4
fish consumption of compartment
detritus 2
3 = 2,
43 2.0 g/m /day .
JSo Phtzph:ru: export due to J50 = (QS' above) x (13 + 1I,, above)
PRVEE-Saraees (Bay area) (Bay depth)
= (.08 g/mz)(2.6 x 100 m3/dav)
(106 m") (2m)
= 0.11 g/m’/day -
JSl Phosphorus uptake by Assuming that the orpanic matter fixed by

producers

community production (J;p) was 1% to
phosphorus i

JSl = (.01)(Jgp, this tablé)
2
= (.01)(8.25 g/m /day)

= .08 g/mzldav
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APPENDIX 4B-B (cont'd)

II. Outer Discharge Bay Model (Fig. 22)

EXTERNAL DRIVING FORCES:

Notation Description Calculations and Assumptions References
11 Sunlight I1 = 5500 Kcal/lzlday (same as for control bay model See Appendix E~1, above
12 Ambient Water 1, = 30°% = temperature in discharge bay if power e W - "
Temperature plants shut down
I Temperature I. = 3% Fig. 16
T
increase due to
thermal discharge
13 Tidal water Assumed to be similar to control bay tidal change See Appendix 4B-B,1 above
exchange 13 = 1.4 x 10%m /day
IA Water exchange due Assuming a 50X reduction due to spoil banks
to longshore currents,
advective exchange I4 - (.5}(14 in control bay)a See I“. Appendix 4B-B,I
= (.5)(1.2 x 106m3fcay) above
= 0.6 x 10°n3/day
IP Water exchange due Ip = (total volume of water pumped by the power (a) F.P.C. 1972
to power plant plants)@ x (plume exchange coefficient)P (b) McKellar, 1974

= (3.5 x 100m3/4ay) (.28)
« 1 x 10°m3/day

pumping
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EXTERNAL DRIVING FORCES (cont'd):
Notation Description

Calculations and Assumptions

References

| 4=
5

01

01

02

Fishing pressure

External
concentration of
phytorlankton

Impact of
phytoplankton due
to water exchange

External
concentration of
zooplankton

Assumed to be proportional to the hunber of commercial
and sport fishing boats registered in Citrus County -
same as for control bay ;

»

I, = 2.25 x 10boats

I01 = 0.53 g/m3 (same as for control bay)

- a
Jol (Iol.above)( total water exchange)

bay area
(.53 g/m3) (3 x 106m3/day) /10602
1.56 g/m2/day

L

1

02 .08 g/m3 (same as for control bay)

Impact of Zooplankton Assuming 100%Z entrainment mortality with power plant

due to water
exchange

pumping (IP) during the summer

= (102, abov.o.\(l3 + 14. above) + (0 102)(

bay area

J02 IR)

= (.08 g/m3) (2x10%m3/day) + Q
106m2 ‘
= 0.16 g/m?/day i

See footnote 1 and
Ta1s Appendix 4B-B,I

above

(a) 1

3

+ Ib : 3 Ip.

this table; See
footnote O

See 1

» Appendix 4B-B,T

above; and footnote 1

Drew,

1974
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EXTERNAL DRIVING FORCES (cont'd):

Notation Description

Calculations and Assumptions

References

Ioy

03

04

05

05

External density I
of migrating
invertebrates

and fish

03

Invertebrate and J
fish immigration 03

External 1
concentration of
detritus in the

water

04

Import of detritus J

due to water 04

exchange

External IOS
concentration

of phosphorus

Import of phosphorus J05

due to water
exchange

7.4 g/n2 (same as for control bay)

0.74 g/nzlday (same as for control bay)

12.5 g/-3 (same as for control bay)

(103. above)(l3 + [6 + IP’ above)

Bay area

(12.5 g/n3)(3 x 106m3/day)/106m2
37.5 g/m?/day

.042 g/m3 (same as for control bay)

(IOS’ above) ( I3 + Ia + Ip' abové)

bay area
(.042 g/nJ)(3 x 106m3/day)/106m2
.13 g/m?/day

See Appendix 4B-B,1

above
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EXTERNAL DRIVING FORCES (cont'd):
Notation Description

Calculations and Assumptions

“

Total producer
biomass

Zooplankton
biomass

Benthic in erte-
brate and fish
biomass

Detritus stock

Ql = phytoplankton + benthic macrophytes
phytoplankton = (chlorophyllra)d x
(carbon: chlorophyll ratio)? x
(organic matter: carbon ratio) x
(bay depth)
= (5.37 g/m) (100) (2) (2m)
= 2.15 gémz
macrophytes = 34.3 g/m” (C)
Q, = 36.5 g/m’ :
Assuming a 30% reduction from control bay values
Q, = 0.11 g/n’

Oysters and reef organisms = 6.5 glmz(a)

Benthic invertebrates =2.4" (b)
Fish = 3.0% (b)
Q, =11.9 g/m’

Qa = water column detritus + bottom detritus
water column detritus = (total organics)a -

(phytopiankton)b 2
= (30 g/m ; - (2.15 g/m")
= 27.8 g/m

bottom detritus = 75 g/m2 (same as was assumed
for control bay)
Q, = 103 g/m?

1965
(¢) Snedaker et al,

1973-74
Appendix 4B-A

footnote 7

(a) Appendix 4B-A
(b) " " &

footnote 3

(a) Stanford, 1974;
Appendix 4B-A
(b) see Q2 above

References

fa) Table 4, summer
discharge

(b) Steele & Baird,
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EXTERNAL DRIVING FORCES (cont'd):

Notation Description Calculations and Assumptions References
QS Total phosphorus Qs = (total phosphorus conc.)? x (bay depth) (a) Table 4, summer
in the water = (.059 g/-3)(2n) discharge
= 0.12 g/n2
FLOWS :
J1 Light used in J1 = 1996 Kcal/nzlday ~(estimate based on assumption See Jl. Appendix 4B-B,I
photosynthesis stated for Jl in the control model
Jr Light remaining J = I1 - J1
for additional .
photosynthesis = (5500 - 1996)
= 3504 Kcal/nzlday
J Total community J = P + PR Table 1, summer
o gross primary - ok dayz aiahs discharge bay
production = 7.32 g/m"/day
R Total community R =R ight X 2 Table 1, summer
respiration "is 5 discharge bay
= 7.14 g/m /day
JRl Producer Jll = Assumed to be 50% of J”P E.P. Odum, 1971
respiration 2 -
= 3.66 g/m" /day
JR2 Zooplankton JR2 - (Qz. this table) (.028g/g dry wt/hr)3(24 hr/day) (a) Table 3, combined sum
respiration - (.11 g/mz)(.028 g/8/yr) (24 hr/day) summer average

0.07 g/m’/hr
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FLOWS {cont'd):
Nctation Description

Calculations and Assumptions

References

JR} Benthic inverte-
brate and fish
respiration

JR6 Respiration of

detritus and
assoclated microbes

J Phosphorus
re-cycle from
community
respiration

J Zooplankton
12
grazing

J13 Benthic inverte-
brates and fish
grazing

Assuming a metabolic turnover time of 15 days

J

R3
R3

J

i (Q3. this table) (/ (15 days)

= (11.9 g/m°) /(15 days)
= 0.77 g/mzlday

Calculated as a difference

J

Assuming that respired organic matter

R4

R - (g, + 3o, + g

-

Jr1

3

)

= 7.14 g/mzlday - (3.66 + .07 + .77)

= 2.63 g/uzlday

phosphorus

J
n

Calculated to give an organic balance

J

12

Calculated to give an organic balance

= (.01)( R)
= (.01)(7.14 g/mzlday)
= (.07 g/mzlday)

= 0.06 g/mzlday

compartment

Iy

3

.
= 0.5 g/m" /day

-

was 1%

to compartment

to the

footnote 4
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FLOWS (cont'd):
Notation Description

Calculations and Assumptions

References

Jlb

23

24

34

Producer death
and transfer
detritus

Zooplankton loss
to benthic inverte-
brates and fish

Zooplank .on
death and feces
transfer to
detritus

Macro-inverte-
brate and fish
emigration

Macro-invertebrates
and fish death and
feces transfer to
detritus

Commercial and
sport fishery
harvest

Calculated to give an organic balance to the
compar tment

2
Jlb = 1.5 g/m"/day

Calculated to give an organic balance to the
compartment

2
J23 0.02 g/m" /day

Calculated to give an organic balance to the
compartment

Joy = 0.02 gllzlday

Assuming that are moving away from plume-affected
area during the warmest part of the year at a rate

twice that of immigration
J30 = (2)(J03. th;s table)

= (2)(.74 g/m" /day)

= 1.48 g/mzlday
Calculated to give an organic balance to the
compartment

2
J36 = 1.0 g/m" /day
Commercial fishery harvest = .004 g/mzlday
"

Sport = .002 i

2
JF = . 006 B/I'/dgy

footnote 4

footnote 5
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FLOWS (Cont'd):
Notation [escription

Calculations and Assumptions

Reference

J

42

43

50

51

Zooplankton
consumption of
detritus

Invertebrate and
fish consumption
of detritus

Phosphorus
export due to
water exchange

Phos~norus uptake
by producers

Calculated to give an organic balance to the
compartment

2
J,, = -06 g/n"/day

Calculated to give an organic balance to the
compartment

343 = 1.2 g/n’/day |
JSO = (QS‘ abave)(lj + 14 %+ IP’ above)
(bay area) (bay depth)
= (.12 g/m) 3 x 10°n3/day)
(10%m?) (2m)

= 0.18 g/nzlday

Assuming that the organic matter fixed by
community production was 1% phosphorus

J51 = (.Ol)(JGP, abo;e)
= (.01)(7.32 g/m" /day)
= .07 g/mzlday

footnote 4



Footnotes to Appendix 4B-B

1. Water exchange in the outer bays due to tidal action and longshore
advection was considered to be among water masses which were similar to

the outer control bay. Therefore, external concentrations of phytoplankton,
organic detritus and phosphorus were estimated from measurements taken in
the outer control bay.

Power plant pumping provided an additional mechanism of water exchange
in the outer discharge bay. In general there was little difference in the
concentration of phytoplankton and total phosphorus between the power plant
canals and the outer control bay (see Fig.'s 19,20,21,22). Therefore, for
these models the external concentrations of materials for the discharge bay
was also assumed to be the same as for the control bay.

b £ The stock of migrating organisms in the bays was assumed to be represented
by mobile benthic macro-invertebrates (Appen. 4B-A)and fish. The drop-net
sampling of fish biomass by Snedaker, et al (1973-74) was assumed to be 50%
efficient. Therefore, fish biomass was taken as two times the values listed
in Appendix D.

3 The total benthic invertebrate standing stock in the bays was represented
by beathic macro-invertebrates (as listed in Appendix D) plus large meio-
fauna. A core sample during the winter 1973 (Snedaker, et al, 1973)

indicated that meiofauna biomass was approximately twice the biomass of

other benthic, r:zcro-invertebrates. Therefore, the total biomass of benthic
invertebrates in the bays was assumed to be three times the values listed

for benthic macro-invertebrates in Append. 4B~A stated in footnote 3, fish

biomass for the models was taken as two times the values listed in Appendix 4B-A,
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4. The tidal metabolic energy budget of the system was indicated by total
community metabolism. Some indication of component respiration of each com-
partment was specified under the assumptions stated above (JRl through JRA)'
This combined information indicated certain limits on the internal exchanges
for each compartment if an organic balance existed in the system for each
compartment. The evaluation of the internal organic exchanges for the model
were subjected to this organic balance and certain judgemen;s were made
concerning the nature of each flow as follows:

(a) Much of the energy flow through estuarine ecosystems occurs via
detrital pathways. For the model the flow rate of producer biomass into
detritus (Jla) was assumed to be about 3 times the rate of direct grazing - = .- ..
by higher consumers.

(b) Consequently, higher consumers were assumed to graze on detrital
material at rates about twice the rate of direct grazing on plant material.

(¢) Zooplankton were assumed to feed on producers (phytoplankton) and
detritus particles in equal proportions at a rate about equal to their body
weight per day. .

5 Fishery statistics were obtained from the Summary of Florida Commercial
Marine handing. , Florida State Board of Conservation (1971) and were used
as follows:

Finfish: = (1.325 x lO6 1bs/yr) (.2 dry wt/wet wt) (.9 organic matter/

dry wt) = ,235 x 106 lbs organic matter/yr )

Shellfish - (3.096 x 106 1bs/v.) (.5 dry wt/wet wt) (.56 organic matter/

dry wt) = ,850 x 136 1bs organic matter/yr .

Total = 1.0 x 106 lbs organic matter/yr = 5.54 x 108 g organic matter/yr
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Total commercial fishery landings for Citrus County = 1.5 g/mz/yt = ,004 c/mzlda.
Sport fishing landings may be as high as 50% of commercial landings (from
literature cited by Taylor et al, 1973) = .002 g/mzlday. Therefore, the
overall daily average of fish landings for the outer bay acrea may be on the
order of .006 g/uz/day.

6. Detriment to phytoplankton entrain.? in the power plant cooling waters
occurs primarily during chlorination. Fox and Mayer (1972) found an average
of 40% reduction in primary production in water immediately discharged from
the power plant. However these adverse effects could not be found at the

end of the discharge canal. Therefore, the import of phytoplankton to the
discharge bays from power plant pumping was assumed to reflect only the
additional volume of water exchange with no entrainment mortality.

7. Maturo et al (1973-74) found zooplankton concentrations in the discharge
channel about 50% of concr-*trations found in the control bays during the
summer. Concentrations in the outer bays should be somewhat higher than in
the canals because of substantial mixing with waters other than the plume.

It 2 density of .11 ,/m2 is assumed (30X reduction) a reasonable organic

balance can be calculated with the corresponding rates of water exchange.
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APPENDIX 4A-C

Summer Outer Control Ray Values for Forcing Functions, Initial Standing Stocks, And Exchange Rates (Fig. 23)
Used in Simulations. Notation: Cg = bay flushing coefficient = 0.5 for tidal flushing only (footnote 1).
Zy, = average depth of the outer bay = 1.8 m.

Forcing Functions Value Explanation
10 Sunligh Initial: 4200 kcal/mz/da Approximate range of insolation at 30°N, 65-77°W (Hedgepeth,
WREINE Range: 2'00 - 4200 1957)
IR Light available rfor Initial: 21°C Initial estimate assuming that primary production used approx.
additional production 50% of Io during mid-summer (see text)
I1 Ambient water Initial = 21°C
temperature Range = 13-30°C Approx. vearly range in outer bay (Grimes 1971)
I2 Tidal flusking 2 X 106m3/day (constant) Calculation: - Outer bay area (1 X 106m2) X tidal range (1lm)
X 2 tides/day (See footnote 1)
13 Power plant pumping 0
[4 Power plant heat AT = 0
IS Fishing pressure "constant" Arbitrary value providing a proportional fishing yield of
Je (see below)
16 External nekton stock '"constant" Arbitrary value providing an immigration of nekton at a rate
of J (see below)
"3
JO1 Flushing import of .54 g/mzlda Source concentration of phytoglankton = 0.6 g/m? (annual
producers average chlorophyll-a = 3mg/m° = .6g org/m2 (footnote 2)).
Flushing import = .6 X Cf X Zb (footnote 1)
J02 Flushing import of 045 g/mzlda Source concentration of zooplankton = .05 g/m3 (average
zooplankton zooplankton conc. south of intake canal (Maturo, 1973))
Flushing import = .05 X Cf X Zb (footnote 1)
J,.. Flushing import of 1.52 g/mzlda (footnote 3) |
03
Detritus
Jos Flushing import of .042 g/mzlda Source concentration of total phosphorus = l.%/lg-atlf = .47
phosphorus g/m3 average ‘annual concentration (Odum et al’, 1973)

Flushing import = .47 X C£ X Zb (footnote 1)
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Standing Stocks Value Explanation
2
Ql Producers 46.2 g/m2 Benthic plants = 45.2 g/m" (from Snedaker et al., 1973;
assuming dry wt. of plagts = organic matter)
Phytoplankton = 1.0 g/m“ (summer chlorophyll-a = 2.7 -g/-J;
Odum, et al., 1973)  (2.7mg chl-a/m’)(Z,)=4.9mg chl-a/u?
= 1.0g org/m?
Total = 46.2 g/m~
Q2 Zooplankton 0.16 g/m2 Estimate from several spot-check tows in the outer bay with
a 202 4 mesh net, assuming dry wt = organic matter as shown
by Bf ‘et.al. (1971).
03 Benthic Invertegrates ZSg/n2 Oysters & reef organisms = 21.0 g/mg (Lehman, pers. comm.)
and nekton Macroinvertebrates = 3.0 g/m“ (Snedaker, et al., 1973)
Vertebrazes {(fish) = 1.0 g/m? (Snedaker, et al., 1973)
Q‘ Organic Detritus & 50 g/m? Initial estimate assuming detritus stock in estuarine system
Microbes to be approximately equal to the standing stock of producers.Ql
Qs Total phosphorus .07 g/m2 Summer total phosphorus concentration = 1.38 ng—at/n3 (Odum,

et al., 1973)
(1.38mg—at/m3)(2b)(31mg/mg at) (.001g/mg) = .07
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Flows Value Explanation
Jp Gross primary produc- 7.4 g/uzlda Summer average gross community primary production (Odum, et al,
tion 1973) (see footnote 4)
-
JR2 Zooplankton respiration .03 g/m”/da Initial estimate assuming a metabolic turnover time of about
5 days which is consistent with some values in Raymont (1963)
JRJ Benthic Inv. and nekton 1.2 g/nzlda Initial estimate assuming a 20-day turnover time for larger
respiration consumers.
JRL Organic Detritus & 2.0 glmzlda Representative rate of 0, consumption by marine detritus 1.6
microbe respiration mg 02/g detritus/hr (Hargrave, 1972)
(1.6mg 0,/g/hr)(.001g org/mg 0,)(Q,) (24hr/da) ¥ 2.0
JRl Producer Respiration 4.3 g/nzlda Total community respiration = 7.5 g/nzlda (Odum et al, 1973;
footnote 3) minus (J + JR3 + J ) = 4.3
JIO Export of planktonic .50 glmzlda Standing stock of phytoplaukton = 1.0 g/m (see Q )
producers by flushing Flushing export:= 1.0 X Ce (footnote 1)
le Zooplankton grazing .03 g/m2/da Initial estimate under organic balance constraints for the
compartment (footnote 5)
J13 Higher consumers T | g/nzlda Initial estimate under organic balance constraints for
grazing on preducers the compartment (footnote 5)
2 .
JIA Producer death & trans- 2.1 g/m“/da Initial estimate under organic balance constraints for the
fer to detritus pool compartment (footnote 5)
Jis Producer release of .04 g/mzlda Assuming that resplred organic matter (J ) is 1% phosphorus
phosphorus to water (.on(.3) ¥
J,o Zooplankton export .08 g/m?/da Q, (.16) X Ce (.5) = .08 (Footnote 1)
by flushing :
J23 Higher consumer .005 g/mzlda Initial estimate under organic balance constraints (footnote 5)
grazing on zooplankton
Jo4 Zooplankton death & .005 glmzlda Initial estimate under organic balance constraints (footnote 5)

transfer to detritus
pool
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Flows

25

J30

J34

50

51

Zooplankton release of

phospherus to water
Nektonic emigration

Benthic invertibrates

__Value

.0003 g/m"/da

.42 g/m”/da
'

1.7 g/m" /da

and nekton death, pseu-

dofeces, etc.
fer to detrital pool

Fishing yield

Detrital export by
flushing

Zooplankton grazing on

detritus

Benthic invertebrates
and nekton grazing on
detritus

Respiratory regenera-
tion of phosphorus
from benthic inverte-
brates to nekton

Phosphorus export by
flushing

Phosphorus uptake by
producers

and trans-

.006 g/m"/da

)
1.16 g/m"/da
.01

-
1.8 g/m" /da

.01 g/m"/da

2
.035 g/m"/da

2
.07 g/m" /da

—__Explanation

Respired organic matter (JR,) assumed to be 1% phosphorus

Initial estimate set equal to immigration

Initial estimate under organic balance constarints (footnote 5)

.004 g/m" /da
2002
.006

]

Total commercial yield
sport fishery

Initial estimate (see footnote 3)

Initial estimate under organic balance constraints (footnote 5)

Initial estimate under organic balance constraints (footnote §)

Respired organic matter assumed to be 1% phosphorus

J (1.2) X .01 ¥ .01 (footnote 1)

R3

5

Q (.07) X (t(.S) = ,035 (footnote 1)

Primary organic production assumed to be 1% phosphorus.

Jp (7.4) X .01 = .07

(footnote 6)




Footnotes to Appendix 4B-C

1. wWhereas this eppendix lists only those values used for simulation of control
conditions the general relatiomship for all conditions of bay flushing are as
follows:

Bay flushing is defined with a flushing coefficient, Cf.

Cf(day-l) = Km X Vf/Vb where Vf = volume of water flushing through
the outer bay (I2 and/or 13)

R fraction of V. mixed sith bay water

(assumed here to be 0.5)

Vb = Volume of bay (2 X 106m3)

The following relationships exist fo: conditions investigated in these

3

simulations.
Condition Cf Flushing volume (m3/day)
A, tidal flushing only ,500 2.0 x 10°
B, tides + Units 1 & 2 1.375 5.5 x 10°
C, tides + Units 1, 2, 3 2.300 9.2 x 10°

The flusning import of materials suspended or dissolved in the water is
determined by the product of Cf, the source concentration of the material (g/mJ)
and the average depth ol the outer bay (Zb). Accordingly, export of materials
fro~ the system due to flushing is equal to the product of Cf and the areal
concentration (g/mz) of the material in the outer bay. The flushing Import

and export of detritus represents a special case discussed in footnote 3.

2. Chlerophyll-a concentrations were converted to organic matter equi=-
va. nts by assuming (a) 100 g carbon/g chlrophyll-a (Steele and Baird, 1967)

and (b) 2 g/organic ma.ter/g carbon.
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3. Influx of organic detritus to the outer bay was assumed to be from
three sources (a) that suspended in the water column, (b) that exported from
the salt marsh, and (c) that exported from the inner bay.

Boynton and Kemp (1973, pers. comm.) found an average particulate organic
matter content in the water column to be approximately 0.74 g/uJ. Chlorophyll-a
during the summer indicated «n approximate 0.56 g organic matter/m3 as phyto=-
plankton., Therefore, the organic detritus in the water column was approximately
0.18 g/m3. Influx of detritus in the water column due to tidal flushing =

.18 X C; X 2, = 0.16 g/n’/day.

Influx ~f organic detritus to the outer bay from the marsh was estimated
using data from Odum et 21 (1973) to be 0.36 glmzlday. Values on marsh export
were reduced by 1/? assuming that 50% of that export reaches the outer bay.

Influx of organic detritus to the outer bay from the inner bay was esti-
mated as 1.0 g/mzlday (initial guess).

Influx from the water column and from the inner bay was assumed to be
proportional to cf as flushing energies increased with the operation of the
power plants., Influx from the marsh was assumed to be constant.

Export of detritus from the outer bay due to tidal flushing was assumed
to be equal to import from ..e water column and from the inner bay. Export

increased in proportion to Cf with the operation of the power plants.

4. The diurnal cu. ‘e method of measuring community metabolism yields

values for Net Daytime Production (P ) and Nighttime Respiration (R ) 1

net day night

If rates of daytime respiration are assumed to be similar to Rnight then the

best estimate of total respiration is Rnight X 2, given 12 hours of daylight and
12 hours of darkness. Accordingly, the best estimate of gross production was

Pnet day 2 Rnight'

5. The total metabolic energy budget of the system was indicated by total
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community metabolism. Some indication of component respiration of each compart-
ment was specified under the assumptions stated above (JRl through JRA)‘

This combined information indicated certain limits on the internal exchanges for
each compartment if an organic balance existed in the system for each com-
partment. The evaluation of the internal organic and nutrient exchanges for

the model were subjected to this organic balance and certain judgements were
made concerning the nature of each flow as follows:

(a) The flow rate of producer biomass into detritus (Jla) was assumed
to be about twice the rate of direct grazing by higher consumers. This assump-
tion was reasonable since much of the energy flow through estuarine ecosystems
occurs via detrital pathways.

(bi Conseﬁuéntif, higﬁgt cgnsumers were ﬁssumed-to graze on de;:rit;i~
material at rates about twice the rate of direct grazing on plant material.

(¢) Zooplankton were assumed to graze directly on producer biomass at
a rate about 3 times the rate of grazing on detritus. Most of the detritus
in this system is assumed to be larger pieces of decomposing marsh grass, sea

grasses, and benthic algae rather than fine, suspended particles.

6. Fishery statistics were obtained from the Summary of Florida Commercial
Marine Landings, Florida State Board of Conservation (1971) and were used as

follows:
Finfish = (1.325 X 106 1bs/yr) (.2 dry wt/wet wt) (.9 organic matter/
dry wt) = ,235 X 106 1bs organic matter/yr
Shellfish = (3.096 X 106 1. s/ye) (.5 drywt/wet wt) (.56 organic matter/
dry wt) = ,850 X 106 1bs. organic matter/yr
Totel = 1.0 X 106 1bs organic matter/yr = 5.54 X 108 g organic matter/yr

8

Total area of Citrus County estuary = 3 X 10 mz (McNulty et al, 1972).

Total commercial fishery landings for Citrus County = 1.5 g/mz/yr = ,004 g/mzlda.
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Sport fishing landings may be as high as 50% of commercial landings (from litera~

ture cited by Taylor e* al, 1973) = ,u02 ;/nzlday. Therefore, the overall daily
average of fish landings for the outer bay area may be on the order of .006

;I-zldny.
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4C, OYSTER REEFS AT CRYSTAL RIVER, FLORIDA
AND THEIR ADAPTION TO THERMAL PLUMES

M. E. Lehman
Department of Environmental Engineering Sciences

University of Florida
Gainesville 32611

INTRODUCTION

Measurements of structure and function of oyster reefs in and out of
the thermal plume were made to characterize their overall properties of
masé, metabolism, and diversity as an ecological unit. Simple models were
evaluated and simulated to help understand present ecosystems and to suggest
the response and adaptation of the oyster reef with additional power plant
effluents. For ecological perspective and for use in impact studies the
value of oyster reefs was calculated by estimating their role in the energy

budget of the larger estuary.

Study Area

Measurements were taken in two areas. The thermally impacted area
north of the power plant discharge channel and the control area south of
the intake canal shown in Fig. 1 and Fig. 2 respectively. Six reefs

in the discharge bay and five reefs in the control area were chosen.
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Figure 2. Crystal River Oyster Reef Sampling Sites in Control Area.
Note reefs 1-5.

= POOR ORIGINAL



METHODS

Field measurements were made of reef organism numhers and biomass, reef

metabolism and diversity, and 'set' of oyster larvae.

Biomass and Numbers

Measurements of biomass of oyster reef organisms from samples in the
discharge bay and control area were made during two seasons of th2 year. A
total of six biomass samples were collected in each area; four summer samples
and two winter samples. Duplicate samples were taken from one reef in each
area to check sampling variability.

Samples were selected from zones of highest organism density by a
random toss of a quarter meter square quadrant. One control cample was taken
from a lower density zone on a reef fringe. All organisms and structure
within the quadrant were removed to a depth of 10 cm, transported to the lab
and frozen consolidated. Samples from which relationships of oyster weight and
height were determined were processes fresh. All conspicuous organisms from
these samples were counted, identified and weighed. Dry weights of organisms
were taken after one week at 105%. Area-weighted values of oyster reef

standing crop calculated for each bay were used in the simulation models.

Diversity

Number of species per thousand individuals as an indicator of community
diversity was determined by counting the first 1000 organisms encountered on
each oyster reef. The species diversity of the macroinvertebrate community

was measured by this method for six reefs in the thermal discharge

1-272



area and five reefs in the control areas over the summer and winter seasons.
Duplicate counts were made during the summer. Data on species per thousand
were translated into several other diversity indices.

Representatives of each species encountered on the reef were collected,
vreserved, and identified. A species list contrasted organisms collected in the

thermally-affected area with those in the control area.

Larval Set

Estimates of larval setting rates were made for oyster larvae by two
metho@g. Spat in biomass samples wo:e‘gounted nnd’weigheﬂ to §eterm}nc”
differences in standing stocks with season. In the second method counts
were made of set on shell placed on the reef. Wire 'cages' were attached
to the reef substrate (Fig. 3 ). Each cage contained a quarter square
meter of oyster reef structure loosened from the reef and placed inside
the anchored cage. Sets were removed, counted, and weighed from four spat
cages in each area for three periods of the year; May-June, June-Dec., and

Dec.-May.

Metabolism

Reef metabolism was measured by two methods. One when reefs were exposed

to air, and another when reefs were underwater.

Exposed Reefs with CO2 Gas Exchange

Changes in carbon dioxide concentration in the air flowing over plant
and animal ecosystems have been sensed by using infrared gas analyzers (IRGA)

as measures of metabolism of the communities. During the summer of 1973, an
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Fig. 3. Reefs at Crystal River showing spat cages, July 20, 1973. a. discharge

area, reef 5.

b. control area, reef 4,

’



IRGA unit was operated in the salt marshes bordering on the discharge bay and
control area (Young, 1974b), Proximity of the oyster reefs to the marshes
afforded an opportunity to investigate metabolism of oyster reefs during
periods of low tides. Two quarter meter square samples were removed fronm
reefs in the discharge bay and transported to the gas metabolism unit. Each
sample was placed inside a gas metabolism chamber at its approximate reef
elevation, and hourly carbon dioxide changes were measured over a 24-hour
period (Fig. 4). Similar measurements were made for two reef samples in the
control area.

Calculations of diurnal rates of respiration and photosynthesis and
details of the complete sampling apparatus have been described by Odum (1970),

Lugo (1969), and Young (1974 a). A basie cquation used for CO, calculations.

was: g C/m’/hr. = (diff.)(flow) (273)( B y(12 g C/mole) 60 min/hr,
(area) T " 760" "22.4 1/mole 100

where diff. difference in ambient CO, concentration and chamber COz

2
concentration calibrated to some standard gas such as 300 (ppm)
gas.

flow = air flow rate through chamber, liters/min.

area = area of reef, square neters

1 = absolute temperature
P = atmospheric pressure, mm Hg
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Fig. 4a.

oysters.

Measurement of CO2 exchange with gas analysis. Plastic bag with
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Schematic of IRGA unit used on e'xposed reef assemblages.



One of the calculations made from field data is offered as an example (Control

Area, August 7, 1973):

Time Flow Press. Temp°C COpchamber COgumbient

1824 1361 §/min. 760 mm Hg .7 280.5 ppm 278.5 ppm

Rate = (278.5 - 280.5 gg-zgnsl)!un.z 273°K 760
22500 m (304, 7°x) (780)

x 12 C/mole 60 min/hr
(328 C/mole, ( W)

22.4/mole

= 30.85 x 1072 = -,31 g C/mz/hr (negative sign implies respiration)

A total of seventeen hourly respiration measurements were obtained for each
sample in the discharge bay; eighteen in the control bay. The difference in
number of measurements and hours sampled reflects periods of high tide when
the reef communities in the chambers were submerged and no significant changes
in CO2 concentration were recorded.

Rate of change curves plotted for each dial measurement were integrated
to obtain respiration values in units of g C/mzlday for the bay. After
each metabolism measurement, biomass of chamber samples was determined by
methods previously described, and respiration values of g C/g dry wt/day

calculated.

Underwater with Artificial Channels
Upstream-downstream changes in flowing waters have been used to measure
community metabolism for a variety of ecosystems; coral reefs (Odum and Odum,

195%), turtle grass beds and f}echuater springs (Odum, 1956, 1957), streams
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(Hall, 1971) and mussel beds (Nixon et al, 1971). The methods described
by these authors were adopted to measure underwater respiration of the
oyster consumer community on two reefs, one thermally-aifected and the
other natural.

Review of the main metabolic-processes in the tidal stream flowing over
the reefs indicated that the observed upstream-downstream change in oxygen
would be the algebraic sum of the primary production, the respiration, the
diffusion into or out of the water, and advection into the sides of the
tidal stream. A channel of polyacetate sheets and steel posts was con-
structed paralled to current flow across the reef to remove lateral advection
and diffusion effects (Fig. 5). Diffusion (reaeration) measurements were
made using a floating plastic dome at the midpoint of the channel stream
(Fig. 6) followed methods by Hall (1971) based on thLe earlier work of
Copeland and Duffer (1974). Diffusion rates were calculated as g/mzlhrIIOOZ
saturation deficit for seventeen measurements over a tidal cycle. From
these measurements, a multiple regressinn equation was calculated reiating
diffusion, current speed, and depth. This graph was used to estimate
diffusion rates for sampling periods when no diffusion data were taken.
Oxygen concentration was measurea at the upstream and downstream ends of the
channel hy analysis of quadruplicat water samples using azide modification
of the Winkler method (Standard Methods, 1971) adapted for 125 ml collection
bottles. Measurements of temperature, salinity, current speed (fluorescein
dye), and depth were also made with each set of samples.

Underwater community metabolism with artificial channels was followed
hourly and sometimes on the half hour over thrie consecutive tidal cycles

during July, 1974, This effort included 23 measures of metabolism in the




Fig. 5. Channel used to measure uncarwater metabolism. a. Pheo.ograpns of
reaf 6, discharge bay, July 7, 1974, at low tide. b. at reef 4, control area,

July 4, 1974, high tide. Note power plants in background. .
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Fig. 6. Artificial channel with diffusion dome.

Faotograph at reef 6, discharge bay, July 7, 1974.

I-281



discharge bay, and 17 in the control area. Calculation of one of these metabolic

rates is illustrated:

2 3
0 hr = 0
g 2/“ /hr = (8 Z{E_) (depth) ] + (diffusion correction)
(res. time)

where, ( g 02/m3) difference between upstream and downstream value; plus
(+) implies downstream greater than upstream and minus

(=) implies downstream less than upstream.

res. time = time difference betweer upstream and downstream station
based on current speed; residence time (in channel) of
water volume sampled.
depth = average depth of water flowing over reef during sample.
diff. correction = diffusion rate x saturation deficit (for conditions
of current, depth, tempc.:*ure and =alinily during
sample). The degree of saturation of water column

determines sign: (-) undersaturation , (+) oversaturation.

(Discharge Bay, July 7, 1974):

Time Current g Ozlm; Res. ctime Depth 2 Sat. Diftusion
1830 +214 m/sec -.11 .026 hr .71 m  117.68% 3.59 g/mzlhr/IOOz
sat. def.

Rate = [(-.11 g 02/m3)
(.026 hr)

® [(4:23 g 0,/0°/he) .71 m)] + (.64 g 0,/m?/hr)

(.71m) £ [(+.18 sat. def.)(3.59 g 0,/m’/hr/100% sat. def.)]

-3.00 g 02/n2/hr) + (.64 g oz/mZ/hr)

-2.36 g uzluzlhr (neg. sign implies respiration)
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Integration of the rate of change curves of hourly rates over the entire
sampling period gave total respiration values that could be interpreted on a

gMImzlday basis.

Total reef community

Total reef metabolism was the sum of the exposed value (low tide) and
the underwater value (high tide), based on the assumption that each tidal

stage was twelve hours per day.

Development of Models, Simulations,
and Energy Calculations

Two models of the oyster reef system were developed. A larger model was
used for conceptuaiiz;ti;; (Fig.7A); ;hd a Qﬁalie;“ﬁodéllfo; siﬁul#tioﬁ-usihgi‘
data from field measurements ‘Fig. 8 ).

Three basic groups of symbols used in the oyster reef diagrams were
forcing funtions (circles), storages (tanks), and flows (lines). A description
and equation for each sympol usea in the diagrams is given in Fig. 9, Reference to
the model diagram shows the outside energy sources (forcing functions)
sonsidered important to be larvae, salinity variation, food, current, tide,
and heat. Transfers of energy between forcing functions and storages occur along
the connec.ine pathways. Stored properties are larvae biomass, oyster
biomass, reef structure, biomass of all organisms other than oysters, and diversity

The effect of temperature, both natural and man-induced, was diagramed to
operate on two pathways simultaneously; pulling on the respiration pathways and
pushing on the food uptake pathways.

Energy values of the forcing functions, storages, and flows of a discharge
bay model and a control area model were calculated and put on diagrams. Model

simulation was done on two EAI analog computers slaved to function as one unit.
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S8Z-1

—3y inorganics
—$e Organics

- - L
T " - -

Fig. 8. Oyster reef model evaluated with field data and used for simulation.
Equations are:
B=k'D + ky4JrBH + kgl - kBB -k7B -kB -k, B -k, BH - k_BS

. 20 24 9
D=k, BS - ksnz
§ = kgB - k S - k BS
L= kygl + Ky JrBH - k L - k L

Jy = k_P +
b 2 /(1 kleH)



ok
)
S
\L
=
J kQ

Forcing Function. Outside source of
energy or materials: such as sun, fossil
fuel, heat, tide, water, ox food.

Pathway of energy or materials. Arrow
designates flow in either direction or flow
against a backforce. Flow, J, is proportional
to population of active forces, N.

Adding Junction. Intersection of two flows

capable of adding. Jl+ JZ-JJ

Heat Sink by whicn potential energies entering
the system leave is degraded form according to
the second law of thermodynamics. Outflow is -kS.

Passive Storage of energy or materials in which
no new potential eneirgy is generated. work

must be done in moving the potential energy in
and out of the stcrage. This is called a
state variable with tie sum of the inputs and
outputs being dQ/dT= J-kQ.

Fig. 9. Symbols used in model diagrams,
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Flow a Squared Function from a passive

storage. Represents loss of potential
energy:eg, stress function such as disease,
or high energy cost of information storage.

Logic Comparator with a critical threshold,
T. logic on or off control depends on which

input (+ or -) is larger.

e

On-0ff Switch to = flow,

Comparator-Switch Mechanism combines above

two components for switching action of flows
that control other flows: eg, switching

off flows of food, larvae, and salinity
when tide is out, on when it is in.

General Symbol for switching function.

Fig. 9. Continued.
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Workgate. Intersection at which one flow
makes possible anot!'er. In this case one
flow affects the conductivity of the other

J
1 to produce a multiplier output, leJz.
T
Workgate. specia; case of the above where
J — 'I' temperature is used as a linear input.
Output is kJT,
Y

input of another fiow in proportion to
monitored flow,

3
[j\\\£> Rate Sensor monitors flow rate and controls

Self-Maintaining Consumer uses its own

e stored potential energy to do work on the
processing and work of the unit. An auto-
catalytic response through combination of
passive storage, workgate, and rate sensor:
can symbolize an animal, city industry,
oyster reef system, ect.

i/
Special Case of self-maintenance that ac justs
inflow to depreciation.
' \/
=

Fig. 9. Continued,
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RESULTS

Biomass and Numbers

Biomass data are given in Tables 1 and 2, and numbers data are in
Tables 3 ind 4, for the Discharge Bay and Control Area respectively.
T-tests for differences in mean values of biomass and numbers between the
discharge and control areas gave the following results at the 952
confidence levels (1) no dignificant biomass differences were found for
oysters, reef structure or larval set(spat), (2) significantly larger
biomass was found for all other organisms in the control area, (3) oyster
numbers wefe not.slgnificnntiy different, gut (4) numbers of spat were
larger in warmer waters, (5) other organisms were less numerous in the ‘
discharge area.

Seasonal differences in the discharge hay oyster biomass proved
significant. T-tests at the 951 confidence level showed no significant
seasonal fluctuations in other stocks such as reef structure, other
organism biomass and larval set. Significant seasonal differences were
found for other organisms, but trends indicated essentially no changes in
oyster bio. ss in the control area. A sharp seasonal change in larval
stocks might be inferred from control uata in Table 4,

Height-frequency distribution curves of oysters are given in Fig.10
for both areas. The peaks of the curves are similar, but large oysters
were missing in the discharge area.

Relationship of whole blotted wet weight to shell height for oysters
in the discharge and control areas was determined for two biomass samples

(Fig. 11 and Fig.12 ). The curves were similar. One curve of (wet) meat
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Table 1.

Dry Weights of Oyster Peef Organisms and Structure per (Quarter Meter Square.
L Crystal River, Florida - Discharge Bay

Reef Date Total Reef Total Reef Whole Weight Meat Weight
Nunbe r Sanpled Weight incl. Structureb of of
all organismsP g Oysters? Oysters
g 2 g
1 July 19, 1973 25053.2 23331.9 2120.7 25.3
6 July 30, 1973 39137.1 35167.6 4764.8 65.1
2a July 31, 1973 7494.0 6699.1 837.8 6.8
2b July 31, 1973 8542.6 7873.3 950.3 6.9
2a Dec. 07, 1973 9668.0 8719.7 2030.6 26.6
2b Dec. 07, 1973 9339.2 8765.0 2115.6 25.1
» 32095.2¢ 29249.8¢ 2136.6 26.0
8761.09 8014. 3%

S. B. 577.7 8.7

a Blotted wet weight in this column only

b T-tests indicate significant difference at 95X confidence level in data i{n these columns taken at
different sample depths. Reefs 1 and 6 sampled to 20 cm. Reefs 3 and 4 sampled to 10 cm

¢ Mean of values from reefs 1 and 6

d Mean of values from reefs 2a and 2b

e ¥ = mean

f S. E. = one standard error about the mean, x
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Dry Weight of Oyster Reef Organisms per Quarter Meter Squave
Crystal River, Florida - Discharge Bay

Table 1 (continued)

Reef Date Whole Weight Whole Weight Whole Weight Whole Weighe
Number Sampled of Crabs of: of of
g Barnacles Mussels Spat
g g g
1 July 19, 1973 13.8 - - -
3 July 30, 1973 38.7 - 7.3 250.8
2a July 31, 1973 9.6 6.7 - 25.1
2b July 31, 1973 15.7 9.5 0.2 102.2
2a Dec. 07, 1973 7.0 0.4 - 9.6
2b Dec. 07, 1973 3.7 10.3 - 31.6
x 14.8 6.7 3.7 83.9
S. 5.1 2.2 - 44.7




62-1

Dry Weights of Oyster Reef Organisms and Structure per Quarter Meter Square.

Table 2.

Crystal River, Florida - Control Area

Reef Date Total Reef Weight Total Ree Whole Weight Meat Weight
Number Sampled incl. all organisms Structure of of
g g Oysters Oysters
b4 B
1 July 20, 1973 23826.0 17826.9 3196.7 32.5
5 Aug. 06, 1973 38010.9 33486.2 2891.0 39.2
3 Aug. 06, 1573 12480.4 10605.5 1647.3 21.6
4 Aug. 06, 1973 8552.2 6448.9 2138.5 20.6
4 Jan. 10, 1974 11259.6 9014.4 1346.5 20.1
4fringe® Jan. 10, 1974 4830.0 2869.4 284.8 4.0
x (does not include 30918. 4° 25656.6 2244.2 26.8
fringe sample) d d
10516.3 8527.2
S. E. - - 353.4 3.9

a Blotted wet weight in this column only.

b T-tests indicate significant differences at 95% confidence level in data in these columns taken
Reefs 1 and 5 sampled to 20 cm.

at different sample depths.

¢ Mean of values from reefs 1 and 5

d Mean of values from reefs 3 and 4
e Fringe regers to sample collected in low organism density area on oyster reef

Reefs 3 and 4 sampled to 10 cm.



£67-1

Table 2 (continued)

Dry Weight of Oyster Reef Organisms per Quarter Meter Square.
Crystal River, Florida - Control Area

Reef Date Whole Weight Whole Weight Whole Weight Whole Weight Whole Weight
Number Sampled of of . of of Spat of Drills
Crabs Barnacles Mussels g 8
B 2 : B

1 July 20, 1973 33.2 - . 38.7 - -

5 Aug. 06, 1973 7.7 239.4 ; 141.4 82.2 232.8

3 Aug. 06, 1973 11.4 - 23.7 39.4 -

4 Aug. 96, 1973 20.7 30.9 - 38.4 75.2 30.3

4 Jan. 10, 1974 35.0 45.6 . 59.4 128.1 -
4fringe Jan. 10, 19/4 3.2 16.6 : 28.1 70.6 -

x (does not include 25.6 105.3 : 55.0 81.2 -

fringe sample) Y
S. B, &:3 18.2

67.2 19.7




Table 3.

Numbers of Organisms per 0.25 n - Discharge Area

Organism  July 19, 1973 July 30, 1973 July 31, 1973 Dec. 7, 1973 X, S. E.
Peef Ree f Ree f Reef Numbers/
1 6 2a 2 2a 2 0.25w
Oysters 110 132 150 237 207 207 174 20
- Spat 198 425 22 106 39 94 147 61
§ Crabs 63 179 182 208 111 89 139 24
Mussels - 77 2 3 - - 27 25
Barnacles - - 51 154 6 33 61 32
Worms - 98 i 1 - - - -
Amphipods - 20 = - - - - -

Anemones - 59 - - - - - e
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Table 4.

Numbers of Organisms per 0.25 m2 - Control Area

Organism July 20, 1973 Aug. 6, 1973 Jan. 10, 1973 Re % B
Reef Ree f Reef Nunberg/
1 5 3 4 .4 Fringe 0.25 m
Oyster 411 61 342 228 199 . 49 248 60
Spat 450 646 360 978 1037 626 696 135
Crabs 136 439 210 281 939 204 401 144
Mussels 391 1025 480 555 1010 410 692 135
Barnacles - - 6 477 695 159 393 203
Worms 17 42 103 - - - 54 26
Starfish - - - - - 1 - ~
Amphipods 36 93 - - - - - -
Anemones 1 367 - - - - - -
Conches - 2 - 1 - - - -
Clams - 22 - - - - - =
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weight and shell length was made for a control area sample. (Fig. 13).
Ratios of dry weight to wet weight are given in Table 5 .Those for the

discharge bay were slightly higher for oysters, set, and crabs.
Area-weipghted estimates of biomass based on distribution of mass
relative to each reef and each reef as a percentage of the total reef
system are given in Table 6 . The area-weighted values indicated a
higher oyster biomass in the discharge bay. The biomass of all other

organisms was higher in the control area.
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Table 5

Ritios of dry weight to wet weight as perccntages for selected orzanisms in
Discharge and Control areas.

R Percent of total weight equal to dry weiczhe
ovster set crabs barnacles mussels drills starrish
meat incl. shell incl. shel!l incl. shell incl. shell incl. shell
Discharge 13.4°% 2.5 % 35.6 7. 62.9 7 eeeee mmeee ecees
Control 11.6 % 70.9 % 27.2 %, 64.3 % 63.6 7, 77.8 % 37.0 ‘
|
i
13
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Table 6

Area-weighted Estimates of Biomass®

Organism Discharge Bay Control Area
Structure Dry meat weight Structure Dry meat weight
(all shell) g/m? (all shell) g/m
g/m2 g/m
Oysters 49,979.2 196.4 35,449.1 119.5
set® 694.2 16.8 274.9 14.5
Other 106.2 56.8 748.7 135:-1
organisms
Total 50,779.8 290.0 36,472.7 269.1

a Area-weighted estimates based on distribution of mass relative to each reef and each reef as a percentage

of the total reef system.

b Spait *'d juveniles



Larval Setting

Spat cage setting rates were similar in both areas (Table 7 and 8)
T-tests showed the June setting rate peak in the control area to be
significantly higher (95% confidence level) than the March and September
rates. No uignificuni differences were found among rates in the discharge
bay. Annual mean setting rates of 4.6 spat/.25 mzlday for the discharge
area and 5.3 spat/.ZSmZ/day were not significantly different.

The mean level of 317 spat/.ZSnz in the discharge area did not test
significantly different from the 380 spat/.25 m2 in the control. Larval
numbers appeared higher at certain periods of the year (Table 9), however,
no significant di““arence could be found between high and low variationms.
Differences at the 95% confidence level did exist between individual discharge
and control areas. Numbers of larvae on reefs 5 and 6 differed from

those on reef 2 in the discharge, while reef 1 differed from reef 5 in the

control (Fig. 14).

Diversity

Results of species per thousand counts are given in Tables 10 and 11.
Species per thousand data was translated into various other diversities
indices of interest. Mean values of species/thousand were significartly
different between discharge and control areas. Seasonal values were
significantly different in the thermally=~affected area but not in the
control area.

Marine or' inisms colle~ted and identified from oyster reefs are listed

in Table 12.
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Table 7

Oyster reef set count data - 5et cage count
Number spat per ,25 m<,
Discharge Bay,

Reef Number Date Sampled Number Counted Time period Rate, #/.25 %/day
2 May 12, 1973 49 Int. count
s " " " 564 " "
6 " " " 312 " "
2 June 20, 1973 119 41 days .9
5 " " ) 709 " " 17 3
6 " " " a93 " " 12 0
2 Dec. 18, 1973 110 181 days 0.6
S " " " 7&9 " " “. 1
6 " “" " 339 " " 1 9
x .7 4.6
S.E. 64 2.0
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Oyster reef set count data - set cage count
Number spat per .
Control Area

Date Sampled Number Counted Time Period

2
Rate, #/.25m” /day

Initial count

May 13, 1973

- - —— - - ————

s - W - -, - -~ - ——

5.3

1.5

o — o ——
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Table 9

Spat Count Data from Biomass Samples- Discharge Bay

\
\
|
Reef Number Date Sampled Number Dry Weight Weight/Individual, gms. i
|

gms . (whole)

1 July 19, 1973 198 ——— ———

6 A U 425 250.8 0.59

2a skl - TRR 22 11.9 0.50

2b - = i 106 102.2 1.0

---;;----' ..... B;;j-7, . 39--- RS 0.2 - i

2b - s 94 31.6 0.3

v 147 83.9 0.64

S.E. 66 44,7 0.18

Spat Count Data from Biomass Samples- Control Area

Reef Number Date Sampled Number Dry Weight Weight/Individual, gms.

gms. (whole)
1 July 20 1973 460 ——— e
5 Aug. 6, s 646 82.2 U1
3 ! i = 359 39.4 0.08
4 i " s 987 15.2 0.08
4 Jan. 10, 1974 1037 128.1 0.12
4 fringe 4 " " 619 70.6 2.11
x 698 79.1 0.10
S.B. 136 21.3 0.02
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Fig. 14. Seasonal larval setting rates. a. Three reefs in discharge bay.
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Table 10

Diversity Indices - Discharge Pay

Date Reef  Number  MNumber  Species/ Margalef® Menhinick® Pfeloud Shannon-®  Simpsonf
Number Indi-~ Species 1,0002 Weaver Dominance
viduals
March: 1 404 - 11 0.81 0.40 0.12 1.03 0.68
2 1057 13 13 1.19 0.40 0.15 1.53 0.43
3 1000 14 14 1.30 0.44 0.21 2.06 0.36
4 1005 13 13 1.20 0.41 0.19 1.93 0.51
5 1004 16 16 1.50 0.50 0.18 1.83 0.48
b 1013 13 13 1.20 0.41 0.17 1.73 0.49
S. E. Mean 13.3%0.7 1.20% .09 .43% .02 .17 % .01 1.68 £ .15 .49 £ .04
June - 1 1166 11 11 0.99 0.33 0.20 1.99 0.36
2 1102 11 11 0.99 0.33 0.17 1.72 0.43
3 1163 12 12 0.98 0.34 0.15 1.46 0.56
4 1175 13 13 1.17 0.38 0.19 1.94 0.36
5 1166 12 12 1.03 0.34 0.16 1.71 0.44
" 1134 13 13 1.19 0.37 0.20 2.02 0.35
S. E. Mean 11.8 ¥ 0.3 1.06 £ .03 .34 £ .01 .18 % .01 1.81 * .09 .42 £ .03




a)
b)
c)
d)

e)

£)

Footnotes to Table 10

Odum, Cantlon and Kornicker: number species/1000 individuals
Margalef: number species -1 / log, number of individuals
Menhinick: number species / N; N = number of individuals

Pielou: Shannon-Weaver / 1og2 number of species

Shannon-Weaver: ni/N) logoni/N ; N = number of individuals, ni =
number of individuals/species

Simpson: (ni/N)2
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Table 11

Diversity Indices - Control Area

Date Reef Number Number Species/ Fargalefb Menhinick® Pielow? Shannon-® Simpsonf
Number Individuals Species 1,0009 Weaver
Feb.: 1 1060 12 12 1.09 0.37 0.22 2.20 0.32
2 513 10 12 1.00 0.44 0.18 1.63 0.47
3 1061 15 15 1.39 0.46 0.24 2.36 0.30
“ 1043 19 19 1.80 0.59 0.23 2.29 0.31
5 1106 13 13 1.39 0.39 0.24 2.33 0.29
S. E. Mean 5.2 1.3 1.9 2 .34 .45 2 .06 22 % .01 2.18% .34 KT .03
June: 1 1160 16 15 1.42 0.46 0.19 1.94 0.41
2 1132 14 14 1.28 0.42 0.18 1.78 0.47
3 1158 14 14 1.23 0.40 0.18 1.90 0.44
4 1228 17 17 1.56 0.48 0.20 2.06 0.38
5 1194 14 14 1.22 0.39 0.20 2.04 0,37
S. E. Mean 14.7%2 0.5 1.34 %+ .05 .43 % .01 .1/ % .02 1.94 % .06 .41 % .02

a Odum, Cantlon, andXronicker: number species / 1000 individuals
b  Margalef: number species - 1 / 1032 number of individuals

¢ Menhinkck: number species / N ; N = number of individuals

d Pielou: Shannon-Weaver / legy number of species

e Shannon-Weaver: (ni/N) log, niyy ;
Simpson:  (ni/N)2
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List of marine animals collected and identified from oyster reefs at Crystal River, Florida, 1973-1974.

TABLE 12

Phylum

Common Name

Scivntifié Name

Discharge

Control Arca

Anthropoda

Class Crustacea

T1E-1

Class Insecta

Mollusca

Class Gastropoda

Class Pelecpoda

Fiddler crab
Fiddler crab, juvenile
Flat mud crab
Porcelain crab

Mud fiddler crab
Little Xanthid crab
Common mud crab
Blue crab

Spider crab

Hermit crab

Stone crab
Burrowing shrimp
Snapping shrimp

Springtail

Small snail

Ovster drill

Snail

Banded Tulip shell
Crown conch

Ark shell

Cross=barred venus
Calico scallop
Small clam

Mussel

American ovster

-

.

UJca puzilator

t'ca Sp-

Eurvpanopeus depressus

Petrolisthes armatus
-
Uca minax

Eurvpanopeus abbreviatus

Panopeus herbstii
Callinectes <sapidus
Libinia dubia
Paguras annulipes
Menippe mercenaria
Upocebia affinis
Alpheus armalatus

~

Anurida martima

Bittium sp, °
e — . ——
Polinices duplicata
Nassarius vibex
Fasciolaria:distans
Melongena corona
—_—
Arca reticulata

P
Chione cuncellata
Pecten gibbus

Tellina lineata
Brachiodont us Sp.
Crassostrea’vireinica

e T

++ 44

+ o+

+ + 4+ +

+

+ 4+ + 4+ +

* * e



TABLE 12 CONTINUED

Phylum Common Name Scientific Name Discharge Bay Control Area !

TiE-1

Echinodermata

Class Asteroidea
Common starfish Echinaster Sp. +

Chelicerata

Family Micryphantidae

Dwarf spider Erigone teniupalpus + +
Marine Fishes

Scrawled cowfish l.actophyrys quadricornis +

Skillet fish Gobiesox strumosus +

Toad fish Opsanus beta +

a Observed once or twice only.



Metabolism

Underwater with artificial channels

Fig. 15 shows one hourly rate of change of oxygen in a tidal cycle.
Rate of change of oxygen over three tidal cycles is shown in Fig. 16 for
‘the thermally-affected bay. Total observed change was 39.1 g Czlm2/23 hrs.
At ah average rate of 1.70 g Ozluzlhr. and assumed tidal inundation of
12 hours, the underwater community metabolism rate was calculated to be

20.4 g Ozlmzlday. Correlated with biomass data, this gave a rate of

L4 LR ’ ?

For the unaffected bay, total observed change shown in Fig. 17 was 17.4
g 0,!m2/2a hrs. This gave an average rate of 0.73 g Ozlmzlhr., calculated
to be 8.8 g Ozlmz/day under~ater. On a gram per gr.m basis this was

0.083 g 02

gaywe /4

Apparent differences in slopes uf plots of respir tion and current

(Fig. 18) indicated higher respiration in the Dis har.2 Bay for any

given current speed.

Exposed reefs with COs gas exchange

COy gas metabolism results are given ‘n Fig .9, 2. 21 and 22 with
corresponding light and ‘tide data. Exposed reef metabolism was 3.1 g C/mzlday
(6.2 g 02/m2/day) in the contrel area. The gram per gram body weight rates

were 0.035 g O

» 0.039 g 02
/ day in the control area and

e ———— ——————— h
g dry wt g dry wt / day in the

Discharge bay.
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Fig. 16. Composite of upstream-downstream oxygen changes in plastic channels

in discharge bay over three tidal cycles, reef 5.

quadruplicate samples.
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Fig. 19 . Respiration rates of exposed oyster reef assemblage, July 30, 1973,

in discharge bay, reef 2a.
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Fig. 20. Respiration rates of exposed oyster reef assemblages, July 30, 1973

in discharge bay, reef 2b.
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Fig. 22a. Respiration rates of exposed oyster reef assemblage, August 7,

1973 in contrel area, reef 4.
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Total reef metabolism

Totzl metabolism of the oyster reef community determined on the basis
of a half day at each rate (exposed and submerged) was 20.94 g 02/m2/day
in the thermally-affected bay and 15.67 g OZ/mzlday in the unaffected bay.
This represents a difference of about 27%. Based on area-weighted values
of biomass for each area, gram per gram weights used for modeling purpcses

were .072 g O for the Discharge reefs and .058 g 02.

MY
g dry wt

/ day / day

g dry wt.

for the control reefs.
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Simulation of Seasonal and Temperature Effects

Evaluated oyster reef diagrams for the thermally-affected and
unaffected areas are given in Fig. 23 and 31. Each number on the diagrams
represents an estimate of mass or materials for that component. Calculations

of model component values are described in Tables 13 and 15. A simulation

of each model was made using the values in the diagrams. Model respon e

to changes in temperature, food conditions, respiration rates, and reef
standing stocks was investigated. Comparison of responses was made between

the control area and the discharge bay simulations.

Simulation of Thermally-affected Bay Model

Results of the simulation of the plume-influenced model (Fig. 23) are
summarized in Table 14. Figure 24 compares simulated data and field data.
Simulation graphs referenced in the Table are given in Fig. 25 through 30.
Each graph represents approximately four years of simulated data after the
model reached steady-state conditions. In cases where no steady-state was
reached, the initial four years of simulated data was offered.

Some general responses of the thermally-affected reef model were:

(1) increasing temperature decreased reef stocks; increased temperature did
not wipe ou' reef stocks even at high temperatures. (2) Changes in respiration
had a significant effect on the reef system model. Large reductions in
respiration rates shifted the model from steady-state to growth conditions.
(3) Over-harvest effects, whethe, by man or nature, changed reef storages;

in the extreme case (80% reduction), biomass and diversity decayed completely.
(4) Flow of food appeared to be 2 limiting factor in the model. The push

effect of temperature on respiration possibly exceeded the pull capability

1-324
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Fig. 23 . Evaluated oyster diagram of thermally-affected discharge bay.
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Table 13

Thermally Affected Oyster Reef System Value Calculations - Storages

Model Value Description Calculation~ Reference
Comrponent
B 353.2 g/nz A. All reef organisms A. 253.2 g/-2 area weighted dry meat A, Lehman, Crystal
(except spat) weight River Field Data,
1973
D 12.3 species/ B. Diversity B. 12.3 species/thousand B. -
thousand
S 50,779.8 g/n2 C. Reef structure Cc. 49,979.2 g/n2 area-weiphted C. -
(ovster shell,
etc.)
L 36.8 g/-z D. Oyster set (attached D. 36.8 g/-2 area-weight dry meat weight D. 2
larvae)
F 6.8 x lObg E. Special food E. Based on rate of special food uptake to E.
food uptgke = 34%. (2 x 107g)(.34) =
.68 x 10
I 2.0 x 107 F. Food F. a) Detritus (.0072 mg/mz) = .01 mg/ F. a)Krev, 1967
ml); b) Phytoplankton (1.59g/m2) b)McKellar,
¢) Bacteria (0.1g/m<) Cry. Riv. Field
Data, 1973
¢)Ravment, 1967
% 1:23 % 107 g G. Larvae G. (62.llm3)(1.55 x 10°2g/ind.091.28 - G. Mathto, Cry. Riv.
107m3) = 123.2 x 105 = 1.23 x 107y Field Data, 1973
H 28°C H. Heat H. a) Power plant heat = 4°C; b) Sun and H. a)CGrimes, 1971

sky heat: (1) incoming radiation:
3900 kcal.m?/day = (3900)(1.28 x 10
m°) = 4.99 x 1010 kcal. (2) Mean
temp. Crystal River 24°C

7

b) (1) Odum,1971
(?) 0dum,1971
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Table 13. Centinued

Thermally Affected Oyster Reef System Value Calculations - Flows

Model Value Description Calculations i Reterence
Component i
k23.. 6.5 g/nzl 1. Reef organisms 1. a)filtering rage = 144 1/12 day for 1. a)Collier, 1959
day food uptake adult ovster at S0% efficiency; b)See calculation
b)Sestion in water = 1.13 x 10'3g/l of model
(1.70g/m?) = (k.5m) = 1.13 x 10-3g/1 component 1,
(144 1/ovster/da) (695 ovsters/m?) =
1 x 105 1/m?/da
k'D 19.3 g/nzfda 2. Reef organisms 2. Food uptake by increased predation = 2. Lehman, Cry. Piv.
special food up- increased efficiency nurrient recycling Field data, 1973
take etc.: U.inp steady state assumption
by method of d%ff. See calc. of JBg
J3; = 19." p/m~/day
ko, BH 20.9 glmzlda 3. Peef organisms 3. Sum of undeguater and expised rates = 3. Lehman, Crv. Riv.
respiration 20.9 g/0,/m</day field data, 1973-
1974
k‘]‘ 11.8 g/mzlda 4. Organisms loss to 4. a)assume oyster growth period approx. 4. a)

reef structure

180 days per year: b)(2116.y shell/m>

of living oyster biomass) «¢) assyme

vear lonpevity 2116a/m* = 11.8g/m=/day
180 day

2t onman, Cry. Riv.
field data

c¢)Field observa-
tions & height-
freauency curves
irdicate oysters
in discharge arec
approx. 4 yr.
life span
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Table 13. Continued

Model Value Description Calculations Reference
Component
kg8 24.9 gy:ifday 5. Inorganic loss from 5. S.
reef organisms
a)Oyster pseudo- a)BZ of dry body wt. per day (196.4 a)bay et al., 1973
feces deposition gln /da) (.08) = 15.71; b)5.6% dry b)Day et al., 1973
b)Oyster feces body wt. per day (196.4 g/m?/da)(.056) c)Day et al., 1973
deposition = 11.00 p/m?/da; c)B4Z total depo- Haven & Morales-
sition of oysters is inorganic, (15.71 alamo, 1966
+ 11.00 g/m?/da)(.84) = 23.28 g/m?/da d)Day etal., 1973

inorganic from oysters; d)inorganic
deposition from other organisms, 5.6%
dry body wt. per day (56.8 g/-2 x .056)
= 3.18 g/m’/da.

Assume 50% feces isorganlc (3.18 g/nzl
da x .5) = 1.6 g/m“/day.

Total loss = 23.3 + 1.6 g/m?/da = 24.9

g/m ‘da
kB 5.9 g/nzlda 6. Organic loss from 6. a)o:ganic deposition from oysters = 6.a)see calc. for
reef organisms 4.3 g/m“/day; b)organic deposition from inorganic deposition
other organisms = 1.6 g/-2 da b)see calc. for
Total loss = 4.3 + 1.6 g/m“/da = 5.9 g/ inorganic deposition
m?/da.
kooB 12.8 g/nzlda 7. Reef organisms loss 7.a)one female can have 50 x 10 eggs/yr. 7.a)Day wtal., 1973
due to spawning b) 104 oysters/m“ adult, assume 30%
oysters 8dult, (assume 50% fertility) =
5.2 x 10 eggs/- lyr. c)Carriker, 1951

Assume egg = .l mass larvae

c)larvae bioaass = .9 x 10-5 g/larvae
(.9 x 105 zllarvae)( 1)(5.2 x 107) =
= .468 x 10% g/m?/yr. = .00128 x 10%

g/m?/year.
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Table 13. Continued

Model Value Description Calculations Reference
Component
leL 2.4 g/nzlda 8. Rate of ser growth 8. a)5mm per week; b) 0.5 gm per 8. a)Ingle & Dawson, 1952

K1gt

kszrll

16~

12

b1088

kllps

2
1.9 g/m /da

.9 g/n’/da

4.1 g/nzlda

2.6 g/mzlda

. g/mz/da

4.5 g/nzlda

9. Reef loss to 9.
diversity
10. Larvae setting 10.
rate
11. Food uptake of set 13,
12. Set respiration i2.
13. Reef structure leost 13.
due to chemical
physical weathering &
biological weathering
14. Reef structure 14.

export to
diversity

.034 species/ 15.Input to diversity  15.

1000/da

week; .004 g/%arvae/day b)Copeland & Hoese,
(558 larvae/m°)(.004 g/larvae/ 1966
da) = 2.4 g/mzlda.

Steady state assumption by method of
diff.: input = .output

x + (58.9) = .1 x + (76.3)

x - Jdx= 76.3"- 58.9

9% = 17.4 '

x = 19.3 >

dx = 1.93 p/m" /day

18 larvae per hzfda (18 larvae/nzlda 10.Lehman, Cry. Riv.
x .05 g/larvae) = .9 g/nzlda field data

Steady state assumption by method
of diff.:Input = .9 g/nzlda
output = S,g/nzlda 2

5~ .9 g/m"/da = 4.1 g/m"/da

14.4% of dry wet. pgr da for adult 12. Lehman, Cry. Riv.
oysters, (36.8 g/m~/da)(.072) = field data, 1974
2.6 g/m /da

a)chemical & physical weathering at
% of stock per yr. (50780°g/u‘)

(.01) = 507.8/365 = 1.39 g/m~/da

b) biological weather est. at 50%

of input = S.9-§/m /da

Total = 7.3 g/m~/da

Steady state assumption 3
input - outpyt = 11.8 - 7.3 g/m=/
da = 4.5 g/m"/da

Steady state information assump.:

input = output-: 12.3 species/yr.
= .034 species.1000/da



Tab) 13. Continued
Model Value Description Calculations References
Component
k;1BS .034 species/ 16. Cost of maintain- 16. Steady state assump.: input =
1000/da ing diversity output
kgD? 60.6 g/m?/da 17. Food available to 17. Sum of food uptake by ree:
ree. system w/out otgantsui = 56.5 + 4.1 =
diversity 60.6 g/m“/da
kzerlu 60.6 g/-zlda 18. Food available for 18. Assume 50:50 reef system to
other bay systems other systems = 60.6 g/m“/da
(J remainder)
121.2 g/m’/da  19. Total food imput to 19. 60.6 + 60.6 g/m’/d> = 121.2 g/

kzP

bay (not incl.
special food)

m?/da
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TABLE 14 .

Simulation Data-Thermally-affected Model

Simulation Conditions Figure Number Biomass Set Diversity Structure
g/mzlyear g/mzlyear species/1000/year g/-zlyeat
Normel: 16-30°C 25b 76.0 45.3 13.3 5 x 10°
2°C below: 14-28°C 25¢ 9.5 45.3 14.8 5 x 10
2°C above: 18-32°C 25d 62.5 46.0 11.8 s x 10
4°C above: 20-34°C 26a 53.5 46.3 11.5 5 x 10°
6°C above: 22-36°C 26b 42.0 4h b 9.9 5 x 10
10°C above: 26-40°C 26c 36.5 45.0 9.3 5 x 10
Respiration reduced 50% 27a 115.5 43.9 16.7 5 x 10°
Respiration increased 502  27b 42.5 40.2 10.2 s x 10
Respiration reduced 85% 27¢ 178.0 54.5 24.6 5X 10*
Food increased 50% 28a 93.5 58.2 14.5 5 X 10‘
Food reduced 100% 28b 53.0 53.4 12.4 5 X 10“
Special food reduced 50% 28c¢ 19.0 48.8 6.4 5 X 106
Special food reduced 100%  28d 0.0% 48.5 0.0° 5 x 10°
All stocks veduced SO% 29a 47.0 1.2 7.2 2.5 x 10°

All stocks reduced 80% 29b 3.0 47.1 0.0° 1.25 x 10°




TABLE 14, Continued

Simulation Conditions Figure Number Biomass Set Diversity Structure
g!zz/year g/mzlyear species/1000/year g/m2/year

Spawning temperature 18°%¢ 30a 68.0 $5.3 12.3 5 X 104

Spawning temperature 23% 30b 78.5 58.6 13.8 5 X 104

2 Within less than one year

In approximately 5 years

€ In approximately 10 years

teE-1
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of the model to bring in more food. (3) Changes in spawning temperature

influenced levels of storages somewhat, but total effect on levels other

than set was not toc pronounced.

Simulation of Control Area Model

Normal range of temperature in the control area was simulated as 12-26°C
(Fig. 32); a mean temperature 4°C less than the thermally-affected bay.

Fleld data and simulateddata under norma! conditions (12-26°C) were plotted
together (Fig. 32). Simulation results are summarized in Table 16. Figure 33
through 38 are simulation graphs referred to in Table 16.

A summary of the responses of the control area model showed: (1) increased
temperétute reduced model stocks, but nover cbﬁpletély déstroyed thém.ka) |
changes in respiration varied model response. Initial reductions increased
stodks; further reductions decreased them. Increasing respiration up to 50%
simulated stocks but introduced extreme seasonal fluctuations, (3) response
of the push-pull temerature mechanism indicated flow of food was not totally
limiting, (4) over-harvesting as simulated in the model reduced reef storages,
but severe over-harvesting (80% reduction) did not completely wipe out
standing stocks, (5) colder and warmer spawning temperatures stimulated increased

biomass in both cases.

Comparison of Simulation Results between Discharg2 and Control Areas

Simulations of conditions defined as normal for :ach area (Fig. 23,
discharge ard Fig. 31, control) gave similar biomass levels. Set was higher
in the control area, but structure was less. Diversity was lower in the
discharge bay. Seasonal variation in stored properties was less in the thermally-

influenced model; oscillations tended to be smoother.
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Table 15.

Control Area Oyster Reef System Value Calculations - Forcing Functions

Model Value Description Calculations Reference
Component
6 .
¥ 4.9 x 10 A. Special food A. (2.0 x 107g)(.245) = 4.9 x 10® A, Specia) food
See Table
1 2.0 x 1073 B. Food B, See Table
T .23 % 107g C. Larvae C. See Table
H 24°C D. Heat D. Mean annual temp. from sun & sky heat D. Grimes, 1971
Ll
'
3 2 ’
~ B 254.6 g/m E. All reef organisms E, Area-weigsted dry meat wt = E. Lehman, Cry. Riv. field
(except spat) 254.6 g/m data, 1973
D 14.5 species/ F. Diversity F. Annual average = 14.5 species/ F, Lehman, Cry. hiv. field
thousand thousand data, 1973
2 .
S 36,472.7 g/m G. Reef structure G. Areg-veighted mass = 36,472.7 G. Lehman, Cry. Riv. field
(oyster shell, g/m data, 1973
etc.) '
L 14.5 g/n2 H. Oyster set (attach- H. Area—uelghted dry meat weight = H, Lehman, Cry. Riv. field
ed larvae) 14.5 g/m data, 1973
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Table 15. Continued

Control Area Oyster Reef System Value Calculations - Flows

Model Value Description Calculations References
Component
kp3JrBH 55.9 g/nzlda 1. Reef organisms food 1. a)filtering rate = 144 1.12 hr. 1. a) Collier,b1959
uptake day for adult oyster at 502 b) See calc. of
efficiency = 100 1/12 hr. day model component
based on respiration ratios 12, Table
between the two bays; b)
Sestion in uatess = 1.13 x 1073
g/l  (1.70 g/m")/(1.5m) = 1.13
x 10-3 g/1
11 1/-2/d2y x 990 oysters/l2 =
9.90 x 10% 1/m?/day
9.90 x 104 1/-2/gay x.1.13 x 1077
g/1 = 11.19 x 10° g/m?/day
at 507 efficiency = 55.9 g/n2
2
k'D 13.7 g/m /da 2. Reef organisms 2. Steady state assumption by 2. See calc. of model
special food method of diff.; see calc. of JBQ' component JB ,Table
uptake this table 2
ko, BH 35.17 g/mzlda 3. Reef organism 3. Sum of undervateE and exposed 3. Lehman, Cry. Riv.
respiration rates = 15.7 g/m"/da field data, 1973-74
) .
kgB 12.3 g/m /da 4. Organism loss to 4. a)assume oyster growth approx. 4. a)

reef structure

189 days/yr.; b) (2217 g shell
/m° of living oyster biomass)
c)assume one yvear longevity
2217/m2/180 days = 12.3 g/m?/da

b)Lehman, Cry. Riv.
field data,1973

c)See calc. of model
component Jg,,
Table



Tabie 15 . Continued

Model Value Description Calculations Reference
Component
kgB 17.6 g/-zlda 5. Inorganic loss from ¥ 5.
reef organisms 2
a)oyster pseudofeces a) 8% dry body wt./gay (119.5 g/m ) a)Day et al, 1973
deposition (.08) = 9.56 g/m“/day
b)oyster feces b) 5.6% dry body wt./day (119.5 g/
deposition m?) (.056) = 6.69 g/m"/day b)bDay et al, 1973
c)total oyster c) B4% total deposition of oysters c)Day et al, 1973
deposition is inorganic. (9.56 + 6.69 g/ Haven & Morales-
w2 /day) (16.3 g/m?/day) (.84) Alamo, 1966
= 13.7 g/m®/day
— d)other organism d) 5.6% dry body wt./day (135.1 g/
o deposition ) (.056 = 7.56 g/m’/day
£ Assume 50X feces inorganic:(7.56
g/m?/day) {.5) = 3.78 g/m?/day
Total loss = 13.7 + 3.9 g/m?/day =
17.6 g/nzldav
k7l 6.4 g/mzlda 6. Organic loss from reef 6.a) organic deposition from oysters = 6.See calc. of Jges
organisms 2.6 g/m"/day; this table 3
b) orpanic deposition from other
organisms = 3.8 g/m /da
Total loss = 2.6 + 3.8 g/m"/day =
6.4 g/m?/day
ko8 18.4 g/mzlday 7. Reef organism loss due 7. 297 oysters/nz w/ S50%Z fertility = 7.See calc. Jgy»

to spawning

149 oysters/m
(172 oysterglmz)(SO x lOfeggs/yr)
= 7.45 x 107 eggs/m?/yr.

Table

(.9 x 10-5 g/laryae) (1) (7.45 x 10%)
= .671 x 10
104 g/m?/day

g/m2/yr = 001838 x




Table 15, Continued

Value

Description

Calculations

Reference

2.2 g/n’/da

1.4 g/uzlday

1.1 g/mzlday

2.74 g/m?/day

1.7 g/nzlda

%2 g/nzlday

5.1 g/mzlda

Rate of set
growth

Reef loss to
diversity

Larvae setting
rate

Food uptake of
set

Set respiration

Reef structure

lost to chemical,
physical & bio-
logical weather-

ing

Reef structure
export to
diversity

8.

12.

13.

14.

. 21 larvae/- /day

(2792 larvaeln ) (.0008 g/latvae/day)
= 2.2 g/m?/day (Based on X wt/larvae
80% less in control

. Steady state assumption by method of

difference:

x + (58.1) = .1 x +(70.¢&)
x - .1lx = 70.4 -58.1

Jx = 12.3

x = 13.67

dxn = 107 g/-z/day

(21 1arvae/n2/day X
.05 g/larvae) = 1.05 p/m?/day

Steady state assumption b! method of
diff.: output s 3.84 g/m“/day

input = 1.1 g/u /day

3.84 - 1.1 = 2.74 g/m®/day

11.6% dry body wt. per day (a; measured
for adult oysters) (14.5 g/m“)(.116) =
1.68 g/m?/day

a) (36473 g/n )(.01) = 364.7
364.7/365 = 1. 00 g/m*/day

b) (12.3 g/m /day) (.5) = 6.2 g/n /day
Total = 6.2 + 1.0 = 7.2 g/m?/day

Steady state assumption; gut = 12.3
g/m?/day Output = 7.2 g/m“/day
12.3 - 7.2 = 5.1 g/m?/day

8.See calc. Jla'

Table

10.Lehman, Cry.

field data,

Piv.
1973

12.Lehman, Cry. Riv.
field data, 1974

13.a)See calc.
Table

b)See calc.
Table

Jsy

Jsl'
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Table 15, Continued

Model Value Description Calculations Reference
Component 4
kl BES .040 species/ 15. Input to 15. 14.5 species/thousand
1 1000/day diversity 14.5/365 days = .040 species/1000/da
ksnz .040 species/ 16. Cost of 16. Steady state assumption
1000/ day maintaining Input = .040 species/1000/day
diversity Output = 0
.040 - 0 =.,.040 species/1000/day
2
kpo JrBH 58.7 g/m /da 17. Food available 17. Sum of §ood uptake by reef organisms
to reef system 2.8 g/m éday + 55.9 g/lzlday =
without diver~- 58.7 g/m*/day
sity
kP 117.4 g/n?/da 18. Total food input 18. 58.7 + 58.7 g/m’/day = 117.4
to bay (not g/m2/da
incl. special
food)



TABLE 16 ,

Simulation Data-Control Area Model

Simulation Conditions Figure Number Bigmass Sgt Diversity Structure
g/m”/year g/m /year species/1000/year g/m /year
Normal: 12-26°C 33 b 75.0 81.9 15.6 3 x 10*
2°C below: 10-24°C 1 e 110.5 78.3 17.4 3 x 10°
2°C above: 14-28°C 33 4 65.0 76.7 12.8 3 x 10
4°C above: 16-30°C 3% a 45.0 83.0 11.7 3 x 10°
6°C above: 18-32°C 3% b 3.5 75.3 9.5 3 x 10
10°C above: 20-34°C 3% ¢ 18.5 8.6 6.7 3 x 10
, 5 AN s Moo, el 2 . T ARSI <A PAE
g , v STl
Respiration reduced 50% 35 & 101.5 77.2 17.0 3X10
Respiration increased 50% 35b 84.0 74.7 16.1 3 X 104
i Respiration reduced 75% 35 ¢ 154.0 71.2 21.1 3 x 10*
Respiration reduced 85% 35 d 135.5 71.9 21.4 3X 104
Food increased 50% 36 8 92.5 77.9 18.1 1 x 10°
Food reduced 100% 36 b 103.5 2.4 17.9 3 x 10
Special food reduced 50% 36 ¢ 20.5 75.8 | 6.9 | 3 x 10
Special food reduced 100% 36 4 0.0° 78.0 0.0° 3 x 10°
. All stocks reduced 507 37 a 59.5 77.8 10.3 1.5 x 10°

All stocks reduced 80% 37 b 13.5 i 1,0 0.6 X 10




TABLE 16. Continued

Simulation Conditions Figure Number Biomass Set Diversity Structure
g/-z/yeat glnzlyear species/1000/year a/-zlyear

Spawning temperature 18%¢ 38 b 84.5 F 14 ) 15.8 3% 104

Srawning temperature 23% 38 a 100,0 85.0 17:3 3 X 106

%Within less than one year

» Within less than eight years

€ In approximately 20 years
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Increased temperature effects on biomass were similar between the two
models with biomass depressed slightly more in the control area. Reduction
in diversity with respect to temperature was greater in the discharge bay.

Changes in respiration were different. The discarge bay model increased
stocks with decreased respiration and decreased stocks with increased
respiration. This indicated that the push-pull mechanism could no longer
compensate for additional losses due to increased respiration. In the control
area model, decreasing respiration first increased stocks, and then further
decreases resulted in stocks being reduced. Increased respiration stimulated
levels of state variables but induced stronger seasonal variation. This
indicated the stimulus-effect of push-pull to increase food to the reef.
Overall response of models to changing food flows were similar; one exception -
in the control simulation, stocks increased when food to oysters was off.
Althougn trends were similar, the reactions of the thermal model to changing
food conditions were greater on a percentage basis.

Different responses to spawning was noted for each area. In the control
area, any change (increase or decrease) in spawrinug temperature stimulated
reef stocks. In the discharge bay, raising spawning temperature increased
biomass and set; decreasing temperature of spawning reduced biomass, but

increased set.
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4D. ECOSYSTEMS OF THE INTAKE AND DISCHARGE CANALS

W. M. Kemp
Department of Environmental Engineering Sciences
Universi ty of Florida
Gainesville, Florida 32611

INTRODUCTION

Connecting the Crystal River steam electric generating system with
he adjacent estuarine waters are the ir ake and discharge canals. The
intake canal which was built for the dual purpose of channeling both
cooler offshore water and fuel barges to the power plant, extends-some 13 -
kilometers west of the plant. The canal is laterally confined with
double~heading for the first five km, The mean depth of the intake canal
waters is about 6.5 meters compared to the 1-2 meter depths in surrounding
bays, and the width at mean low water (MLW) varies from 90-110 meters.

The double-bulkheaded portion of the discharge canal extends less than

2 km, and the total length of dredged channel is about &4 km, The dis-
charge canal was designed with a smaller cross-sectional area (4.5 m

deep, 60 m wide) so as to maintain a higher velccity and assure ade-

quate lateral flow entrainment upon discharge to the shallow bay receiving
waters,

Fig. 1 shows the location of sampling areas for this study. Notice
that all stations are within the double bulkheaded portion of the canals.
The community metabolism stations were selected so as to allow l-4 hour

flow times between stations. Stations 1, 4 and 7 were used only in the
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early stages of this study. The plankton metabolism sampling and incubation
stations were selected for convenience and central location in canals.
The intertidal benthic sampling quadrats were established in relatively
uni form areas which appear to be representative and typical for the entire
canal intertidal areas.

in an analcgous sense the canals are like the incurrent and excurrent
siphons of a giant'filter—feeding oyster or clam (the power plant). They
are dominated by the large flows of water pumped by the power plant, by
the steady stream of barges that move in and out, by the large ratio of
intertidal area to cross-section. and by the discharge of heat and chlorine.
Large cénsumer animals add additional connections to off51ore and adjacent
ccastal systems by apparently continual migration flows. Fig. 2 provides
a diagrammatic representation of the major energy flows in the iatake and
discharge canal systems. Because of their proximity to the power plant
and since they are strongly influenced by plant activities, the intake
and discharge canals offer a reasonable point at which to monitor the

effects of power plant op ration on the estuary.

METHODS

The magnitude of metabolic work in the canals was studied by measuring
the primary production and respiration of the total community and of the
plankton component. Community metabolism was measured using a modified
version of the two-station diurnal oxygen method developed Sy Sargent and
Austin (1949), Odum and Odum (1955), Odum (1956) and Owens and Edwards (1965).

This technique considers the changes in oxygen content of water as it flows

I-363

TR




Y9t~1

Fig. 2. Energy Diagram for Intake and Discharge Canal Ecosystems

Dominated by Power Plant Circulacting Water Flows

Fish l
Benthic BeRyfic Y 4
l ers / |
o || SR
Fish I \'\ " — U
(F) —
g et el e prbagipa

OFFSHORE
YRTEM POWER PLANT
" i, g R e T T B A R s O
7/ \ INTAKE CANAL Pump Heat
I water ‘ l ) Y
' Le el ! /\
' l Water L
| V /
l Heat l \ x
I\ X > _ i
I I 3x N -y .
= R
l Nutrient ' X P o .
(N) . L X .
X D
: | i
X
| Plantko l =
Scr

! |
| 1] Y [ ‘Diversity I
| . | S, B -

, ] ] . N
| | ~ _&:] : A\
| : ~ | || \ |




from an upstream station to a downstream station during a consecutive

24 hour period. The method used in this study provides corrections for
tide=induced changes in depth, diffusion, flow time between stations, and
vertical stratification, and has general applicability for river portions

of any estuary. Dis:clved oxygen concentrations wéTe measured using the

azide modification of the Winkler method. 6up11cate'or triplicate samples
were taken at each time and station. Diffusion was measured by the dome
mathod of Copeland and Duffer (1964). Plankton metabolism was measured
using the light and dark oxygen bottle method. Two to four replicate light
and dark bottles were incubated at 0.3 m , 3.0 m and occasionally 1.5 m
at each station for 24 hours. In order to estimate the depth extent of
light transmission, water transparency -was measured routinely with secchi
disk, and on one occassion with submarine ,'.otometer,

The littoral benthic animal community structure was studied by
measuring the numbers and biomass of component organisms and the species
diversity of the overall community. Relatively homogeneous sampling
areas were established for both canal ecosystems, and were marked off with
stakes at 5 m intervals for 40-50 m along the MLW mark. To insure randomness
of sampling each of the 5 quadrats (mz) between stakes was assigned a number,
and the quadrat to be sampled on a given date was determined by a random
number generator. Within the square meter quadrat a 0.25 mz frame was
placed so as to obtain a representative sample of that quadrat. All organisms,
rocks and soil were collected in buckets to a depth of about 15 cm below
the soil surface (or to the zone of black anaerobic sediment), and returned
to the laboratory for sorting. Numbers of all dominant animals were recorded
and organisms were blotted, weighed and then dried at 90°F to constant weight.
Blotted wet and dry weights were recorded along with the total number of

macroscopic animal species encountered.
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RESULTS AND DISCUSSION

Statistical tests have yet to be performed on summer field data;
however general discussion is provided. Table ‘1 provides the results
of community metabolism measurements for the summer of 1972. The mean
value for total gross primary production is 35% greater for the intake canal
than for the discharge canal ecosystem. This may be attribuzable to the
greater depth of euphotic zone (mean secchi disc: intake - 2m,discharge -
1.6m) or to inhibitism of primary production with thermal and chlorine
discharge. P/R ratios are slightly higher (17%) for intake canal during ‘
the summer; however they are 3 times greater than for the discharge canal
during the period from August 18 to September 2. Fig. 3 shows the trends
over the three month period. Discharge canal production is rather conmstant
throughout the summer, whereas intake canal production peaks in early July
and again in early September.

Table 2 lists the levels of plaikton metabolism measured between
August 1973 and September 1974. Gross plankton productivity is about
2.5 times greater in the intake canal than the discharge. Plankton production
accounts for about 36% of 'he total production for the intake canal ecosystem
but only 21% for the discharge canal. The time graph of plankton metabolism
given in Fig. 4 tends to indicate a later summer tloom phenomenon. On
one occasion in early September, plankton production accounted for 95%
of the total production in the intake canal.

The detailed results of the littoral benthic sampling are provided
in Table 3. The swifter flowing discharge canal waters have developed a

littoral community dominated by oysters, barnacles and crabs. Its total



Table 1. Community Metabolism for Crystal River Power Plant

Intake and Discharge Canals, Measured by Two Station Diurnals

Date Location Station Day Net Night P/R Gross

1974 Pairs Production Respiration Ratio Production
P R P+R

June 26-27 Intake Canal 3-2% 0.2 6.8 .03 7.0

3=4% 1.4 4.6 .30 6.0

Discharge Canal 5~6% 0.1 10.7 .01 10.8

6-7% 0 15.3 J 5.3

July 1= 2 Intake Canal 2-3*% 1.7 14.5 0.53 22.2

Discharge Canal 5-6% 2.9 5.3 0.55 9.2

July 10-11 Intake Canal 2-3 4,7 5.6 0.84 10.3

2-3*% 4.0 5.9 0.68 9.9

Discharge Canal 5-6 4.2 5.1 0.82 9.3

5-6% 2.6 8.5 0.31 11.1

July 17-18 Intake Canal 2-3 3.3 5.5 0.60 8.8

' A L 3.6 L 0.58" 9.8

Discharge Canal 5-6 3.4 7.8 0.44 b %

5-6% 4.7 6.8 0.69 11.5

Aug 12-13 Intake Canal 2-2A 3.0 7.4 0.41 10.4

2A-3 1.6 10.3 0.16 11.9

Di icharge Canal 5-6 P 4.8 0.34 6.5

Aug 18-19 Intake Canal 2-2A 6.7 9.2 0.73 15.9

2A-3 T 8.0 0.59 12.7

Discharge Canal 5.6 3.0 8.4 0.12 v Oy AR

Aug 25-26 Intake Canal 2-2A 6.6 4.7 1.40 11.3

2A-3 7.3 6.2 1.18 13.5

Discharge Canal 5-6 3.8 71:2 0.53 11.0

Sept 1-2 Intake Canal 2-2A F 7% 8.7 0.89 16.4

2A-3 6.5 11.3 0.58 17.8

Discharge Canal 5-6 e 8.5 0.29 11.0

Sept 10-11 Irtake Canal 2-2A-3 6.8 8.4 0.81 15.2

Discharge Canal 5-6 517 2.9 1.9? 8.6

Mean Intake -— 5.1 8.0 0.65 13.2

Discharge — 3.0 6.7 0.45 9.8

* sampled by wading in shallow (lm) water. Others sampled in middle of canal by
boat.
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Table 2. Plankton Metabolism as Measured by Light and Dark Oxygen
Bottles in Intake and Discharge Canals.
Date of Intake (I) Change in Change in GPP TR
Sample or surface surface Grncs primevy Total plankton Ratio
Discharge (D)light Bottles dark bgttles produgtion respiration GPP/TR
(g0,/m”/day) (g0,/m/day) (g0.,m"/day) (20.,m%/day)
2 2 2z 2
June 26-27 1 +0.12 -0.62 1.76 3.52 0.50
1974 D ~0.04 -0.82 1.35 3.04 0.45
July 1-2 I +0.57 -0.88 4.48 5.09 0.88
1974 D +0.16 -0.72 1.88 2.94 0.67
July 10-11 I +0.47 -0.45 2.79 2.99 0.93
1974 D +0.69 -0.37 2.76 1.44 1.92
July 17-18 1 _0.25 ~0.41 2.12 3.07 0.69
1974 D -0.31 -0.56 0.50 2.52 0.20
Aug 12-13 I +0.44 -0.58 2.68 4.09 0.65
1974 D -1.17 -1.22 0.17 5.67 0.03
Aug 18-19 1 +0.13 -0.69 2.80 4.76 0.59
1974 D ~-0.40 -0.77 3 £ 3:59 0.31
Aug 24-25 I +0.346 -0.89 3.96 5.85 0.68
1974 D -0.31 -0.80 1.32 3.60 0.36
Sept 1-2 1 +4.75 -1.41 16.89 9.17 1.84
1974 D =1.46 -1.55 0.44 6.20 0.07
Sept 10-11 I +2.32 -0.90 7.28 5.85 1.25
1974 D +3.98 -1.11 9.54 5.00 1.91
Aug 23-24 D -0.50 =1.05 1.08 4.63 0.23
1973
Aug 28-29 1 +0.79 -0.4a5 3.98 3.62 1.10
1973 D -0.20 ~0.62 0.87 2.79 0.31
Nov 16-17 I +0.92 -0.11 3.10 1.36 2.28
1973 D +1.09 -0.41 3.28 0.84 3:93
Jan 11-12 I* -0.28 -0.41 0.52 3.66 0.14
1974
Mean 4.71 4.49 1.05
D 2.09 3.52 0.59
* Sampled and incubated in intake canal turn-around basin.
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Table 3. Numbers, Biomass and Species Diversity for Benthic Animals Inhabiting the Intertidal Zonme of Intake

and Discharge Canal Ecosystems. (gm organic matter/0.25 .2)

Intake (I) Oysters Mud & Stone Porcelain Barnacles Mussels Surpu- Total Diversity
Date of or Adults Spat Crabs Crabs _ lidae Biomass SPP
Sample Discharge (D) No. Wt. No. No. We.a No. Ht.?- No. we.?  No. we.” No. 0.55-2
9
Jﬁ;£53o 1 0 0 11 10 0.1 23 0.2 44 1.3 35 .6 16 2.1 21
R D 12 2.4 0 106¢ 1.3€ -— - 13 0.3 0 0 40 4.0 12
Suly 17 D 40 6.3 0 149 3.7 28 0.3 48 0.7 4 0.04 100 11.0 13
D 29 4.9 0 126 3.2 30 0.2 71 0.6 3 0.08 130 9.0 13
July 30 1 34 1.6 114 7 0.5 113 0.8 21 0.2 51 0.24 60 3.3 19
I 21 0.7 138 18 2.0 324 2.0 15 0.1 27 0.12 80 4.9 15
e 13 I 17 2.2 381 17 1.4 211 2.3 20 0.9 45 0.7 105 7.5 15
0y 8- I 9 1.1 622 24 5.7 191 2.6 23 0.7 17 0.08 225 10.2 17
- " D 8 0.3 0 195 5.7¢ 3 0 133 3.0 6 0 135 9.6 13
" 1973 D 43 2.9 4 189 3.4¢ 1 0 25 0.6 2 0 120 6.9 12
Sept. 13 D 50 .0 0 79 1.5° S -— 167 9.5 0 0 _— 14.0 12
Sept. 14 I 55 6.5 174 — o—- 402¢ 7.1% 0 0 128 0.5 200 14.1 18
Sept. 15 D 53  (6.5) 0 134¢ 7.5 -— — 220 15.1 0 0 -— 29.1 11
Sept. 17 D 71 2.1 - 168 1.8 0 0 272 12.8 0 0 190 16.7 12
Mean value 1 2.5 2 311 14 2.0 253 2.9 - 16 0.6 51 0.35 128 7.5 17.8
for swemer D 33.0 3.2 1 147 3.9 9 0.1 122 5.6 2 0.65 117 12.86 12.2

a Assumes that mass of organic matter = (.3) mass whole animal.
b Assumes that mass of organic matter = (.2) mass whole animal.

¢ ....udes both porcelain and mud crabs and listed under species which is dominated by > 95%.



wnimal biomass is about 70% greater than for the intake canal system.

The intake canal intertidal animal community is dominated by the small
porcelain crab, Petrolisthes sp. with mud and stone crabs contributing
substantially to the overall biomass. Oysters are also important in the
intake; however, whereas virtually no spat were found in the discharge,

great numbers were recorded in the intake (mean, 311). It appears that

in the discharge canal, due either to entrainment mortality or shock,

very few spat will set. However, for those that do set, the survival rate to
adulthood is relatively large. The intake canal tenthic intertidal animal

community is 46% more diverse than the discharge canal. This may e

attributable to thermal stress or other factors.

Simulation of Intake Canal Model

Evidence provided by various project investigators indicates that
within the confines of the Crystal River Power plant intake canal
there has developed a highly metabolic ecosystem. This system is
continuously seeded - alternately by offshore water during flood tides
and nearshore water on the tidal ebb. Large consumer inimals (fish, crabs,
etc.) act to connect this system with external marine ecosystems by migrating
in and out of the canal. Becuase of the constant water movement through
the canal, the relatively deep water (5-6M) and the steep rocky shores,
this canal ecosystem exhibits many characteristics similar to an offshore
reef system.

Fig. 5. which was given in a previous report, illustrates some major
characteristics of this ecosystem, with emphasis cn the consumer components.
The fish populations are divided into two categories migratory and resident,

according to their life-histories. Under steady-state conditions there is
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a balance between fish migration, in situ growth, fishing harvest, and
mortality due to impingement onto the intake screens. An important question
has been raised as to the nature of this balance. Specifically, are the energy
losses due to screen mortality offset by growth and development of a resident
canal population which is subsidized by power plant water pumping? A
cursory comparison of flows J16, J14, J8, J15, J13, J17, and J11 in the
diagram indicates that screen mortality is probably offset by growth in
the canal. However, any conclusions should be made with caution because of
the tentative nature of these numbers.

Based on the relationships expressed in this diagram and the numerical
values as explained in Table 4 , an analog model simulation has been run

to elucidate. certain system dynamic characteristics and to predict the. -

general trends expected with any changes in forcing functions. It is also
hoped that the model will provide a better understanding of the power plant's
effect in subsidizing, stabilizing, and stressing the intake canal ecosystem.
Corresponding to the diagram configuration a set of differential equations
is used to mathematically describe the ecosystem. They are as follows:
(1) Plankton and Suspended Detritus, Q1
Ql = k312 + k1 S - k5 Q1 - k18 Q1 12 -kl4p Q1 Q3 I2
- kl6p Q1 12 - k6 Q1 12
(2) Benthic Animals, Q2
Q2 = k6 ke Q1 12 - k7 Q2 - k14b Q2 Q3 - kl6b Q2
(3) Migratory Fish, Q3
Q3 = k14b ke Q2 Q3 + kl4p ke Q1 Q3 12 + k& 12 + k17 Q4
- k13(Q1 Q3 + Q2 Q3) - k8 Q3 -k9 Q3 - k10 Q3 12 - k12 Q3(1/12)
(4) Resident Fish, Q4
Q4 = kl6p ke QL 12 + k16b ke Q2 + k13 ks (Q1 Q3 + Q2 Q3)
- k17 ks Q4 - k11 Q4 12 - k15 Q4
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Eight different computer simulation runs are presented in Fig. 6
The first run employs pathway coefficients as calculated based on data
in Table 4 , and it represents the general system character under average
present conditions. Tt is seen that system requires about four months to
reach a steady-state after being initially set at some other levels. The
resident fish population which is initially at zero goes through an early
peak after one month, while the benthic consumers first dip to a minimum
at. two months. The uigratory fish follow a trend parallel to the resident
population with out the initial peak. The concentration of plankton and
suspended detritus exhibits a strikingly stable character, as it dives

immediately to its steady-state value.

In the ;eéénd computer run fhe;input plankton ;oﬁcéAﬁfagiAn is
increased two-fold from the initial (run #1) settings, and while the
steady-state concentration increases proportionately, its steadfast stability
is maintained. This simulation represents the response of the system to
changes in source water-as with tidal fluccuatiéns. Under these conditions
both fish populations increase markedly, with the predominantly
planktivorous resident fish being most affected (x7). In a somewhat
counterintuitive manner the benthic consumer populations which feed on the
benthics are affected to an even greater extent. The system takes a week
or two to achieve steady-state, and it is unlikely that either the high or
low steady-level would ever be reached within the six hour interval between
tidal extremes.

The stability of this plankton component is apparently attributable
to the strong influence that water advective transport imparts to the
system. In the third model run, the consumption rate of benthic animals
(which feed exclusively on plankton and suspended detritus) is doubled,

and while the benthic biomass also doubles, the level of plankton mass is
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virtually unaffected. Thus, the plankton and suspended detrital biomass

is controlled principally by outside concentrations and not internal flows.
The rate of water flow into the canal does not, however, affect the plankton
level, as is seen in fifth and sixth simulation results.

The sensitivity of the model to increased fish immigration rates is
investigated in the fourth computer run. A five-fold increase in immigration
leads to an even greater rise in fish stocks, with the resident and migratory
populations expanding s factors of 7 and 18, respectively. This, however,

occurs partly at the expense of benthic animals, which decline to one-fourth

of their original value in run #1. This sensitivity is particularly significant
in that migration rates used to evaluate the model are only rough estimates,
and Dr. Snedaker's ongoing work will hopefully tighten these numbers. 1In 'a
similar sensitivity analysis, shown as run #8, it is seen that fish populations
are much less responsive to a major change (5x) in fishing pressure.

The effect of changes in water flow rate is presented in runs #5, 6, and
7. Both fish populations are extremely sensitive to either an increase or
decrease in water flow. An 80 percent rise ‘n water flow rate causes a full
order-of-magnitude increase in fish stocks, and nearly a year is required
to achieve steady-state. This run is an attempt to simulate effects of
the addition’ of the third generating unit. It is quite probably that an
80 percent increase in water flows and velocities may cause a far greater
increase in screen wash fish mortalities. This would be because a "threshold"
velocity from which fish are able to escape might be exceeded for numerous
species (especially juveniles). Therefore, run #7 was done assuming a five-
fold increase in impingement rate as a result of the same water flow increase
(80%) as in run #5. The result is that some of the growth subsidy afforded
by the water flow is negated by increased fish mortality. In the sixth

simulation run the water rate is decreased by 90 percent. This represents
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a situation where the power plant might go to a closed circulating-water-

system (e.g., cooling tower), which would use only one-terth of its total

flow for make-up water. Under such conditions the fish populations are

essentilally removed from the system, a residual plankton and benthic

community would remain at reduced levels.
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Table 4. Sources of Data for Simulition of Intake Canal Model

Source Descr .ption Calculation Reference
E Insolation Avg. Insolation = 3900 §cal/n2/day Odum, 1971
% Kinetic Energy of K.E. - 1/2 v’ = 1/2(%3—53)t10 cm/sec)’
Water
13 Particulate Organics (Sgcln3)(2 g org/gC) = 10 g org/n3 Kemp, 1973
I, Fish Assume mean offshore densify = 30 g/-2 Weatherly, 1972
I5 Larval stocks Avg. spat set = 50/m2/day | Lehman, 1973
16 Fishing Estimate; 103fishermen per day Fla. Power Corp, 1972, Vol. 5
I, Plant Pumps (1420 éfz)(§§.6 (¢ 3 (3600 * 24 %f%) =  Fla. Power Corp, 1972, EIS

3.4 X 10° u’/day
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Flow

Description

Table 4. Continued

Calculation

Reference

10

Plankton Productivity

Water plow

Part. organics flow

Fish immigration

Plankton resp.

Benthic animal assim.

Benthic Animal resp.

Migratory fish resp.

Fishing Harvest

Resident fish impinge

{1 ng/mJ/day)(3 m euphotic zone)
(2 g org/ ,a C) 5
J1 = 6 gm org/m” /day

3, = 1420 £t /sec = 3.5 X 10° -3/day

J,' = (3.5 X 10 6m3/day) /(1.1 X 10°m2)=

32 m/day

Kemp, 1973, Mckellar, 1973

Fla. Power Corp., 1972

Jy = {32 m/day)X(3 g/mz) = 96 3/n2/day Kemp & Boynton

Ass-nt population replaced every 4 weeks

J,=18.8 g/m?/28day = .67 g/m’/day

Prod. and resp. balanced on avg: J5~
J1 =6 g/mzlday

Assume avg. consump. turn-over time=
20 days 2
-(21 3 g/m~)/15 days = 1.4 g/n /day

By difference, see J6' JIAB' J16B

J7 = (1.4 - 48 - .28)= .64;

e 23:3
\a—.-ﬁ—l‘--”days

Avg. resp. rate = 0.25 mgO /g fish/hr

Ig=(. 25)(24——)(2——5)(10 g/mg)(lB 8g/m)

(Ss—gs;) 1.1 g/m /day
(10 51%%55959)(0 S % fish/man)/
(1.1 X 10°w%)= 0.05 g/m’/day

screen
I = (956 kg)(.ZS;;%)(1.13factor)/

(365 days X 1.1 X 105m?)=.0075. g/m2/da

Estimate by

Kemp, 1973, McKellar, 1973

Day et al., 1972

Nicol, 1967

Florida Power Corp. 1972
Vol. V.

Snedaker, 1973
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Table 4. Continued

Storage Description Calculation Reference
3 ;
Ql Particulate organics (e gm org/m ) X 5m =_15 gm org/-2 Boynton, 1973
in water of which (6 gm org/m"/day) X 1 day = Kemp, 1973
6 gm/m’ is phytoplankton
Q2 Benthic animals Avg. biomass on canal bottom.assumed Snedaker, et al, 1973
same as avg. in bays = 8.3 gm/m2 Kemp, 1973

Avg. biomass on canal banks = 60 gm/
mZ. Prorated avg. for canal

3000 R L 1250 2
Qz'(SOft. X 60gm/m")+(150ft. X 8.3m/m*)
200 ft. .
4
21.3rvm/n2
Q3 MIgratory fish Based on screen wash ratio

3500 migratory _ 3.9
900 resident n

Q3 = 3.9 X (4.8 gn/mz)- 18.@'35/.2

Snedaker, et al, 1973 summer

Q4 Resident fish Avg. biomass estimated at same as Snedaker, et al, 1973, summer
maximum biomass found in bays (based
on deeper water, trapping effect)

. (387 wet dry, - m_d
Q= 55 (0.20 - bl
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Table 4, Continued

Flow Description Calculation Reference
I Migratory Fish Impinge Jyp = (3300 kg)(.25)(1.13)/(365°1.1 X  Snedaker, 1973
10°) = 0.026 g/m®/day
J6P Part. cousump. by J6P + 2 J6 Nicol, 1967
benithics 3 3 3 3
4 T14 17 T8
J Emmigration By difference, J, . =(.67+.94+.05-1.])
12 Jl J9 ] 12
-0.2—0.5-.6?)* 1.66-1.26 = 0.40
-~
I3 Resident recruitment Assume J13-2.8 g/m" /day complete
> exchange
117 Migrant Recruitment Assume 317 = 0.75 g/m" /day | between pops.
every 6 days
Jis Resid. Fish resp. Avg. resp. rate = 0.2 ngozlgl‘fresh/ Nicol, 1967
hr
J.=(.2 mg0,/gn/hr) (24hr/day) (228 _OTE)
15 2 -gOZ
1 gm 2 wet
(ﬁﬁ;am.s g/m )(sﬁ—8 e
= 0.23 g/lzlday
J16 Resident fish assim. By difference (.29 - .10) = 0.19 Day et al, 1972
2 h
g/m*/day 2
T= (4.8 g/m“) /(.19 g/m?/day)
= 25 days
Jlb Migrant fish assim. Assume 20 day Eurn—over time 5 Day et al, 1972
Jlé. (18.8gm/m") /(25 day)=0.94 g/m“/day
! Benthic consumption by - ,foods consumed
16 res. fish Jle ('75)(0'19)("foods assinilated)

> Adams, 1971
.28 g/m" /day



Table 4. Continued

Flow Description Calculations Reference
J Part. consumption J + (.25)(0.19)(2) = .10 g/nzlday Weatherly, 1972
16P 16P
by res. fish
2 .foods consumed =
Jlbl ::nth;;s;onsunptica by Jlbl + (.2;)(.910)(‘“0(’s assinilated) Weatherly, 1972
&- 0.48 g/m"/day :
J Part. consuwption by J = (.75)(.94)(2) = 1.40 g/nzlday Weatherly, 1972
14P 14P
mig. fish
Jla Particulate outflow By difference: J18 = (96 + 6 - 1.4 - Weatherly, 1972

.10 - 28) = 91.7 g/m’/day




Fig. 6. Simulation Results for Intake Canal Consumer Model.
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Fig. 6. continued
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Fig. 6. continued
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4E. CHARACTERISTICS OF TIDAL CREEKS
RECEIVING THERMAL DISCHARGE

Mark Homer
Department of Zoology and
Department of Environmental Engineering Sciences

University of Florida
Gainesville, Fla, 32611

INTRODUTTION

The intertidal zone of a salt marsh serves as an important transition
zone between aquatic and terrestrial ecosystem . Dominated by tidal creeks
which alternately flood and drain with the tidal cycle, the creeks serve
as conduits from the marsh to the estuary and vice versa. Organic materials,
important tc the marsh and estuarine systems, are transported through
these tidal creeks. Most of this organic material is r. -~led into nutrients
used by the various plant communities. However, some of this ... rial is
quickly upgraded by fish into protein which may then be transferred up a
food chain. Tidal creeks adjacent to the discharge canal of a power plant
at Cryatal River, Florida, have been found to be inundated by the plant's
thermal discharge (Fig. 1). The purpose of this study is to examine the
characteristics and functions of tidal creeks and .v quantify any differences
found to be associated with the thermal plume.

The present study began in May of 1974, and this preliminary report
includes data on creek fauna, temperature and metabolisn measurements. The
fish collection work extends earlier studies by Adams, et al (1973) and
their results are included in this report with permission of the senior

author.
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METHODS

Temperature

In order to determine the area of salt marsh affecced by the thermal
plume, temperature and salinity measurements were taken in three tidal

creeks adjacent to the discharge canal. (Fig. 1). In addition to this

mapping, thermographic buoys have been placed in creeks near the discharge
area (Fig. 1) and in a control area (Fig. 2) by workers from the University
of South Florida. Temperature measurements have also been taken with

each fish collection. (Fig. 3)

Macroinvertebrate Collections

Core samples, for small crabs and other invertebrates, were taken
along with each fish collection beginning in August, 1974. The core was
taken using a 30 cm inside diameter (0.071m2) metal drum, which was pressed into
the sediment at high tide to a depth of about 1/2 meter. These samples were
taken halfway up the berm of the creek. At low tide, the sediment was

removed from the core and frozen.

Fish and Swimming Invertebrates

The methods of fish collecting are basically the same as Adans’gg'_;
(1973). Nets were hung on stakes across the mouth of a creek at peak flood
tide, and as the tide ebbed and the creek dewatered, fish, crabs and shrimp
were left stranded in shallow pools or lying on the sediment. The animals
were then collected by hand or dipnet and preserved in 10% formalin.
Collections were made monthly in. two creeks, quarterly in two others. The
net used is a 20 meter long drop net with a 1.6 mm bar mesh and extra

heavy lead line. 1 1/2" bar mesh gill nets were used in the deeper channels

of the creeks.

1+388
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Crab burrows were counted in each core quadrate, and these numbers

will later be correlated with counts made by Young (this report) in the sale marsh,

Diversi.y

Diversity of fish frr each sample was reported as species found in
counting 1077 individuals. This was determined by plotting data points on
the griph representing total species as a function of the log of total
individuals. A scraight line was drawn from the point representing one
indiv.dual and one specie to each data point. The point at which the
resultant curveﬂor its extension crossed the 1000 in&ividual line was

used to determine species per 1000.

Growth and Production

For the purposes of calculating growth rates and tertiary creek
production, length and weight measurements to the neirest mm and .1 gm
respectively were made for a large percentage of the total sample. This data
was then used to construct length-weight curves and length frequency
histograms (Figs. 4a-e) which we.e used to calculate growth rates.

In this preliminary report, two methods for calculating growth and

sroduction were used. Ricker's (1973) method assumes exponential growth

6= JW=InW

At (1)
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Floridicthys carpio.




Number of individuals

DISCHARGE

INTAKE

Length (mm)

- 25 =27 40-42 54~-56 70-72
>'10 GL
£ 04 g_‘rj e g SER "=
«l3 1 O
§ | NICw o -
— 0.,._‘.'___ . - - =a LA~
201
1
- e | ——
L~ { i
g 0 J» —_ dhann. = ;--.‘.l’ - e = . o '
r '...
40 |
|
> [—‘ i 1
. ]
= J ! bod p— -4
01 IORSERRIN. o, - S o B e LA I oot . e § =
50“ -
L
S
A
Y \ I
g -
L . ! N
N b -
e G R R - A WO L S
70 { e
| )
el
Na N
> i §
— 5 \ l
2 . |
- =N WY
E - % t {
U NN
Tt T o
0 “‘,_J b O O T T . T

Figure 4c. Length freqi2ncy histograph for
FundulvL-s ¢.andis.




Length (mm)

25 27 40 42

10 12

L

hc

A_

—

;.

!
A
m.frllL
oo o ©
- N
AR aunf Linr
d0dVHOS 1A

0

Length frequency histograph for

Cyprinodon variegatus,

Figure 44d.

ANVINI

S{enpIATpul jo Iaqumy

aunp

I-396



Nrraber of individuals

DISCHARGE

INTAKE

-
o

July June May
& — —
O © © © © ©

May

40

June

40

July

10-12

Length (mm)

12
I

— —

25-27 40-42 55-57 70-72
e -—-‘-:___-
= 3 e

Figure 4e  Leagth frequency histogiaph for

Laggdon rhomboides.

397




where U} and Wi are the mean weights of an age class at times 1 and 2.
This growth rate is then multiplied times the mean biomass of the two
samp les Er&&. y to give production.
2
P=GT¥ (2)

Allen's (950 metnod assumes linear growth (Eq. 3).

Gel2-W (3)
2

where Hz - Wl are the total weights for fish of an age class. This total
growth ie then multiplied times the mean numbers of the two samples (Eq.a)

to give production.

o PG E: iy . : o v Ay

Metabolism

Fish metabolism was measured using a flow through respirometer after
Hoss (1967 ). Two species of killifish, Fundulus grandis and F. similis,
were u~ed in this study. Fish were collected froa two tidal creeks, discharge
and control. After a 6-8 hour acclimation period, respira:fon was measured
by monitoring oxygen levels of inflowing water, outflowing water, and the
volume of water that passed through the chamber. These measurements were
run at ambient temperature (30°C) and at a lower (24%) temperature after
allowing a 24 hour acclimation period.

Planktonic and sediment metabolism measurements were started in August,
1974 using the light and dark bottle method. Four racks containing six
bottles (3 light and 3 dark) were placed in a discharge creek and in a

control cree« two in each creek. The bottles were hung about 1 foot belew
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fh; nﬁrftce and left in the creek for two hours. Methods used were the same
as in McKellar (this report).

Sediment metabolism was measured by using a modified light and dark
bottle technique. Short (1.2 m) pieces of poly vinyl chloride tubing
(35 cm inside diameter) were pressed into the sediment to a depth of
approximately 5 cm. Water was then introduced in to the bottles, sealed
and incubated in situ for 24 hours. These were then handled in the same

manner as the plankton bottles.

RESULTS

Temperature mapping results (Fig. 1) showed the plume effects reaching
far back into the adjacent marsh at flcod tide. Tiere was a gradual
temperature drop moving northeast into the marsh, with the largest temperature
difference between canal temperature and creek temperature at about 4.5%¢.
Salinity measurements were useful in tracing the plume. Canal salinity
at that time of the year is about 27%2-28% while ambient creek salinity is
about 18% - 20%.

Temperatures taken on the fish collection dates are shown in Fig. 3.
The temperature difference between the two creeks averages about 5% except
for the May, 1974, samples when unit #1 was down, and the September, 1974,
sample which was taken at night when the power plant's load was down. The

thermograph measurements have not as yet been worked up.
Fish and Swimming Invertebrates

Nine collections (22 samples) have been made to date (for by Adams,

et al 1973) and 18 of the samples are presented in this report in Tabtles

I-399



1l and 2 and Fig.5 and 6, 54 species of fish have been caught in the four
creeks with five additional species - Lutjanus griseus (Gray snapper),
Orthropristes chrysoptera (Pigfish), Bairdiella chrysura (Silver perch),
Lepisosteus oculatus (Spotted gar) and Sphyrna tiburo (Bonnethead shark) -

caught in various other creeks using other methods. The tidal creeks

have been surveyed and biomass is presented on a g/nz of watershed basis.
Rough approximations of watershed area (3500 02 for both creeks) are used

for this report, with a more detailed calculation to be made at a later date.

Fig. 4, which represents seasonal abundance (g/mz) of fish, shows
marked differences im temporal abundance between the two « reeks. The
control cr:ek's biomass peaks out in August or September with high values
during the warmer months. The discharge creek's biomassc starts
to increase to the control creek's summer level in August or September
and eventually surpasses the control area's biomass during the fall months.
This implies a temporal shift in the discharge system of about 2-3 months.

Fig. 5, which represents seasona'! abundance in numbers of individualslmz.
shows a different effect. In this case, the numbers of fish in the control
area always excedes (except for Nov. 1974 when a cold fron* moved in
during the control sampling time) tnhe discharge areas numbers.

Fig. 7, which shows biomass levels of blue crabs (Callinectes sapidus),

,indicates a trend similar to that shown in Fig. 4. Blue crab biomass in

the discharge creed started to increase in August and surpassed the control

area's level in September.
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Carcharhinus liwbatus Blacktip shark 5198.0
Dasyatis sabina Atlantic stingray . 4685 929.5 388).7 152.4
Elops auarus Ladyfish 169.5
Myrophis punctatus Speckled vorm eel 1.5 6.7 10.4
Brevoortis sp.c.f.patronus  Gulf menhaden ’.8
Harengula pensacolae Scaled sardine 8.8 0.8 0.5 0.6 5.7
Optsthonems og!inum Atlantic thresd herring 2.4 9.8
Auchoa hepsetus Striped anchovy 6.7 60.2 394.7
Anchos mitchilly Bav enchovy 0.7 98,160.0 1275.3 146.6 1065 1065 20.4
Synolus foetens lashore lizardfish 3.1 6.4
Artus fells Sea catfish 1036.2
Opsanus beta Gulf toadfleh 21.8 13.4
Hypor us tat Halfbeak 1.0 5.9
Strongylura marina Atlantic needlefish 25.8 7.7 129.8 4610
Strongyl.ea notata Redfin needlefish 25.0 17.9 2.3 24.7 16.51086.4 64.3 27.0 86.0 32.9 180.0 630
Strongylura sp. Unidertiftied Juveniles 19.5 0.4 13.6 0.6
Adinla xenica Diamond killifish &5 39 0.7 2.2 1.2 0.1 1.0 2.8
Cyprinodon variegatus Sheepshead killifish 7.8 17.1 5.6 64.9 1.5 118.3 605.9 25.1 7.1 240.3 31.2 161.0 6.8 232.0 O0.8 5.4 1.9 166
Floridicthys carpie Goldspotted killifish 8.6 1176.5 25.9 0.2 66.4 8.4 30 673.5 33.9 376.8 21.8 249.6 35.4 416.8 139.0 235.4
Fundulus grandis Gulf killifish 1058.6 3805.9  1433.0 1086.6 359.7 786.7 1590.0 143.4  94.1 858.4 194.0 1022.5 148.3 1646.5 371.8 890.7 220.%
Yundulus sisilis Longnose kil1ifish 114.9 1991.1  348.5 1221.1 193.) 853.3 418.5 71.8  94.52207.3 793.3 365.8 306.9 846.2 446.8 B47.5  796.9
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Table 1
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Pt R T H T H

lucanias parva Ratowater killifish 0.3 0.3 2.4 0.2 6.1
Gambusia affinle Mosquitofish 4
Poeciita latipinne Sailftn molly 15.0 8.8 1790 0.5 139 4.9 6233 2.2 .7 1.9 M 25 57 Lo 9.6 9.7
Menidia beryllina Tidewater silverside 121.4  62.0  115.0 3011.9 3751294.7 833.2 60.) 513.0 4412.2 2.9 4525.6 19.6 7832.3 1.6 37746 197.8 832.3
Syngnathus floridae Dusky pipefish 0.2
Caranx hippos Crevelle jack "
Oltgoplites saurus Leatherjacket 44 9.8 169 267 2.1 32.8 2.7 1.6 31
Selene vomer Lookdown 1.9
Trachinotus falcatus Permit 0.8
Euclnostomus argenteus Spotfin wojarra 295.9 224.2 2989.7 69.62366.7 302.9 7.8 398.3 6.2 1716.2  87.4 3868.7  769.3 428.3
Eucin ~comus gula Silver jenny 46.4 82.6 939.5 151 L7 86.8 104.4
Eucinostomus letroyi Mottled mojarra 5.6 20.5 11.4 59.4
Euctnostomus sp. Juventles & I5mm 413 277.8 59.1 459.5 97.4 B.5 12.3 345.3 0.8 580.3 46.4 19%0.6 17.9 1315
Archosargue probatocephalus Sheepshead 1238.7 "
Lagodon rhomboides Pinfish 106.9 2958.8  1557.9 3400.6 401.2®11.2 704.1 78.8 277.0 9.6 1300.0 77.7 847.2 110.6 958.0 a5 5 377.8
Cynoscion nebulosus Spotted ses trout 9.4 6.0
Lefostomus xanthurus Spot 2346.6  63.2 1336 11.0 27.4
Pogontas cromis Blackdrum 0.6 87.0 3880.8 1917.6 199.1
Sclaenops ocellata Red drum 5).4 114.0 419.2
Chaetodipterus faber Spadefish 0.5 4.6 10.6 31 1.0 3.0 155
Mugll cephalus Striped mullet 30.6 4347.9 208.7 819.27877.62132.8 8529.9 3%4.4 13430 4450.2 1314.5  434.6 448.5  5367.4 5265.0
Mugil curema White mullet 4.0 1836.7 1121.2 445.1 150.9 220.1 56.4 161.6  715.0 969.1
Mugll trichodon Fantail sullet 809.9 752.2 249.4 258.1 3512.6 0.7 68.0 26.2 284.6 0.6 494.0 1770.4  475.3 809.)
Mugil sp. Juventle mullet € 25um 33 %2 % @ 0.4 0.2
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Specien o ame B2lE8 32038 R2IR E3lF pzley BzBE ZEBE 2 §
Folydactylus octonemus Atlantic threadfin 653.7
Bathygoblus soporator Frillfin goby 28.1 41
Coblosoms robustum Code goby ' 0.2 0.3
Microgobius gulosus Clowm goby 1.3 1 LS 14.2 6.3 1.2 5.4 1.9 0.2 0. 16.0
omberomorus maculatus Spanish mackeral 0.8 0.3
fonotur tribulus Bighead searobin 0.2 5.2 0.1
Paralicthys albigutta Gulf flounder 4.0 76.8 9.1 81.8 60.7 101.7
Archirus lineatus Lined sole 0.2 2.3 0.8 9.7 10.6 5.7
Symphurus plagiusas Blackcheek tonguefish 1.1
Sphoec ides neple’us Southern putter 0.2 4.8 3.5
Chilomycrerus schoeptt Stripped burrfish 0.8 0.2
Uncollected juveniles, est. Probably Cyprinodontidsce ~30.0_25.0
14,947.0 i5,872.6 21,236.0 358.9 14,227.9  14,715.4 16,056.6 15,365.9 10,766.6
Vusel Weltght 4172.6 S482.4 . 16,609.9  17.840.2  99,973.0 1359.7 696.7 5465.9 12,908.6
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Table 2

Seasonal abundance of creek fishes~ gmb;e;slu‘
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Cagcharhinus lisbatys Blacktip shark . .
Dasyatis sabing Atlantic stingray 2 .
12
Elops susrus Ladyfish : ’
Myrophls punitatus Speckled vorm eel : 2
Brevoortia sp.c.f.patronus Gulf menhaden
Hagenguls pensacolae Scaled sardine '
9 2 1
Opisthonems oglioum Atlantic thread herring *
Anchoa hepsetus Striped anchovy 3 o ’
108
#nchoa mitchilly Bay anchovy 1
250,000 4602 299 659 151
Synoduy foetens Inshore lizardfish
1 2
drius fells Sea catfish .
Qsr-uy beta Gulf toadfish 4 2
Hipechumphuy unifescisguy  Malfbeak 1
1
Strongylura marina Atlantic needlefish s 15 s 6 1 " 126 - &

: n n
Strongylura notata Red(in needlefish 2 2 2 10 1 %0 9 1 2 - 2 "
Strongylura sp. Untdentified juveniles 1 " s 2
Adinia xenica Dismond killifish Py 56 6 1 46 2 1n 1
Cyprinodoy variegatus Sheepshead killifish 1 22 2 0 18 257 13 4 17 42 e 309 " - n W m
Fundulus grandis Gulf killifish 89 188 396 130 % 211 253 S8 13 16 ”» 26 % 4% n 10 » ”
tundylus si is

b int) WEnTiRNGS.. B w8 6 16 1M 104 48 29 237 420 606 60 488 202 106 244 209



Table 2

~ - - - - - s 4 4
<5 ~ - ~ ~ ~ - - - - * e = 2
o@ = e i Sn "ol e ol g . e @ - ) 2 = s g - 2 o> >
dbs., B, B4, CBr. 2RE. .M., =P %R, 0. SRR,
- [} ~g «9 .=21.0 -2 o '+ §FJ. —‘a ° i | 2 - $ 3 i :
- e e~ - = - - - - - ’ -4 -
- U U » U g -~ wolve . 9 - - . - - U Iinw
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Specles Comnca Name 2213 S5l 2312 2a lao 23 |2 S a Sals LS
Lucania parva | Ratowater killifish 1 1 s 1 1
GCombusia affints weoquitofish o8
Poecilia latipinna Sailfin wolly : | 2 B - 12 10 12 2 n 4 16 10 41 1 15 3
Menidia beryllina Tldevater silverside s 380 123 wn 20 1074 28 48 1106 8650 9 8715 159 9i» 163 021 122
T Syngnathus floridae Dusky pipefish 1
&~
3 Caranx hippos Crevelle jack 1
Oligoplites siurus Leathe: jacket 5 24 12 15 1 » 20 L) 2
elens vomer Lookdown 1
Trachinotus falcatus Permit : 1
Eucinostomus argenteus Spotfin mojarra 78 84 1081 36 552 136 5 56 1 512 » 78 178 1N
Eucinostomus gula Stlver jenny 12 @ 204 0 1 a2 a2
Eucinostomus letroyt Mottled motsrra 4 14 8 12
Eucinostomus sp. Juventles { 35mm 41 424 135 1290 154 21 113 2218 1 1481 109 696 33 m
Archosargus probatocephalus Sheepshead 3
Lagodon ghomboides Piofish 68 136 152 wm 23 769 45 10 9% 1 179 s 2 6 138 5 7
Cynosclon nebulosus Spotted sea trout 1 } 1
Lelostomus xanthurus Spot 1500 29 186 1 3
Pogonias cromis Blackdrum . 0 2 %0 16 “
Sclaenops ocellata Sed drum 1 1 1
Chaetodipterus faber Spadefish 1 1 1 2 L] 2 2
Mugil cephalus Striped mullet 7 39 6 6 L} 10 100 . L] 24 62 11 1 - 20 2
Mugil curema White mullet 2 L 54 a s a7 L] 6 12 2
40

Mugt! trichodon Fantail sullet 173 %0 8 ? 109 7 658 59 825 1 19 15 n

A A




90%~1

Table 2
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Poiydactylys octonemus Atlantic threadfin 146
Bathygobius seporater Frillfin goby s 2 .
Cobioroms robustus Code goby 1 1
Microgobius gulosus Clown goby 2 1 ’ e * 2 n 15 1 1 s1
omb ¢ r OMO! maculatus Spantsh mackerasl 1 1
Prionotus tribulus Bighead scarobin 1 i .
Paralicthys albigutta Gulf flounder 2 1 3 3 - 2
Archirus lineatus Lined sole == K 16 L] w % ”
Symphurus plagiusa Blackcheek tonguefish .
Sphoer ides aephelus Southera putter 1 2 ’
Chilomycterus schoepti Stripped burrfish . o
Uncollected Juveniles, est. Probably Cyprinodentidags
809 7309 890 2327

Total Welght

1902 1469 1320

6046 760 4869

1582 370 251,340 10,457 1110 18,593 601 14,036




Macroinvertebrates

Two collections (4 samples) of macroinvertebrates are shown in
Table 3. As of now, not enough samples have been taken to make any
judgements concerning these measurements. In August, the discharge
collection was about 33% (60.5 gimz - 40.9 g/mz) higher than the control
sample. In September, the control collection was about 27%. (69.0 g/n2 -

50.6 g/nz higher than the discharge sample.

Diversity

During 1974, diversity, as represented by species/1000, was higher
in the control area (Fig. 8 and Table 4) then in the discharge area,
although still relatively high for estuarine areas. This is quite different
from the diversity levels in 1973, where diversity was either higher in the

discharge area or at about the same level as the control creek.

Growth and Production
Growth and production rates were calculated for 1 age class of two
species of redident killifish, Fundulus grandis and F._similis, The results
of the two methods are shown in Table 5. The calculations are at too
early a stage for comparison purposes, but the two methods were found
to be in close agreement with one another. The negative values shown for

F. grandis in the control area during May were due to heavy recruitment

of age class 0 juveniles.
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Table 3. Macroinvertebrate Collections
2
Date and Species Wet Hiight Dry Weight Individuals/ g
Location (g/m?) (g/m?)
August, 1974 Uca pugnax 43.2 10.5 211
Discharge Sesarma Sp-. 16.9 4.3 28
Total weight 60.1 14.8 239
August, 1974 “c. pugnax 35.6 8.0 296
Coutrol anopeus . 5.6 1.5 14
Total Wweight 41.2 9.5 310
September, 1974 Uca pu 17.7 32 84
Discharge Panopeus p- 37.2 11.4 14
Total weight 54.9 14.6 98
September, 1974 llca pugna 66.4 13.0 422
Control Panopeus sp. 2.4 0.5 28
Total weight 68.8 13.5 450
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in two tidal creeks.
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Table 4. Species Diversity of Tidal Creek Fish
Date Location Species/1000

April, 1974 Discharge 11
March, 1973 Control 12
July, 1973 Discharge 18
August, 1973 Control 16
Sept., 1973 Discharge 25
Sept., 1973 Control 20.5
Nov., 1973 Discharge 16
Dec., 1973 Control 15
May, 1974 Discharge 9.5%
May, 1974 Control 323.3
June, 1974 Discharge 31
June, 1974 Control 16
July, 1974 Discharge 11
July, 1974 Control 19
August, 1974 Discharge 14.5
August, 1974 Control 23:5
Sept., 1974 Discharge 20.5
Sept., 1974 Control 22.3

* without Anchoa mitchilli, species/1000 = 14

I-413
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Table 5. Fish Production at Two Tidal Creek Resident Killifish,
Fundulus grandis and F. similis
Species Age Class Location Date Production, 10-28-‘ wet weight/m?/mo
Ricker's Allen's

——method method

Fundulus grandis Discharge May-June, 1974 0.21 0.20

F. grandis Control May-June, 1974 -0.22 -0.22

F. grandis Discharge June-July, 1974 1.78 1.25

F. grandis Control June-July, 1974 20.38 17.40

F. similis Discharge May-June, 1974 -0.05 -0.05

F. similis Control May-June, 1974 1.44 1:.25

F. similis Discharge June-July, 1974 $3.3% 13.82

F. similis Control June-July, 1974 22.45 20.23




Metabolism

Results of the fish respiration study, showed that the discharge fish
may have utilized an adaptive mechanism to lower the'r metabolic rate at
elevated temperatures. This may be due to an acclimation adjustment
which would entail higher turnover rates.

Table 6 shows results of light and dark bottle measuremer-s during
August and September, 1974. Again it is too early to indicate trends, but
the values for plankton metabolism gross production, total respiration
and P/R ratios are slightly higuer than values reported for the adjacent

shallow bays (Smith, this report).

Discussion

Trends indicated by this preliminary report show a possible seasonal
displacement of fish>in the discharge area. The occurrences of large fish
in the discharge creeks indicates possible osmotic stress. This stress may
occur at high temperature and salinity levzls. Because of a lower surface
area to volume ratio, large fish may be better equipped to handle this stress.

The difference in discharge creek diversity between the 1973 and 1974
colleccions may be due to sediment scouring in the discharge creek. This
scouring may be caused by the blockage of marsh drainage patterns due to
interference from the spoil banks of the canal. Becuase of this scouring,

another discharge creek is being looked at.



Table 6. Light and Dark Bottle Metabolism in Two

Tidal Creeks

Location Date Gross Production Total Respiration Gross Production

gus 02/m /day gms 02/m3/day Total Respiration
Discharge August, 1974 1.83 1.95 0.94
Control August, 1974 1.29 2.21 0.58
Discharge August, 1974 2.29 2.16 1.06
Control August, 1974 2.01 1.27 1.58
Discharge September, 1974 1.95 1.34 1.46
Control September, 1974 2.82 1.24 2.29

Sediment Metabolism Light and Dark Bottles
Discharge August, 1974 none 0.86 gms .0y /m®
Control August, 1974 none 0.73 gms .0, /mt
1-416
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