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DEDICATION

This book is dedicated to the memory of Dr. John C. Ayers, oceanographer of the
Great Lakes, who served as Project Director from the project's inception until his
retirement. He expertly guided the project using his patience, understanding, and
sensitivity to his fellow scientists. He not only guided the project but he also was an
active participant in sample collection, data interpretation, and reporting of results.
His wide-ranging expertise was utilized for all subtopics of the project. All who
participated in the project received a special gift by their association with Dr. Ayers.
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INTRODUCTION

Ronald Rossmann

The Laurentian Great Lakes serve as a source ofcooling water for both fossil- and
nuclear-fueled power plants. In the early 1960s, projected heavy utilization of this
freshwater resource by power plants raised concerns about the environmental
impact of power plants on the lakes. Such public, governmental, and industrial
concerns led to the federal requirement that environmental impact studies be con-
ducted at all proposed or newly constructed power plants, especially nuclear power
plants. The Great Lakes Research Division of The University of Michigan was
contracted by Indiana 9; Michigan Electric Company to conduct an environmental
impact study of the Donald C. Cook Nuclear Plant, investigating the area through
the pre.operational years of construction and into the period of plant operation.

DONALD C. COOK NUCLEAR PLANT

The Donald C. Cook Nuclear Plant is a 2,200 MW steam electric generating
station situated in a belt of sand dunes on the southeastern shore of Lake Michigan
about 18 km southwest of St. Joseph, Michigan (Indiana & Michigan Electric Com-
pany and Indiana 8: Michigan Power Company 1973) (Fig. I). Preparation of the
site for construction of the plant began in 1968. Unit 1 was operational in 1975 and
Unit 2 in 1978. The plant was built at a time when public concern for the environ-
ment reached its zenith.

At full operation, th» plant uses roughly 6,300 m'f lake water per minute Itt'-~
once. through cooling of its condensers; the water returned to the lake is

9-120'bove

the intake temperature. Water is withdrawn from the lake through ee

imake cribs located at a water depth of 7.3 m approximately 686 m offshore (Fig. 2).
The intake structures extend 2 m above the lake bottom. Maximum water velocity is

1.8 m/s within the three 4.9-m diameter intake pipes. Condenser cooling water is
returned to the lake through two discharge pipes located at a water depth of 5.5 m
approximately 366 m offshore. Riprap beds of crushed limestone were deposited
around the intake and discharge structures to prevent erosion and scour of the lake
bottom. During winter, water is only drawn into the plant through the two outer
intake cribs. Heated water is discharged through the center intake, which is turned
imo a discharge to prevent ice formation around the other intake structures.

Within the screenhouse, trash bars 6.6 cm apart prevent large pieces of debris
from entering the intake forebay. Vertical traveling 9.5-mm bar mesh screens within
the forebay impinge trash and fish too large to pass through the condensers.

HISTORY OF THE ENVIRONMENTALIMPACT STUDY

,Though the Great Lakes Research Division's environmental impact study included
physical and chemical studies of nearshore southeastern Lake Michigan, it focused
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FIGURE I. Location of the Donald C. Cook Nuclear Plant on the southeastern
shoreline of Lake Michigan..

on major biological components of the ecosystem (benthos, phytoplankton, zoo-
plankton, fish) and shoreline erosion. Preoperational surveys began in 1966. Until
1970, they were sporadic and consisted mainly of phytoplankton enumerations and
some benthos and zooplankton enumerations. Between 1970 and 1972, seasonal

surveys, primarily of phytoplankton and secondarily of zooplankton and benthos,
were conducted. Beginning in 1972 and continuing into 1982, sampling frequency
and intensity increased and equal effort was given to studies of phytoplankton,
zooplankton, and benthos. Fishery studies began in 1972. They represented roughly
50olo of the study effort between 1973 and 1982.

Until 1974, all studies were carried out on nearshore southeastern Lake Michigan.
In 1974, preliminary studies of the entrainment of organisms through the plant and
their impingement on the plant's traveling screens began. When unit I of the plant
became operational in 1975, full.scale entrainment studies of ph>aoplankton, zoo-
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F/GURE2. Schematic representation of the Donald C. Cook Nuclear Plant circu-
lating water system. ~ ~

plankton, benthos, fish eggs, and fish larvae began. At the same time, impingement
of fish and benthos on the traveling screens was monitored. All field studies ceased
in 1982. This book represents the highlights of the findings from the impact study.
For details of each facet of the study, the reader is referred to the list of all project
reports (Table 1). These are available upon request.

TABLE I. Reports on the Donald C. Cook Nuclear Plant environmental impact
study.

Ayers, J. C., and J. C. K. Huang. 1967. General studies. Part 1. Benton Harbor Power Plant
Limnological Studies, Special Report 44. Great Lakes Research Division, The University
of Michigan, Ann Arbor, Mich. 31 pp.

Ayers, J. C., A. E. Strong, C. F. Polvers, and R. Rossmann. 1967. Studies ojlocal «inds and
alongshore currents. Part ll, Benton Harbor Power Plant Limnological Studies, Special
Report 44. Great Lakes Research Division, The University of Michigan, Ann Arbor. Mich.
45 PP

Ayers. J. C., R. F. Anderson, N. W. O'ara, and C. Kidd. 1970. Cook Plant preoperatianal
studies 1969. Part 1V, Benton Harbor Power Plant Limnological Studies, Special Report
44. Great Lakes Research Division. The University of Michigan, Ann Arbor. Mich. 92 pp.

Ayers, J. C.. D. E. Arnold. R: F. Anderson, and H. K. Soo. 1971. Cook Plant preoperational
studies l970. Part Vll, Benton Harbor Power Flam Limnological Studies, Special Report
44. Great Lakes Research Division, The University of Michigan, Ann Arbor, Mich. 72 and
13 pp.

Ayers, J. C., N. 'N. O'ara, and 'tV. L.'Yocum. 1971. )t'inter operations 1970-1971. Part
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Vill,Bemon Harbor Power Plant Limnological Studies, Special Report 44. Great Lakes
Research Division, The University of Michigan, Ann Arbor, Mich. 41 pp.

Ayers, J. C., W. L. Yocum. H. K. Soo. T. W. Bottrell. S. C. Mozley, and L. C. Garcia. 1971.
The biological survey of t0 July 1970. Part IX. Benton Harbor Power Plant Limnological
Studies, Special Report 44. Great Lakes Research Division, The University of Michigan.
Ann Arbor, Mich. 72 pp.

Ayers, J. C., H. K. Soo, and W. L. Yocum. 1972. Cook Plant preoperational studies 1971.
Part X, Benton Harbor Power Plant Limnological Studies, Special Report 44. Great Lakes
Research Division, The University of Michigan. Ann Arbor, Mich. 140 and 12 pp.

Ayers, J. C., and W. L. Yocum. 1972. Winter operations 1971-1972. Part XI, Benton Harbor
Power Plant Limnological Studies, Special Report 44. Great Lakes Research Division, The
University of Michigan, Ann Arbor, Mich. 26 pp.

Ayers, J. C., and E. Seibel (eds.). 1973. Cook Plant preoperational studies 1972. Part Xl1l.
Benton Harbor Power Plant Limnological Studies, Special Report 44. Great Lakes
Research Division, The University of Michigan. Ann Arbor, Mich. 281 pp.

Ayers, J. C., W. L. Yocum, and E. Seibel. 1973. II'inter operations 1972-1973. Part XIV,
Benton Harbor Power Plant Limnological Studies, Special Report 44. Great Lakes
Research Division, The University of Michigan, Ann Arbor, Mich. 22 pp.

Ayers, J. C., S. C. Moziey, and J. C. Roth. 1973. The biological survey of12 November 1970.
Part XV, Benton Harbor Power Plant Limnological Studies, Special Report 44. Great
Lakes Research Division, The University of Michigan. Ann Arbor, Mich. 69 pp.

Ayers, J. C., and E. Seibel (eds.). 1973. Program ofaquatic studies related to the Donald C.
Cook Nuclear Plant. Part XV11, Benton Harbor Power Plant Limnological Studies, Spe-
cial Report 44. Great Lakes Research Division, The University of Michigan, Ann Arbor.
Mich. 57 pp.

Ayers. J. C.. S. C. Mozley. and J. A. Stewart. 1974. The seasonal biological surveys of 1971.
Part XIX. Benton Harbor Power Plant Limnological Studies, Special Report 44. Great
Lakes Research Division, The University of Michigan, Ann Arbor, Mich. 181 pp.

Ayers. J. C. 1975. Bacteria and phytoplankton of the seasonal surveys of 1972 and 1973. Part
XXI, Benton Harbor Power Plant Limnological Studies, Special Report 44. Great Lakes
Research Division, The University of Michigan, Ann Arbor, Mich. 153 pp.

Ayers, J. C. 1975. The phytoplankton ofthe Cook Plant monthly minimal surveys during the
preoperational years 1972, 1973 and 1974. Special Report 59. Great Lakes Research Divi-
sion, The University of Michigan, Ann Arbor, Mich. 51 pp.

Ayers, J. C., N. V. Southwick, and D. G. Robinson. 1977. Phytoplankton of the seasonal
surveys of 1974 and 1975 and initial pre- vs. post-operational comparisons at Cook
Nuclear Plant. Part XXlll,Benton Harbor Power Plant Limnological Studies, Special
Report 44. Great Lakes Research Division, The University of Michigan. Ann Arbor, Mich.
279 pp.

Ayers, J. C. 1978. Phytoplankton of the seasonal surveys of 1976, of September 1970, and
pre- vs. post-operational comparison at Cook Nuclear Plant. Part XXV, Benton Harbor
Power Plant Limnological Studies, Special Report 44. Great Lakes Research Division. The
University of Michigan, Ann Arbor, Mich. 258 pp.

Ayers, J. C., and S. J. Wiley. 1979. Phytoplankton of the seasonal surveys of 1977, and
further pre- vs. post. operational comparisons at Cook Nuclear Plant. Part XXVII,Benton
Harbor Power Plant Limnological Studies. Special Report 44. Great Lakes Research
Division. The University of Michigan, Ann Arbor, Mich. 92 pp., plus Appendix of 3

microfiche cards (122 pp.).
Ayers. J. C., and L. E. Feldt. 1982. Phytoplankton ofthe seasonal surveys of 1978 and 1979,

and further pre- vs. post. operational comparisons at Cook Nuclear Plant. Part XXIX,
Benton Harbor Power Plant Limnological.Studies. Special Report 44. Great Lakes
Research Division, The University of Michigan, Ann Arbor. Mich. 70 pp., plus Appendi-
ces of 9 microfiche cards (256 pp.).

Ayers. J. C., and L. E. Feldt. 1983. Phytoplankton ofthe seasonal survevs of 1980, 1981, and
April1982 and further pre. vs. postoperational comparisons at Cook Nuclear Plant. Part
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XXXI,Benton Harbor Power Plant Limnological Studies, Special Report 44. Great Lakes
Research Division, The University of Michigan, Ann Arbor, hlich. 91 pp., plus Appendi-
ces of 5 microfiche cards (268 pp.).

Barres, J., L. Feldt, W. Chang, and R. Rossmann. 1984. Entrainment ofphy(oplank(on a(
(he Donald C. Cook Nuclear Plan(-1980-1982. Part XXXII, Benton Harbor Power
Plant Limnological Studies, Special Report 44. Great Lakes Research Division, The Uni-
versity of h(ichigan, Ann Arbor, Mich. 92 pp., plus Appendices of 7 microfiche cards
(486 PP.).

Bimber, D. L.. M. Perrone, Jr., I. Noguchi, and D. J. Jude. 1984. Field dis(ribution and
entrainment offish larvae and eggs a( the Donald C. Cook Nuclear Power Plant, south-
eas(em Lake Michigan, 1973-1979. Special Report 105. Great Lakes Research Division,
The University of Michigan, Ann Arbor, Mich. 320 pp.

Chang, W., R. Rossmann, J. Pappas, and W. L. Yocum. 1981. En(rainment of phyto-
plankton at the Donald C. Cook Nuclear Plan(-1978. Part XXVlll,Benton Harbor
Power Plant Limnological Studies, Special Report 44. Great Lakes Research Division, The
University of Michigan, Ann Arbor, Mich. 106 pp., plus Appendix of 4 microfiche cards
(180 PP )

Chang, W. Y. B., and M. S. Shahraray. 1986. Interactive da(a base managemen( system for
ecological studies re/a(ed (o (he Donald C. Cook Nuclear Po» er Plant. Special Report 119.
Great Lakes Research Division, The University of h(ichigan. Ann Arbor, h(ich. 158 pp.

Dort, J. A.. Ill, T. J. Miller. 1975. Underwater operations in southeastern Lake Michigan
near (he Donald C. Cook Nuclear Plant during /974. Part XXII,Benton Harbor Power
Phnt Limnological Studies, Special Report 44. Great Lakes Research Division, The Uni-
versity of Michigan. Ann Arbor, Mich. 32 pp.

Dorr, J. A., III, and D. J. Jude. 1986. Diver assessmen( of the insh ire sou(heas(em Lake
Michigan environmen( near (he D. C. Cook /Vuclear Plan(, 1973-82. Special Report 120.
Great Lakes Research Division, The University of Michigan. Ann Arbor, Mich.

Evans, M. S. 1975. The /975 preopera(iona/ zooplankton investigations relative (o the
Donald C. Cook Nuclear. Power Plam. Special Report 5S. Great Lakes Research Division.
The University of h(ichigan, Ann Arbor, Mich. 187 pp.

Evans, M. S., T. E. Wurster, and B. E. Hawkins. 1978. The 1975 and 1976 opera(iona/
'ooplank(on investigations relative (o the Donald C. Cook Nuclear Power Plan(, wi(h (es(s
for plant effec(s (/97/-/976). Special Report 64. Great Lakes Research Division, The
University of Michigan, Ann Arbor. Mich. 166 pp., plus Appendix of 4 microfiche cards
(236 pp.).

Evans, M. S., D. W. Sell, and D. I. Page. 1982. Zooplank(on s(udies in 1977 and 1978 a( the
Donald C. Cook Nuclear Power Plan(; comparisons of preopera(iona/ (197/-1974) and
operational (/97S-/978) popula(ion chare(eris(ics. Special Report 89. Great Lakes
Research Division, The University of hlichigan, Ann Arbor, hlich. 235 pp., plus Appendix
of 5 microfiche cards (222 pp.).

Johnston, E. M. 1973. Effec( of a thermal discharge on benthos populations: $(a(is(ical
methods for assessing (he impac( of the Cook Nuclear Plan(. Part XVIII,Benton Harbor
Power Plant Limnological Studies, Special Report 44. Great Lakes Research Division. The
University of h(ichigan, Ann Arbor, Mich. 20 pp.

Johnston, E. hl. 1974. S(a(is(ical po»er of a proposed method for detecting the effec("of
»as(e heat on benthos populations. Part XX, Benton Harbor Power Plant Limnological
Studies, Special Report 44. Great Lakes Research Division, The University of Michigan,
Ann Arbor, Mich. 29 pp.

Jude, D. J., T. W. Bottrell, J. A. Dorr III, and T. J. hliller. 1973. Studies of (he fish
papula(ion near the Donald C.'Caak Nuclear Power Plan(, /972. Part Xll, Benton
Har'bor. Pover Plant-Limnological Studies, Special Report 44. Great Lakes Research
Division, The University of hkichigan, Ann Arbor. hlich. 115 pp.

Jude, D. J., F. J. Tesar, J. A. Dorr lll, T. J. Miller. P. J. Rago, and D. J. Stewart. 1975.
Inshore Lake Michigan fish popula(ions near (he Donald C. Cook Nuclear Po»'er Plant,
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1973. Special Report 52. Great Lakes Research Division, The University of Michigan, Ann
Arbor, Mich. 267 pp.

Jude, D. J., F. J. Tesar, J. C. Tomlinson, T. J. Miller, N. J. Thurber, G. G. Godun, and
J. A. Dorr Ill. 1979. /nshore Lake Michigan fish populations near the D. C. Cook
Nuclear Plant during preoperational years- /973, /974. Special Report 71. Great Lakes
Research Division, The University of Michigan. Ann Arbor, Mich. 529 pp.

Kidd, C. C. 1970. Pontoporeia affinis (Crustacea, Amphipoda/ as a monitor ofradionuclides
released to Lake Michigan. Part Vl, Benton Harbor Power Plant Limnological Studies,
Special Report 44. Great Lakes Research Division, The University of Michigan, Ann
Arbor, Mich. 71 pp.

Krezoski, J. R. 1969. Some effects ofpower plant ~aste heat on the ecology ofLake Michi-
gan. Part Ill,Benton Harbor Power Plant Limnological Studies, Special Report 44. Great
Lakes Research Division, The University of Michigan, Ann Arbor, Mich. 78 pp.

LaDronka, R. M. 1984. 0/igochaeta. Part 3: Ecology of the zoobenthos of southeastern Lake
Michigan'near the D. C. Cook Nuclear Power Plant. Special Report 103. Great Lakes
Research Division, The University of Michigan, Ann Arbor, Mich. 290 pp.

Lauritsen, D. D., and D. S. White. 1981. Comparative studies of the zoobenthos of a natural
and a man-made rocky habitat on the eastern shore ofLake Michigan. Special Report 74.
Great Lakes Research Division, The University of Michigan, Ann Arbor, Mich. 65 pp.

Mozley, S. C. 19'75. Preoperational investigations ofzoobenthosin southeastern Lake Michi-
gan near the Cook Nuclear Plant. Special Report 56. Great Lakes Research Division, The
University of Michigan, Ann Arbor, Mich. 132 pp.

Noguchi. L. S.. D. L. Bimber. H. T. Tin, P. J. Mansfield, and D. J. Jude. 1985. Field
distribution and entrainment offish larvae and eggs at the Donald C. Cook Nuclear Power
Plant, southeastern Lake Michigan, 1980-1982. Special Report 116. Great Lakes Research
Division, The University of Michigan, Ann Arbor, Mich. 251 pp.

O'ara, N. W., R. F. Anderson. W. L. Yocum, and J. C. Ayers. 1970. Winter operations,
March 1970. Part V, Benton Harbor Power Plant Limnological Studies, Special Report
44. Great Lakes Research Division, The University of Michigan, Ann Arbor, Mich. 17 pp.

Rossmann, R. 1975. Chemistry of nearshore surficial sediments from southeastern Lake
.'1/ichigan. Special Report 57. Great Lakes Research Division, The University of Michigan,
Ann Arbor, Mich. 62 pp.

Rossmann, R., N. M. Miller, and D. G. Robinson. 1977. Entrainment ofphytoplankton at
the Donald C. Cook Nuc/ear P/ant-/975. Part XXIV, Benton Harbor Power Plant
Limnological Studies, Special Report 44. Great Lakes Research Division, The University
of Michigan, Ann Arbor, Mich. 265 pp.

Rossmann, R.. L. D. Damaske. and N. M. Miller. 1979. Entrainment ofphytoplankton at the
Donald C. Cook Nuc/ear Plant-1976. Part XXVI,Benton Harbor Power Plant Limno-
logical Studies, Special Report 44. Great Lakes Research Division, The University of
Michigan, Ann Arbor, Mich. 88 pp., plus Appendix of 3 microfiche cards (154 pp.).

i Rossmann, R., W. Chang, L. D. Damaske, and W. L. Yocum. 1980. Entrainment ofphyto-
plankton at the Donald C. Cook Nuclear Plant-1977. Special Report 67. Great Lakes
Research Division, The University of Michigan. Ann Arbor, Mich. 180 pp., plus Appendix
of 2 microfiche cards (118 pp.).

Rossmann, R., W. Chang, and J. Barres. 1982. Entrainment ofphy toplankton at the Donald
C. Cook Nuc/ear Plant-1979. Part XXX, Benton Harbor Power Plant Limnological
Studies. Special Report 44. Great Lakes Research Division, The University of Michigan.
Ann Arbor, Mich. 98 pp., plus Appendix of 4 microfiche cards (156 pp.).

Seibel. E., J. C. Roth, J. A. Stewart, S. L. Williams. 1973. Psammolittoral investigation
/972. Part XVI. Benton Harbor Power Plant Limnological Studies, Special Report 44.
Great Lakes Research Division, The University. of Michigan, Ann Arbor, Mich. 63 pp.

Seibel, E.. and J. C. Ayers (eds.). 1974. The biological, chemical, and physical character of
Lake.'tfichigan in the vicinity of the Donald C. Cook Nuclear Plant. Special Report 51.
Great Lakes Research Division. The University of Michigan. Ann Arbor, Mich. 475 pp.

Seibel ~ E., C. T. Carlson, and J. W. Maresca. Jr. 1975. La/'e and shore ice conditions on
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southeastern Lake Michigan in the vicinityof the Donald C. Cook Nuclear Plant: uinter
l973-74. Special Report 55. Great Lakes Research Division, The University of Michigan,
Ann Arbor, Mich. 62 pp.

Tesar, F. J., and D. J. Jude. 1985. Adult and juvenile fish populations ofinshore southeast-

ern Lake Mic'higan near the Cook hfuclear Power Plant during l973-82. Special Report

106. Great Lakes Research Division, The University of Michigan. Ann Arbor, Mich.
94 pp., plus Appendices of 5 microfich» cards (301 pp.).

Tesar, F. J., D. Einhouse. H. T. Tin, D. L. Bimber, and D. J. Jude. 1985. Adult andjuvenile
fish populations near the D. C. Cook Nuclear Power Plant southeastern Lake Michigan
during preoperational (/973-74) and operational (I97S-79I years. Special Report 109.

Great Lakes Research Division, The University of Michigan, Ann Arbor, Mich. 341 pp.
Thurber, N., and D. J. Jude. 1984. Impingement losses at the D. C. Cook Nuclear Plant

during 1975-1979 with a discussion of factors responsible and relationships to field
catches. Special Report 104. Great Lakes Research Division, The University of Michigan,
Ann Arbor, Mich. 24 pp., plus Appendix (75 pp.).

Thurber, N., and D. J. Jude. 1985. Impingement losses at the D. C. Cook Nuclear Plant
during l97S-l982 with a discussion offactors responsible and possible impact on local
populations. Special Report 115. Great Lakes Research Division, The University of Michi-
gan, Ann Arbor, Mich. 70 pp., plus Appendix (88 pp.).

Winnell, M. H. 1984. Malacostraca (Amphipoda, M>sidacea, Isopoda, and Decapoda). Part
5: Ecology of the zoobenthos of southeastern Lake Michigan near the D. C. Cook Nuclear
Power Plant. Special Report 99. Great Lakes Research Division, The University of Michi-
gan, Ann Arbor, Mich. 94 pp.

Winnell, M. H. 1984. Chironomidae (and other Dipteral. Part 6: Ecology of the zoobenthos
of southeastern Lake Michigan near the D. C. Cook Nuclear Power Plant. Special Report
100. Great Lakes Research Division, The University of Michigan. Ann Arbor, Mich.
177 pp.

Zawacki, C. M. 1985. Minor taxa (Hydrozoa, Turbellaria, Hirudinea, Arachnoidea, non-

Dipteran insects, Gastropoda, and oobenthic meiofaunal. Part 2: Ecology of the zooben.

thos of southeastern Lake Michigan near the D. C. Cook Nuclear Power Plant. Special

Report 112. Great Lakes Research Division, The University of I(ichigan, Ann Arbor,
Mich. 201 pp.

Zdeba, T. W., and D. S. White. 1985. Pisidiidae. Part 4: Ecology of the zoobenthos of
southeastern Lake Michigan near the D. C. Cook Nuclear Power Plant. Special Report
113. Great Lakes Research Division. The University of Michigan, Ann Arbor, Mich.
85 pp.

This book has been structured so that each chapter dealing iiith a specific facet of
the study willbe complete in itself, and can be read as a separate entity by those who
vvish. To familiarize the reader with the region of southeastern Lake Nfichigan where
the plant is situated, a description of the area's characteristics follovvs.

DESCRIPTION OF THE SOUTHEASTERN LAKE MICHIGANREGION

LAKE BOTTOM TOPOGRAPHY

The topography of the lake bottom within the region of study slopes toward the
northvvest with greatest depths in excess of 38 m (Fig. 3). At depths greater than
20 m, a series of ridges and runnels perpendicular to shore occurs (Rossmann 19i5).



GLRD Publ. No..22!Cook Nuclear Sans Serif (lnt-5)

8 D. C. COOK NUCLEAR PLANT li4tPACT ~

Depth Contours
INTERVAL= 2 %%TERS

/ij KK ieSEPII

OGNALO C. COOK
NUCLEAR PLANT

FIGURE 3. Bathymetry of nearshore southeastern Lake Michigan.

The ridges consist of coarser sediments than the runnels (Rossmann and Seibel
1977).

Near the shoreline, one ephemeral and two permanent sand bars exist (Seibel et al.
1976). The ephemeral bar is located approximately 47 m from the shoreline. The
inner and outer permanent bars are located 116 and 216 m from the shoreline,
respectively. V'ater depths between the inner bar and shoreline and between the two
permanent bars are 1.5 to 1.8 m and 3.7 to 4.0 m, respectively (Ayers and Huang
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1967). The depth of water over the crest of the inner bar is 1.2 m and that over the
outer bar is 2.6 m.

SEDIMENTS

Sediments vary from coarse to fine quartz sands at the shoreline to carbonate-rich
very fine sands and silts offshore (Rossmann and Seibel 1977). The sediments are
derived from sand dunes and unconsolidated bluffs along the shoreline (Hands
1970). The bluffs are clay-rich and contain carbonates (Rossmann 1975). During the
early to mid-l970s, severe shoreline erosion occurred within the study area (Davis
et a!. 1973, Tanner 1975). Material derived from this erosion as well as from rain
runoff and stream transport is resuspended and sorted by waves and currents (Sly
and Thomas 1974). Materials are finally deposited offshore where waves and cur-
rents are incapable of transporting them farther.

CURRENTS

The major lake current within the region of Lake Michigan is called the Benton
Harbor eddy. This eddy moves in a clockwise direction with currents moving south-
westward along the shoreline (Ayers et al. 1958, Bellaire 1964). Inshore of this eddy,
a counterclockwise eddy with currents moving northeastward adjacent to the shore-
line was tentatively identified by Ayers et al. (1958).

Between May and November, current direction between the inner and outer sand
bars is predominantly to the northwest. Direction was always to the north, north-
west, or west between May and July regardless of wind direction (Ayers et al. 1967).
Beginning in August when the wind was brisk from northerly directions, currents
moving in a southward direction began to occur with increased frequency. Smaller
velocity and frequency of northerly winds were required to, produce southward
currents later in the fall. For the months of May through October in 1967, over 86~io
of the time current direction between the two bars was northward. Monthly mean
current velocities ranged between 31.7 and 69.8 cm/sec.

Inshore of the inner sand bar, current direction is controlled by wind direction.
~Vater between the beach and inner. bar is postulated to be water spilled over the
inner bar during surf action. It is'cut off from the main-lake circulation by the inner
bar and is moved in a downv ind direction (Ayers et al. 1967).

iVAVES

KVave observations have been reported by Liu and Housley (1969) for St. Joseph,
Michigan (Fig. 1). For the periods of 28 September 1966 to 16 December 1966 and 21
September ) 967 to 30 December 1967, maximum observed wave height was between
3.6 and 3.0 m. Maximum wave period was between 7 and 8 seconds. The most
frequent wave height and period were 0.6 to 1.3 m and 5 to 6 seconds, respectively.
Waves most often approached the shoreline from the northwest or southwest.
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LOCAL WINDS

Based upon observations during 1967, surface winds adjacent to the shoreline are
greatly influenced by a bluffof sand dunes 61 m from the shoreline that parallel the
shore and run in a north-northeast to south-southwest direction (Ayers et al. 1967).
These dunes serve to protect nearshore waters from winds from north-northeast.
around through east and south, to south-southwest. They also channel winds from
northerly and southerly directions into a NNE-SSW direction. Between May and
mid-November the most often recorded winds were from thc NNE (14.2oto of the
time) and SSW (22.6o/o of the time). Average wind velocity ranged from 9 km/h in
June to 16 km/h in November. Gcncral prevailing winds for the region are from
westerly directions throughout the year.

THERMAL CYCLE OF WATER COLUMN

The exact time of occurrence ol'arious events in the thermal cycle is dependent
upon the rate at which the lake warms as well as the severity of a winter. Warming of
nearshore waters begins in spring with snowmelt and spring rains. As lake waters
warm, a nearshore thermal bar develops which is delineated by the 4'C isotherm. As
the lake continues to warm, the thermal bar progresses farther offshore. Thc ther-
mal bar was usually found within the study area during April.

Eventually, the thermal bar moves out of the study area and a thermally stratified
water column develops. This usually occurs in May or very early June. Thermal
stratification usually continues into and occasionally through November. For thc
calendar year, surface water temperatures range between I.l and 26.9'C, while
those of the hypolimnion range between 5.0 and 6.5'C. During stratification.
upwellings of hypolimnion water with temperatures as low as 6'C are common
along the shoreline. Except during upwellings, water depths ((45 m) in the study
area were only great enough to permit sampling hypolimnetic water at those stations
farthest offshore.
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SEDIMENTS OF SOUTHEASTERN NEARSHORE
LAKEMICHIGAN

Ronald Rossmann, Kjell A. Johansen, and Erwin Seibel

INTRODUCTION

During 1973 and 1975, 158 surficial sediment samples (0-3 cm) and seven cores
were collected from a 22- by 10-km region of nearshore southeastern Lake Michigan
(Fig. I). In general, concentrations of metals, carbon, total phosphorus, silt, and
clay increased in an offshore direction. Conversely, insoluble fraction of sediment
decreased in an offshore direction. These changes were primarily controlled by the
physical limnology of this dynamic region (Rossmann and Seibel 1977).

METHODS

COLLECTION

Samples were collected using a Ponar grab sampler and a gravity corer. Subsam-
ples for chemical analysis and grain size analysis were removed from the top 2-3 cm
of the grab samples. Cored sediments were extruded from the plastic core liner while
in a vertical position and sectioned in Iwm intervals to a depth of 10 cm, 2-cm
imervals to 20 cm, and 5-cm intervals to the bottom of the cor». The sections were
subsampled for textural and chemical analysis, placed in plastic bags, and stored at
ambient temperature until processed.

SEDIMENT TEXTURE

Wet samples weighing 15 grams were treated with 30cro hydrogen peroxide while
heated on a hot plate. This treatment was continued until addition of hydrogen
peroxide resulted in little or no reaction. Treated samples were thoroughly stirred in
a mechanical mixer and then washed through a 0.064-ntm sieve to separate the silts
and clays from the coarser fraction. The coarser fraction was oven dried at 95'C and
sieved at I-phi intervals using a mechanical sieve shaker. The finer fraction was
placed in 1-L settling tubes and analyzed at 1-phi intervals using the pipette method.
Sodium hexametaphosphate solution (5.5 g/L) was added to the settling tubes with
the samples to prevent flocculation.-~Vhen the particle size fractions were calculated.
they were corrected for the weight of sodium hexametaphosphate used. The method
followed was that of Royse (1970).

13
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FIGURE l. Southeastern nearshore Lake Michigan sediment sampling stations
during l973 and l975.

SEDIMENT CHEMISTRY

Subsamples for chemical analysis were oven dried at 110'C for 24 hours, ground
in a tungsten carbide mixer mill, and extracted in a 10% V/VHCI, with additions of
30% H,O., for 40 hours at approximately 95'C. The extracts were separated from
the insoluble residue by filtration through pre-weighed fritted glass funnels. The
residue was then dried and weighed to obtain weight percent insoluble. The filtered
extract was brought to volume in a 50-mL volumetric flask and stored in polyethyl-
ene bottles. Allelemental analyses were done by atomic absorption spectrophotome-
try (Perkin Elmer 1968). Phosphorus was done by extraction as molybdenum
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heteropoly acids and measurement for molybdenum by atomic absorption spectro-
photometry (Ramakrishna et al. 1969). Samples for loss on ignition were ignited in a
muffle furnace at 1,000'C for a period of I hour. Total carbon analyses were done
on oven-dried (110'C) ground samples gasometrically by hydroxide absorption
using a LECO carbon analyzer. Inorganic carbon was measured using a modifica-
tion of the LECO carbon analyzer system whereby the sample is reacted with hot 2N
hydrochloric acid (Kolpack and Bell 1968). Organic carbon is considered to be equal
to total carbon minus inorganic carbon.

TEXTURE

INTRODUCTION

The first comprehensive examination of Lake Michigan sediment texture was that
done by Hough (1935). Subsequently, descriptive analyses of southern Lake Michi-
gan sediments were provided by Hulsey (1962), McGeary (1964), Ayers and Hough
(1964), Ayers (1967), Ayers and Huang (1967), Cote (1967), Gross et al. (1970),
Lineback et al. (1970), Lineback et al. (1971), Lineback et al. (1972), and Lineback
and Gross (1972). Results of full textural analyses of the sediment were presented by
Somers and 3osephson (1968), Ca!lender (1969), Davis and McGeary (1965), Seibel
et al. (1974), Rossmann and Seibel (1977), and Cahill (1981).

The sediments of southeastern nearshore Lake Michigan belong to the Waukegan
Member of the Lake Michigan Formation described by Lineback et al. (1970). As
described by them, the sediments vary from sand and gravel to soft, sandy silt or
silty clay. Color ranges from brown or yellowish brown to its more characteristic
dark gray. Its sediments become more sandy near shore. It is this Member in which
trace elements are concentrated (Lineback et al. 1970).

AREAL TEXTURAL VARIATIONOF SEDIMENTS

The textural variation of southeastern nearshore sediments is controlled by lake
bottom topography, waves, and point sources of coarser sediments. The lake bot-
tom slopes gently in a northwesterly offshore direction (Fig. 2). The maximum
depth within the study area is slightly in excess of 38 m. Superimposed on this
topography is the sorting action of waves and inputs of coarser materials from
streams.

Variation in an Offshore Direction

The action of waves sorts and removes the fine-grained fraction from the
nearshore sediments. This produces a textural pattern which is best illustrated by the
distribution of mean grain size diameters (Fig. 3). Mean grain size decreases in an
offshore direction. In general, fine sands grade into very fine sands which grade into
silts furthest offshore.

Davis and McGeary (1965) described the sediments within this region of the lake
within 7 km of shore to be coarse-to-medium sands;ivith a grain size of approxi-
mately 2 phi. Cahill (1981) described sediments along the shore of southern Lake
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FIGURE 2. Bathymetry of nearshore southeastern Lake Michigan.

Michigan as coarse-to-fine sands with a mean size of 3 phi. The sediments beyond
the outer bounds of this study () 38 m water depth) have been described by Callen-
der (1969) as silty clays having a median diameter of 6.2 phi, a standard deviation of
the diameter of 2.44 phi, and a content of 25OIo sand, 37o'o silt, and 38o'0 clay. Based
upon a histogram of the mean grain size distribution, Cahill (1981) described the
offshore sediments as very fine silts and clay-sized sediments with a mean size of
8 phi. Thus for southeastern Lake Michigan, sediments grade from fine sands (2-3
phi) nearest shore to very fine sands (3-4 phi) at depths of approximately 24-26 m to
silts (4-8 phi) at depths greater than 28 m and finally to clays (>8 phi) furthest
offshore.

Based on cores collected from southeastern Lake Michigan, the sand content of
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FIGURE 3. Mean grain si-e (phi units) ofnearshore southeastern Lake Michigan
surficiai (0-3 cm) sediments.

the surficial sediments decreases with increasing distance offshore. Except for sta-
tion 92 (Fig. 1), the surficial sediment sand content decreases in an offshore distance
(r = -0.948, p(0.05). This inverse relationship is not as strong when sand contem is
correlated with water depth (r = -0.891, p(0.05). These results are in agreement
with general lakeward decreasing grain size trends observed by others (Thomas et al.
1973, Rossmann and Seibel 1977, Thomas and Dell 1978, Cahill 1981) on a lake-
wide basis in the Great Lakes and reflect the sorting of sediment particles during the
transition from a high to a progressively louver energy environment.

Rossmann and Seibel (1977) concluded that the observed pattern of sediment
texture is related to the dissipation of ivave energy as'ivaves interact with the lake
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bottom. They found that for depths less than 18 m, the sediments were fine sands
(mean phi = 2.08) and were moderately sorted (standard deviation of mean phi =
0.848). For depths ranging from 18 to 27 m, the sediments were fine sands (mean
phi = 2.92) and were poorly sorted (standard deviation of mean phi = 1.28). For
depths greater than 27 m. the sediments wcrr coarse silts (mean phi = 4.14) and
were poorly sorted (standard deviation of mean phi = 1.66). Thus they found that
for. sediments of this region, mean phi increased in an offshore direction and the
degree of sorting decreased. These changes were not uniform with distance from
shore. The observed changes were used to define two depth regimes having a bound-
ary at a water depth of 24 m (Seibel et al. 1974). The predicted sediment size
distribution calculated by Rossmann and Seibel (1977) was based upon the velocity
for initiation of particle movement and wave data for southeastern Lake Michigan
and agreed favorably with the observed sediment size distribution.

Perturbations in the Observed Pattern of Sediment Texture

within the study region. the sedimentation pattern is interrupted by unexpected
coarse sediments (Fig. 3). The coarser sediments directly offshore of the stream near
and the streams southwest of the Donald C. Cook Nuclear Plant have been attrib-
uted to increased water velocities associated with thc streams'nteraction with the
lake (Rossmann and Seibcl 1977). The coarse sediments to the northeast have been
postulated to represent a lag deposit derived from the interaction of waves with the
Lake Border Morainic System (Rossmann and Seibel 1977). To the south of this
region, the shoreline is characterized by sand dunes. Regions of coarse sediments
adjacent to streams define the region of the lake impacted by each stream's input.

VERTICALTEXTURALVARIATIONOF SEDIMENTS

Based on seven cores collected from nearshore southeastern Lake Michigan in
1975 and excluding core 92 (station 92, Fig. I), surficial sediments have a higher
sand content than deeper sediments (Figs. 4-10). Three of the cores (stations 7, 156,
and 157) had a distinct subsurface sand maximum. Cores from stations 5 and 90 had
rather uniform sand-rich () 95''o) layers which extended to 6 and 8 cm, respectively.

For thc six of seven cores having a higher sand content in surficial sediments than
in deeper sediments, the smallest increase in sand content occurred in core 93 (Fig. 8)
from station 93 (Fig. I), an offshore core. Although the difference was small,
increasing from an average sand content of 4.6 percent in the bottom 47 cm to an
average of 9.4 percent over the top 18 cm, the difference was significant (a = 0.05,
Student's t-test). The largest increase, about 50 percent, occurred in core 90 (Fig. 6)
from station 90 (Fig. I), the core closest to shore. Cores from stations 5, 7, 156, and
157 displayed degrees of absolute sand enrichment in surficial sediments relative to
deeper sediments between the extremes noted for cores 90 and 93.

The change in the sand content from 2 percent at the bottom of the core (40-50
cm) to 7 percent at the top (0-9 cm) of core 93 resulted from an increase in the
amount of very fine sand (3 to4 phi size fraction). In cores 7, 156, and 157 (Figs. 5,
9, 10), the higher sand content also reflected an increase in the amount of very fine
sand. In the two most shoreward cores (stations 90 and 5, Fig. I), increases in the
amount of medium sand (I to 2 phi fraction) in core 90 (Fig. 6) and the amount of
fine sand (2 to 3 phi fraction) in core 5 (Fig. 4) accounted for the increased sand
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content of surficial sediments. The increasing sand content from the bottom to the
top of the cores may reflect a change to a higher energy environment. If this
assessment is correct, the observed sand enrichment could result from either a
sorting of fines from an already deposited sediment or a change to conditions
favoring the deposition of coarser sediments. A less likely explanation for the
change in sand content of the cores is a decrease in the supply of fine-grained
sediments due to decreased shoreline erosion. This erosion was observed to be very
active during the period of sample collection.

The sand-rich sediments of cores 5 and 90 are n'ot unique. Similar sand-rich
surficial sediments occur in all of the Great Lakes. A comparison of the standard
deviation-grain size relationship for the sand-rich surficial sediments of cores 5

and 90 to that for surficial sediments obtained by grab samplers from nearshore
areas of Lakes Michigan and Huron illustrates that the medium-to-fine sand of
cores 5 and 90 is better sorted than most of the samples of comparable grain size
(Fig. 11). However, because the results of Cahill (1981) and Thomas et al. (1973)
were based upon only the top 3 cm of sediment and because Somers and Josephson
(1968) did not report the thickness of their samples, we do not know if the thickness
of well-sorted sands reported in those studies is comparable to the 6- to 8-cm-thick
layers found in our cores.

In Lake Ontario, sands up to 6 cm deep overlying glaciolacustrine clays have been
attributed to the sorting of the fine-grained component of the sediment by currents
and waves to form a coarse-grained lag deposit (Thomas et al. 1972). This interpre-
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tation was based on the decrease in sorting and on the increasing clay content from
the top to the bottom of the sand layer.

The sediments of cores 5 and 90 did not display the gradual decrease in sand
content and increase in standard deviation with depth in the sand-rich layer as
described by Thomas et al. (1972). Instead, the mean grain size and the standard
deviation remained fairly constam with depth within the. sand-rich surface layer and
increased only after the sand content dropped below 95oj'o (Table I). Therefore, if
the condition described by Thomas et al. (1972) is indicative of sorting, the sedi-
ments in the sand-rich sections of cores 5 and 90 were'not the result of sorting.

A detailed examination of the individual phi classes w'ith depth in cores 5, 90, and
93 reveals a pattern common to all three cores. The pattertt in the sand-rich cores, 5
and 90, (Fig 12) consists of transition zone, characterized by a fairly uniform grain
size distribution'over the I to 4 phi range, separaling a sand-rich upper layer with
one dominant phi size from a lower layer where the. dominant phi size is higher. In
core 93, the sand-rich (9oo sand) upper layer:is separated from deeper sand-poor
(4oto sand) sediments by a transition zone of 18-.'o 20 cm depth (Table 2). Compared
to sediments above and below it, the transition zone co)ttains a greater amount of
silts and clays () 5 phi size fraction) which replace fine'sand to a coarse silt (2 to 5
phi size fraction). Unlike the bottoms of cores 5 and 90, there was no dominant
sand-size fraction in the bottom 45 cm of core 93..The occurrence of coarser sedi-
ments in surficial sediments separated from. slightly finer deeper sediments by a
transition zone is common to all three cores. This pattern is indicative of a similar
origin for the observed textural variations within the three cores.

The transition to a more sand-rich sediment is not uniform throughout the region,
as refiected in the subsurface sand maxima in cores 7, 156, and 157 (Fig. 4). The
main factor contributing to the subsurface maximum in each core and to the increas-
ing sand coment toward thc top of the Cores is thc increase in the 3- to 4-phi size
fraction. In all three cores, both the depth of the subsurface maximum within the
core and the percent sand of the subsurface sand maximum correlate inversely to the

TABLEI. I'ariation of (extural parameters»ith depth in cores 5 and 90 coiiected
from southeastern Lake hfichigan in 1975.

Depth
(cm) oro Sand

Core 5Phi'SO'ro Sand

Core 90Phi'D
O-l
1-2
2-3
3-4
4-5
5-6
6-7
7-8
8-9
9-10

10-12
12-14

95.10
99.52
96.10
98.31
98.10
95.76
77.81
70.24

2.46 0.73
2r56 0.67
2.56 . 0.84
2.51 0.80
2.44 ~ ~ 0.85
2.62 0.91
3.57,, 1.26
3.69 1.43

98.99
99.27
99.74
99.86
99.94
99.92
99.89
98.65
61.72
75.16
46.64
52.54

1.79
1.74
1.71
1.70
1.62
1.61
1.69
1.79
3.43
3.21
4.45

0.68
0.70
0.61
0.60
0.63
0.63
0.61
0.71

1.72
2.00
1 15

'Mean grain size in phi units.
Srandard deviation.



GLRD Publ. No. 22/Cook Nuclear Sans Serif (1 ~ l l)

SED131EYTS 25

6a m

0 e ~

0 a<~

Q
PN

0 r ~

80m

0 e ~ 0 a ~ V t ~

F(GURE /2. Histograms ofpercent sediment per phi interval in sand-rich sections
of cores from stations 5 (0-5, 5-6, 6-8 cm depthsl and 90 (0-8, 8-l0, l0-14 cm
depths). The open endedintervalin each histogrant includes allphi si-es greater than
4.

water depth (r = -0.982 and -0.997, respectively, p g 0.05). Because of the small
number of cores, it is difficult to determine whether or not the subsurface sand
maximum is a general feature of water depths within the 26- to 29-meter range.
Based on the inverse relationship between the depth of the sand maximum and water
depth, it is possible that the subsurface maximum is a general feature of inshore
cores. This feature would not have been observed in cores 5 and 90 because they may
not have penetrated deeply enough into the sediment.

The sand content in six of the seven collected cores displays regular patterns.
These patterns are a lakeward decrease in sand content, an increase in sand coment
from the bottom to the top of the cores, and the location and depth of occurrence of
a subsurface sand maxima. Each of these correlates negatively to distance offshore
or to water depth. increasing water depth and increasing offshore distance are
indicative of a transition from a high to a lower energy environment. The increased

TABLE2. Distribution ofphi si-es with depth in core 93 collected from southeast-
ern Lake Michigan in f975.

Percent of total weight for various phi size imervals

Depth (cm) 1-2 3 3~ !-6 >6

0-18'8-20'0-65'.161.20

1.22

128 736: <304 1876

0.85 1.04 40.43 28.84

1.17 2.14 4 <.84 26.39

18.30

27.52

21.08

'Average of 14 intervals.
"tvithout the extreme values'in this phi size. 2.29, l0.6l. I2.<l. and I<.3j. the average is 6.23.
'One 2.cm interval.
'Average of nine intervals.
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sand content in the tops of the cores reflects a transition to a higher energy deposi-
tional environment which now favors the deposition of coarser sediment particles in
nearshore Lake Michigan. This transition is postulated to result from long-term lake
level fluctuations.

CHE!U1ISTRY

INTRODUCTION

Surficial sediment chemistry can be used to describe the time-integrated impact of
sources on the nearshore zone of lakes. Vertical profiles can be used to describe the
time variation of contaminants, provided the contaminants. are not mobilized by
sedimentary diagenesis. within the nearshore zone of southeastern Lake Michigan,
changes in sediment chemistry are often related to changes in the environment of
deposition.

The earliest reported major study of southern Lake Michigan sediment chemistry
is that of Callender (1969) for sediments collected in 1968. Sediments were analyzed
for concentrations of calcium, magnesium. iron, manganese, carbonate, organic
carbott, and total nitrogen. Sediments collected in 1969 by the illinois State Geologi-
cal Survey were analyzed for aluminum, silicon, iron, calcium, magnesium, potas-
sium, titanium, manganese, phosphorus, sodium, bromine, lanthanum, scandium,
cobalt, beryllium, chromium, nickel, lead, vanadium, cadmium, copper, zinc,
boron, total carbon, inorganic carbon, organic carbon, arsenic, and mercury
(Shimp et al. 1970, Shimp «t al. 1971, Ruch et al. 1970, Schleicher and Kuhn 1970,
Kennedy et al. 1971). Sediment cores collected in the early 1970s were analyzed for
arsenic, barium, bromine, calcium. cadmium, cerium, cobalt, chromium, cesium',
copper, europium, iron, hafnium, potassium, lanthanum, lutetium, magnesium,
manganese, sodium, nickel, phosphorus, lead. rubidium, antimony. scandium,
samarium, terbium, thorium, uranium, zinc, organic carbon, and inorganic carbon
(Edgington and Robbins 1976, Robbins and Callender 1975, Robbins and
Edgington 1977). Sediment samples were collected from river mouths around south-
ern Lake Michigan in 1972 (Fitchko and Hutchinson 1975). Lead, silver, cadmium,
cobalt, copper, chromium, nickel, zinc, manganese, and mercury concentrations
were determined for sediments from the Milwaukee and Root rivers of wisconsin,
the Calumet River of Illinois, Trail Creek of Indiana, and the St. Joseph, Black,
Kalamazoo, and Grand rivers of Michigan. The most recent major survey of south-
ern Lake Michigan sediments occurred in 1975 as a cooperative effort between the
Illinois State Geological Survey and the Canada Centre for Inland IVaters (Cahill
1981). Surficial sediments were analyzed for concentrations of barium, bromine,
cerium, cesium, europium, gallium. hafnium, lanthanum, rubidium, antimony.
scandium, samarium, strontium, tantalum, terbium, thorium. uranium, tungsten.
>atrium, iron, potassium, sodium. manganese, silver, cobalt, molybdenum, chro-
mium, nickel, zinc, alu'minum, calcium, chlorine, phosphorus. silicon, titanium,
magnesium, sulfur, lead, copper, beryllium, vanadium, zirconium. arsenic, sele-
nium. mercury, cadmium, and organic carbon.
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SURFICIAL SEDIMENTS

Metals concentrations in surficial sediments are dependent upon the relative
abundance of major components of the sediment with which the metals are bound,
the environment of deposition, and the proximity of metal sources. Components of
nearshore (S24-m water depth) southeastern Lake Michigan surficial sediments
include silicates (8 I ~io) dolomite (12.6oio), ferric hydroxide (2.4<io), calcite (I. I oto),

and organic carbon (0.4'Vo C). Of the extractable fraction, the carbonates account
for 83oto of the total. The observed metal distributions and concentrations within
this nearshore region are influenced by the carbonates, calcite and dolomite.

The environment in which the sediments exist in the nearshore southeastern Lake
Michigan region is extremely dynamic. Sediments covering most of the region to
depths as great as 27 m are routinely subjected to resuspension by waves (Rossmann
and Seibel 1977), providing little opportunity for observable sedimentary diagenesis
to occur.

The major inputs of metals and other constituents occur'at the mouths of streams
and rivers (Fig. I). Metals and nutrients are supplied to nearshore southeastern Lake
Michigan at concentrations above those of the ambient lake water (Rossmann 1986).
Dissolved metals and nutrients are incorporated in sediment through adsorption or
precipitation processes. Plumes of enriched sediments often mark the point of river
input to the lake. These river plumes are usually discordant to the bathymetry of the
lake.

Areal Variation

For nearshore southeastern Lake Michigan, areal variations of metals and phos-
phorus in surficial sediments are dependent primarily upon the redistribution of
organic carbon and carbonates by waves. Detrital 'carbonates and organic carbon
occur at highest concentrations in the silt- and clay-sized fractions of the sediment
(Rossmann and Seibel 1977). Thus metal concentration's in these nearshore sedi-
ments. are expected to increase in an offshore diiection as'a result of the pr'eferential
transport of fine-grained sediments offshore.

Stream inputs of sediment-associated materials io the.nearshore zone produce a
time-integrated plume of materials in the sediments.,These plumes exist because of
the constant supply of raw materials. The extent of a plume is dependent upon the
rate of supply of materials from a stream or river relatiVe to the rate of removal of
materials by physical forces within the lake (waves and currents). In the absence of
stream inputs, concentrations of metals and'phosphorus in surficial sediments can
be expected to increase in an offshore direction in a regular and predictable manner
as a result of their association with fine-grained sediments which are sorted by waves
and transported offshore. The expected metal and phosphorus concentrations
increase In an offshore direction and are distorted by stream inputs.

Changes in Physical and Chemical Properties in an Offshore Direction

Rossmann and Seibel (1977) have observed for these nearshore sediments that
areal variations in concentrations of metals and other parameters associated with the
fine-grained fraction of sediments are controlled by the dissipation of wave energy
on the lake bottom. ~Within the region of study, the lake bottom slopes gently
offshore with only a few minor perturbattons in the regularity of the bottom con-
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tours (Fig. 2). Contours of physical and chemical properties of the surficial sedi-
ments are concordant with the bathymetry except for regions of changing nearshore
lithology or of stream and river inputs.

Because carbonates are the major non-silicate component of the surficial sedi-
ments in the region of study and because the carbonates, organic carbon, phos-
phorus, and trace metals are all associated with the fine-grained fraction of the
sediment, many parameters have a distribution pat tern similar to that of the carbon-
ates. Inorganic carbon (carbonates) concentrations increase in an offshore direction
(Fig. 13). Contours become more regular at depths greater than 27 m which is where
waves begin to interact with the lake bottom to resuspend sediments (Rossmann and
Seibel 1977). The alternating higher and lower concentrations along lines parallel to
shore are the result of sediment textural changes consisting of alternating regions of
fine sand to very fine sand and silt (Fig. 3). Other areal distributions which mimic
that of the carbonates include loss on ignition, total carbon, organic carbon, cal-
cium, cobalt. chromium, copper, iron, potassium, magnesium, manganese, molyb-
denum, sodium, nickel, phosphorus, strontium, and zihc.

Perturbations of Concentration G'radients Due to Inputs

Shoreline erosion, groundwater, and streams impact the nearshore zone of south-
eastern Lake Michigan. Shoreline erosion is most evident in the southern one-third
of the region (Warren Dunes) because the shoreline being eroded contains large
amounts of carbonates. Inorganic carbon, loss on ignition, total carbon. calcium,
and magnesium concentrations, representing the carbonates in sediments, are ele-
vated offshore of this carbonate-rich shoreline (2.5 km south of Warren Dunes)
(Figs. 13-17).

Stream imputs of particulate or sediment-associated metals and phosphorus form
regions of surficial sediments having anomalously high concentrations of organic
carbon, barium, cobalt, manganese, potassium, strontium, and phosphorus. A
stream near Bridgman; Michigan, has the largest impact upon the nearshore sedi-
ments adjacent to the beach. The areal distributions of phosphorus and manganese
reflect the stream's impact on this nearshore region (Figs. 18 and 19). Total phos-
phorus and manganese concentrations were extremely high at a location between
Bridgman and Warren Dunes. A stream tributary to the lake in this region receives
the effluent of a wastewater treatment plant. Measured concentrations of ortho-
phosphate and total phosphorus were as high as 1,430 ppb P and 3,225 ppb P,
respectively. Barium, cobalt, potassium, and strontium concentrations were elevated
also in sediments adjacent to this stream (Figs. 20-23). Similarly, organic carbon
concentrations were elevated within this region (Fig. 24). Three other regions adja-
cent to the shoreline with elevated organic carbon concentrations were a region
2.5 km southwest of Warren Dunes, a region 1.5 km northeast of the Donald C.
Cook Power Plant, and a region 7 km north of the power plant.

Along the shoreline, the study area is impacted by groundwater inputs. The region
most dramatically impacted is approximately 1 km southwest of the Donald C.
Cook Power Plant. Iron concentrations are elevated adjacent to the shoreline (Fig.
25). A reconnaissance of the shoreline southwest of the power plant revealed
groundwater upwelling along sheet pilings. Ferric hydroxides were observed to be

precipitating due to oxidation of the groundwater. Groundwater is hypothesized to
be the source of elevated iron concentrations in sediments adjacent to the shoreline.
Likewise, elevated concentrations of chromium and strontium south of the power

0
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Inorganic Carbon
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13. Distribution of inorganic carbon in nearshore southeastern Lake
.'<michigan surficial sediments. To provide clarity, the numbers within the contour
lines are an abbreviation of the given contour interval.

plant are probably due to their transport to the lake by groundwater (Figs. 23 and
26).

Inter-coniparison of.Stream, Nearshore, and Offshore Sediments

IVith only one exception, «lernental concentrations in nearshore sediments of
southeast'em Lake Michigan are less than those observed for offshore stations
(Table 3). The only exception is manganese which is diagenetically mobile and tends
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FIGURE l4. Distribution of loss on ignition in nearshore southeastern Lal'e
Michigan surficial sediments. To provide clarit!; the numbers within the contour
lines are an abbreviation of the given contour interval.

to be most concentrated in the solid phases of oxidized sediments. St. Joseph River
sediments have lower concentrations of cobalt, chromium, manganese, nickel, and
zinc than nearshore sediments. Copper is higher in St. Joseph River upstream sedi-
ments than in nearshore sediments.

To investigate further the inverse relationship between grain size and eiemental
concentrations, nearshore and offshore sediments were intercompared (Table 4). In
an offshore direction, grain size decreased and elemental concentrations increased.
Major components of the sediment which are associated with fine-grained sediments
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FIGURE 15. Distribution of total carbon in nearshore southeastern Lake Michi-
gan surficial sediments. To provide clarit t, the nuntbers within the contour lines are
an abbreviation of the given contour intenal.

and increase in an offshore direction include carbonates, organic carbon, and iron
compounds. Ratios of nearshore to offshore concentrations illustrate that elements
associated with carbonates (inorganic carbon), iron compounds, and organic carbon
would increase a maximum of 1.7, 2.6, and 9.1 times, respectively. Loss on ignition,
calcium, and magnesium which are known to be associated with the carbonates
increase a maximum of 1.7, 1.7, and 1.6 times, respectively. Other metals which may
fall into this group or be associated with the silicate fraction of sediment, not
extracted by the method used. include manganese and sodium. The manganese is
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FIGURE I6. Distribution of calcium in nearshore southeastern Lake Michigan
surficiai sediments. To provide clarity, the numbers within the contour lines are an
abbreviation of the given contour interval.

most likely depleted in offshore sediments due to diagenetic losses. Metals which
could be associated with iron compounds include cobalt, molybdenum, and potas-
sium. Increases in concentrations of barium, chromium, copper, nickel, phos-
phorus, strontium, and zinc in an offshore direction can be accounted for only by
increases in organic carbon or some as-yet-unidentified component of the fine-
grained sediments. Such an unidentified component could be clay minerals which
are capable of adsorbing these elements.
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FIGURE 17. Distribution of magnesium in nearshore southeastern Lake Michi-
gan surficial sediments. To provide clarity, the numbers Nithin the contour lines are
an abbreviation of the given contour interval.

SEDIMENT CORES

Introduction

The variation of metal concentrations in nearshore southeastern Lake Michigan
sediments illus'trates the dynamic nature of the environment of deposition and its
influence on the deposition of major components of the sediment. As discussed
earlier, the major components of the sediment, excluding quartz, are carbonates and
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FIGURE I8. Distribution ofphosphorus in nearshore southeastern Lake Michi-
gan surficial sedinients. To provide claritv, the numbers ivithin the contour lines are
an abbreviation of the given contour interval.

ferric hydroxides. These are derived from the erosion of unconsolidated bluffs and
sand dunes (Hands l970) and the precipitation of ferric hydroxide. The carbonates
are a mixture of detrital dolomite and calcite. Because the epilimnetic waters are
undersaturated with respect to calcite and supersaturated with respect to dolomite,
dolomite is preferentially preserved in sediments (Rossmann 1980). All of these
components are sub)ect to the sorting action of waves, especially for water depths of
less than 27 m (Rossmann and Seibel 1977). The action of waves serves to sort and
remove the fine.grained sediments containing calcite, dolomite. and ferric hydrox-
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FIGURE I9. Distribution ofmanganesein nearshore southeastern Lake Michigan
surficial sediments. Tb provide clarity, the numbers tvithin the contour lines are an
abbreviation of the given contour interval.

ides as well as organic matter from the coarser quartz-rich sediments. The chemistry
and texture of vertical profiles reflect this process.

Vertica/ Variation of Major Components

Calcite and Dolomite

The carbonate mineral present at the bottom of each core is dolomite. The major
carbonate mineral in Lake %michigan sediments is detrital dolomite, reflecting the
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FIGURE 20. Distribution of barium in nearshore southeastern Lake Michigan
surficial sediments. To provide clarity, the numbers within the contour lines are an
abbreviation of the given contour interval.

preponderance of dolomite in the till and bedrock of the lake (.'v1oore 1961, Callen-
der 1969). The stoichiometric ratio of calcium to magnesium in dolomite is 1.67.
Based upon this ratio, the carbonates in sediments in all cores are dolomite (Table
5). The divergence from the ideal ratio in cores from stations 5, 7, and 90 (Fig. 1)
results from analytical uncertainties associated with measuring low concentrations
of calcium and magnesium or from the presence ol'ineral phases such as clays that
contain calcium and magnesium. Samples from stations 5, 7, and 90 would have an
average of 0.3 to 0.7%'o calcite, representing calcium contents of 0.12'o 0.28o'o.
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FIGURE 2I. Distribution of cobalt in nearshore southeastern Lake Michigan
surficial sediments. To provide clarity, the nutnbers within the contour lines are an
abbreviation of the given contour interval.

These low calcium concentrations fall within the anal>aical uncertainties of the
analyses.

Carbonates constitute 80 percent of the soluble material in all cores except core 90
and up to 40 percent of the total sediment (Table 6). The amount of carbonate
present in cores increases with increasing water depth and increasing depth within
the core. The increase in dolomite content with increasing sediment depth was not
observed in core 156. This is attributed to the continuous input of dolomite to that
location by the St. Joseph River.

The concentration of dolomite in the sediment is hypothesized to be comrolled by
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FIGURE 22. Distribution ofpotassium in nearshore southeastern Lake.ilichigan
surficial sediments. To provide clarity, the numbers within the contour lines are an
abbreviation of the given contour interval.

wave energy. within cores collected nearest to shore and from water depths less than
27 m, the clay- and silt-sized dolomite are sorted from the surficial sediments. The
depth of sorting is related to water depth (Table 7). For water depths less than 27 m.
distinct sorting of most of the fine-grained fraction from sediments by waves occurs.
For depths greater than 27 m. no distinct sorting is observed. Because trace metals
are associated with the silt- and clay. sized materials, surficial sediments from depths
less than 27 m are depleted in metals; whereas, surficial sediments and sediments
from depths greater than 27 m are enriched with metals (Figs. 4-IO).
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FIGURE 23. Distribution ofstrontium in nearshore southeastern La! e Michigan
surficial sediments. T'o provide clarity, the numbers within the contour lines are an
abbreviation of the given contour interval.

Iron

Like dolomite, iron is associated with fine-grained sediments. Within those cores
collected from depths less than 27 m, the iron compounds are sorted from the
surficial sediments (Figs. 4 and 6). Those cores collected i'rom greater depths have
surficial sediments noticeably enriched with iron relative to sediments from deeper
within the cores. Surficial sediments within cores- from stations 7, 92, 93, and l57
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FIGURE 24. Distribution of organic carbon in nearshore southeastern Lake
Michigan surficial sediments. To provide clarity, the numbers within the contour
lines are an abbreviation of the given contour interval.

(Fig. I) contain 1.4 to 4.0 times more iron than sediments from deeper within the
cores (Figs. 5, 7. 8 and 10). Iron is enriched in the surficial sediments relative to
deeper sediments of core 156 due to consistent inputs of fine-grained sediments by
the St. Joseph River (Fig. 9). This degree of enrichment is markedly different from
results obtained in the less oxidizing. fine-grained sediments of depositional basins
of the Great Lakes where iron profiles display little or no enrichment (Robbins
1980).
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cial sediments. To provide clarity, the numbers vithin the contour lines are an
abbreviation of the given contour interval.

Anthropogenic Enrichment of Surficial Sediments

Fine-grained surface sediments from the deep-water depositional basins of Lake
Michigan and of the other Great Lakes are characterized by anthropogenically
enriched concent'rations of radioactive isotopes (Robbins and Edgington 1976) and
heavy metals (Leland et al. 1973, Kemp and Thomas 1976, Farmer 1978, Robbins
1980). High metal concentrations in shallow (20 to 30 m), nearshore (10 to 12 km
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F/GURE 26. Distribution ofchromium in nearshore southeastern Lake Michigan
surficial sediments. To provide clarity, the numbers within the contour lines are an
abbreviation of the given contour interval.

offshore) sediments of Lake Huron are also attributed to anthropogenic enrichment
(Robbins 1980).

Surficial sediments collected from locations 7, 92, 93, 156, and 157 are enriched
with iron, copper, chromium, zinc, and lead. Four of these five cores exhibit surfi-
cial enrichment ivith cobalt, nickel, strontium, and manganese (Figs. 5, 7, 8, 9, and
10). Elevated concentrations of Cu, Zn, and Pb in the surface sediments of deposi-
tional basins in Lake Michigan (Edgington and Robbins 1976, Leland et al. 1973).
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and in the other Great Lakes (Robbins 1980, Farmer 1978, Kemp et al. 1976) as well
as in many smaller North American (Iskander and Keeney 1974, Crecelius and Piper
1973) and European (Hamilton-Taylor 1979, Michler et al. 1980) lakes are attribut-
able to cultural sources. AIIof the enriched elements in nearshore southeastern Lake
Michigan sediments occur in significant amounts in atmospheric particulates origi-
nating in the Chicago-Gary area (Winchester and Nifong 1971, Gatz 1975, Fingleton
and Robbins 1980).

The vertical profiles of the concentrations of iron, lead, manganese, zinc, molyb-
denum, copper, and chromium in core 93 display two subsurface maxima in addi-
tion to a surface maximum within the culturally enriched layer (0-14 cm) (Fig. 8).
Radiometric dating of numerous cores from southern Lake Michigan places the date
of the sediment horizon for anthropogenic lead at 1850 to 1900 depending upon
location (Edgington and Robbins 1976). For core 93, the horizon for anthropogenic
lead is 14 cm. Two minima above the initial increase in heavy metal profiles in core
93 may indicate temporary changes in the sedimentation pattern at this location
during the last 75 to 150 years. It is likely that these minima resulted from resuspen-
sion and transport of older sediments to station 93. It is unlikely the variations
observed are related to changes in the flux of anthropogenic lead. The source
function developed by Edgington and Robbins (1976) does not account for the
observed lead fluctuations in core 93. The heavy metal minima coincide with small
but definite increases in the calcium and magnesium concentrations and decreases in
sand content. Concentrations of calcium, magnesium, and sand are elevated in older
sediments at site 93; all three increase with increasing sediment depth. As a result 'of

TABLE3. Inter-comparison ofmean concentrations (ppmJ of various parameters
in the inshore and offshore sediments of southeastern Lal e Michigan.

Parameter

Organic Carbon
Barium
Calcium
Loss on Ignition
Inorganic Carbon
Cobalt
Chromium
Copper
Iron
Potassium
hlagnesium
hlanganesc
hlolybdenum
Sodium
Nickel
Phosphorus
Strontium
Zinc

4.6
0.5
1.2

4.3
6.3
6.3

3g.

2.8 6.0

5,3 40,0

St. Joseph
St. Joseph River

Riier (upuream)

Fitchko and
Hutchinson ()975)

Yearshore

Rossmann
(I975)

4.270.
36.2

32,200.
7 I,600.
16,100.

5.80
16.4
5.34

12.400.
1.620.

I 6,600.
205.

3.06
300.

10.3
'l1 I
23.6
52. I

Offshore

25,100.

55,900.
124,000.
29,500.

13.
77.
37.

28,700.

I 8,200.39,000.
536.

52,290. 36,700.

I I, I00.
12.
83.
39.

32,900.
2.080.

26,500.

7.
375.

34.
1,320.

I 68.
l98.

20,900.

17,500.
I I4. 89.2

34.
762.

206.

Cahill Callender Frye and
()98)) (l969) Shimp (1973)
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TABLE 4. Ratios of concentrations of various paranteters in offshore sediments
to those in-nearshore sediments.

Parameter

Organic Carbon
Inorganic Carbon
Iron
Calcium
Magnesium
Loss on Ignition
Barium
Cobalt
Chromium
Copper
Potassium
Manganese
Molybdenum
Sodium
Nickel
Phosphorus
Strontium
Zinc

Offshore/Nearshore

4.3-9.1
0.7-1.8
1.7-2.6
1. I-1.7
1.0-1.6
1.7

14.8
2.1-2.2
4.7-5.1
6.9-7.3
2.6
0.6-0.6
2.3
1.2
3.3
3.4-6.0
7.1
3.8-4.0

TABLE5. Vertical distribution of Ca/Mg ratios in southeastern Lake Michigan
sediments coiiected in 1975 from various water depths given in parentheses.

DEPTH Core 5 Core 7 Core 90 Core 92 Core 93 Core 156 Corcl57
(cm) (23 m) (28 m) (24 m) (32 m) (38 m) (26 m) (29 m)

O-l
1-2
2-3
3~
p-5
5-6
6-7
7-8
8-9
9-10

10-12
12-14
14-16
16-18
18-20
20-25
25-30
30-35
35-40
40-45
45-50
50-55
55 Q)
60-65

1.90
1.82
1.89
1.80
1.77
1.72
1.68
1.69

1.58
1.72
1.70
1.71
1.79
1.80
1.80
1.69
1.67
1.62
1.65

2.31
2.36
3.05
3.10
4.89
2.94
2.58
2.00
1.82
1.83
I.84
1.88

1.67
1.67
1.54
I.64
1.68
1.66
I.il
1.69

1.58
I.74
1.71
1.77
1.75
1.71
1.71
1.74
1.68
1.70
1.65
1.68
1.69
1.63
1.66
1.66
1.66
1.66
1.69
1.64
1.68
1.62
I.~9

1.61

1.70
1.63
1.69
1.74
1.72
1.69
1.69
1.69
1.72
1.72
1.72
1.70
1.68

1.71
1.67
1.71
1.70
1.67
1.68
1.67
1.66
1.69
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resuspcnsion and transport, modern sediments were diluted by pulses of fine sedi-
ments which are older and therefore not anthropogenically enriched with heavy
metals. Although their duration is not known, these pulses are hypothesized to be
the result of large, infrequent storms which resuspend sediment and which during
periods of high lake water level may accelerate shoreline erosion (Davis et al. 1973).
Evidence of these events has been observed in the sediments of northern Lake
Michigan (Cline and Chambers l977) and in sediments of the eastern basin of Lake
Erie (Thomas et al. 1976).

SUMMARY

The sediments of nearshore southeastern Lake Michigan provide a highly variable
substrate for benthic organisms.'At depths less than 27 m, sediments are subject to
resuspension by waves. This removes dolomite, organic matter, and other fine-
grained components from the surficial sediments. Adjacent to shore, inputs of
streams provide a constant source of organic matter, dolomite, and other fine-
grained materials to the sediments, creating a substrate atypical of the nearshore
region adjacent to the beach.

At water depths greater than 27 m, there is no evidence of sorting, and thc fine-
grained materials accumulate. Concentrations of organic matter, dolomite, iron
compounds, and trace metals are higher in these surficial sediments than in those
sediments from depths less than 27 m.

TABLE 6. Calculated dolomite content in surficial and deeper nearshore south-
eastern Lake Michigan sediments.

Core
Location

5

7

90
91

93
156
157

Water
Depth (m)

23
28
24
32
38
26
29

Percent Dolomite in
Sur ficial Sediment

8

34
1

34
35
23
34

Percent Dolomite in
Subsurface Sediments

34
38
15
38
40
23
38

TABLE 7. H'ater depths and depth of sorting for nearshore southeastern Lake
Michigan sediments.

Core location
5
7

90
95

93
156
1~7

Water Depth (m)

23
28
24
31

38
26
'l9

Depth of Soning (cm)

6
0
8
0
0

10
0
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WATERS OF SOUTHEASTERN NEARSHORE
LAKE MICHIGAN

Ronald Rossmann

INTRODUCTION

Nearshore waters of lakes are often complex. They have a chemical heterogeneity
which is the result of redistribution of various inputs by physical processes such as

currents and waves. These waters have higher nutrient, anion, and metal concentra-
tions and Secchi disk transparencies than adjacent offshore waters. Each year a

seasonal cycle occurs, beginning in the early spring with snow melt, spring rains, and
onset of th» warming of nearshore waters. As the waters warm, a nearshore thermal
bar develops which is delineated by the 4'C isotherm. As the lake continues to
warm, the thermal bar moves further offshore. While the bar is nearshore, in April,
it serves as a barrier to the exchange of inshore waters with offshore waters. During
this time, runoff water enriched in anions, nutrients, and trace metals enters the lake
and is confined to the nearshore region by the thermal bar. This entrapment intensi-
fies the impact of these inputs on the nearshore ecosystem. With continued warming
and addition of nutrients, the spring phytoplankton bloom moves offshore along
with the thermal bar.

The thermal bar dissipates in May or early June and a thermally stratified water
column develops (Rossmann 1986). At this time, nearshore and offshore epilimnetic
waters readily mix. Once thermal stratification is complete, nutrient depletion by
algae may occur. Continuous inputs from streams usually maintain adequate sup-
plies for phytoplankton growth in nearshore waters of phosphorus and nitrate but
not of dissolved silica. During stratification, upwelling of hypolimnetic waters may
occur within the nearshore zone, serving to infuse that area v, ith nutriem-rich waters
which include dissolved silica. These events change plankton assemblages and tend
to increase the variability of all measured parameters. Therefore, these events must
be documented and understood in order to interpret the chemical and biological
parameters and processes in this very dynamic system.

The region of southeastern Lake Michigan which was studied intensively is
located within 10 km of shore and is bounded by the St. Joseph River at St. Joseph.
Michigan, and the Galien River and New Buffalo, Michigan (Fig. 1). Streams were
occasionally sampled between these two points. Sampling of the lake occurred
within a region 11 km to each side of the Donald C. Cook Nuclear Plant (Rossmann
et al. 1986). Streams directly impacting this region are not gauged, which prevented
making estimates of total amounts of elements entering the study area. Maximum
water depths within the study area were slightly in excess'of 38 m (Rossmann 1986).
Only at the outermost stations (7,. 21. 44. 116, 137, 158) could the hypolimnion be

.sampled during periods of thermal stratification (Fig. 2).

$ l
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FIGURE I. Sites (I, 3, 4, 7A, 7B, 8J on tributaries to southeastern Lake Michigan
which were sampled front I974 through /976.

METHODS

COLLECTION

Samples were collected from a depth of l m using a Niskins bottle. Immediately
after collection, l00-mL subsamples for total phosphorus were stored in polyethyl-
ene bottles and frozen. Two additional $ 00-mL samples were filtered through 0.45-
Pm pore-size membrane filters immediately after collection. Each of these was
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FIGURE 2. Station locationsin southeastern Lake Michigan occupied from l974
through I976.

stored in a polyethylene bottle. One sample was refrigerated and the other was
frozen. After defrosting, the frozen sample was analyzed for nitrate and nitrite. The
refrigerated sample was analyzed for dissolved orthophosophate and dissolved silica
within 24 to 48 hours of collection and for chloride and sulfate at a later date.

ANALYSES

Field measurements of Eh, pH, and temperature were made on water samples
immediately after collection. All pH measurements were made using a rugged pH
electrode and a calomel fiber junction saturated KCI reference electrode. Standard-
ization for the measurements were made using commercially available pH buffer
solutions. Eh measurements used the same reference electrode and a platinum inlay
electrode. Standardization was against Zobell's solution (Zobell 1946). Temperature
measuremems were made with a standard glass laboratory thermometer. Oxygen
and temperature measurements vere obtained with a combination oxygen'
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temperature meter. Alkalinitywas done by adding 1-5 mL of 0.01N HCI to 20 mL
of sample and reading the pH, which must fall between 3 and 4 (Kramer 1968).
Conductivity was restored with a conductivity meter.

Using the ascorbic acid method, orthophosphate was complexed as phosphomo-
lybdate and extracted in isobutanol using the methodology described by Sutherland
et al. (1966). Dissolved silica was reacted with ammonium molybdate in an acid
medium following the methodology given by Sutherland et al. (1966). Analysis for
nitrate and nitrite followed that described by Strickland and Parsons (1972). By their
method, samples for nitrite analysis were colorimetrically measured after reaction
with sulfanilamide and N-(I-napthyl) ethylene diamine dihydrochloride. Samples for
nitrate analysis were first passed through a cadmium column to reduce the nitrate
and nitrite. These were then treated in the same manner as the nitrite samples.
Chloride was measured with a specific ion electrode using the method of standard
additions. Sulfate was measured turbidimetrically by reaction with barium chloride
(APHA 1965).

Samples for major, minor, and trace element analyses were filtered through 0.45-
pm filters, acidified with nitric acid (2 mL), and stored in polyethylene bottles. The
filters for particulate matter analysis were stored in glass vials. Particulate matter
was analyzed using the same techniques as those used for sediment analysis (Ross-
mann et al. 1986). Calcium, magnesium, sodium, and potassium in the water were
measured using standard atomic absorption spectrophotometry techniques (Perkin-
Elmer 1968). Copper, iron, manganese, chromium, zinc, strontium, molybdenum,
nickel, barium, and cobalt were done by the method of standard additions using a
graphite furnace attachment on the atomic absorption spectrophotometer.

STREAM INPUTS

V'ithin the region of study, there are approximately eight tributary stre'ams. A
number of these are ephemeral. Six of the streams (sites I, 3, 4, 7A, 7B, and 8; Fig.
I) were sampled during May and October of 1974, during April and August of 1975,
and during July of 1976. In 1974, site I (St. Joseph River) was sampled monthly
between April and October.

NUTRIENTS

Compared to nearshore southeastern Lake Michigan, the streams have high total
phosphorus and much higher dissolved orthophosphate, dissolved silica, and nitrite
concentrations (Table I). Receiving effluent from a waste water treatment plant, the
stream at site 3 had high mean concentrations of total phosphorus (980 Itg/L) and
dissolved orthophosphate (570 pg/L). Highest total phosphorus (3,200 Itg/L) and
orthophosphate (1,400 Itg/L)concentrations were observed in October of 1974. Site
3 is expected to have direct impact upon the sediments, water, and biota of the
intensively studied region of the lake.

Dissolved silica concentrations in this nearshore region often were limiting to
phytoplankton growth even though stream concentrations were not limiting (Table
I). Parker et al. (1975) reported dissolved silica to be limiting below a concentration
of 0.4 mg/L of SiO,. Tilman et al. (1982) reported dissolved silica limitations to be
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species dependent. They found dissolved silica to be limiting to diatoms from con-
centrations as high as 0.5 ppm mg/L SiO. to concentrations as low as 0.01 mg/L
SiO..

In contrast to dissolved silica, total phosphorus and orthophosphate were seldom
limiting to diatoms. Tilman et al. (1982) reported limiting total phosphorus concen-
trations ranges'for diatoms, blue-green algae, and green algae to be 0.015-1.8 ltg/L,
0.040-3.7 ltg/L', and 1.8-35.6 lsg/L, respectively. About one-half of the time, total
phosphorus in the streams was limiting to green algae growth. It was never limiting
to diatoms of blue-green algae. Within the lake, total phosphorus was limiting to
green algae, rarely limiting to blue-green algae, and never limiting to diatoms.

ANIONS AND OTHER PARAMETERS

Compared to nearshore Lake Michigan, all streams had elevated sulfate and
chloride concentrations (Table 2). Mean sulfate concentrations were highest in
streams at sites 1 (42 mg/L) and 8 (48 mg/L) and lowest at sites 4, 7a, and 7b (27, 29,
and 24 mg/L, respectively).

Concentrations of chloride at each tributary were at least twice those in the lake
(Table 2). At site 4, mean chloride concentration (68 mg/L) was highest. Sites 2 and
7b also had high mean concentrations (51 and 48 mg/L, respectively).

Excluding the St. 3oseph River (site I), all streams exhibited some dissolved
oxygen depletion. Dissolved oxygen saturations averaged below 90e/o at sites 3, 7b,

TABLEl. Comparison of l974 through J976 nutrient concentrations in nearshore
southeastern Lake Michigan epilimnetic waters with those of tributarv streams.

Streams Lake

Parameter Units N hlean Std. Dev. N Mean Std. Dev.

Total Phosphorus
Orthosphosphate
Disso! ved Silica
Nitrate
Nitrite

pg P/L
pg P/L
mg SiOt/L
tg N/L
pg N/L

33 206.
34 104.
34 7.1

6 245.
6 345

574. 170 9.4 12.4
271. 187 1.2 1.7

3.0 186 0.39 0.34
69.3 16 211. 40.2
23.1 18 1.3 2.5

TABLE 2. Comparison of l974 through 1976 anion concentrations and other
parameters in nearshore southeastern Lake Michigan epilitnnetic waters with those
of tributarv streams.

Parameter Units

Streams Lake

N Mean Std. Dev. N Mean Std. Dev.

Chloride
Sulfate
Oxygen Saturation
Alkalinity
pH
Conductivity

mg/L
mg/L
pro

meq~L

pmhos cm

33 38.0 22.4
33 35.1 11.0
33 95.2. 19.2

6 3.27 0 680
6 8.1 0.24

12 497. 78.

170 11.7
187 19.1
187 108.
142 1.94
160 8.4
169 266.

1.6
2.6
9.
0.233
0.21

21.
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and 8, with mean saturations of 82, 78, and 88e/o, respectively. The lowest saturation
was 54e/o at site 76 in August 1975.

The mean pH of the streams was slightly lower than that of the lake (Table 2). The
pHs are typical of Lake Michigan waters in equilibrium or quasiequilibrium with
detrital dolomite (Rossn:ann 1980). Mean alkalinities were considerably higher in
the streams than in the lake (Table 2). Schelske and Roth (1973) described the lake to
be well-buffered with calcareous waters.

Allstreams carried high concentrations of dissolved materials. The mean
conduc-'ivityof the streams was nearly twice that of the lake (Table 2). For the St. Joseph

River (site 1), conductivities ranged from 378 to 508 Itmhos/cm between April 1974
and July 1976. The values were lower than the range (465-605 Itmhos/cm) reported
for February through September 1971 by Robbins et al. (1972).

METALS

Within the region of study, tributary streams transported high concentrations of
dissolved metals to the lake. Excluding molybdenum and strontium, all metals were
higher in the streams than in the lake (Table 3). This is similar to the findings of
Robbins et al. (1972) for samples collected from the St. Joseph River (site 1) during
1971. Metal reported by them are the same as those reported here. The major
difference between the two data sets occurred for barium. The mean barium concen-
tration reported by Robbins et al. (1972) was 28 Itg/L. This is much less than the
mean of 77 Itg/L obtained for the period of May 1974 to April 1975 for the St.
Joseph River. For the streams reported here, iron and manganese were 19 and 72
times more concentrated in the streaams than in the lake, respectively. The remain-
ing dissolved metals were two to four times higher in the streams than in the lake.
Thus the streams were transporting higher concentrations of dissolved metals to the

TABLE3. Comparison of l974 through l976 dissolved metal concentrations in
~ nearshore southeastern Lake Michigan epilimnetic waters vrith those of streams

tributarv to the region.

Parameter

Streams Lake

Units N Mean Std. Dev. N Mean Std. Dev.
Barium
Calcium
Cobalt
Chromium
Copper
Iron
Potassium
Magnesium
Manganese
Molybdenum
Sodium
Nickel
Strontium
Zinc

pg/L 21 68.
mg/L 28 53.
pg/L 16 2.4
g/L 22 2.1

pg/L 22 5.9
pg/L 16 130.
mg/L 22 2.3
mg/L 28 19.
pg/L 16 37.
I8/L 16 13.
mgi L 28 19.
pg/L 16 26.
pgi L 16 I IO.
tig/L 16 13.

28.
13.
I.I
0.73
1.9

118.
1.4
5.3

50.
9.6

17. "

14.
26.
83

88 43. 18.
186 35. 3 3

88 1.2 0 56
88 17 0 63
88 2.3 1.1
88 67 33

187 1.2 0.13
187 11.7 0.50
9', 0.51 0.50
88 13. 7.6

186 5.4 0.67
88 7.5 3.7
88 108. 25.
92 4c
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nearshorc zone of southeastern Lake Michigan. This can be expected to impact the
nearshore ecosystem, especially during periods in which the thermal bar confines
these inputs to a narrow band along the shoreline.

lMPACT OF THE THERMAL BAR

As the waters of southeastern Lake Michigan warm in the spring, a thermal bar
develops. its location is delineated by the 4'C isotherm. For the region of study. the
bar was present during April (Rossmann 1986). By definition, inshore zone waters
were always warmer than offshore zone waters in the early spring. Temperature
differences between the two zones were usually within the range of 2.6 to

2.9C'Table

4). Years which were notably above the range of difference were 1977 and
1981 with 6.0 and 3.7C', respectively. Years for which the'difference was belov:
normal were 1975 and 1979 with 1.9 and 2.1C', respectively. During periods when
the thermal bar was within 2 km of the shoreline. stream inputs to the nearshore
zone v ere confined between the shoreline and the thermal bar (inshore zone). If the
inputs were nutrients, the concentration in the inshore zone was determined by the
rate of input relative to the rate of assimilation by phytoplankton. The rate of
assimilation was in turn dependent upon water temperature.

Based on mean temperature, the inshore zone ~as warmest in 1977 and coldest in
1975 (Table 4). Thus differences in the inshore and offshore phytoplankton assem.
blagcs 4ould be expected to be accentuated most in 1977 and least in 1975 and 1979.

A second confounding difference between the two zones is that the inshore zone
includes the entire zone of breaking waves, ~hercas the offshore zone is less physi-
cally active. Thus sediment'resuspension is most pronounced in the inshore zone,
resulting in elevated concentrations of sediment-associated elements.

Resuspension and increased phytoplankton numbers in the inshore zone signifi ~

cantly decrease ~ater transparency relative to that in the offshore zone (Table <)

(Bowers et al. 1986). Division of the nearshore zone into inshore and offshore zones
by thc thermal bar was most pronounced in 1977.

Because of the inter-relationship between nutrients. temperature. and phgo-
plankton densities, differences in nutrient conce1trations betNeen the inshore and
offshore zones are inconsistent. At times. nutrient concentrations are highest in the

TABLE 4. Inshore and offshore mean remperarures ( CI during spring (Aprill
(hermal bar formarion.

Inshore 2onc Offshore Zone

Year llcan Std. Dcs. Sld. Dcs.d tean

l.
0.6

I.O
0.7
O.S

I.'.I

IA

6.'A

6.1
.9

c 4

<.0
d

e,~
6 (h

1974
)9 ~

19 6
19 I

19 S

19. 9
1980
1981
1982

0.:
0.6
0.3
0.
0.9
1.0
0
0.
I.l

6
16
4

ln
I

1$

h

j,4
lh9

h
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inshore zone and at other times they are lowest in the inshore zone. On the other
hand, non-nutrient materials or those far in excess of'he nutritional requirements of
the phytoplankton are expected to be elevated in the inshore zone relative to the
offshore zone for those elements supplied to the lake at concentrations above those
of ambient lake water.

NUTRIENTS

Phosphorus and dissolved silica may be limiting to phytoplankton growth in both
the inshore and offshore of the thermal bar. Dissolved orthophosphate concentra-

'ionswere lowest in the inshore zone during the springs of 1974 and 1980 (Table 6).
Though streams supplied high concentrations of orthophosphate to the inshore,".
zone, its concentration in the inshore zone was only one-third to one-half that in the,'„

offshore zone.
Although total phosphorus is recognized to be a nutrient, it is not as readily„"

available to phgoplankton except after conversion to a more utilizable form.
Some'f

the total phosphorus is contained within the phytoplankton. Though not statisti-

TABLE 5. Inshore and offshore 20-cm diameter Secchi disk depths (mj during
spring (Apriilthermal bar formation.

Year

1974
1975
1976
1977
1978
1979
1980
1981

1982

11

I

14

15
50

13

II
24
17

Inshore Zone

IIean
1 4
1 0
I.S
'I 4

0.8
I. I

1.3

Std. Dev.

0.4

0.6
0.7
0.6
0.1
0.3
0.6
02

6
14
4
6
8

15

17

3

Offshore Zone

ilean
4.5
2.7
3.8
5,4
3.3

2 3
4.1
1 9

Std. Dev.

0.6
1.0 ~

0.7
0.3
0.7
'7 4
1.5
O. I
1.6

TABLE 6. Inshore and offshore onhophosphate concentrations (pglLJ during
spring (Aprilltherntal bar formation.

Inshore Zone Offshore Zone

Year

1974
1975
1976
1977
19 8
1979
1980
1981
19S2

10

13

15

17

13

12

IS

Mean

0.58
0.86
1.6
I. I
'l

9
1.0
0.51
I. I
I.I

Std. Dev.

p 4'l

0.21
0.63
0.65
0 57
0.50
0.052
0.53
0.53

6
15

6
9

17

18

6
12

Mean

0.92
0.87

1.3
1 3

1.1
1.4
0.61
0.87

Std. Dcv.

0.58
0.63
0.28
0.50" 0.74
0.68
0.75

0.35

~ ~
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cally significant, total phosphorus was higher inshore of the thermal bar during all
years (Table 7). ~within both the inshore and offshore zones, it was never limiting to
diatom and green algae growth (Tilman et al. )982).

Dissolved silica concentrations were highest in the offshore zone during the
springs 1974-1977 and 1981 (Table 8). Concentrations in the offshore zone were not
limiting to diatoms between 1974 and 1982. During the springs of 1974 and 1977, it
may have been limiting to some species of diatom in'the inshore zone (Tilman et al.
1982). In general, nutrients were not limiting to green algae or diatoms during the
existence of the spring thermal bar.

ANIONS AND OTHER PARAMETERS

Differences between the inshore and offshore zones of nearshore southeastern
Lake Michigan were evident for chloride, sulfate, and conductivity. Differences
were not found for dissolved oxygen saturation with a range of 98 to 120~to, pH with
a range of 7.98 to 8.64, and alkalinity with a range of 1.66 to 2.22 meq/L. Mean
conductivity was always highest in the inshore zone (Table 9). Differences were
similar for all 3 years of data; however, mean conductivities increased each year.

TABLE 7. Inshore and offshore total phosphorus concentrations (pg/LJ during
spring (April) thermal bar formation.

Year

1975
1976
1977
1978
1979
1980
1981
1982

14

15
00

13
L2
24
18

Inshore Zone

Mean

23.
I I.
I I.
14.
22.
15.
8.5

13.

Std. Dev.

4.3
4.0

'5.7
S. I

2.1
3.4
7.3

1 ~

16
4

6
10
17

18

6

Offshore Zone

Mean

15.
5 6
6.1
4.3

16.
8.2
8.4

Std. Dev.

4.3
1.5

3.3
4.3
3.8
1 ~
a. I

6.1

TABLE 8. Inshore and offshore dissolved silica concentrations (ntg/LI during
spring (Apri(I thermal bar formation.

Year

1974
1975
1976
1977
197S
1979
1980
1981
1982

ll
14

15
op

13
12

IS

Inshore Zone

Mean

0.15
0.50
0.96
0.38
1.2
I.S

I.p
0.60

Std. Dev.

0.13
0.13
0.24
0.13
0.26
0.4 I

0.12
0. I5
0 '7

6
16
4
6

10
17

IS
6

12

Offshore Zone

Mean Std. Dev.

1.1 0.04 I

0.66 0.17
1.3 0.13
0.75 O.OSS

0.94 0.15
1.4 0.46
1.2 0.15

0.06S
049 . 021
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Except for 1981, mean sulfate concentrations was always higher in the inshore
region than in the offshore region (Table 10). Differences ivere usually within the
range of 2.2 to 2.8 mg/L. The exceptions occurred in 1975 and 1981. IVithin the
inshore zone, concentrations ~ere highest during 1975, a year the thermal bar had
just begun to form during the period of sampling, and 1980-1982, years in which
sulfate concentrations were also relatively high in the offshore zone.

~ For April 1974 through 1982, inshore zone mean chloride concentrations were
altvays higher than those in the offshore zone (Table II). For most years, the
difference between the two zones ranged from 0.3 to 0.6 mg/L. The exceptions were
1974, 1977, 1978, and 1982 when differences wer» 1.8, 1.1, 1.5, and 2.8 mg/L,
respectively.

iIETALS

As for total phosphorus, chloride, sulfate, and conductivity, both particulate and
dissolved metal concentrations were elevated in the inshore zone relative to the
offshore zone. Stream inputs were responsible for elevated particulate and dissolved
metal concemrations, and sediment resuspension is postulated to have contributed
to elevated particulate metal concentrations.!~fetals were measured during 1974,
1975, and 1976. Only the April 1974 and 1976 data were useful for comparing the
inshore and offshore zones. Because the 1974 particulate and dissolved metal data
set was the largest, it will be used to contrast the two zones.

TABLE 9. Inshore and offshore conducriviries (rimohms/cm) during spring
(April) thermal bar formation.

Year

Inshore Zone

Mean Std. Dev.

Ol'fshore Zone

Mean Std. Dev.
1974
1975
1976

II

l4

236.
265.
308.

10.
8.

20.

6
15 250.

289.

8.
14.
2..

TABLE IO. Inshore and offshore su(fare concen(rarions (mg/L) during spring
(April) rhenrral bar fonrta(ion.

Year

1974
1975
19.6
1977
19 8
1980
19SI
198'0

14

15
'0

I'S

Inshore Zone

Mean

20.7
24.1
20.5
19.2
21.3
13 4

Std. Dev.

I. I
2.1
2.6
1.0
1.6
2.6
3.0
I.5

5

16
4

6
10
IS
6

12

Offshore Zone

Mean

18.5
20.0
)8.2
17.0
19.6

51 I

20.0

Std. Dev.

1.0
2.1
0.6
0.3
1.0
1 7

2.1
l.i
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Dissolved calcium and sodium'concentrations were distinctly higher in the inshore
zone than in the offshore zone; however, only the sodium difference was statistically
significant (a g0.05) (Table 12). Other metals whose concentrations were greater,
though not statistically significant, in the inshore zone were barium, copper, molyb-
denum, nickel, and zinc. Chromium and cobalt concentrations were lower in the
inshore zone.

Some particulate metal concentrations were statistically significantly higher in the
inshore zone (Table 13). These included calcium, iron, manganese, and potassium.
Copper, sodium, and strontium concentrations were also higher in the inshore zone.
Though not statistically significant, the remaining metal concentrations were higher

TABLE II. Inshore and offshore chloride concentrations (mg/L) during spring
(Aprill thermal bar formation.

Year

1974
1975
1976
)977
1978
1979
1980
1981

1982

II

14

15
20
13

12
14

IS

Inshore Zone

Mean

11.7
12.0
12.1
13.6
12.4
11.9
13.0
10.8
17.9

Std. Dev.

0.7
0.8
1.3
0.9
0.8
3.3
2.4
0.9
0.9

N

6
16
4
6

10
17

18

6
12

Offshore Zone

Mean

9.9
11.4
11.8
12.5
10.9
11.3
l2 4
10.4
15.1

Std. Dev,

0.6
1.4
1.6
1.8
0.9
0.9
2.1
0.2
1.3

TABLE I2. Inshore and offshore dissolved metal concentrations during April
I974 thermal bar formation.

Inshore Zone
N= ll

Offshore Zone
Y~6

htetal

Ba
Ca
Co
Cr
CU
Fe
K
gtg
Mn
%to
ya
Yi
Sr
Zn

Units

t 8/L
mg/L
t 8/L
pg/L
yg/L
pg/L
mg/L
mg/L
t 8/L
pg/L
pg,'
pg/L
@S'IL
t g-"L

40.
37.2
0.93
I.S
3.6
7.7

2
10.4
0.45

10.
s ,I

I l.
106.

6.7

12.
2.2
0.34
9.6I
0 0
2.2
0.080
0.44
0.16
3.6
0.46
5.3
18.
2 0

Mean Std. Dev. Mean

33.
34.5

1.7
3

3.0
7.6
1.1

10.0
0.40
8.7
4.6
S.l

105.
6.2

Std. Dev.

15.
1.4 .

0.84
0.86

0 3

0.011 "

0.22
0.12
2.2
0.066
4,9
13.
0 9
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offshore. It is doubtful that the noted metal concentration differences could create
any observable differences in numbers or species between the inshore and offshore
ecosystems. Most likely, any possible impact would be due to the higher concentra-
tion of suspended particulates in the inshore zones.

THERMALSTRATIFICATION

During periods of thermal stratification, large differences in nutrients, anions,
metals, and other parameters'oncentrations exist between the epilimnion and
hypolimnion. Within the southeasiern nearshore region of Lake Michigan, stratifi~

cation usually begins iri May and continues into October. In November, cooling and
intensified physical mixing of the lake water destroy the thermal structure and
return the region to an isothermal,'ell-mixed condition. The months of most
intense stratification..July-September, are expected to have distinctive vertical vari-
ations for both lake water chemistry and the biological components of the ecosys-
tem.,especially the ph>zoplankten which are strongly coupled to circulation pat-
terns. During the upwelling of hypolimnetic waters along the shoreline, the contrast
between the spilimnetic and hypolimnetic ecosystems is the most distinct.

EPILIMNIONAND HYPOLIMNIONCHARACTERISTICS
I

During periods of thermal stratification, the exchange of materials between the
hypolimnion and epilimnion is restricted. The resuspension and exchange within the
water column of matertals associated with organic-rich, fine-grained sediments are
restricted to the hypolimnion. Inputs from the atmosphere and streams impact the
epilimnion. Within the epilimnion, productivity and the demand upon available
nutrients are higher than in other parts of the water column. For the nearshore zone,
the rate of assimilation of nutrients by ph>aoplankton is compensated in part by the
rate of stream inputs. The difference between these two rates controls the observed
epilimnion nutrient concentrations.

TABLE 13. Inshore and offshore particulate metal concentrations (pgILJ during
April 1974 thermai bar formation.

Metal

Ca
Cr
Cu
Fe
K
M8
Mn
Na
Sr
Zn

Inshore Zone
N~ II

Mean Std. Dev.

271. 31.
1.5 0.87
1.8 0.23

105. 26.
51. 10.
90 10.

3.1 0.93
75. 18.
0.49 0.18

18.

hlean

211.
1.6
1.3

54.
24.

121.
I.l

65,
0 t5

21.

Offshore Zone
Na 6

Std. Dev.

19.
1.6
0.28

17.
8.6

152.
0.35

13.
0.17

11.
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Using July 1974 as representative of what typically occurs during thermal stratifi-
cation, statistically significant physical and chemical differences (p~0.05) existed
between epilimnetic and hypolimnetic waters. The differences observed were similar
to those observed during other periods of thermal stratification.

Nutrients

Of the three nutrients for which data are available, only dissolved silica was
significantly (a Z0.05) higher in the hypolimnion (Table 14). Total phosphorus was
not limiting to diatoms or green algae while dissolved silica was limiting (<0.05 mg/
1) to diatoms in the epilimnion but not in the hypolimnion (Tilman et al. 1982).
Thus upwelling of hypolimnetic waters would serve to replenish the supply of dis-
solved silica.

Anions and Other Parameters

Except for conductivity, all anions and other parameters were significantly
(a g0.05) different in the epilimnion relative to the hypolimnion (Table 15). Mean
temperature was 15.2C'igher in the cpilimnion than in the hypolimnion. Because
of stream and possibly atmospheric inputs, chloride and sulfate were higher in the
epilimnion than in the thermally isolated hypolimnion. In response to the balance of
production and utilization, dissolved oxygen was higher in the epilimnion. The Eh
was higher in the hypolimnion than in the epilimnion due to differences in anion/
cation balances. As expceted of waters in contact with carbonate containing sedi-

TABLE l4. Comparison of epilimnion with hvpolimnion nutrient concentrations
in Lake Michigan nearshore waters, July 1974.

Parameter Units

Epilimnion Hypolimnion
N 5 lean Std. Dev. N Mean Std. Dev.

Total Phosphorus gg P/L 18 10.1
Orthophosphatc pg P/L 18 1.3
Dissolved Silica mg SIO../L 17 O. I

5.8 6 10.8 4.2
2.5

'

0.6 0.7
0.1

'

1.4 - 0.3

TABLE 15. Comparison of epi%'mnion with h!polimnion anion concentrations
and other parameters in Lake Michigan nearshore waters, Julv l974.

Parameter Units

Epilimnion Hvpolimnion
N Mean Std. Dcv. Y, 4Iean Std, Dei.

Temperature
Chloride
Sulfate
Oxygen Saturation
Alkalinity
Eh
Conductivity
pH

oC

mg/L
mg/L
Oy

meq/L
mv
pmhos/cm

18 21.2
18 11.6
18 18.4
I 8 121.
18 1.71
I 8 417.
18 287.
18 S56

0.8
0.6
0.8
7.
0.)6

12.
5.
0.08

6 6.0
6 107
6 17.6
6 89.

, 6 2.06
6 449.
6 284.
6 8.02

p 'l

0.5
0.4
I.
0.05

I I.
3.
0.05
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ments, alkalinities were higher in. the hypolimnion. The pH of the hypolimnion was
lower due primarily to contact with the sediments and, in part, lower production.

Metals

There was only one statistically significant difference in dissolved metal concen-
trations between the epilimnion and hypolimnion (Table 16). The epilimnion had a
mean manganese concentration of nearly twice that of the hypolimnion. This is
postulated to be a result of stream inputs to this nearshore zone.

Unlike dissolved metal concentration differences, those for particulate metal con-
centrations were significantly different in the two strata (Table 17). Excluding chro-
mium and zinc, differences were statistically significant (ag0.05) for calcium,

TABLE l6. Comparison ofepilimnion with hypolimnion dissolved metal concen-
trations in Lake Michigan nearshore waters, July 1974.

Parameter Units

Epilimnion Hypolimnion

N Mean Std. Dev. N Mean Std. Dev.

Barium
Calcium
Cobah
Chromium
Copper
Iron
Potassium
Magnesium
Manganese
Molybdenum
Sodium
Nickel
Strontium
Zinc

t 8/L
mg/L
t 8/L
t 8/L
t g/L
t 8/L
mg/L
mg/L
t 8/L
t 8/L
mg/L
t 8/L
t g/L
t g/L

18 37.
18 31.8
18 1.4
18 1.6
18 2.0
18 95
18 1.2
18 11.0
18 0.47
18 9.1
18 4.7
18 5.5
18 102.
18 5.9

17. 6 45.
42 6 334
04 6 17
0.4 6 1.5
0.9 6 2.3
4.2 6 13.
0.2 6 1.2
1.4 6 I 1.6
0.20 6 0.27
4.9 6 12.
0.7 ' 4.8
2.1 6 7.7

28. 6 107.
2.3 6 6.6

0.9
1.0
0.7
1.0

0.04
0.3
0.03
6.
0.5
3.7

32.
2.0

TABLE 17. Comparison of epilimnion with hypolimnion particulate metal con-
centrations (pg/LJ Lake Michigan nearshore waters, July l974.

Parameter

Epilimnion Hypolimnlon
N Mean Std. Dev. N Mean Std. Dev.

Calcium
Chromium
Copper
Iron
Potassium
Magnesium
Manganese
Sodium
Strontium
Zincmlum

18 81. 47. 6 262.
18 0.71 0.90 6 1.5
18 I l. I. 6 2.7
18 23. 8. 6 147.
18 23. 8. 6 90.
18 20. 6. 6 132.
18 2.1 1.4 6 4.2
18 61. 8. 6 70.
18 0.10 0.11 6 0.48
18 7.8 3.7 6 9.4

45.
0.9
3.2

13.
18.
0.5
9.
0.16
3.8
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copper, iron, potassium, magnesium, manganese, sodium, and strontium. Resus-
pension of sediments appears to be a major source of particulate calcium, iron,
potassium, magnesium, sodium, and strontium in the hypolimnion. Stream and
atmospheric inputs are the most likely sources of higher particulate copper (Table 3)
concentrations in the epilimnion. Another possible source is the mass of plankton
which bioconcentrates copper in the epilimnion (Greenslate et al. 1973). Copeland
and Ayers (1972) found copper to be concentrated,1,000- to 1,200-fold in zooplank-
ton and phytoplankton relative to Lake Michigan water.

The contrast in chemical and physical characteristics between the epilimnion and
hypolimnion is dramatic. Greater plankton biomass and phytoplankton productiv-
ity in the epilimnion are postulated to be responsible for the observed depletion of
dissolved silica, elevation of oxygen saturation and pH, and high concentration of
particulate copper in the epilimnion. Stream and atmospheric inputs contribute to
high concentrations of particulate copper, dissolved manganese, sulfate. and chlo-
ride. Resuspension of sediments or the occurrence and sampling of a near-bottom
nepheloid layer (Eadie and Robbins in press) are responsible for elevated Eh and
high concentrations of particulate calcium, iron, potassium, magnesium, manga-
nese, sodium, and strontium.

IMPACT OF UPWELLING

The differences which exist between the epilimnion and hypolimnion become
particularily important v hen upwelling events occur. Upwelling occurs within the
nearshore zone of southeastern Lake Michigan. For the period of 1974 to 1982,
upwelling events during sampling were recorded for July 1974, June 1975, June
1976, July 1976. August 1976, September 1976, June 1977, September 1977, Octo-
ber 1977, June 1978, July 1978, September 1979, October 1979, June 1980. Septem-
ber 1980, and July 1981. Upwelling events transport water which is characteristically
different from that of the epilimnion to the nearshore zone.

An example of the differences between epilimnetic and upwelled hypolimnetic
waters is seen in an upwelling in July 1978 which coincided with our sampling. For
the purpose of subdividing the region, the data were divided into three subsets based
on water temperature. The upwelled hypolimnion consisted of those stations with a
surface water temperature less than 10'C, the mixed zone was those with tempera-
tures between 10 and 15'C, and the epilimnion was those with a temperature greater
than 15'C. The mean values of various epilimnetic parameters were then contrasted
to those of various hypolimnetic parameters (Table 18). For the two sets of parame-
ters, the difference in mean temperature was 11.1C'. This difference and those for
dissolved silica, nitrate, chloride, oxygen saturation, ar d Secchi disk were signifi-
cant at the 0.05 level of significance. As for the earlier comparison of the epilimnion
to hypolimnion (Tables 14 and 15), dissolved silica was lower and chloride and
oxygen saturation were higher in the epilimnion. The lower dissolved silica concen-
tration and higher oxygen saturation in the epilimnion are postulated to result from
high diatom utilization of available nutrients. Nitrate concentrations were lower in
the epilmnion in response to phytoplankton utilization. The mean Secchi disk read-
ing.for upwelled hypolimnetic water was significantly lower than for the epilimnion.
This is consistent with higher particulate metal concentrations in the.hypolimnion
(Table 17) which are related to a-near-bottom nepheloid layer or resuspended sedi ~

ment. The particulates would be transported toward the shore and upwelled in the
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ncarshor» zone. These contrasts between epilimnetic and hypolimnetic waters, the
constant inputs of streams, and the development of a thermal bar in the spring all
serve to produce semi-permanent water masses within this nearshore region.

IVATER MASSES

Within the nearshore region of southeastern Lake Michigan, water masses are
identifiable from April through October. The most definitive water masses occur
during the existence of the thermal bar in April. The second-most definitive water
masses occur in the summer during periods of thermal stratification when hypolim-
netic waters upwell along the coastline. During periods when the thermal bar or
upwelling are absent, less definitive water masses are present. Their occurrence is
dependent upon the processes which mix lake water with stream and river inputs.

Differences between water masses can be expected to be a factor responsible for
observed variations in phytoplankton community structure. Those variables most
impacted by the ph>aoplankton include the nutrients total phosphorus, orthophos-
phate, dissolved silica, and nitrate. Nutrients concentrations were used as input for
deriving station groupings by cluster analysis. Each cluster was then designated a

water mass, and each water mass was described using descriptive statistics (mini-
mum, maximum, mean, standard deviation) for nutrients and temperature.

Stations occupied from 1974 through 1976 were the most suitable for the purpose
of defining water masses. The stations were arranged in a grid pattern and did not
provide a regional sampling bias (Fig. 2). Stations occupied from 1977 through 1981
provided intensive coverage of the inshore region but inadequate coverage of the
offshore region.

'%'ATER MASSES DERIVED FROM THERMAL BARS

From 1974 through 1982, a thermal bar was identified within the study area
during most Aprils. Its location was based on surface water temperature. The water
masses defined for 1974 and 1976 were inshore and offshore of the thermal bar

TABLE l8. Comparison of epilimnion with hypolimnion anion concentrations
and other parameters in Lake Michigan nearshore waters during July l974.

Epilimnion Hypohmnion
Parameter Units N Mean Std. Dev. N Mean Std. Dev.

Temperature
Total Phosphorus
Orthophosphate
Dissolved Silica
Nitrate
Chloride
Sulfate
Oxygen Saturation
Seechi Disk

oC

pg P/L
pg P/L
tng SiO..

pg Y/L
mg/L
mg/L
O.o

m

6 176
6 8.6
6 0.9
6 0.4
6 166.
6 9.4
6 24.2
6 105 .

6 4.8

0.8
3,4
0.4
0.2

55.
Q.l
0.5
4.
1.0

12 85
12 10.4
12 0.7
12 1.0
12 243.
12 9.2
12 24.5
12 95.
12 2.1

0.6
1

0.4
0.1

58.
0.2
0.5
7.
02
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FIGURE 3. 8'ater masses in southeastern Lake Michigan during April I974.
Masses were defined from cluster analysis ofnutrient concentrations. Dashed line is
the approximate location of the observed thermal bar.

(Figs. 3 and 4). Their definition was dependent upon the bar acting as a barrier to
the free exchange of waters inshore and offshore of the bar.

Differences noted for the chemistry of the water masses in any one year were
dependent upon the period of time during which the bar had existed prior to sam-
pling. A measure of this time is the distance the thermal bar is offshore (Table 19).
No bar existed in 1975, while its greatest development o curred during sampling in
1974 and 1976.

The 3 years considered in detail (1974-1976) encompass the entire range of ther-
mal bar development. Based upon the significance or non-significance of tempera-
ture differences between inshore and offshore water masses, the resolving power of
the cluster analysis to define the water masses was judged to be either "good" or
"bad" (Table 19).'For the sampling design of 1974-1976, the ratio of "good" to
"bad" is 3:0; whereas it is only.l:2 for the design used from 1977 through 19S2. The
uneven distribution of stations in the latter design is believed to be the source of
poorer resolution.
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FIGURE 4. IVarer masses in southeastern Lake Michigan during April 1976.
Masses were defined from cluster analysis of nurraienr concentrations. Dashed line
is the approximate locarion of the observed thermal bar.

The Aprils of 1974 and 1976 had thermal bars, while the Aprilof 1975 had none.
For 1974 and 1976, dissolved silica was a significant factor in defining th» water
masses. During both years, mean dissolved silica concentrations were higher in the
offshore zones (I) than in the inshore zone (II) (Tables 20 and 21). Warmer waters in

.the inshore zone increased phytoplankton utilization of nutrients. Utilization of
dissolved silica by diatoms depressed the inshore dissolved silica concentration
despite the high flux of dissolved silica to the region from streams and rivers.
Diatom concentrations were higher inshore of the thermal bar during 1974 and 1976
(Bowers et al. 1986). For 1976, total phosphorus was a major factor for defining the
water masses. It was considerably higher in the inshore water mass (II) than in the .---
offshore one (I) (Table 21). Its high level inshore is attributable to stream and river
inputs.

For April 1974, a third water mass (III)was identified (Fig. 3). A high orthophos-
phate concentration distinguished this water mass. consisting of one station, from
the other two (Table 20). Though its orthophosphate concentration was similar to
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that of the St. Joseph River (19 Itg P/L), its dissolved silica concentration was
depressed to an undetectable level postulated to be caused by intense diatom utiliza-
tion in a very phosphorus-rich region. This occurred despite high concentrations of
dissolved silica (4.35 mg Sio.) being supplied to the region by the St. Joseph River.

TABLE19. Distance the thermal bar was offshorein southeastern Lake Michigan
during April, 1974-l982. The resolving power ofthe cluster analysis to define water
masses is estimated.

Year

1974
1975
1976
1977
1978
1979
1980
1981
1982

'No thermal bar.

Distance Offshore,
km

Resolution Obtained from
Cluster Analysis

Good

Good'ood

Bad
Good
Bad
Good
Bad
Bad

TABLE 20. Statistics for water masses present in nearshore southeastern Lake
Michigan during Aprill974. Areal distributions of water masses are found in Figure
3.

Vartable
Water Mass I

N~6
Water Mass II Water Mass III

N~ ll , N~l
Dissolved Silica (mg SiO:/L)

Minimum
Maximum
htean
Standard Deviation

1.0
I.I
1.1

0.041

0.0
0.30
0.14
0.13

0.0
0.0
0.0

Orthophosphate gg P/L)
hfinimum
Maximum
htean
Standard Deviation

0.10
1.60
0.92
0.58

0.0
1.1

0.58
0 42

18.
18.
18.

Temperature ('C)
htinimum
Maximum

'ean
. Standard Deviation

3.0
3.7
3.3
0.28

4.8
7.8
6.

6.8
6.8
6.8
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TABLE 2/. Statistics for water masses present in nearshore southeastern Lake
Michigan during April /976. Areal distributions of water tnasses are found in Figure

. 4.

Variable

Dissolved Silica (mg SiO../L)
Minimum
Maximum
Mean
Standard Deviation

Total Phosphorus (pg P/L)
Minimum
Maximum
Mean
Standard Deviation

Temperature ('C)
Minimum
Maximum
Mean
Standard Deviation

Water Mass 1

N= ll

0.82
1.5

0.19

3.5
7.9 16.0

6.6
1.2

3.2
6.5
4.5

Water Mass 11

N=6

0.59
0.95
0.78
0.13

7.9

14.0
1.8

6.0
7.6
7.0
0.56

WATER MASSES DERIVED FROM STREAMS AND RIVERS

April 1975 was a very unique sampling situation. It was the only year during
which sampling preceded formation of the thermal bar. Even though the thermal bar
was absent, two distinct water masses existed (Fig. 5). The variable which defined
the two water masses was total phosphorus. It was higher in the inshore water mass
(II) than in the offshore one (I) (Table 22). Depressed dissolved silica concentrations
in the inshore water mass (II)had not yet developed due to lack of increased diatom
productivity at the low water temperatures recorded for the inshore zone.

In July 1975, four water masses with their borders having a north-south orienta-
tion were found (Fig. 6). This occurrence is one of the best examples of the influence
of the St. Joseph River on this nearshore region. The parameter responsible for
defining the four water masses again was total phosphorus. It progressively
decreased from its highest concentration in the water mass nearest the St. Joseph
River (IV) to its lowest concentration in the one to the southwest (Ill) (Table 23).
Inputs of total phosphorus-rich river water were transported by currents toward the
southwest. Varying degrees of intermixing with nearshore lake water produced the
observed water masses with their, total phosphorus gradient.

WATER MASSES DERIVED FROM THE OCCURRENCE
OF AN UPWELLING

For the years of appropriate sampling design (1974-1976), upwelling occurred
only in 1976 during the time of sampling. Two water masses were identified (Fig. 7).
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FIGURE 5. H'ater masses in southeastern Lake Michigan during April 1975.
Masses were defined from cluster analysis of nutraient concentrations.

The offshore water mass (I) and the upwelled water mass (11) differed from one
another in dissolved silica, total phosphorus. and nitrate concentrations. The
slightly cooler upwelled mixture of hypolimnion and epilimnion waters (II) had
higher total phosphorus and dissolved silica concentrations and a lower nitrate
concentration (Table 24). The mean water temperatures were significantly different
and differed by 2.0 C'. This upwelling transported waters enriched with total phos-
phorus and dissolved silica to the photic zone where they could be utilized by
phytoplankton.

Thus distinct water masses occur in the nearshore region of southeastern Lake
Michigan. They are derived from the presence of the thermal bar, upwelling events,
and stream and'river inputs to the region. Differences in the nutrient chemistry of
the water masses are expected to create spatial differences in phytoplankton assem-
blages (Bowers et al. 1986).
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TABLE 22. Statistics for water masses present in nearshore southeastern Lake
Michigan during April II)75. Areal distributions of water masses are found in
Figure 5.

Variable

Total Phosphorus (t g P/L)
Minimum
Maximum
Mean
Standard Deviation

Water Mass I
N~12

8.7
16.0
13.0
2.2

Water hlass II
N~6

21.
24.0

22.0
1.3

Temperature ('C)
Minimum
Maximum
Mean
Standard Deviation

1.9
2.7

P o7

3.0
4.8
3.7
0.66

TABLE 23. Statistics for water masses present in nearshore southeastern Lake
Michigan during July l5'75. Areal distributions of water masses are found in
Figure 6. Some stations did not cluster with any of the water masses ((8, 21, 152).

Variable
Water Mass I Water Mass ll Water Mass 111 Water Mass IV .

N~4 N~5 N~3

Dissolved Silica (mg SiO,/L)
Minimum 0.0
Maximum 0.17
hlean 0.034
Standard Deviation 0.076

0.0
0.29
0.12
0.12

0.0
0.040
0.020
0.028

0.0
0.10
0.067
0.058

Orthophosphate gg P/L}
Minimum
Maximum
Mean
Standard Deviation

0.38
1.5
I.Q
0.43

0.86
1.8

0.37

0.38
1.2
0.76
p 54

1.2
2.0
1.4
0.50

Total Phosphorus gg P/L)
Minimum
Maximum
Mean
Standard Deviation

2.1
3.3
2.'7

0.46

4.1
5.5
4.7
0.56

0.87
0.87
0.87
0.0

0.0
7.4
7.2
Q.38

Temperature ('C)
Minimum
hlaximum
hlean
Standard Deviation

21.2
23.0

0.82

20.8
23.0
21.7

I. I

21.2
21.3
21.2

0.071

21.0
22.5
21.8
0.75
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FIGURE 6. >Vater masses in southeastern Lake Michigan during July 1975.
Masses were defined from cluster analysis of nutraient concentrations.

NUTRIENT AND ANION VARIATIONSBETWEEN 1974 and 1982

Just as water masses can create spatial differences in phytoplankton
assemblanges, month-to-month and year-to-year changes in nutrient chemistry can
cause longer-term changes itr the assemblages. To describe the changes in both
nutrients and anions that have occurred in southeastern nearshore Lake Michigan
between 1974 and 1982, regression and higher order polynomial fits were calculated.

GENERAL OBSERVATIONS

jVutrients

The data used represented 27 different periods of observation (Table 25) for
nutrient and anion concentrations in southeastern Lake Michigan. Observations
spanned the months April-October for the years 1974-1982. Median dissolved silica
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FIGURE 7. Water masses in southeastern Lal'e Michigan during July I976.
Masses were defined from cluster analysis of nutrient concentrations.

concentrations varied from undetectable in July 1975 to 1.6 mg SiO./L in April
1979. Based on the work of Parker et al. (1977) and Tilman et al. (1982), dissolved
silica was limiting (<0.5 mg SiO../L) to some diatom species during April-Septem-
ber 1974, July and October 1975, July 1976, April-October 1977, July 1980, and
July 1981. During July 1978, a very strong upwelling of dissolved silica-rich hypo-
limnetic water occurred. Surface water temperatures as low as 7.7'C were observed.
The relatively high dissolved silica concentrations in July 1979 are unexplained.

Of the remaining nutriems, total phosphorus appears not to have been limiting to
diatoms or green algae during the periods of observation. Median total phosphorus
concentrations ranged from 2 pg P/L in July 1977 to 19 kg P/L in April 1979.
Median nitriteworrected nitrate concentrations varied from 160 pg N/L in April
1978 to 450 ttg N/L in April 1980. Median orthophosphate concentrations ranged
from 0.41 ttg P/L in July 1981 to 2.8 ttg/L in April 1978.
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Anions

Anion concentrations varied considerably between 1974 and 1982. Anal)xical
problems necessitated discarding the June 1974 and October 1977 chloride data and
the April 1979 sulfate data (Table 26) ~ The July and October 1978 sulfate data may
be biased high. Median chloride concentrations ranged from 9.1 mg Cl/L in July
1975 to 17.0 mg CI/L in April 1982. Median sulfate concentrations ranged from 14.0
mg SO,/L in October 1977 to 30.0 mg SO,/L in October 1978. In general, nutrients
and anion concentrations were relatively high during April of each year. This is
postulated to result from snowmelt and spring runoff.

TABLE 24.. Statistics for water masses present in nearshore southeastern Lake
Michigan during July l976. Areal distributions of water masses are found in Figure
7.

Variable

Dissolved Silica (mg SIO../L)
Minimum
Maximum
humean

Standard Deviation

Orthophosphate gg P/L)
hlinimum
Maximum
Mean
Standard Deviation

Total Phosphorus Qg P/L)
Minimum
Maximum
Mean
Standard Deviation

Temperature ('C)
hkinimum
Maximum
Mean
Standard Deviation

Nitrate (pg N/L)
hfinimum
hiaximum
Mean
Standard Deviation

Nitrite (pg N/L)
minimum
Maximum
Mean
Standard Deviation

Water Mass I
N~15

0.16
0.49
0.30

0.094 0.0

1.3
3.0
1.9
0.45

4.1
9.7
7.1
1.8

18.5
20.8
19.6
0.67

200.
260.
910

17.

0.0
6.8
0.97

Water Mass II
N~3

0.61
0.61
0.61

1.8
5 9
2.4
0.78

11.
13.
11

0.99

16.8
18.5
17.6
12

7I ~

77.
77.
.42

0.65
6.5
3.6



T/I III.E 2$ . Nutrient concentrations in the nearshore ((38 m water deptltI of southeastern l.ake A1ichigan during selected
months, l974-I982. The number ofobservations varied between from l4 to l8for l974-I976 anti frotn 2$ to 30 for l977-I982.

Dissolved Silica (mg SIO)/L) Nitrate (mg N/1.) Orthophnsphate (pg P/I.) Total I'hosphorns (pg, P/L)
Date Mean Std. I)cv. Median Mean Std. Dcv. Median hlcan Std. Dcv. I lcdian hlcan Std. Dcv. hledian

Q

O

C

4/74 0.47
5/74,, 0.26
6/74 0.29
7/74 0.11

8/74 0.28
'9/74 0.34
4/75 0.64
7/75 0.056

10/75 0.43
4/76 I n
7/7f) 0.35
4/77 0.44
7/77 0.19

10/77 0.47
4/78 I. I

'7/78 0 84
II)/78 0.82=
4/79 1.6
7/79 .. 0.76

lo/79 0,76
4/80 1.2
7/80 0.24

In/80 0.79
4/8 I I. I
/IR I 0.38

10/81 1.2
4/82 0.56

't)pwctting eve))t.

0.47
0.22
0.16
0.1 I

0.21
0.12
0.17
0.085
0.21
0.26
0.14
n.l9
O.II
0.14
0.26
0.28

- 0.14
0.47
0.14
0.15
0.14
0.096
0.28
O.IS
o.ln
0.2()
0.25

0.30
0.15
0.29
O. I I
0.30
0.34
0.62
0.0
0.46
I.n
0.32 0.21
0.41 0.33
0.21 0.22
0.49 0.31
I. I 0.14
0.90 0.22
0.86 0.024
1.6 0.31
0.74 O. I S

0.78 0.17
1.2 0.45
0.!9 . 0.24
0.70 0.22
1.0 0.34
0.34 0.23
1.2 0.20
0.52 0.32

0.040
0.067
0.18
O.l I

0.072
0.064
0.0079
0.12
0.064
0.026
0.072

'.047

0.033 .

0.062
0.029
0.028
0.077

0.22
0.30
0.17
0.31
0.16
0.21

.25
0.36
0.18
0.17
0.45
0.25
0.22
0.35
0.23 '.~.
0.19
0.32

1.7 4.2 0.85
0.73 I.o 0.42
I.n 1.8 0.50
1.3 2 5 0.45
O.t 5. n.so 0.45
1.7 0.86 1.4
I. I 1.0 0.71
1.3 0.60, I. I
0.6S 0.29 0.67
I.R 1.2 I.S
2.0 0.48 1.9
1.2 0.60 0.94
I 4 0.26 1.3
1.7 0.82 I.S
3.0 0.89 2.8
n.gs 0.60 n.71
1.4 0.56 1.6
I.I 0 6(l 0 95
1.8 1.4 1.5
0.56 0.39 0.47
2.2 2.8 1.3
0.84 0.76 0.65
n.96 "=.;0.76:." n.62,
I.o 0.52 0.96
0.47 0.40 '

0.41 ~

0.52
"" 0.28" . ~ '.47.

0.98 0)46 0.95-

22.
4.1

In.
7.5
3.6

16.
4.6
7.6
9.8
7.9
9 3

3.0
5.4

I I.
9.5

10.

19.
8.5

77,
I l.
27.
8.7'.5
8.4
5.6

13...

33.
2.2
5.8

10.
2.7
4.7
7 6
4.3
4.5
2 9
3.6
3.2
2.1
6.7
3.5
S. I
6.8
7.8

30.
4.7

29.
I I.
3.2
4,4

6.8

7.5
5.0

I I).
3.1
3.8

14.
4.2

7.4
7.3
9.7
2.0
5.3

Io.
9 3
9.8

19.
6.6

8 I.
12.
16.
6.2
8.3

7.6
5.4

I I.
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NUTRIENT AND ANION VARIATIONSWTH TIME

Polynomial Regression

Nutrients

For the determination of nutrient trends for 1974-1982, polynomial regression of
nutrient concentration against time of observation v as used. Any resulting regres-
sion lines or polynomial fits to the data having a level of significance less than 0.05
were accepted as being statistically significant. Significant first- (regression) and
second-order fits to the data were found for total phosphorus (Fig. 8). Its concentra-
tion gently increased between 1974 and 1980, peaked in 1980-1981, and decreased
from 1981 to 1982. Significant first- and fourth-order fits to the orthophosphate
data were found (Fig. 9). Its concentration increased betwen 1974 and 1977, peaked
in late 1977, decreased into 1981, and increased slightly in spring 1982. For dissolved
silica, significant first- and third-order polynomial fits to the data were found (Fig.

7ABLE 26. Anion concentrations in the nearshore waters of southeastern Lake
Michigan during selected months, 1974-1982. The number of observations varied
from 17 to 18 for 1974-1976 and from 29-30 for 1977-1982.

Date

Chloride (mg CI/L)
Mean Std. Dev. Median

Sulfate (mg SO,/L)
Mean Std. Dev. Median

4/74
5/74
6/74
7/74
8/74
9/74
4/75
7/75

10/75
4/76
7/76
4/77
7/77

10/77
4/78
7/78

]0/78
4/79
7/79

]0/79
4/80
7/80

10/80
4/81
7/8]

10/81
4/81

11.
12.

12.
]4.
12.
I I.
9.1

11.
12.
12.
13.
13.

12.
9.3
9.3

12.
11.
9.8

13.'2.

I I.
I I.
15.-
]4,
17.

1.1
0.62

0.61
].I
0.87
1.3
0.73
0.58
].3
].0

0.33

].I
0.24
0.32
1 1

0,57
0.79

1 4
3.4
0.82
],4
0.97
1.7

11.
12.

14.
12.
11.

, 9.1
1].

13.
13.

12.
9.3
9 1

12.
I l.
9.7

13.
]2.
10.
11.
15.
14,
]7.

22.
19.
18.
IS.
18.
17.
10
2].
18.
20.
18.
19.
]9.
14.
21.
25.
30.

21.
20.
22.
19.
19.
22
19.
19.

4.8
].I
0.93
0.78
1.3
0.66
2.5
3.4
0.85
2.5
0.90
1.3
0.99
5.1
1.6
0.49
0.73

0.66
2.1
2.8
2.3
3.7
2.8
1.4
0.90
2.1

20.
18.
19.
IS.
17.
17.
]9.
20.
I S.

18.
19.
19.
14.

20.
25.
30.

21.
20.
22
18.
20.
22
19.
20.
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FIGURE 8. Time variation of total phosphorus (F) in southeastern Lake Michi-
gan. The solid lineis the regression ftt to the data, and the dashed lineis thesecond-
order polynomial fit to the data. The symbols (') are individual data points.
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FIGURE IO. Time variation of dissolved silica in southeastern Lake Michigan.
The solid line is the regression fit to the data points, and the dashed line is the third-
order polynomial fit to the data. The symbols ('I are individual data points.

10). Dissolved silica concentrations increased between 1974 and 1980 and decreased
slightly between 1980 and spring 1982. Significant first- and fourth-order polyno-
mial fits to the nitrate data were found (Fig. 11). Its concentration decreased
between 1976 and 1979, increased between 1979 and 1982, and decreased in spring
1982.

Anions

For sulfate, significant first- and fourth-order polynomial fits to the data were
found (Fig,. 12). Sulfate concentration decreased between 1974 and 1975, increased
between 1976 and 1979, decreased between 1979 and 1982, and increased in spring
1982. Significant first- and fourth-order polynomial fits to the chloride data were
found (Fig. 13). Chloride decreased slightly between 1974 and 1980 and increased
dramatically between 1980 and spring 1982. For both nutrients and anions, higher-
order polynomial fits to the data are representative of the year-to-year variation that
can be expected in a dynamic nearshore zone.
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F/GURE ll. Time variation of nitrate (N) in southeastern Lake Michigan. The
solid line is the regression fit to the data, and the dashed line is the founh-order
polynomial fit to the data. The symbols (') are individual data points.

Temporal Trends of Nutrients and Anions, 1974-Spring 1982

P/utrients

Because significant first-order polynomial fits were found for each of the parame-
ters, the slope of the regression line represents the time-rate of change. For the
period of observation (1974-1982), total phosphorus increased at a rate of 0.00029
mg P/L/yr (Table 27). Though total phosphorus concentration exhibited a signifi-
cant" linear trend, it appears that its peak concentration occurred in late 1979 and
early 1980. For the same period, orthophosphate decreased at the rate of 0.000019
mg P/L/yr. At 0.00023 mg P/L/yr, the orthophosphate concentration rate of
decrease between 1979 and 1981 was even more rapid. Orthophosphate has
decreased since the State of Michigan ban on phosphorus in detergents was put into
effect in October 1977. For the period of observation, dissolved silica concentra-
tions increased at a rate of 0.074 mg SiO./L/yr. This is a reversal of the trend given
by others for 1948-1962 (Table 27). Nitrate concentration increased at a rate of
0.012 mg N/L/yr. Powers and Ayers (1967) obtained mixed results for different sites
on Lake Michigan. Their results ranged from a rate of increase of 0.0019 mg N/L/yr
to a rate of decrease of 0.0083 mg N/L/yr.

Anions

From 1974 to 1982, sulfate concentrations increased at a rate of 0.31 mg So,/L/yr
(Table 27). This compares favorably with the rates presented by or derived from the
data of Ackermann et al. (1970) for 1926 to 1969, Beeton (1965) for 1877 to 1961,
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FIGURE I2. Time variation ofsulfate in southeastern Lake Michigan. The solid
line is the regression fit to the data, and the dashed line is the fourth-order polyno-
mial fit to the data. The syntbols (') are individual data points.

and Powers and Ayers (1967) for 1948 to 1962. The rate of change appears to be
increasing. Between 1974 and 1982, chloride concentration increased at the rate of
0.22 mg Cl/L/yrwhich is higher than rates given by or derived from Ackermann et
al. (1970) for 1861 to 1969, Beeton (1965) for 1877 to 1961, and Powers and Ayers
(1967) for 1948 to 1962. Powers and Ayers (1967) stated that the rate of increase of
chloride concentration was increasing.

Ih<PLICATIONS OF CHANGES

Changes and fluctuation in nutrient chemistry may trigger changes in the phyto-
plankton community structure. For 1976-spring 1982, nitrate concentration
increased. For 1974-spring 1982, orthophosphate concentrations decreased and
chloride, sulfate, nitrate,'dissolved silica, and total phosphorus concentrations
increased. Increasing dissolved silica concentrations are attributed to decreased utili-*" zation by diatoms as a result of decreased orthophosphate concentrations. The
apparent increase in nitrate concentrations will provide additional-nutrients for
greeen and blue-green algae'growth if, phosphorus concentrations increase concur-
rently.
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FIGURE )3. Time variation ofchloride in southeasrern Lake Michigan. The solid
line is the regression fit to the data, and the dashed line is the fourth-order polyno-
mial ft't to the data. The svmbols l') are individual data points.

TABLE27. Nutrient and anion trends in Lake Michigan svaters.

Variable

Chloride
Chloride
Chloride
Chloride
Sulfate
Sulfate
Sulfate
Sulfate
Nitrate.N
Nitrate-N
Nitrate.N
Dissolved SiO,
Dissolved SiO.
Total Phosphorus
Orthophosphate-P
Orthophosphate-P

'Ae};erman et al. (}970}.
Beeton (}965}.
Pov ers and Ayers (l967}.

'This study.

Years Used
For Calculation

1861-1969
1877-1961
1948-1962
1974-1982
1877-1961
1926-1969
1948-1962
1974-1982
1926-1962
1939-1962
1974-1982
1948-1962
1974-1982
1974-1982
1974-1982
1979«1981

Rate of Change
(mg/L/yr}

+.058
+.048
+.12 to +.16
+,»51

+.14
+.26
+.19 to +.74
+.31
+.0019
-.0083
~.012
-.064 to -.34
+ .074
+.00029
-.000019
-.00023

Source of
Information

(see footnotes)
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EQUILIBRIUMCONSIDERATlONS

The availability of metals and anions to biota and for chemical reaction with one
another is dependent upon each metal and anion concentration, complexation, and
competition between metals for various anions. The availability of a metal or anion
is dependent upon what fraction remains as a free ion and the kinetics of chemical
equilibrium and complexation. Free-ion activities for nearshore southeastern Lake
Michigan epilimnion waters were given by Rossmann (1980). Because of the unavail-
ability of thermodynamic data for organic complexes, few data on organic ligand
concentrations, and the lack of enthalpy data, only inorganic complexation was
considered for July 1974 when the mean temperature was 25'C.

COMPLEXING

For southeastern Lak» Michigan, Rossmann (1980) calculated the fraction of «ach
metal complexed by carbonate, bicarbonate, sulfate, chloride', hydroxide, hydrogen
phosphate, and dihydrogen phosphate. Metals for which complexation exceeded

5'f

their free ion activities included divalent cobalt (391o), copper (68+o), manganese
(11<io), nickel (30%o), zinc (8oio), and trivalent iron (53~io). The major complexes of
cobalt and nickel were with carbonate, those with copper were hydroxide, those with
iron were sulfate, and those with manganese and zinc werc bicarbonate.

POSTULATED OCCURRENCE OF AUTHIGENICMINERALS AND
COMPOUNDS

Rossmann (1980) calculated solubility products for various minerals and com-
pounds found or postulated to be found in Great Lakes sediments. He found the
waters of nearshore southeastern Lake Michigan to be supersaturated with respect
to dolomite, malachite, hydroxylapatite, fluorapatite, hydroxoapatit», amorphous
Fe(OHO„and goethite. The removal of other divalent and trivalent metals to th
se iments would have to occur by way of coprecipitation or adsorption onto thed'
surfaces of the minerals and compounds found to be precipitating.

SUMMARY

The observed variation in chemistry of the nearshore waters of southeastern Lake
Michigan is complex and derived from a variety of sources. Observed areal varia-
tions in chemistry are controlled by the way in which stream and river inputs are
incorporated within the nearshore water mass. The mixing of these inputs with
nearshore v:aters gives rise to v ater masses which trace their origin to stream inputs.
Other water masses are derived from the occurrence of the thermal bar in spring and
upv elling of hypolimetic water. during summer. Each water mass is chemically dif-

. ferem, from others, especially- ~ith respect to nutrients and temperature. These
differences. must be considered in any interpretation of nearshore ph>zoplankton

„distributions within any one sampling period or in month-to-month and year-to-year
changes in phytoplankton assemblages.
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IMPACT OF THE DONALD C. COOK NUCLEAR PLANT
ON PHYTOPLANKTON

Ronald Rossmann, IVilliamY. B. Chang, James Bowers, Laurie Feldt,
and James Barres

INTRODUCTION

PHYTOPLANKTONOF SOUTHEASTERN LAKE MICHIGAN

Historically, diatoms have dominated the Lake Michigan phytoplankton. Early
studies (Ehrenberg 1854-1856, Briggs 1872, Thomas and Chase 1887, Ahlstrom
1936) reported that samples from the entire lake were domiriated by diatoms at all
seasons. Damann (1945) and Daily (1938) tabulated phytoplankton collections of
the Chicago, Milwaukee, and Michigan City water works as well as the collection in
Evanston, Illinois, which described the classic bimodal successional pattern found in
temperate lakes.

Griffith (1955) also studied the nearshore area at Evanston, Illinois, and discov-
ered higher total cells/mL than did either Daily or Damann. Until then, diatoms
were dominant for all seasons, but Griffith (1955) found large numbers of Anocys-
ris, indicating that blue-green algae. were dominant. Diatoms were the next highest in
number. Twenty-five diatom genera were identified throughout the year, with a
slight decrease in number during summer months.

Several studies have been published on southern Lake IIichigan since 1960 (see
Tarapchak and Stoermer 1976). In 1963, at stations extending from Chicago to near
Milwaukee, at all stations and all months diatoms constituted nearly one-half of the
phytoplankton population that was dominant (Stoermer and Kopczynska 1967) ~

Stephanodiscus hanrwchii was dominant at inshore stations. Stoermer (1974) col-
lected samples in southern Lake Michigan on two east-west transects and one north-
south transect, sampling in both inshore and offshore water. Diatoms were domi-
nant in the spring and early summer, but ivere replaced by the green and blue-green
algae Anacysris spp. and Anabaena flos-aquae as silica concentrations reached lim-
iting levels in late summer. Some diatom growth occurred in the fall, but blue-green
remained dominant, indicative of the cultural eutrophication of the offshore water
in the southern basin.

Limnological studies by Ayers and Feldt (1983) at the Donald C. Cook Nuclear
Plant near Benton Harbor, Michigan, resulted in severa! publications on the ph>ao-
plankton in that vicinity. Diatoms represented about one half of the flora, with
greens, blue-greens, chrysophycean flagellates, cryptomonads, and desmids making
up the remainder. The diatoms have declined over the last 12 years. Blue-green algae
increased from spring to fall; green algae increased in late summer; and flagellates
were present for all seasons.but have been increasing in numbers for the past several
years (Ayers and Feldt 1983).

Stoermer and Yang (1970) categorized the trophic status of Lake ~Iichigan using

87



GLRD Publ. No. 22/Cook Nuclear Sans Serif (3-6)

88 D. C. COOK NUCLEAR PLANT IMPACT

diatom species. The entire lake is oligotrophic, with nearshore areas being meso-
trophic to eutrophic. Southeastern Lake Michigan is oligotrophic offshore with a
mesotrophic nearshore area which becomes eutrophic near Gary, Indiana. The vari-
ous trophic levels and phytoplankton species associated with each are discussed in
Holland (1968, 1969), Stoermer and Yang (1969, 1970), Holland and Beeton (1972),
Tarapchak and Stoermer (1976), and Rockwell et al. (1980).

The Donald C. Cook Nuclear Plant is located near the St. Joseph River. Data
show that the river adds large quantities of nutrients to the lake near the power plant
(Van Landingham 1976, Schelske et al. 1980). Riverine phytoplankton species for
this area are Amphora ovalis, Amphora sp., Cyclorella meneghiniana, Melosira
granulara, M. granulara var. angusrissima Navicula capitura, M cosrulara, N decus-
sis, N gasrrum, Navicula spp., Nirwchia acicularis, ¹irwchia sp., and Synedra ulna
(Ayers et al. 1972, Schelske et al. 1980). Other riverine species found that can survive
in this nearshore region are Cyclorella aromus, C. cryprica, C. meneghiana var.
plana, C. pseudosrelligera, Fragilaria capucina, Stephanodiscus subrilis, S. renuis,
and Skeleronema potamus. These species are able to survive nearshore in nutrient-
rich water where the temperature is 6 to 10C'armer than offshore water.

Stoermer and Ladewski (1976) have reported the optimal temperatures for some
of the common ph>zopiankton in southern Lake WIichigan. They conclude that this
region of the lake is in a transition state, going from an oligotrophic to a disturbed,
mesotrophic habitat.

Stoermer and Tuchman (1979) reported on phytoplankton along the southern
shoreline of Lake Michigan in 1977. The species found are indicative of eutrophic
and moderately disturbed areas (Stoermer and Yang 1969). Large abundances of
Nirwchia spp. were found, an indication of poor water quality conditions.

Rockwell et al. (1980) reported in their survey of 1976-1977 that the phytoflagel-
lates were the most abundant component of the phytoplankton. Phytoplankton
populations were highest nearshore and decreased toward the open lake. Diatoms
were abundant through June and decreased with stratification, while blue-greens
increased during mid-summer.

The Great Lakes have undergone long-term changes as a result of a cultural
eutrophication, including more industry, agricultural run-off, sewage effluent, and
demand for fish. Phosphorus is the primary limiting nutrient. An increase in phos-
phorus loading has caused an increase in ph)xoplankton production, followed by
reduced diatom production caused by silica limitation (Schelske and Stoermer 1971,
1972; Schelske et al. 1983; Stoermer 1978). Schelske et al. (1983) have shown that
biogenic silica storage increased tenfold from 1940 to 1970 when phosphorus load-
ing from detergents was increasing. After 1970, lack of silica limited diatom produc-
tion.

Phytoplankton populations exhibit a temporal seasonal succession which can vary
with nutrient and thermal conditions. The basic successional pattern is a low abun-
dance in winter followed by a spring diatom bloom; non-diatom species, flagellates,
and green and blue-green algae dominate in the summer, and a small diatom bloom
follows in the fall (Molland Stoermer 1982). Thermal bars develop in the spring and
impact phytoplankton succession for the remainder of the year (Mortimer 1974;
Rodgers 1965; Holland 1968, 1969). Thermal bars differentiate the warmer near-
shore waters from colder offshore waters (Stoermer et al. 1971).

As stated earlier, Cyclore/la spp. are dominant in oligotrophic communities.
Many of these species are now less abundant or rare in the phytoplankton of
southern Lake Michigan (Stoermer 1978). Cyclotella michiganiana, once an abun-

L
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dant species, has been replaced with Cyclo(ella comensis. Ayers and Wiley (1979)
reported that the first occurrence of C. comensis at the Cook plant was in October
1975; it has since become a dominant in the fall months. Blue-greens and greens
have always been present in the lake but in minimal numbers. Now, they frequently
become abundant in the summer months as the water temperature increases. The
microflagellates were reported (Ayers and Wiley 1979) to be more abundant in
southern Lake Michigan than they were a few years ago. They are poorly preserved
in samples and also have received poor taxonomic treatment, so it is possible they
were previously abundant.

In summary, southern Lake Michigan is in a transition stage between pronounced
seasonal successions with low assemblage densities in the suminer, and pronounced
seasonal successions with a transient population maxima during the summer (Stoer-
mer 1978).

IMPACT OF POWER PLANTS ON PHYTOPLANKTON
4

Electric power plants using once-through cooling for their condensers require
large quantities of water to dissipate large amounts of heat. In some instances, the
water utilized is chlorinated to prevent the growth of organisms on condenser walls
which would decrease the cooling efficiency of the condensers. Passage of water
from an ocean, lake, or stream through the condenser system of a plant has the
potential to destroy or shock the entrained biota. Within the body of water receiving
discharges from the plant, biota can be shocked or destroyed or their community
structure can be altered. The impact on phytoplankton productivity ranges from
stimulation to cessation. The impact is produced by mechanical pumping, heating,
and chlorination of the circulating water.

Studies of the impact of power plants on phytoplankton have utilized a number of
methods for quantifying the impact. The method selected is critical to the ability to
detect an impact. Methods utilized have included measurement of chlorophylls,
assessment of phytoplankton assemblage structure, and measurement of primary
productivity.

It is well established that temperature plays an important role in determining
phytoplankton species diversity and abundance (Patrick 1969). A healthy stream
containing a mixed algal population was sampled by Cairns (1956); the phyto-
plankton culture obtained was subjected to gradually increased and then gradually
decreased temperature. At 20'C, diatoms were predominant. As the temperature
increased to 30-35'C green algae became dominant, and blue-green algae became
dominant at 35-40'C. Diatom species once again were dominant 3 weeks after the
temperature was reduced to 22'C, indicating that not all individuals of a species
were killed at unfavorable temperatures, and that they could not successfully com-
pete with better adapted species at the higher temperatures.

Patrick's (11969) review of temperature effects on freshwater algae concluded that
a species willtend to experience increased growth and photosynthesis ifit is provided
with sufficient light and an optimal temperature range. As the temperature is artifi-

' cally increased to the tolerance limits for a species, cell division, photosynthesis, and
formation of reproductive cells may be repressed. Diatoms have relatively low tem-

., 'erature tolerances (30'C or less).'Green algae are tolerant of higher temperatures,
and blue-green algae are tolerant of even higher temperatures. Patrick (1971)
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suggested that species go into resting phases under unfavorable temperature
conditions.

Estimation of phytoplankton population changes that result from temperature
increases due to thermal discharges or condenser passage are complicated by many
factors. In the natural realm, phytoplankton undergo seasonal species succession,
diurnal fluctuation of photosynthesis, local nutrient enrichment or limitation, and
patchiness of population distribution in the water mass.

Gurtz and Weiss (1972), in their studies at the Allen steam-electric generating
plant, Lake Wylie, North Carolina, sought to learn what effect short-term thermal
stress had on a discrete phytoplankton population. Three condensers were regulated
so that the water underwent 5.6, 11.1, and 16.7C'ises in temperature during
condenser passage. Samples were simultaneously collected prior to and just after
passing through each condenser and allowed to cool at a controlled rate for up to 26
hours over which time aliquots were removed for primary productivity measure-
ments. This experiment was carried out on six different dates between July 1971 and
June 1972 to include seasonal effects. These same water samples were spiked with
nutrients following the controlled cooling period and were assayed for chlorophyll a
and total carbon as indicators of algal recovery and growth following thermal
shock. It was found that phytoplankton primary productivity in condenser cooling
water decreased, with this depression related to initial temperature and the degree of
temperature rise. Temperature increases of 5.6 and 11.1C'esulted in relatively
constant inhibitions except above a 28.3'C intake temperature where greater inhibi-
tions occurred. Inhibitions for the 11.1C'ise, however, showed seasonal effects
with greater inhibitions of productivity being recorded for increased intake water
temperature. Phytoplankton growth studies revealed that the samples which had
received the greatest thermal stresses produced the largest final yields. This may
have been due to altered species composition in the waters following condenser
passage. The authors concluded that summertime temperature rise should be limited
to 11.1C'or this plant, but greater increases could probably be tolerated in the
winter.

Species composition changes in attached algae have been shov n to occur due to
thermal effluent from Sundance Power Station, Lake Wabamun, Alberta, Canada
(Hickman and Klarer 1975). In studying the epiphyton on Scirpus validus between
May and October, 1972, it was discovered that the algae went from a diatom-
dominated community in unheated waters near the intake to one in which members
of Chlorophyta (green algae) dominated at the heated site. Segments of Scirpus
validus were collected at the heated and non-heated water sites and the attached
algae were removed from the stems. Samples for primary productivity measure-
ments were incubated 3 hours at the heated and non-heated sites with a "C source.
Mean primary productivities of both groups of samples increased when incubated at
the heated site. Likewise, the mean standing crop as estimated by chlorophyll a
concentration was larger in samples collected at the heated site than at the non-
heated site. This was primarily due to the large spring and summer maxima of two
green algae in the heated waters. The mean photosynthetic index, mg C/h/mg
chlorophyll a, was also calculated for the same four cases. The index for non-heated- —-
samples incubated at the non-heated site was somewhat greater than that of heated
samples incubates at the heated site. The index for non-heated samples incubated at
the heated site was approximately twice that of non-heated samples at the non-
heated site. The index of heated samples incubated at the non-heated site was half
that of heated samples incubated at the heated site. The maximum heated water
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temperature was 28'C. The authors concluded that water temperature in non-heated
areas was probably not optimal for photosynthesis by the algal population and that
the photosynthetic efficiency of the algae in the heated area was decreased by the
continuous flow of heated water.

Studies in 1971 and 1972 at Wabamun Power Station, a plant on Lake Wabamun,
revealed increased standing crops of epipelon (algae free-living on sediments) due to
the thermal effluent (Hickman 1974). This was especially true in the discharge canal
itself. A decrease in the number of diatom species was also discovered in the dis-
charge canal. The thermal effluent had no effect on epipsammon (algae living
among or attached to sand grains). The maximum temperature recorded in the
discharge canal during this study was 31'C, 7C'reater than in the unaffected
portion of the lake (Gallup and Hickman 1975).

From May 1965 to April 1966, Poltoracka (1968) studied the species composition
of net phytoplankton in three interconnected lakes near Konin, Poland. A thermal
power plant drew its cooling water from Lake Patnow and discharged it into Lake
Lichen whose annual temperature ranged from 7.4 to 27.5'C. From Lake Lichen the
water passed into Lake Mikorzyn which exhibited slightly elevated temperatures and
then into Lake Slesin whose yearly temperature, ranging from 0.8 to 20.7'C, did not
reflect an increase due to the discharged heat. Lake Lichen differed from the other
two lakes in that it contained a markedly higher number of species, especially from
the class Chlorophyceae (green algae). It did not exhibit pronounced seasonal fluc-
tuations in total number of algal species as did Lakes Mikorzyn and Slesin. Members
of Chlorophyceae increased in number in the three lakes with respect to increased
temperature while numbers of diatoms decreased.

Productivity studies were undertaken at an electric power generating station on
the Patuxent River Estuary, Chalk Point, Maryland, by Morgan and Stross (1969) in
August 1966 and continued through August 1967. The intake canal is located in a
small bay at Chalk Point; the intake samples were collected from the mouth of the
canal. The discharge canal joins the river approximately 3.2 km upstream; the
discharge samples were collected 0.4 km from the mouth of the discharge canal. The
time required for the water from the intake sampling point to reach the discharge
sampling point was approximately 3 hours, dependent, of course, on the intake rate.
Three single productivity measurements were made of intake and discharge samples
in August and September 1966. For an approximately 8C'ise in temperature,
photosynthesis was stimulated when intake temperature was 16'C or cooler. When
intake temperature was 23'C or warmer, the photosynthesis rate in the discharge
was lowered to 0.06-0.31 of the intake rate. Further experiments were carried out in
October 1966 and March and August 1967 which involved incubating repetitive
intake samples taken at intervals of a few hours at the discharge temperature. At
temperature differentials of 16C'o 24C'n October and 7.6C'o 11.8C'n
March, the mean rates of carbon uptake increased from 16.0 to 41.6 mg C/m'/hr.
Non-averaged repetitive samples showed considerable variation in March and Octo-
ber. Productivities of intake and effluent samples incubated at the effluent tempera-
ture also were compared for these months. A significantly lower rate of photosyn-
thesis occurred for the effluent sample of the March experiment. In August, both
the intake and effluent samples showed large decreases in productivities as com-
pared with intake samples incubated at the intake temperature. The October experi-
ment clearly showed the effects of chlorination when productivities were reduced to
nearly zero at the, times of 'chlorine addition. Chlorophyll o'concentrations were
greatly reduced, suggesting cell destruction.. Recovery'of photosynthetic rate did not
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occur when effluent samples were returned to intake temperatures. The authors
concluded that carbon uptake rates were inhibited at temperatures of 23'C or
greater and an 8C'ise in temperature. At 16'C of lower, an 8C'ise in temperature
stimulated carbon intake. When heat inhibited carbon uptake, condenser passage

increased this inhibition. When heat stimulated the carbon uptake, chlorination and

condenser passage may have negated this stimulation.
Fox and Moyer (1973) examined both the effects of thermal shock resulting from

condenser passage on a phgoplankton population and changes experiences by the

population as it gradually cooled in the discharge canal at the Crystal River plant-
site, Florida. Two canals were dug for the cooling system at the plant, located on the
Gulf of Mexico. The south canal serves as the intake and the north canal as the
discharge. Of the sampling points chosen in the study, station I was located at the
center of the intake canal. Station 2 was located in the center of the discharge canal
at a point thought representative of thoroughly-mixed water coming from the two
fossil-fueled units. Stations 3, 4, and 5 were located at 0.8-km intervals farther down
the discharge canal, and station 6 was located in the Gulf, 0.8 km northwest of the

discharge canal. Station 6 represented shallow, estuarine water that received water
from the discharge canal only during ebb tide. Experiments were carried out on 28

April and 4 June 1971. Chlorination did not occur at the plant during the period of
this study. Because Fox and Moyer desired to follow the changes occurring in the
particular ivater mass sampled at the intake, they added uranine dye at station 1 and
measured the time required for it to reach station 2. It took 8 minutes. Two drogues
were placed in the water as the dye reached station 2 and samples were collected at
stations 3, 4, and 5 as the drogues passed them. Water flow rates down the canal
varied with the tides. Water from station 5 did not necessarily pass station 6.
Parameters examined in this study were temperature, dissolved oxygen, total bacte-
rial population, chlorophyll a. primary productivity, total and suspended solids, and
adenosine triphosphate (ATP). Both power generating units were designed to have a

maximum temperature rise across the condensers of 6.1C'. The temperature differ-
entials recorded in three experiments on 28 April between stations 1 and 2 vvere 6.7,
5.0, and 6.0C', respectively. Dissolved oxygen levels were inversely proportional to
temperature though levels were never severely depressed between any of the stations.
Weight of total solids did not correlate with any parameters. Samples for primary
productivity measurements were incubated at the stations where they were collected.
Primary productivities varied with respect to intake water temperature. Productivi-
ties decreased when intake temperature was 27'C or greater and the temperature
differential between stations I and 2 divas 5C'. Productivities continued to decrease
downstream in the canal until the water temperature was lowered to 32'C or less.

Chlorophyll a results seemed to indicate that the amount present was dependent on
the time of day. Values decreased from stations 1 and 2 in the morning experiments
and increased in the afternoon. Bacterial populations increased 45.5 to 550 percent
between stations 1 and 2 following 48-hour incubation or with a greater increase
when the temperature change was lowest, 5 to 5.5C'. Adenosine triphosphate (ATP)
measurements ivere included as an indicator of viability and biomass of the phyto-
plankton population because ATP degrades rapidly following the death of an orga-
nism. The values increased from station 1 to station 2 in all experiments except one
ivhere a slight drop was encountered. In this case, the ATP level, continued to drop
for all stations down the canal. The highest temperature recorded in the experi-
ments, 34.5'C, occurred at station 5 during that run. This study provided evidence
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that phytoplankton were hindered in their ability to photosynthesize but that they
ivere not necessarily being killed by the plant. Generally the organisms made some
recovery ivhile traversing the discharge canal as parameters measured at the end of
the canal were not significantly different from valued obtained at the intake.

Briand (1975) studied the effects of condensor passage at the Alamitos and Hay-
nes generating stations on the San Gabriel River near Long Beach, California, which
generated 3,575 MW, the most powerful generating complex in America at the time
of the study. One sample was collected near the intake pipe at each plant and one in
the middle ot the river 300 m downstream from each discharge pipe, a place consid-
ered representative of thoroughly-mixed discharge waters. Water was sampled when
the tide was receding so that immediate effects of condenser passage could be
examined. It divas calculated that 4 to 9 seconds were required for the water'to
traverse the condensers and that the water spent approximately 10 minutes going
from either intake sampling site through the plant to the discharge station. Chlorine
was added sequentially for all 21 units so that its concentration in the cooling water
ranged from 0.2 to 1.0 mg/L and was considered a constant factor. ~Vater tempera-
tures ranged from 14 to 23'C at the intake stations (less than 0.2C'ariation
between the two intakes at any time). The usual discharge temperature was between
24 and 26'C, but it reached 31'C in August. The average temperature increase
across the condensers was 9.3C'ver the year, with the minimum rise of 6C'n June
and the maximum rise of I IC'n December and January. Results of phytoplankton
counts revealed a reduced species diversity following condenser passage, with
diatoms being reduced in greater proportions than dinoflagellates. Primary produc-
tivity following condenser passage in February and June increased by 2300io while it
divas reduced by 40~io in September. In February and June, growth rates of survivors
in the discharge, as estimated by the production: biomass ratio, increased three-fold,
but it remained the same as intake populations in September. Thus it appears that
the surviving stock ivould be capable of fast recovery during some times of the year.
lt divas suggested that the reason for a poor growth rate in September could be due to
an overly elevated discharge temperature, 31'C. The author reasoned that despite
the fact that phytoplankton seemed to make a rapid recovery in replacement of the
standing stock, the popover plant could be looked upon as a serious disturbance to the
ecosystem because of the selective reduction in numbers of certain species, while the
relative abundance of the others, especially Asrerionella japonica and Gonyaulax
polyhedra, was enhanced. Briand (1975) found a relationship betvveen intake temper-
ature, amount of heating, and phytoplankton mortality. When intake water was
cooler than 15'C, the phytoplankton stocks seemed unaffected by temperature
increases up to 11C'; however, when intake ivater was 16'C, an effect was seen
ivhen temperatures rose S to 9C'. On this basis, Briand (1975) advocated the use of
cold deep-sea ivater for cooling coastal popover stations.

Brook and Baker (1972), ivhile attempting to study productivity in the vicinity of
the Ving Plant, St. Croix River, Minnesota, could find no'correlation between
photosynthesis and respiration rates of phytoplankton and temperatures of the
river, condenser cooling ivater, or discharge canal. When it was discovered that
chlorine divas added in l-hour-long, four-times-daily doses to a subsidiary cooling
system, they then were able to correlate the severe depression of photosynthesis and
respiration ivith the chlorine additions. Their incubation studies revealed a 5 to IOVo

depression of photosynthesis along ivith up to a 50~io stimulation of respiration
iihen discharge samples and the control sample taken from a site upstream of the
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plant were collected during a non-chlorinating period and compared. Photosynthe-
sis was depressed 50 to 90~io and respiration was often reduced to an unmeasurable
rate ivhen the same experiment was carried out during a period of chlorination. A
water sample collected within the plant during chlorination contained 2.700 + 100

ttg/L chlorine. This sample was serially diluted. A plot of concentration versus
percent depression with respect to the control indicated that both respiration and
photosynthesis were reduced to 50'/o of the control at a concentration of 320 ltg/L
chlorine, photosynthesis was reduced to zero at 1,600 pg/L, and respiration was
reduced to zero at 2,700 ttg/L, and respiration divas reduced to zero at 2,700 ttg/L.

Brooks (1976) obtained Lake Michigan water from a Milwaukee filtration plant
prior to any treatment and, following 30 minutes exposure to chlorine concentra-
tions ranging from 0 to 1,400 ttg/L as total residual chlorine, incubated the sample
for 24 hours at a constant temperature approximating that of the lake. The
phaeophytin a/chlorophyll a ratio, as obtained by fluorescence, and net primary
productivity were measured. Initial reduction in photosynthesis of 5 to

18'ccurredat 3 ttg/L chlorine. The effect lasted 6 hours with nearly full recovery after
12 to 24 hours. At 616 pg/L, net productivity returned to only 520ro of the control
value af'ter 24 hours. At 1,218 pg/L, there was no recovery of production after 24
hours. Results of pigment analyses showed similar trends and also indicated that no
significant recovery occurred after 24 hours at any concentration where chlorophyll
divas destroyed through chlorine addition. It was noted that the concentrations of
chlorine needed for 50Wo inhibition of primary productivity varied with season, the
amount being two to three times lower in summer months than in the fall.

Mechanical effects due to turbulence and pumping were studied by Gurtz and
KVeiss (1972) ivho pumped v ater through a cooled, unused condenser at the Allen
Steam Plant in June 1972. The water was pumped at three different rates. They
collected samples prior to and after condenser passage and measured productivities
after a 3-hour incubation at the intake temperature of 24.7'C. Results indicated a
mild stimulation of primary productivity due to condenser passage. Effects encoun-
tered prior to passage due to pumping were also considered. It appeared that stimu-
lation occurred but they did not place much confidence in their sampling system.

Thus studies have shown that phytoplankton may become inhibited or die due to
entrainment and condenser passage. In addition, changes in community structure
have been noted. Various authors have concluded that temperature rises ivhich can
be tolerated range from 8C'o I IC'. The actual delta-T permissible is related to the
intake ivater temperature. The lower the intake water temperature the greater the
tolerable temperature rise. If chlorination is also taking place, the phytoplankton
may be killed outright or undergo varying degrees of inhibition. Communities have
been observed to exhibit a decreased diversity promoted by a shift from a diatom-
dominated community to one dominated by either green algae or blue-green algae in
heated ivaters. Finally, some evidence exists ivhich suggests that the phytoplankton
may be mildly stimulated by mechanical pumping (Gurtz and IVeiss 1972).

At the time of its construction, the Donald C. Cook Nuclear Plant was one of the
largest nuclear power plants in the country (2,200 M~V). Located in southwestern
XIichigan, it utilizes water from nearshore, southeastern Lake tMichigan. Because of
the plant's size and use of large quantities of lake water for once-through condenser
cooling, concern was expressed that thermal discharges from the plant would alter
the phytoplankton assemblage structure and promote large blooms of nuisance
algae.
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STUDY DESIGN

ENTRAINMENTSAMPLING

To assess the impact of the plant on entrained phytoplankton, sites for sample

collection ivere selected in the plant's intake and discharge forebays. Because of the

plant's design, the discharge forebays were always turbulently mixed, and the collec-

tion of representative samples was assured. This was not the case for the intake
forebay. ~Vater flow was uneven and dependent upon the number of circulating
water pumps in operation.

Selection of representative sampling point in the intake forebay was based upon
results of a heterogeneity study conducted during operation of all seven of the
plant's circulating water pumps. In 1975, samples were collected from intake sam-

pling locations I, 3, and 5 in front of traveling screens I, 3, and 5 (Fig. 1) (Rossmann
et al. 1977). At each location, samples were collected in triplicate from depths of 0.5,
5.5, and 8.5 m. Ph>eoplankton were enumerated to the species level, and chloro-
phylls and phaeophytin a was measured for each sample.

The phytoplankton were subdivided into the nine major groups (coccoid blue-

green, filamentous blue-green, coccoid green, filamentous green, flagellates, pen-

nate diatoms, centric diatoms, desmids, other algae) plus total cells for determining
the location of a representative sampling location. Other algae were primarily coc-

coid cells that could not be identified. At the 0.05 level of significance, there were no

significant differences among the three sampling locations for the major groupings
of phytoplankton (Table I). For, the major grouping, there were no significant
differences among the three'ampling depths (Table 2). Groups that were, close to
having significantly different con'centrations among the three depths included fila-
mentous green algae, centric diatoms, and total algae. The factor creating this
situation was an unusually high abundance at the 8.5-m sampling depth. Based upon
the.'vlay 1975 study, sampling location 5 with a sampling depth of 5.5 m was selected

as the representative sampling point (Rossmann et al. 1977).
For the chlorophylls and phaeophytin a, there were no significant differences (a

= 0.05) among the three locations and among the three depths (Tables 3-6). The
low concentrations of each contributed to the lack of significant differences among
the locations and depths.

A second heterogeneit'> study was conducted in September 1978 using only chloro-
phylls and phaeophytin a (Change et al. 1981). By this time, both units of the plant
ivere operational. Sampling locations compared were 2, 5, 10, and 14 (Fig. I).
Significant differences among sampling locations at 5.5-rn depth were found (Tables
7-10). Chlorophyll a was significantly louver at locations 10 and 14 relative to
locations 2 and 5. Phaeophytin a was significantly higher at location 14 than at the
other locations. There ivere significant differences among the three sampling depths
at locations 2, 5, and 10 (Table 11). At locations 2 and 5, chlorophyll a concentra-
tions were significantly louver at 0.6 m relative to 5.5 and 8.5 m. At location 10,

chlorophyll a divas lowest at 5.5 m and highest at 8.5 m. Chlorophyll b was relatively
los at 0.6 m at location 14 and was relatively high at 8.5 m at location 10 (Table 12).

Chlorophyll c at location 10 had no distinct pattern (Table 13). Each depth had a

concentration significantly different- from the other tivo depths. There were no
significant differences among the'three depths at each location for phaeophytin a

(Table 14). Because these results did not negate our previous choice of location 5 at a
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FIGURE I. Sampling locations in the Donald C. Cook iVuclear Plant screen-
house.

depth of 5.5 m as a representative sampling location and because it divas preferable to
continue to sample at the same location throughout the study, location 5 at 5.5 m
continued in use as the representative sampling site.

Throughout the study, samples were collected from sampling location 5 and the
discharge forebays (Fig. l). impact was assessed by comparing chlorophylls a, b,
and c, phaeophytin a, the chlorophyll a/phaeophytin a ratio, and "C productivity
results for the discharges with those for the intake (sampling location 5). Samples
were collected in replicate (3-5) from the intake and discharges before morning
t)vilight, at noon, and after evening twilight once per month to assess impact during
periods of differing phpoplankton photosynthetic rates. During one of the sam-
pling periods, an additional set of replicates was collected and incubated at the
intake temperature. Incubation times varied between 24 and 48 hours. These sam-
ples were analyzed to determine if there was any delayed degradation of the chloro-
phylls. During the noon collection period, phytoplankton were collected for enu-
meration to the species level.
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NEARSHORE SAMPLING .

To detect any impact of the plant on the phytoplankton assemblages of nearshore
southeastern Lake Michigan, the region was divided into a potentially-impacted
inner region and a control outer region (Ayers 1978). The impacted region was
described as a semi-circle centered on the plant's discharges and having a 3.2-km
radius. The inner and outer regions were further divided into zones on the basis of
water depth; Zone 0 was 0 to 8 m depth, Zone I svas 8 to l6 m depth, and Zone 2 was
16 to 24 m depth (Fig. 2). Thus, for every zone, there was a potentially-

TABLE l. Hori:ontal homogeneity ofsamples collected from the inta!'e forebay
during,t1ay 1975 (three replicates for each location). See Figure l for sampling
locations.

) (ajar Group

One.way Analysis of Variance
Loca- Mean Std. Deviation
tion (cells/mL) (cells/mL) F.statistic Si8nificance

Coccoid Blue Green

Filamemous Blue Green

Coccoid Green

Fihmentous Green

Flaeellates

Pennate Diatoms

Cemric Diatoms

Desmids

Other

Total

100.37
136.63
115.40

41.467
34.133
23.333

53.700
101.83
<7.700

4.6000
1.7667
3.3667

381.20
213.37

19.50

92.367
44.667
63.833

3l)7.77
205.90
361.00

0.9000
2.4000
2.7333

29.767
24.000
i4.<67

1.102.2
764.,0
8 r1.47

47.876
98.428

114.43

)4.450
33.761

3.$ 218

27.084
4r.191
17.843

4.01<0
1.6743
1.9140

104.86
214.14
100.14

$ 2.979
3'i.755
45. 188

146.69
164.71
'>44 <8

0.9000
2.S160
1.6166

13.860
20.736
14.$ 45

279.79
43'6

3

0.55023 0.6034

1.9582 0.2215

0.80416 0.4904

1.2190 0.3595

0.87565 0.4638

O.S6047 0.4693

0.75602 0. <095

0.10907 0.8984

0.49214 0.6340

0.11917 „0.8897
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TABLE 2. Vertical hotnogeneitv of samples collected frottt the intake forebay
during Mav 1975 (three replicates for each depth).

) Iajor Group

Coccoid Blue.Green

Filamentous Blue Green

Coccoid Green

Filamentous Green

Flageliates

Pennate Diatoms

Centric Diatoms

Desmids

Other

Total

0.6
5.5 .
8.5
0.6
5,5
8.5

0.6
«,5

8.5
0.6
«5
8.5

0.6
5.5
8.5
0.6
5.5
8.5
0.6
5.5
8.5
0.6
5,«
8.$

0.6
$ .5
8.5
0.6
5.5
8.5

2$ 7.83
I 5.37
$ $ 2.90

16.200
25.767
23.533

201.07
'!10 97
274.57

1.2000
1.2000
3.0333

171.30
160.90
2«6.13

62.133
«8.600
87.$ 00

i86.47
2«5 27
514.10

2.1000
2.1000
3.0667

33.$ 67
43.167
25.600

1,031.9
893.47

1,740.«

94.921

740,68
6.1098

15.191
21.785
74.385

222.83
117.90

1.0392
1.0392
1.1547

24.904
117.26
140.95

4.6608
34.158
42 ««P

102.72
113.00
160.92

1.4731
1.4731

2.8042
$ .3948

25.792

13«84
362.10
787.42

0.74456

0.30352

0.18826

2.8865

0.71739

0.74583

3.6509

P 55975

0.75115

2.4142

0.5142

0.7489

0.8331

0.1324

0.5256

0.5137

0.0918

0.8014

0.5115

0.1701

Depth %lean Std. Deviation One."aY Anal) sis of Variance

lrn) (cells/rnL) (cells/mL) F-statistic Significance

TABLE3. i) 1ean chlorophyll a concentrations (mglm') tvith standard errors and
comparison ofnteans using one-teat analvsis of variancefor.v(av 1975. See Figure 1

for sampling locations.

Attained
Depth Standard F- Significance

Location (m) Replicates %lean Error statistic Level

5.5
5.5
$ .5

0.6
«.5
8.5

1.14 OA96
0.963 0.113
0.839 0.201

0.713 0 i97
0.868 0.436
1.69 0.462

0.331

1.68

0.730

0.265
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TABLE4. Mean chlorophvll b concentrations (tnglnt'J with standard errors and
cotnparison ofnteans using one-wa3 analysis ofvariance for May l975. See Figure l
for sampling locations.

Depth Standard F-

Location (m) Replicates %(ean Error statistic

Attained
Significance

Level

5.5
5.5
5.5

0.147 0.0617
0.214 0.598
0.178 0.0268 0.412 0.608

0.6
$ .5
8.5

0.174 0.0474
0.108 0.0480
0 206 0 111 0.441 0.663

TABLE 5. Mean chlorophyll c concentrations (mglm'J with standard errors and
cotnparison ofnteans using one-way analysis ofvariance forMay l975. See Figure I
for sampling locations.

Attained
Depth Standard F- Significance

Location (m) Replicates ~(ean Error statistic Level

5.5

5,<

0.0477
0.173
0.322

0.0477
0.173
0 ')<') 0. <91 0.584

0.6
< 5

8.5

P <72

0.107
0.316

p 'l14

0.0542
0.316 1.07 0.403

TABLE6. Mean phaeophytin a concentrations (mglm') with standard errors and
comparison ofnteans using one-nay analysis ofvariance for May 1975. See Figure l
for sampling locations.

Depth
Location, (m)

Attained
Standard F., Significance

Replicates Mean Error statistic Level

<.5
< 5

5 <

0.533
0.963
0. <02

0.165
0.358
0.373 0.676 0. <45

0.6
< 5

5 8 5

0.623
0.5<2
0.0733

0.447
0.278
0.0369 0.963 0.$ 64
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TABLE 7. Mean chlorophyll a concentrations (mglm')»ith standard. errors and
contparison of nteans for four locations at each depth santpled using one-»ay
analysis of variance. See Figure l for santpling locations.

Depth Standard F-

Location (m) Replicates Mean Error statistic

Attained
Significance

Level

5

14

IO

2

5

10

0.6
0.6
0.6
0.6

5.5
5.5
5.5
5 5

4.10 0.0850
4.01 0.0547
3.86 0.0874
4.05 O. I I I

4.88 0.205
4.70 0.121
4.34 0.259
3.71 0.242

1.29

6.58

0.314

0.00693

5

14

10

8.5
8.5
8.5
8.5

4.50 0.316
4,93 0.161
4 19 0212
4.42 0.0627 2.32 0.125

TABLE 8. Mean chlorophyll b concentrations (mghn')»ith standard errors and
cotnparison of means for four locations at each depth sampled using one-»'ay
analysis of variance. See Figure I for sampling locations.

Attained
Depth Standard F- Significance

Location (m) Replicates 3 lean Error statistic Leve!

5

10

0.6
0.6
0.6
0.6

0.107
0.106
0.118
0.0077

0.00386
0.00253
0.00569
0.00196 0.244 0.861

5

14

10

5.5
5.5
5.5
5 5

5
4
3

5

0.0037
0.00919
0.00268
0.00347

0.00171
0.00371
0.00268
0.00205 1.29 0.319

5

10

8.5
8.5
8.5
8.5

0.158
0.191
0.207
0.166

0.00550
0.00722
0.00363
0.00241 . 0.217 0.879
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TABLE9. Mean chlorophyll c concentrations (ntglnt') uith standard errors and
comparison of means for four locations at each depth sampled using one-way
analvsis of variance. See Figure l for sanrpling locations.

Attained
Depth Standard F- Significance

Location (m) Replicates Mean Error statistic Level

2

5

14

10

0.6
0.6
0.6
0.6

0.527 0.0419
0.532 0.0268
0.441 0.0441
0.483 0.0223 1.45 0.269

2

5

14

IO

5.5
5.5
5.5
5.5

OA84 0.0676
0.511 0.0786
0.456 0.134
0.380 0.0432 0.629 0.610

5

14

10

8.5
8.5
8.5
8.5

OAOS 0.0510
0.484 0.109
0.661 0.0428
0.582 0.0429 2.86 0.0794

TABLE /0. Mean phaeophy tin a concentrations (mglnt') nith standard errors and
comparison of tneans for four locations at each depth satnpled using one-tvay
analysis of variance. See Figure l for sampling locations.

Attained
Depth Standard F- Significance

Location (m) Replicates %lean Error statistic Level

2
5

14

10

0.6
0.6
0.6
0.6

0.347
0.358
0.646
0.236

0.0950
0.0408
0.0776
0.107 3.85 0.0329

5

14

10

5 5

5.5
5.5
5.5

0.236
0.300
0.429
0.346

0.0680
0.1$ 7

0.266
0.114 0.306 0.818

14

10

8.5
8.5
8.5
8 5

0.163
O.OSIS
0.340
0.363

0.0769
0.081$
0.1$ 2

0.046$ 10 0.138
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TABLEll. Mean chlorophyll a concentrations (mgltn'J»ith standard errors and
comparison of tneans for three depths at each location using one-tvay analysis of
variance. See Figure l for sampling locations.

Attained
Depth Standard F- Signi ficance

Location (m) Replicates ~Iean Error statistic Level

0.6
5 5

8.5

4.10
4.88
4.50

0.0850
0.205
0.316 3.84 0.0555

0.6
5.5
8.5

5

,5
4.01
4.70
4.93

0.0547
0.121
0.161 19.0 0.000752

14

!4
14

0.6
5 5'.5

3.86
4. 34
4.19

0.0874

0.212 1.72 0.240

10

10

10

0.6
$ .5
8.5

4.05
3.71
4.42

O. I I I

0.242
0.0627 5.13 0.0255

TABLE 12. Mean chlorophyll b concentrations (ntglnt'j neith standard errors and
contparison of means for three depths at each location using one-»ay analysis of
variance. See Figure l for sampling locations.

Attained
Degh Standard F- Significance

Location (m) Replicates ~1ean Error statistic Level

0.6
5,5
8 c

0.107 0.0386
0.0374 0.0171
0.158 0.0550 55 0.124

0.6
c 5

8.»

0.106 0.2$ 3

0.0919 0.0371
0.191 0.0722 1.27 0.32$

0.6
5.$
8 5

0.118
0.0268
0.207

0.0569
0 0~68
0.0363 3.82 0.0700

10

10

10

0.6
5 5

8 5

0.0770 0.0196
0.0347 0.020$
0.166 0.0241 9.67 0.0387
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TABLE l3. Mean chlorophyll c concentrations (mglm'J tsith standard errors and
comparison of means for three depths at each location using one-tvay analysis of
variance. See Figure l for sampling locations.

Depth Standard F-

Location (m) Replicates Mean Error statistic

Attained
Significance

Level

0.6
5 5

8.5

0.527 0.0419
0.484 0.0676
0.405 0.0510 1.17 0.348

5

5

5

0.6 5

$ .$ 5

8.5 4

0.$ 32 0.0268
0.511 0.0786
0.484 0.109 O. I I I 0.891

14 0.6 5

14 $ .$ 5

14 8.5

0.441 0.0441
OA$6 0.134
0.661 0.0428 3.06 0.105

10

10

IO

0.6 5

5.5 5

8.5 ~ 4

0 483 0.0223
0.380 0.0432
'0.582 0.0429 7.27 0:00943

TABLE14..'tlean phaeophy tin a concentrations (mglm'] nith standard errors and
conrparison of rrreans for three depths at each location using one-tva3 anal>sis of
variance. See Figure l for sampling locations.

Depth Standard F-
Location (m) Replicates Mean Error statistic

Attained
Significance

Level

0.6
5.5
8.5

0.347
0.236
0.163

0.0950
0.0680
0.0769 1.25 0.325

0.6
$ .5
8 5

0.358
0.300
0.0815

0.0408
0.1$ 7

0.081$ 0.160

14

14

14

0.6
$ .5
8.$

0.646
0.429
0.340

0.0776
0.266
0.1$ 2 I.OI 0.407

10

10

10

0.6
$ 5

8.$

0.236
0.346
0.363

0.107
0.114
0.0465 0.537 0.600
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FIGURE 2. Phytoplankton sampling locations in Lake .VIichigan for l970 to
l982.

impacted inner region and a control outer region. For each zone, phytoplankton
assemblages of the inner and outer regions ivere compared using total phyto-
plankton cell concentrations and densities of nine major algal groups. ln addition,
redundancy and diversity, measures of assemblage structure. ivere compared for the
inner and outer regions of each of the three zones (IViihm and Dorris 1968).
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Samples were collected monthly between April and November from a depth of
I m (Ayers and Seibel 1973). Major collections ivere made during April, July, and

October to permit collections representative of the spring, summer, and fall phyto-
plankton assemblages. Collections during intervening months were made to provide
temporal continuity between major sampling periods. Methods used to enumerate
the samples follow.

METHODS

Studies of the entrained ph>aoplankton at the Donald C. Cook Nuclear Plant Unit
I began in January 1975 and continued until the termination of sampling in May

~

1982. Sampling was performed on a monthly basis with three approximately one-
half-hour sampling periods in a 24-hour span: after twilight, morning twilight, and
noon. During each sampling period, fourteen samples were collected: seven from the
intake forebay and seven from the discharge forebay (Fig. I). Two of the seven

samples were preserved immediately ivith 6 mL of Lugols'odine solution for micro-
scopic determination of ph>zopiankton abundance and species composition. The
remaining five samples were used for spectrophotometric determination of chloro-
phylls a, b, and c and phaeophgin a. During the evening sampling period, five
additional samples were collected from both the intake and discharge forebays.
These samples ivere incubated at the intake temperature for approximately 36 hours
and treated in the same manner as nonincubated samples for analysis of the chloro-
phylls and phaeophytin a. During the noon sampling period, six additional samples
ivere collected from the intake.forebay for nutrient analysis.

Water was collected from a depth of 5.5 meters by diaphragm pumps through 3-

inch hoses at an approximate rate of 227 L/min. As the water divas pumped, the
intake and discharge temperatures were measured, and samples ivere collected in I-L
polyethylene bottles. Rossmann et al. (1977) and Change et al. (1981) established the
uniformity of the sampling locations across the intake forebay. Unit I uses 2.7 x

10'itersof cooling water per minute. Therefore, the 5-L chlorophyll sample and the 2-

L phgoplankton sample represent approximately 6.2 x 10'<io and 2.5 x IO'oto,
respectively, of the ivater passing through the plant during a half-hour sampling
period. Unit 2, which went into operation in early 1978, uses 3.5 x 10" liters per
minute for cooling; thus the chlorophyll and phytoplankton samples represent about
4.8 x 10 'o/o and 1.9 x IO'o'o, respectively, of the water passing through the plant
during a sampling period. With both units operating, the percentages are 2.7 x
10 "o'o and 1.9 x IO'~o, respectively, of the v ater passing through the plant during
a sampling period. With both units operating, the percentages are 2.7 x IO'o'o for
the chlorophyll sample and 1.1 x 10'"oo for the phgoplankton sample.

OPEN-LAKE COLLECTION

Open-lake and nearshore phgoplankton samples for determining the long-term
el'feet of the plant on phytoplankton ivere collected on a monthly basis from April
through November, ivith 36-39 stations sampled during the seasonal surveys in
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April, July, and October and 9-13 stations on the short surveys in May, June,
August, September, and November from 1974 through May 1982 (Fig. 2). Allopen
lake samples were collected from a depth of 1 meter with a Niskina bottle. Year-
shore collections (serial number zero stations) were made by submerging an open I-
L brown polyethylene bottle rinsed with lake water 10 cm below the water surface.
For each sample, surface temperature was taken at the time of collection. All
samples were 1L and were immediately fixed with 6 mL of Lugols'odine solution.
Both entrained and lake ivater samples were returned to the Ann Arbor laboratory
for processing.

PHYTOPLANKTON AiNALYSES

The samples of 1970, 1971, and April 1972 were prepared and counted by the
Utermohl technique: placing an aliquot of the concentrated sample in a tubular
combination settling and counting chamber and allowing the aliquot to settle over-
night. The counting chamber containing the settled cells was then separated from the
settling chamber. covered with a cover-slip, and placed on the microscope. The
samples were counted on a binocular inverted microscope at 1,000X magnification.

Beginning in July 1972 and continuing to the end of the project, the method of
concentration for species identification and enumeration was the settlefreeze
method (Sanford et al. 1969). Permanent slides were prepared in the Ann Arbor

.laboratory where the I-L samples were transferred to graduated cylinders and left
undisturbed for 2 days to allow the algae to sink to the bottom. After the settling
period, 900 mL of supernatant was siphoned away, leaving a 10-mL concentrated
stock sample. Each concentrated sample was then mixed and a portion pipetted into
a settling chamber consisting of a plexiglass cylinder clamped to a standard micro-
scope slide. A thin layer of stopcock grease was used to form a seal between cylinder
and slide. In most cases, the subsample to be settled was diluted so the algae on the
resulting slide ivould be of countable density. Samples were left in the chambers for
2 days.

The settled algae were frozen onto the slide by carefully placing the entire cham-
ber apparatus on a block of dry ice until the bottom 2-3 mm of sample had been
frozen, about 25 seconds. The supernatant was poured off when the ice at the
bottom of the chamber had melted sufficiently; the chamber was removed from the
slide, and the slide with its thin wafer of ice and water was dehydrated in an
anhydrous ethanol chamber for 2 days. The slide was then placed in a toluene vapor
chamber for another 2 days to displace ethanol. Finally, the algae were mounted
under a cover-slip using Permount~, a toluene-soluble mounting medium. The Per-
mount~ required from 2 weeks to I month to harden before the slides could be
counted.

Allcounting was done on microscopes at 1,250X and 1,000X magnifications. The
scopes were fitted with oil objectives having a numerical aperture of 1.32. To help
offset uneven distribution of cells on the slide, two complete I00-ltm-wide transects
were made across each slide, one horizontal and one vertical. A minimum of <00

cells was counted for each slide to ensure reasonable group percentages. Additional
transects were counted on slides ivith low density and those having a large propor-
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tion of cells in dense colonial formations (e.g., Anacystis, Gotnphosphaeria, Fragi-
laria, Tabellaria). Individual cells were counted in all species except blue-green
filaments with cylindrical trichomes (Oscillatoria and Schizothrix) for which whole
filaments were counted. Prior to 1974, all colonial blue-greens were counted as
single organisms; the change in counting resulted in an apparent increase of blue-
greens in 1974. Identification of specimens was carried to species and variety when
possible. The process was limited by the condition of the cell, the condition of the
sample, and the state of the taxonomy for any given group. In many cases, the cells
were identifiable only to genera or major group. Species and forms are presented in
the way in which they are recognized and counted. Examples are: the flagellate
Cryptomonas is recognized and counted separately from.unidentified "Flagellates";
Anacystis and Chroococcus are no longer recognized as separate entities, but
counted together as Anacystis in accordance with Drouet's (1968) revision of blue-
green taxonomy.

CHLOROPHYLLS AND PHAEOPHYTIN a ANALYSES

Immediately after collection, each I-L chlorophyll sample was passed through a
4.25-cm diameter Whatman~ GF/C glass fiber filter. After most of the water had
passed through the filter, I mL of saturated MgCO, was added ( I g MgCO, 4H..)/
100 g distilled water). The measuring flask and filtration apparatus were rinsed with
distilled water. Following filtration, the filters were rolled with forceps, placed in
amber vials, frozen, and transported to Ann Arbor. The samples selected for incu-
bation,were not filtered at the time of collection but were immediately placed in an
incubator with the bottle caps removed and allowed to incubate in the dark for 24 to
48 hours at the intake temperature. Following this, they were filtered and treated in
the same manner as thc non-incubated samples. a modification of the method
described by Strickland and Parsons (1972).

In the laboratory, the frozen samples were prepared for analysis by grinding with
a tissue grinder and extracting with 90olo acetone. The 90~io acetone was prepared by
swirling reagent grade acetone with anhydrous Na.Co, and passing it through a
XVhatman~ N4 filter (containing some additional Na,CO,) into a volumetric flask
having the appropriate volume of distilled water for a 90oio solution (v/v). Sample
vials were removed from the freezer in groups of five and placed on ice in a dark ice
chest next to the grinding apparatus. Sample vials were removed one at a time from
the ice chest, and the frozen filters were transferred with forceps to a tissue grinding
tube immersed in an icebath. The filter was ground at approximately 100 rpm for 4
minutes in 1.5 to 2 mL of 90o'o acetone in a tissue grinding tube; the grinding tube
was held firmlyagainst the rotating pestle, lowered briefly, and raised back against
the pestle approximately every 15 seconds. If the filter and 90olo acetone were not
reduced to a homogeneous slurry after 4 minutes, grinding was continued until this
was accomplished, generally within I minute. The contents of the grinding tube were
then poured into a 12-mL screw cap centrifuge tube. The tissue grinder was rinsed
three times with 90o'o acetone into the centrifuge tube to adjust the final volume of
90~o acetone to 10 mL. The centrifuge tube was then capped and returned to the ice
chest. After all five samples vere ground, they were placed in a dark refrigerator
and allowed to extract for 24 to 36 hours. Following extraction, each sample was
inverted three times, packed in ice, and centrifuged for 4 minutes at 2,000 rpm to
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separate the filter fibers and MgCO, from the extract. The centrifuged samples were
then refrigerated until shortly before analysis.

For analysis, individual samples were warmed to room temperature in a light-tight
container. The extract was transferred using a pasteur pipette to two 5-cm long
cuvettes. Two drops of 50"o v/v HCI ivere added to the sample in one cuvette, which
was shaken and then held for 4 minutes. The other cuvette was placed in a Beck-
man~ Model 25 scanning spectrophotometer where sample absorbances were mea-

sured between 600 and 750 mm. The absorbance of the acidified sample was then
measured over the same range.

PRODUCTIVITY ANALYSES

Entrained ivater for primary productivity estimates was collected on a monthly
basis from March 1980 through NIay 1982. IVater was pumped from the intake
forebay and one of the two discharge forebays. Collections were made to coincide
with the regular monthly chlorophyll sampling. IVhen this was not possible, separate
chlorophyll samples were taken along with the productivity samples. Discharge
sample collection followed that of the intake by 5-10 minutes, the approximate
length of time required for cooling water to pass through the condenser system.

In the laboratory, a light and dark bottle "C assimilation technique (Steeman-
Nielsen 1952) was employed. The intake water was mixed and filled into 250-mL
glass stoppered bottles, one dark bottle and two to five light bottles. The same

preparation was made for the discharge water. Each sample bottle was then inocu-
lated with 2 mL of ampulated "C bicarbonate solution having a specific activity of I
ItCI/mLand an adjusted pH of 8.8. The contents of an ampule was transferred to a

sample using a 3-mL syringe and 18-gauge cannula. The ampule was then rinsed
twice with approximately 2 mL of sample, the rinse being returned to the sample.
The bottles ivere stoppered, inverted several times to mix, and placed in an incuba-
tor. The light level was 45 (edges) to 80 (center) pE/m'/sec (photosynthetically
available radiation) at the point where the BOD bottles were placed (approximately
6 inches from the light source). The incubator temperature was set as closely as

possible to the intake temperature.
After 24-hr incubation, each sample was vacuum filtered through an HA Milli-

pore~ filter (0.45ttm) at 10-20" Hg. The filters were rinsed each time with 20-25 mL
of distilled water and were then transferred to glass scintillation vials to which
10 mL of aqueous counting solution was added, using an automatic pipetter. The
vials were counted twice on a Beckman* LS 7500 Liquid Scintillation System. The
counts were quench corrected and converted to g C m'. The available CO, for this
conversion was estimated from the table in Saunders et al. (1962).

STATISTICALTREATMENT OF DATA

Statistics is one of the major quantitative methods used throughout this study to
ascertain the extent of impact due to the operation of the Donald C. Cook Nuclear
Plant. The tivo main types of statistics used are descriptive and confirmatory statis-
t tcs.

The descriptive statistics include the location of the observations and the extent of



GLRD Publ. No. 22/Cook Nuclear Sans Serif (3c-5)

IMPACT ON PHYTOPLANKTON 109

dispersion of the observations. The former shows the representative value of obser-
vations and is usually indicated by the arithmetic mean (x); whereas, the latter
presents the range and distribution of the measurements and is frequently repre-
sented by the standard deviation (S. D.). In this study, both the arithmetic mean and
the standard deviation are used extensively to ascertain the condition of the phyto-
plankton population in the water close to the plant.

Confirmatory statistics used in this study are t-statistics and ANOVA(Analysis of
Variance). Both statistics are used to test the difference between the arithmetic
means derived from groups of observations. The principle of these tests is to deter-
mine'the probability at which the observations could be different from simple
random selection or to examine whether the observations are different from simply
random selection for a specific probability level. Both methods are a part of the
general linear model, where t-tests are used to examine the difference between the
means using the table t of the student-t distribution while ANOVA tests the observa-
tions for more than tv o groups based on F-distribution.

For t-statistics, if a value is greater or smaller than the student-t value for a

particular level of probability in a two-tailed test as shown below (equation I), then
it is said

Xt - x
n- ~ equation I

that the observed mean is significantly different from a simple random selection of
the population (in other words, if the context of our study, a possible change may
result).

ANOVA is based on the same principle but applies to those cases that contain
more than two groups. It uses the F-ratio statistics where the test statistics are a ratio
of between-group error (SS~V) and within-group error (SSE), as shown in equation

SSKV—> F
SSE

equation 2

If the above is greater than the expected F value, it is thought that the observa-
tions from a particular group are different from the random selection of the popula-
tion.

V'hether the observations differ from those of random selection is dependent
upon the desired level of probability, which is largely the choice of the individual
investigator. Statistical reference books, however, generally define a probability of
0.05 as "significant" and frequently represent such values with a star ('); as proba-
bility of 0.01 is considered "very significant" ("); a probability of 0.001 is
"extremely sicnificant" (" ).

iIETHODS USED TO MEASURE IMPACT

Methods chose'n to provide answers to concerns expressed about plant impact on
'hytoplankton were measurements of changes in chlorophylls and phaeophytin a

concentrations, phytoplankton assemblage structure, and "C productivity. Chloro-
'hylls "and phaeophiain a 'samples were prepared using the spectrophotometric
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method of Strickland and Parsons (1972). Assemblage structure was utilized in a

number of ways for assessing plant impact. Samples collected from impacted and
control stations were compared for differences in diversity, redundancy, dominant
species, and numbers of cells in each of nine major groupings plus total cells.

livIPACT OF THE POWER PLANT ON ENTRAINED PHYTOPLANKTON

When phytoplankton pass through the condensers of an electric generating sta-
tion, algae momentarily experience a rapid rise in temperature and turbulence in the
surrounding water which is potentially damaging to algal cells. Three indicators of
changes in cell viability in response to these stresses were chosen to assess the health
of Lake Michigan phytoplankton after passing through the Donald C. Cook
Nuclear Plant. Phytoplankton samples were collected from the intake and dis-
charges to detect possible immediate and delayed algal damage using measured
pigment concentrations, "C primary productivity, and samples which were enumer-
ated to the species level to provide a visual assessment of cell damage. This last
indicator of cell viability provided little information. Cell damage was never
observed.

PIGMENT CONCENTRATIONS AS A MEASURE OF PLANT IMPACT

~Ieasured concentrations of phaeophytin a and chlorophylls a, b, and c at the
intake and discharges of the plant were compared using one-way analysis of vari-
ance. Utilizing three replicates and sonification for preparation of phytoplankton
cells prior to extraction of the pigments during 1975 and 1976 proved to be unsatis-
factory for detection of pigment changes. There were few recorded instances of
passage through the plant being either stimulating or inhibiting to phytoplankton.
The ability to detect chlorophyll changes with a 0.95 probability at the 0.05 level of
significance was poor. Chlorophylls a, b, and c and phaeophytin a would have to
change 48-79~o, 104-434~io, 96-150%'o, and 147-295~io, respectively, to detect signif-
icant differences between the intake and discharges (Rossmann et al. 1977, Ross-
mann et al. 1979).

In order to decrease the percent change necessary to statistically detect (a = 0.05)
chlorophyll and phaeophytin a changes, two studies were made to compare methods
of cell disruption (Change and Rossmann 1982). In the first study (September 1976),
samples receiving no treatment were compared to those sonified and those ground
(Table 15). For both ground and sonified prepared samples, chlorophylls a and c
were higher than in the samples receiving no treatment. In addition, the ground
samples always had significantly higher concentrations of chlorophylls a and c, 22it'o

and 62<o, respectively.
The second study (November 1976) was similar to the first one. The major differ-

ences ivere an increase in the number of replicates and a greater variety of sample
treatment methods (Table 16). All sample treatments yielded higher chlorophyll a
concentrations than the control or the sonified samples (45 seconds) (Change and
Rossmann 1982). Though ground samples yielded a slightly higher concentration of
chlorophyll a than the sonified and shaken (45 seconds) and sonified (3 minutes)
samples, the difference divas not statistically significant. The difference in concentra-
tion of chlorophyll c between ground and sonified samples was significant. Ground
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samples yielded chlorophyll c concentrations 53tIto to l02<io higher than sonified
- samples.

Beginning in 1977, five replicates were analyzed, and samples were ground prior
to pigment extraction. The changes in chlorophylls a, b, and c and phaeophytin a
necessary to detect significant differences between the intake and discharges with a
0.95 probability at the 0.05 level of significance became 25-40ttlo, 400-800%o,
70-80tIto, and 160-190tIto, respectively (Rossmann et al. 1980, Change et al. 1981).
Except for chlorophyll b, the ability to detect changes in all improved. Chlorophyll b
concentrations were considerably lower after 1976 than prior to 1976, accounting
for the inability to detect significant changes.

KVith the improved ability to detect changes in pigments between the intake and
discharges, occurrences of significant differences increased. Because the smallest,
statistically significant changes could be detected for chlorophyll a, it was used as
the primary measure of plant impact (Rossmann et al. 1982). For the period of 1975
through May 1982, chlorophyll a decreased significantly (a = 0.05) in discharge
samples 2.5 times more often than it increased (Table 17) (Barres et al. 1984).
Increased occurrences of significant chlorophyll a changes after 1976 were directly
related to improved analytical methodology discussed previously and in Rossmann
et al. (1977). The occurrence of chlorophyll a decreases was almost always higher
than that for increases. ~Vhen chlorophyll a increased, indicative of phytoplankton
stimulation, the average monthly increase ranged between 7 and 50tIto. Average
decreases ranged from 7 to 46trio of the intake concentration (Table 18).

There were no statistically significant differences between the mean number of
occurrences of increases and decreases of chlorophyll a for entrained waters circu-
lated through condensers of the Donald C. Cook Nuclear Plant for the period of
1975-1982. During 1977 and 1979, an abnormal number of chlorophyll a decreases
and increases, respectively, occurred between the intake and discharge of the plant
(Table 17). To illustrate and discuss these occurrences. the period of 1977 through
1980 is discussed. The intervening year 1978 is included for continuity, and 1980 is
included as a year somewhat representative of general results for the entire study.

During 1977 and 1979, something occurred within the lake or plant that made the
phytoplankton assemblages more susceptible to damage or enhancement by passage

TABLE15. A comparison ofsonification and grinding techniques forpreparation
of samples for pigment analysis (September 19761.

Vartable

Chlorophyll a
Chlorophyll b
Chlorophyll c

Phaeophytin a
Phaeophytin al
Chlorophyll a

6.14 0.2) 4 7.37 0.269 6.0w
0.398 0.0716 0.<19 0.0486 0.426
1.07 0.144 1.80 0.0876 1.11
2.20 0.460 1.92 0.134 2.10

0 160 4 ~~~

0.0856 0.927
0.0393 7.18"
0.139 -0.932

0.364 0.0892 0 ~63 0.0271 0.349 0.0321 -2.05

Control'round: ~

Student's
t'tandardStandard Standard Ground vs.

h,lean Error Mean Error ~lean Error Sonlfied

'Sample extracted in 90"o acetone. three teplicates
-'Sample ground and extracted in 90oo acetone. three replicates
'Sample sonified and extracted in 90"o a etone. thtee teplicntes
'One star ( I 0.0$ 'lesel of significance. Tun stars I") 0.01 leoel ni significance.
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7ilBl.L; l6. 8 eo)nparison ofsonifieafiun anrl grirtd(ng fee'ltrtiqtresfor preparation ofsantples forpignrenf analysis(No)'en)her
lf)76).

Control'onificd
(45

sec)'oni
fied

P. Shaken
(45

scc)'onificd
(3

n)in)'round
(3 u)in)

Ground in
Ice Ilalh St)lilcnt 5

(3

min)'ariable

Stan-
dard

Mean firror

Stan-
dard

Mean Error

Stan-
dard

Mean Error

Stan-
dard

Mean Error

Stat).
dard

is)can Error

St a))

dard
Mean firror

Ciround
(3 min) vs.

So nil)cd
(45 scc)

Chlorophyll u 2.88 0.143 2.62 0.154 3 45 0.0900 3.07 0.151 3.69 0.102 3.71 0.0100 -5.51"
Chlorophyll b 0.0376 0.0242 0. 0. 0. 0. 0. 0. 0.0206 0.0123 0. 0.

Chlorophyll e 0.4')4 0.0977 0.484 0.0709 0.590 0.0685 0.455 0.128 0.902 0.100 0.920 0.0385 -3.49"
I'hacophytin u 0.977 0.168 1.20 0.241 0.408 0.139 0.406 0.0883 0.632 0.159 0.356 0.0960 1.89

I'haeophytin a/
Chlorophyll a 0.352 0.0684 0.489 0.122 0.120 0.0435 0.130 0.0235 0.176 0.0469 0.0530 0.0141 - 2.22

'Six rcpticates
:Six replieales
'Two repticates
'I'tace repticates
'I )vc ret)hcates
"1 svo )eplicates
()ne s)ar ( ~

) -- (l.OS level of sip)ificancc. Two stars (") = O.t)l level of si)tnificance.
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through the plant's condensers. Possible sources for the anomalous results of 1977

and 1979 that could be investigated included changes in phytoplankton assemblage,

changes in nutrient concentration, the occurrence of upwelling, and a change from
one. unit to two-unit operation for the power plant. The last of these was quickly
excluded. The change from one-unit operation to two-unit operation in 1978 did not

produce results in 1978 that were distinctly different from those of other years

(Tables 17 and 18).

TABLE !7. Percent occur rence of statisticaliy significant changes (a = 0.05) in
chlorophyll a concentration between intake and discharge samples.

Year

Increase

Non-Incubated Incubated

Decrease

Non-incubated Incubated

1975
1976
1977
1978
1979
1980
1981
1982 (through Stay)

0
6
0
5

16
3

3

13

0
0
0

17

30
8

17

0

0
8

30

15

17

14

13

5

8

70
17

8

25
0

58

a = 5.9

9.0

11.3

14.9

8.8

16.9

19.0

TABLE l8. Mean changes in chlorophyll a concentration at tintes when statisti-
cally significant (a = 0.05) increases or decreasesin its concentration tvere detected
between the intal'e and discharge of the plant.

Year

1975

1976

1977

1978

1979

1980

1981

19S2

Hours
Incubated

0
39

0
36
0

33-39
0

33-36
0

28-36
0

36-38
0

35-38
0

35-t/

Percent Increase
in Chlorophyll a

0
0

23
0
0
0

50
IP
l4
w7

-13
7

13
53

23
0

Percent Decrease
in Chlorophyll a

0
46
16
28

16
17,

'l0

14
7

10
11

11

0
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Changes in phytoplankton assemblage may have been at least partly responsible
for the anomaly of 1977 (Table 19). Flagellate concentrations were relatively high
and centric diatom concentrations svere relatively low in 1977 compared to those
between 1978-1980. Species or forms assigned to these groups accounted for slightly
more than one-third of the total phytoplankton density for each'of the years. Based
on the work of Holland (1968, 1969), Stoermer and Yang (1969, 1970), and Holland
and Beeton (1972), Tarapchak and Stoermer (1976):assigned species of diatoms to
an apparent trophic level preference for Lake lv(ichigan. For those diatom species,
identified during the current study, for which a preferred trophic level is known, a
summary of the annual occurrence of dominant diatom's forms () 10<io of the total
phytoplankton population) was tabulated (Table 20). During 1977, the last occur-
rence of Cyclotella stelligera as a dominant'diatom was noted. During the study, it
was the only dominant diatom associated with,mesotrophic waters but intolerant of
nutrient enrichment. During the same year, dominant eutrophic diatoms disap-
peared. These were replaced by mesotrophic.forms tolerant of moderate nutrient
enrichment. In 1975, Cyclotella stelligera accounted for approximately IOo'o of the
entire phytoplankton population (Barres et al," 1984): By 1977, it averaged less than
3olo of the phytoplankton population.

Between 1977 and 1980, there were no significant year-to-year differences in
orthophosphate and dissolved silica concentrations (Table 21). However, the highest
mean concentration of each nutrient, especially dissolved silica, occurred in 1979.

TABLE19. Mean >earls concentrations (cellslntL) of the major groups ofalgae at
the Donald C. Cook Phrclear Plant intake,

1977-1980.'roup

1977'978'979'980'occoid

blue. green
Filamentous blue. green
Coccoid green
Flagcllatcs
Centric diatoms
Pennate dlatoms
Other
Total

599 (159)
35 ( 10).
80 ( 22)''

540 (114)
366 ( 94)
685 (155)
110 ( 13),

2,380 (228)

850 (134)
48 ( 13)

128 ( 23)
454 ( 69)
623 ( 64)
731 ( 75)
161 ( 20)

3.000 (272)

513 (144)
42 ( 19)
89 ( 13)

375 ( 40)
479 (214)
639 (236)

93 ( 12)
2,240 (387)

745 (199)
69 ( 28)

170 ( 46)
389 ( 63)
810 (217)
S91 (255)
157 ( 32)

3.240 (488)

'Dcsmlds always less than I cell/ml..'tumbcrs iu parcmhcscs are standard deviations.

I

TABLE20. The annual number ofoccurrences ofdominant diatom forms () 10oo

of total population) for each, trophic level for 1975-1981 and 5 months of 1982.

Trophic Level

Mcsotrophic, intolerant
of nutrient
enrichment

IIesotrophic, tolcram of
moderate nutrient
enrichment

Eutrophic

1975 „1976 1977 1978 1979 1980 1091 1982

34' 11 I 0 0 0 0 0

47 0 9 57 6 I 5 74 79

8 13 0 28 30 56 5S 11



GLRD Publ. No. 22/Cook Nuclear Sans Serif (3c-5)

IMPACT ON PHYTOPLANKTOhl 115

Because of the statistical insignificance of differences, we can only hypothesize that
a relatively high supply of nutrients to the region of the lake sampled by the plant
may have in some way been partly responsible for the higher chlorophyll a concen-
trations observed in water passing through the condenser.

Upwelled phytoplankton may have been more susceptible to degradation of chlo-
rophyll a during condenser passage than those not upwelled. For the period of 1977

to 1980, occurrences of upwellings of hypolimnion water ivere most frequent in 1977

(Table 22). Upwellings occurred either the week prior to sampling or the week of
sampling. Roughly one-half of the statistically significant occurrences of chloro-
phyll a decreases between the intake and discharges of the plant in 1977 occurred
during periods of upwelling.

Thus, it is hypothesized that changes in the phgoplankton assemblage structure
combined with upwelling events produced a situation where the ph>woplankton were
more susceptible to chlorophyll a degradation during passage through the con-
densers of the plant. For the period of 1976 through spring 1982, the number of
phytoplankton passing through the plant average 7.4 x 10" cells/year (Table 23).
For these cells, phytoplankton viability decreased 15.5~co of the time during con-
denser passage with chlorophyll a decreasing 7 to 46%o at the discharge. Viability
increased 5.6trio of the time with chlorophyll a increasing 7 to 50%'o at the discharge.

TABLE 21. nutrient concentrations in intake uaters of the Donald C. Cook
nuclear Plant

Year

1977

1978
1979

1980

1.2
1.4

1.5

055

Onhophosphate
(t g/L)

0.40
1.1

1.3

0.32

0 (1

0,73
0.97
0,<7

Dissolved Silica
(mg/L)

0.33
0.23
0.66
OAI

TABLE22..Vutnber of occurrences of uptvellirtg prior and during entrainment
satnpling at the Donald C. Cook.Unclear Plant.

Year

1977

1978

1979

1980

Occurrences of
Upwelling

During
Sampling

Occurrences of
Upwelllng
Prior to

Sampling
Total

Upi'llings



Ci

O
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hi oil III 1976 1977 1978 1979 1980 1981 1982

Jluulafy
I'ebruary
h(arch
April
hlay
Junc
July
AuSusi
Sep(ember
()«(oher
November
l)c«ember

4 25x ln"
I 59x ln"
2.22 x ln"
3 49x ln"
5.45 x 10"
1.81 x 10"
9.57 x 10"
3.79 x ln"
5.89 x ln"
3.28 x ln"
3.<in x 1(i"
3.46x In"

2.87 x 10"
4.32x ln"
2.13 x ln"
1.83 x ln"
2.53 x ln"
2.48 x ln"
2 48x ln"
3.07 x In"
3 07x ln
2.11 x 10

1.79x 10"
5 06x ln"
8.21 x ln"
2 27x ln"
7.58 x 10"
1.09 x ln"
I 08x ln"
4.05 x 10"
4.05 x ln"
1.26 x ln'
1.2tlx in ~

1.36 x ln"

3.03 x 10"
i.SSx in
3.68 x In"
5 82x ln"
6 21 x ln"

1.85 x 10"
3 48x ln"
3.48 x ln"
7.70x ln
7.70 x ln"
1.15 x 10"

5 41 x 10"
2 16x ln"
3.06 x ln"
4.53 x ln"
1.65 x 10"
1.35 x ln"
6.19 x ln"
9.49 x 10"
9.49 x 10"
I ~8x ln'
i.28x In
8 09 x 10"

3.91 x
ln'.78x ln"

7.04 x ln"
I 04x IOI"

3.05 x ln"
7.47 x 10"
5.16x ln"
8.85 x 10"
S.85 x ln"
8.58 x

lnl'.58

x ln"
9.70 x ln"

3.34 x 10"
4 ODX ln"
7.19 x 10"
1.20x 10
6 54x ln"

TrlIll.E23. /Vurnber ofphytoplankton entrainerl bJ'he plant during l976-l98I «ntl the first 5 ntonlhs of l982. —indicates no
rl«ta.

Numbers lin(rained
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P'

I
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n

Z0
CMld
A
O
O
7C'
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To(al 4.84 x ln" 2.68x in" 7.85 x ln" 5.66 x ln'" 1.06 x ln" 1.26 x I(i" 3.31 x ln'"

M

V)
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"C iIEASURED PRIMARY PRODUCTION AS A MEASURE OF
PLANT IMPACT

Algal primary production rate estimates are a proven measure of cell metabolism,
and primary production has been observed to decrease after algae circulate through
power plants (Hickman and Klarer 1975). Decreases in production were observed
for the Allen steam-electric generating plant at Lake V'yiie, North Carolina (Gurtz
and ~Veiss 1972). The Allen plant divas one of the only a few case studies where
samples were collected similarly to those at the Donald C. Cook Nuclear Plant, just
prior to and just after passing through the condensers. Studies at the Palisades Plant
on Lake Michigan, conducted somewhat similarly to those at the Donald C. Cook
Nuclear Plant, shoived primary production decreased an average of 37.4<io; how-
ever, the results ivere not consistent (Consumers Power Company 1973).

Because of the rather large changes in chlorophyll a concentration required to
detect plant impact on phytopiankton. "C primary production rate measurements
ivere made from March 1980 through WIay 1982. Excluding April 1981, measure-
ments were made each month.

Light and dark bottles were incubated at 45 (edges) to 80 (center) pE/m'/sec
(photosynthetically available radiation) at the point where the biological oxygen
demand (BOD) bottles ivere placed (approximately 15 cm from the light source).
Incubation occurred for 24 hours at the temperature of intake waters at the time of
collection. Each 250-mL BOD bottle was spiked with 2 mL of "C bicarbonate
solution having a specific activity of I pCI/mL and an adjusted pH of 8.8.

At the Donald C. Cook Nuclear Plant, primary productivity decreased 16 to 760io

for each month between %larch 1980 and XIay 1982, excluding April 1981 (Table 24)
(Change and Rossmann 1985). This was statistically significant (a = 0.05). Mean
decreases ivere 53, 50, and 39trfo for 1980, 1981, and 1982, respectively. The smaller
mean decrease in 1982 divas not significantly different from those of 1980 and 1981,

T4BLE24. Decreases in phytoplankton pritnarv productivitv for the period of
.'Lfarch 1980 through,tfav l982 at the Donald C. Cook nuclear Plant (- '

no
satn pie)

Percent Decrease in "C Measured Primary
Productivity Between the Intake and Discharge

Month

January
February
starch
April
May
June
July
August
September
October
November
December

1980

58
35
43
48
46
57
61
76
73
37

1981

40
48
31

67
37
48
67
48
62
C

4I

1982

'l5

68
16
59

56
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and no significant differences between seasons were found ivith succession of phyto-
plankton assemblages.

These results are in sharp contrast to those obtained using chlorophyll a.
Decreases in chlorophyll a between the intake and discharge ranged between 0 and
2I51o for l980 to l982 gable I7). The differences between chlorophyll a and "C
productivity results are postulated to be derived from the response of ph>toplankton
to passage through the plant's condensers. It is postulated that condenser passage
was enough to greatly diminish phytoplankton photosynthesis; however, the impact
of passage was not severe enough of or a long enough duration to degrade chloro-
phyll a to phaeophytin o. Cells which passed through the condensers shoived little or
no evidence of physical damage. Attempts to incubate the samples collected for
chlorophyll a analyses for periods greater than 36 hours always met with failure.
After 36 hours, the phytoplankton assemblage changed and was no longer represent-
ative of the indigenous collected assemblage. The permanence of productivity
decreases after passage through the plant's condensers is also unknown. Longer
incubation times met with the same failures as those for chlorophyll a. Thus the
ability of algal cells to photosynthesize greatly diminished after passage through the
plant's condensers; however, the permanence of the diminished photosynthetic capa-
bility is unknown.

Because chlorination ceased at the Donald C. Cook Nuclear Plant prior to l980,
the observed primary productivity reductions were believed to be related to thermal
shock, hydromechanical damage to cells, or to changes in the availability of nutri-
ents being related to corrosion of power plant parts (Change and Rossmann 1985).
Experimems were conducted to determine the temperature at which significant
decreases in primary productivity began to occur. Intake samples heated to the
temperature of the discharge water experienced no significant reduction in primary
productivity. However. intake samples heated to temperatures exceeding 35'C had a
marked reduction in primary production, and intake samples subjected to tempera-
tures greater than 50'C had very low primary productivities. In order to reduce
primary productivity to levels found in the discharges of the plant, numerical analy-
sis has shown the discharge water must consist of a mixture of waters consisting of
parcels differentially heated during the 6-second passage time through the plant's
condensers. This mixture of waters is postulated to contain 35 to 55''o water heated
to temperatures above 35'C, 20 to 30'Vo water heated to temperatures below 35'C,
and 25 to 35<.o water heated to temperatures between those of the discharge and
intake (Chang and Rossmann 1985). Thus, simple heating of water to the tempera-
ture of the discharge cannot account for the observed decreases in primary produc-
tion.

Microscopic examination of phytoplankton cells passing through the plant
revealed no evidence of hydromechanical destruction of the cells (Change and Ross-
mann 1985). Fragments of phytoplankton did not significantly increase in discharge
samples relative to intake samples. Similarily. the lack of consistent decreases in
chlorophyll a concentrations between the intake and discharge was not observed and
supports the microscopic observations of no significant increase in hydromechanical
damage to the cells.

Investigations by Change and Rossmann (1985) led them to conclude that the
presence of microelements could be a factor important to the observed decrease in
primary production for phytoplankton passing through the plant. The addition to
discharge water of ethylenediamine tetra acetic acid (EDTA), which renders metals
inaccessible to phytoplankton, significantly enhanced the primary production.
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Thus, some metal toxicity to phytoplankton was postulated to be occurring in the

plant's circulating system due to corrosion of plant components (Change and

Rossmann 1985).

IMPLICATIONSOF OBSERVATIONS

The Donald C. Cook Nuclear Plant has an impact upon entrained phytoplankton.
The impact is not apparent from pigment analyses but is very apparent from pri-
mary productivity studies. A possible explanation for the apparent inability to detect

plant impact on phytoplankton using pigment analyses is that algal cells may experi-
ence significant stress without pigment degradation. The observed reduction in
photosynthetic rate may or may not be permanent. All attempts to determine
whether or not the photosynthetic rate returned to normal after a period of recovery
failed. Incubation of the samples for any period of time beyond that required for
carbon fixation altered the assemblage structure severely and negated all results.

The impact of phytoplankton v ith a reduced photosynthetic rate on the nearshore

phytoplankton community was negligible. Primary productivity measurements of
samples collected from the thermal plume revealed no significant measurable
decrease in productivity relative to that of the intake (Fig. 3). The lack of a measur-

able decrease may be in part a function of the discharge diffuser design. The diffu-
sers were designed to entrain ambient water rapidly for the purpose of limiting the
size of the region impacted and the severity of impact by the thermal plume. Samples
collected near the plant's discharge in the lake represented only 300;o of the water
that actually passed through the plant (Evans et al. 1978). This dilution was enough
to have placed the expected productivity within the error bars for the measured
productivity. Thus, no statistically significant impact by the plant on phgoplankton
production in the lake was found. However, it is important to note that there
appeared to be no additional impact by the thermal plume on phytoplankton pro-
duction within the lake. Any such impact should have depressed productivity
enough for statistically significant differences to have been evident.

IMPACT OF THE DONALD C. COOK NUCLEAR PLANT
ON SOUTHEASTERN LAVE MICHIGANPHYTOPLANKTON

Lake phytoplankton surveys were performed to provide a description of phgo-
plankton abundances in spring, summer, and fal!. They also provided species and
group compositions under preoperational conditions against which the same param-
eters from surveys similarly conducted under operational conditions could be con-
trasted to determine long-term changes that might be attributable to Cook Plant
operation.

To assess the impact of the Cook plant on nearshore southeastern Lake XIichigan,
the occurrences of differences in ph>aoplankton assemblage structure between
plant-impacted stations and control stations were sought. One method used to
identify changes in assemblage structure was the measurement of numbers of cells in
each, of the major phytoplankton groups. In addition, diversity and redundancy of
the phytoplankton assemblage were calculated.
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FIGURE 3. Phv(oplankton primarv productivitv (tng Chn') in
Lake Michigan versus distance from a discharge dtffttser of hte
Donald C. Cook.'nuclear Plant.

CHANGES lN I(AJOR PHYTOPLAYKTONGROUPS

The period of comparison extended from July 1970 through April of 198". The
plant became operational in 1975. Only statistically significant (a Z0.05) differences
between inner and outer regions of each zone (Fig. 2) are noted in the sections ivhich
1 olio iv.
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Coccoid Blue-green Algae

For the years 1970-1982, coccoid blue-green algae concentrations increased
between 1970 and 1982 in all zones (Fig. 4). Concentrations were always highest in
October (fall). Zone 2 concentrations of coccoid blue-green algae were statistically
(0tg0.05) greater during fall of 1975 and summer of 1978 in the inner region
(impacted) than in the outer region (control stations, see Fig. 2) (Ayers and Wiley
1979, Ayers and Feldt 1982). In the spring of 1979, their concentrations were higher
in the outer region than in the inner region in zone 0 (Ayers and Feldt 1982).
Differences in water masses sampled did not account for the elevated concentrations
in the inner region during fall of 1975 or spring of 1979. However, a large upwelling
occurred during July 1978 sampling (Evans et al. 1982). This may account for the
differences between the outer region and the inner region. In general, impacted
(inner region) and control (outer region) abundances within each zone were similar
to one another.

Filalnenrous Blue-green Algae

Filamentous blue-green algae concentrations increased in all zones throughout the
duration of the study (Fig. 5). Peak concentrations occurred during the summers
(July) of 1977, 1979, and 1981. On three occasions, filamentous blue-green algae
concentrations were highest in the inner region. These occurred in zone 2 during the
fall of 1975 and the summers of 1976 and 1977 (Ayers and Wiley 1979). Algal
concentrations were higher in the outer region of zone I during the summer of 1975
(Ayers and Wiley 1979). In the fall of 1975, the inner region of zone 2 was within an
area of elevated water temperature relative to lower water temperatures in the outer
region (Evans et al. 1978). This difference appears to be distinctly related to plant
operation.

Coccoid Green Algae

Between 1970 and 1982, coccoid green algae concentrations were generally quite
stable (Fig. 6). Coccoid green algae concentrations were higher in the inner region
than in the outer region during the summers of 1970, 1971, and 1977 and during fall
of 1976 in zone 2 (Ayers and Wiley 1979). Their concentrations were higher in the
outer region than in the inner region of zone 0 during fall of 1975 (Ayers and Wiley
1979).

Filantenrous Green Algae

Except for April 1976. abundances of filamentous green algae vvere less than 75
cells/mL for the entire study period (Fig. 7). During April 1976, concentrations
peaked at 145 cells/mL in the inner region of zone 1. Peak concentrations at this
time were caused by the occurrence of Ulorhrix sp. For the entire period of observa-
tion, there were no occurrences of significant differences between impacted (inner
reeion) and control (outer reeion) stations (Ayers and Feldt 1983).
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Fiage//ates

Flagellate concentrations increased throughout the 13 years of study (Fig. 8).
Their concentrations ivere higher at the control stations (inner region) than at the
impacted stations (outer region) during the springs of 1972 and 1980 for zone 0, the
summers of 1971 and 1977 in zone I, the falls of 1973 and 1977 in zone I, and the
falls of 1974 and 1979 in zone 2 (Ayers and alley 1979, Ayers and Feldt 1982, Ayers
and Feldt 1983). Flagellate concentrations were higher in the inner region during the
fail of 1976 in zone 2 and during the summer of 1980 in zone I (Ayers and alley
1979, Ayers and Feldt 1983). Upivelling events in the fall of 1979 and the occurrence
of a thermal plume from the plant in the fall of 1977 may have been responsible for
lower concentrations of flagellates in the inner regions (Evans et al. 1982).

Centric Diatoms

For the period of observation, centric diatom concentrations were relatively high
during 1972-1973, 1975-1976, and 1978-1979 in zone 0; 1973, 1975, and 1979 in
zone I; and 1975 and 1979 in zone 2 (Fig. 9). Centric diatom densities were higher in
the outer region of zone I during spring of 1972 and of zone 2 during the spring of
1980 (Ayers and ~Viley 1979, Ayers and Feldt 1983). Diatom densities were higher in
the inner region during fall of 1972 in zone I and during fall of 1975 in zones 0 and
2. A thermal plume originating at the plant was evident during the fall of 1975
(Evans et al. 1978) and may have been responsible for elevated centric diatom
densities in the inner regions of zones 0 and 2.

Pennate Diatotns

Pennate diatom densities increased between 1970 and 1978 in zone 0 and between
1970 and 1977 in zones I and 2 (Fig. 10). Since 1977-1978, pennate diatom densities
have been decreasing. Pennate diatom densities were higher in the outer region
during the summer of 1970 in zone I, the summer of 1971 in zone 2, and the spring
of 1973 in zone I (Ayers and 6'iley 1979). Concentrations of these diatoms ivere
highest in the inner region during the fall of 1975 in zone 2 and the fall of 1979 in
zone I (Ayers and IViley 1979, Ayers and Feldt 1982). A thermal plume originating
from the plant was identified in the fall of 1975 (Evans et al. 1978). As it divas for the
centric diatoms, it may have also been responsible for elevated pennate diatom
densities in zone 2 during 1975.

Desmids

The desmids showed almost no variation for the entire study period. Desmid
concentrations were low throughout the duration of the study. Concentrations were
higher in the outer region during summer of 1971 in zone I and were higher in the
inner region during summer of 1971 in zone 2 (Ayers and IViley 1979).

Other Algae

Other algae densities increased between 1970 and 1978 and then decreased slightly,
but remained relatively constant after 1978 (Fig. I I). Concentrations of other algae
were higher in the outer region than in the inner region during the springs of 1971
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and 1980 in zone I (Ayers and ~Viley 1979, Ayers and Feldt 1983). Concentrations
were higher in the inner region than in the outer region during the springs of 1973 in
zone 0, 1974 in zone 2, and 1982 in zone 2, the summers of 1973 in zone I and 1981

in zone 0, and the falls of 1973 and 1977 in zone 2 (Ayers and 6'iley 1979, Ayers and
Feldt 1982, Ayers and Feldt 1983). A thermal plume attributable to the plant was
observed in the fall of 1977 (Evans et al. 1982). Elevated concentrations of other
algae may have been related to the plant's thermal plume in the inner region of zone
2 during the fall of 1977.

Total Algae

Total algae cell densities increased between 1970 and 1978 (Fig. 12). After 1978,
concentrations were relatively high compared to the early years of thc study. Total
algae concentrations were higher in the outer region than in the inner region during
the springs of 1972 in zones 0 and 2 and 1976 in zone I and the summer of 1978 in
zone 2,(Ayers and V'iley 1979, Ayers and Feldt 1982). Concentrations were higher in
the inner region than in the outer region during the summers of 1977 and 1979 in
zone 2 (Ayers and ~Viley 1979, Ayers and Feldt 1982).

CHANGES IN DIVERSITY AND REDUNDANCY
l

As for the changes in major ph>zoplankton groups, changes in diversity and
redundancy (Wilhm and Dorris 1968) revealed no plant impact (Ayers and Feldt
1983). Statistically significant differences between diversities and redundancies at
control and impacted stations for each zone were very few in number (Figs. 13 and
14). Those few differences found are believed to result from sampling a heteroge-
neous spatial distribution of phytoplankton. ~Vater masses have been described as
resulting from stream inputs, thermal bar development, and upwelling of hypolim-
nion water (Rossmann 1986). These water masses of differing physical and chemical
character are hypothesized to be responsible for observed variations in the spatial
distribution of phytoplankton in nearshore regions of the Great Lakes.

lbvIPLICATIONS OF OBSERVED VARIATIONS

For the period of 1970 to 1982, phgoplankton numbers and assemblage structure
varied in response to changes within the lake itself and not to plant activities.
Changes occurring at impacted stations (inner region) varied in unison 41th changes
occurring at control stations (outer region) for both preoperational years
(1970-1974) and operational years (1975-1982). For the feiv occasions on ivhich a
plume was readily detectable in the spring and fall, the plant may have accelerated
the natural process of warming the waters adjacent to the shoreline in the spring and
retarded their cooling in the fall. During the fall of 1975, springs of 1977 and 1978,
and falls of 1977 and 1978, a thermal plume was evident which could account for the
observed differences and represent a definitive recording of plant impact on the
nearshore region of southeastern Lake Ilichigan. However, the number of signifi-
cant differences found is less than 10"o of the comparisons made for thc period of
observation. The differences identified for pre- and post-operational data are simi-
lar Thus. the number of significant differences between, control (outcr region) and
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impacted (inner region) stations is within the range of natural variation (Ayers and
Feldt 1983) and does not necessarily represent a consistently measured plant impact
on the lake.

SUMMARY

Impact of the Donald C. Cook Nuclear Plant was undetectable within the lake
despite the fact that phytoplankton productivities were significantly reduced during
circulation through the plant. Chlorophyll a concentrations in cooling waters circu-
lated through the plant were seldom altered during plant passage even though phyto-
plankton productivities decreased between 16elo and 76<io between the intake and
discharge. There is no evidence from which to draw any conclusions about perma-
nent damage to the phytoplankton. Though productivities decreased, chlorophylls
did not. Thus the potential for recovery existed.

Because of the design of the plant's discharge diffusers, detection of an immediate
plant impact upon the lake v:as impossible with the sampling plan and methods of
measurement utilized for the study. The three-fold or more rapid dilution of dis-
charge water with ambient lake water precluded measuring any immediate impact by
the thermal discharge on the phytoplankton assemblage. The presence of this heat
source in nearshore southeastern Lake Michigan does not appear to have had any
detectable impact on the lake's phytoplankton for the 7 years of study during which
the plant was operational. Changes in ph>coplankton numbers and assemblage
structure which occurred at impacted stations (inner region) paralleled similar
changes at the control stations (outer region). Changes occurring during the years of
plant operation were similar in magnitude to those occurring during pre-operational
years. Therefore, the plant has had no statistically demonstrable impact upon the
nearshore southeastern Lake Michigan phytoplankton.
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PHYTOPLANKTOYPOPULATIONS OF
SOUTHEAST LAKE MICHIGAN 1974-1982

James A. Bowers, Ronald Rossmann, James Barres, and William Y. B. Chang

INTRODUCTION

To do science is to search for repeated patterns in nature (MacArthur 1972).
Ph>coplankton populations, which provide the energy base for limnetic food webs,
have a dynamic community structure with temporal-spatial patterns cycling on diel
and annual time scales. These rhythms are accompanied by short- and long-term
random interruptions. Space scales in this dynamic structure range from microns to
hundreds of kilometers. Both abiotic and biotic processes controlling algal species
composition and algal interactions with the rest of the pelagic community also
fluctuate in this continuous space-time plane. For example, at micron-millisecond
coordinates, micronutrient patches created by excreting zooplankton partially
define the uptake and competition for phosphorus and nitrogen (Lehman and Sca-
via 1982). At diel-decimeter scales, algal reproduction and mortality track the daily
solar radiation cycle and diel vertical migration patterns of zooplankton herbivores
(Bowers and Grossnickle 1978). Phytoplankton seasonal succession cycles predomi-
nate at annual-kilometer (basin) coordinates. Here, water temperature and photope-
riod provide a rhythmic physical framework for cell division and death.

Stochastic interruptions to these cyclical patterns occur at any point on the space-
time plane. Langmuir cells occur at hour-meter points, while up(down)welling
events are observed at hour-kilometer coordinates. At the far corner of the plane are
the effects ofcultural eutrophication which stimulates algal productivity. Changes in
phytoplankton community structure are best evaluated within this framework of
short-term spatial-temporal dynamics and the long-term effects of eutrophication
(Reynolds 1984).

PHYTOPLANKTONOF LAKE MICHIGAN

Beeton (1965, 1969) first awakened the scientific community to the accelerated
eutrophication of the Great Lakes. He pointed out the striking correlation between
demographic trends in Great Lakes basins with significant deteriorations in water
quality. One of the more important changes noted was. the increased phosphorus
loading to the lakes which stimulated algal productivity. Although phosphorus lim-
its phytoplankton biomass in Lake Michigan (Schelske and Stoermer 1972),
increased phosphorus loading also stimulates diatoms enough to deplete dissolved
silica levels in the lake; at this point a dominance of the diatoms ceases with a
subsequent increase in green and blue-green species (Schelske and Stoermer 1971).
In fact, silica depletion in Lake Michigan appears to be a reasonable measure of

, ~ cultural eutrophication (Schelske et al. 1983).
Most. long-terin studies of algal changes have focused on the Bacillariophyta

Il1



GLRD Publ. No. 22/Cook Nuclear Sans Serif (4-5)

142 D. C. COOK NUCLEAR PLANT IMPACT

because their silica frustules provide excellent taxonomic characters and are rela-
tively immune from destruction in the sediments, providing an historical record.
Long-term comparisons remain difficult. Stoermer and Yang (1968) noted that
many earlier qualitative observations in Lake Michigan were performed by amateur
diatomists. To collect algae, many early studies used fine plankton nets instead of
water bottles (Stoermer 1978), thereby selectively omitting many small unicellular
species. Even recently, samples werq collected solely from the surface layers. During
thermal stratification, some large filamentous diatoms reside primarily in the ther-
moclinc stratum and are underrepresented in collections (Brooks and Torkc 1978).
Enumeration techniques are sometimes selective. Often, diatom preparation tech-
niques destroy delicate phytoflagellates. With these restrictions, diatom composi-
tion can b» used to detect some obvious long-term structural trends in the eutrophi-
cation in Lake Michigan. Studies by Stoermer and Yang (1968) and Stoermer (1978)
have correlated diatom species changes with water quality and serve as excellent
examples of this approach.

Species composition temporally fluctuates in temperate lakes, forming a seasonal
succession pattern. This, too, has been influenced by eutrophication (Stoermcr
1978). Two trends were discovered. First, in oligotrophic waters the succession
pattern possesses only one mode. When Damann (1966) plotted total plankton
counts from the Milwaukee and Chicago municipal water "crib" intakes from 1940
to 1963, a unimodal pulse was observed in July at the Milwaukee intake where more
oligotrophic conditions existed. At Chicago, a bimodal curve was observed with
peak abundances during April-Mayand October. A second trend has been increased
amplitudes of seasonal variability. Spring and fall blooms are much more pro-
nounced and bisected by an obvious midsummer low. Light limitation of the contin-
ual intense production limits primary production. During isothermal periods, water
movements were the least complex and almost «ntirely wind driven, but brief and
episodic up(down)welling events with subsequent generation of internal waves
masked any detectable net circulation pattern. Wind stresses, especially from storms
along the main axis of the lake, alter the preceding current patterns. Shallower
regions respond more quickly than deeper areas, because wind stress is inversely
proportional to the depth of any layer. The generally observed current patterns are
rotary motions offshore at near-interstitial frequencies and complex shore-parallel
currents with frequent reversals in the nearshore regions (Sato and Mortimer 1975).
This construct translates into a relatively isolated offshore component and a well
mixed inshore area separated by a shearing zone. These inshore-offshore physical
differences are reflected in the phytoplankton. Algal generation times and diatom
densities are respectively shorter and higher inshore (Holland 1969, Holland and
Becton 1972) with the eutrophic species found inshore (Stoermer et al. 1971).

PHYSICAL LIMNOLOGYOF LAKE MICHIGAN

The current structure of Lake Michigan is a major contributor to the inshorc-
offshore differences seen in the phytoplankton community. While many physical
studies focused on surface or whole basin dynamics (Ayers et al. 1958, Johnson
1960, U.S. Department of Commerce 1967, Noble and Anderson 1968, Noble and
Ewing 1968, Johnson and Mortimer 1971, Huang 1971, Mortimer 1971), these
efforts failed to predict net circulation patterns. Within the nearshore zone, defined
by Mortimer (1971) to be less than 17 km from shore, two special types of current
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structures dominate water movements, the springtime thermal bar and summertime
up(down)v ellings. Both significantly affect phytoplankton growth and reproduc-
tion. In April, when Lake Michigan has a temperature of approximately 3'C,
progressive spring warming begins and leads to a convective current regime called a

thermal bar (Mortimer 1971). This shoreparallel and very abrupt horizontal temper-
ature gradient restrict water mass exchange between the offshore ((4'C) and the
nearshore ()4'C) regions. At the bar itself, Forel (1895) postulated that the 4'C
water, the most dense, sinks, thereby initiating sinking convergences. As warming
continues, the thermal bar moves offshore, eventually dissipating upon itself in the
central basin (Rogers 1966).

Although Forel's model has not been proven, the impact of thermal bars on
phytoplankton communities in the trapped warmer waters behind the bar has been
well documented in two studies. In Lake Ontario during April 1965, Nalewajko
(1966, 1971) observed algal densities two to three times greater behind the bar.
Interestingly, the population was dominated by a single diatom, Srephanodiscus
renuis, which in some samples comprised half of the assemblage. When the warm
water moved offshore, this population followed the bar. Algal densities in areas
beyond and behind the bar were positively correlated with nutrients and not temper-
ature. Behind the thermal bar offshore from Grand Haven harbor, Lake Michigan,
phytoplankton densities were fivefold higher than on the offshore side (Stoermer
1967). At the tempe'rature interface, densities were an order of magnitude greater
than in the offshore community. Species composition fell into four distinct floral
groups: Grand Haven harbor, the region behind the bar, the region at the bar, and
finally the much colder offshore waters. As in Nalewajko's (1966) study, species
composition correlated only with their respective nutrient regimes.

After thermal bar disappearance and resulting stratification, strong persistent
winds from the prevailing south-southwest or storms generated from the northeast
lift cold hypolimnetic water toward the surface from equilibrium levels, creating
large up(down)welling areas (Mortimer 1971). Up(down)wellings are a source of
mass vertical water transport. These episodes are frequent in Lake Michigan and the
other Great Lakes due to their large surface area and their sizeMependent response
to Coriolis forces. Up(down)wellings hav» been observed up to 20 km from the
shoreline with intensities dependent upon wind speed and duration. They have been
extensively studied in large lakes due to their capacity to generate long internal
waves (seiches), large scale geostrophic flows, and coastal jets (Csanaday 1970).
They are the mechanisms that advectively transport water masses along the shore-
line.

Up(down)wellings are the most important driving force behind large-scale short-
term fluxes, both vertical and horizontal, in the nearshore phytoplankton. Using
water intake records from Milwaukee, Wisconsin, and Muskegon, Michigan, Bow-
ers (1980) demonstrated the effect of up(down)wellings on the deep chlorophyll
layer which "bounced" with the vertical displacements of water from internal sei-
ching. A further and much more important vertical effect results from the liftingof
deep nutrient-rich water above the compensation depth for algal production. In
Lake Michigan, highest phytoplankton densities and production rates are observed
in upwelling areas during the summer where silica and nitrogen concentrations are
much higher than in the offshore epilimnion (Schelske et al. 1971). Silica influxes
also maintain diatom species within the upwelling area, while green and blue-green
species dominate the silica-depleted regions farther offshore. Large filamemous
forms are especially successful (Bothwell 1975). Stoermer et al. (1971) noted sub-
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changes within 24 hours, and emphasized the transient nature of upwelling
communities.

In general, thermal bars and up(down)welling events create spatial heterogeneities
among water masses which have different algal nutrient compositions. Theoretical
considerations (Tilman 1977) and laboratory experiments (Tilman and Kilham 1976)
have demonstrated that these limiting nutrient gradients affect species competition
for phosphorus and silica. When this approach was applied to Lake Michigan, silica
to phosphorus ratios accounted for 70~io of the total variance in the test diatom
species. More recently, Kilham and Kilham (1980) have proposed that changes in
limiting nutrient resource gradients are the principal controlling factor of ph>zo-
plankton.

APPROACH

An intensive sampling program in the nearshore area adjacent to the Donald C.
Cook Nuclear Plant was performed from 1972 to 1982 to assess the phytoplankton
community of Lake Michigan. Analyses of these samples will be couched in the
following approaches: long-term changes in algal group composition. changes in
seasonal succession patterns, inshore-offshore differences, and the effects of tem-
perature through thermal bars and up(down)welling events.

LONG-TERM CHANGES IN PHYTOPLANKTON COMMUNITY

CHANGES IN OFFSHORE STATIONS

Evaluating long-term changes in phytoplankton abundance, group composition,
and seasonal succession required the use of the three farthest offshore sampling
stations, SDC<-t, DC-6, and NDC I-4, and al! of the monthly sampled stations.
The offshore locations, positioned 11.2 km from shore, are the least likely locations
to be affected by the transient nearshore current structure (Fig. 1). Only sampling
during April, July, and October included all three offshore stations from 1974-1982.
During 1982, samples were collected only in April. Means and standard errors were
calculated for the three stations to minimize the large station-to-station variance due
to the phytoplankton's horizontal patchiness. Long-term changes from 1974 to 1982
were also analyzed separately for each of the 3 months to negate successional effects
on algal composition.

During April, total cell abundance at the offshore stations appeared to increase
slightly (Fig. 2), but regression analysis indicated the increase was not significant
(P) 0.10). Likewise, there were no significant trends in nutrients (Table 1). Algal
group composition (Fig. 3) represented typical Lake Michigan springtime conditions
throughout the 9-year period, with fiagellates and diatoms dominating the offshore
community. Between the Aprils of 1975 and 1976, there were significant decreases in
centric and pennate diatoms with concurrent increases in flagellates (P<0.01).
Nutrient levels were not correlated with these changes, with the exception of 1979
when Si:SRP (Table 1) were significantly greater than other years correlated with the
diatom increases from 1978 to 1979.

Total cell densities in July were much more variable than in April (Fig. 4) with no
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FIGURE 1. The sampling gridfor algae at the Donald C. Cook Nuclear Plant.

detectable trends. In 1978, there was a significant increase in total cell density, which
corresponded with a large-scale upwelling event centered approximately 0.5 km
offshore. Surface temperature was much lower than in other years (Table 1).
Accompanying this increase were increases in the flagellate and pennate diatom
groups (Fig. 5). Other than this upwelling event, no noticeable trends were detected
in the July sampling series. Nutrient data, limited to only 1977-1981 at the three
offshore stations, also had no detectable trends.

The October data set was even more variable than that of July (Fig. 6). Rough
weather prevented sampling during 1975 and 1976. Though total cell counts ivere
variable; the relative proportions of each of the groups remained constant through
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FIGURE 2. Total cell densities during April I974-I982 at the three offshore
stations of the sampling grid.

TABLEl. Nutrient concentrations at the three offshore Donald C. Cook Nuclear
Plant sampling stations during April, Julv, and October l977-1982. SRP = soluble
reactive phosphorus; TP = total phosphorus.

P-SRP'i-SiO,'-TP'emp. Si:SRP
Year (pg L') (pg L') Qg L ') 'C Atomic Ratio

April

July

October

1977
1978
1979
1980
1981
1982

1977
1978
1979
1980
1981

1977
1978
1979
1980
1981

0,74
2.29
0.27
1.17
1.38
0.95

0.74
1.70
1.30
1.40
0.20

0.96
1.40
0.82
0.50
0.65

0.42
0.86
0.87
1.13
1.22
0.56

0.10
0.90
0.84
0.20
0.25

0.65
0.89
0.74
0.60
1.20

5.00
12.50
17.00
5.90
5.60

15.10

1.60
7.10
NS
NS

3.80

2.80
8.90
NS

9.7
9.4

6.1
3.9
3.1
2.4
4.3
3.2

16.1
11.8
18.9
17.1
') '!

10.8
16.0
14.6
11.8
13.9

292
195

1,611
497
453
302

70
273
333

74
697

352
331
477
625
952

'pg L'RP or TP ~ 0.032pMP
:mg L'iO.. ~ 16.7 pMSi
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FIGURE 4. Total cell densities during July 1974-I982 at the three offshore sta-
tions of the sampling grid.

the 9-year period (Fig. 7). Coccoid blue-greens increased sometime after 1974. The
flagellate group consistently comprised approximately 20trio of the total counts.
Again, there were no significant trends in nutrient concentrations with the exception
of Si:SPP ratios which increased after 1978 (Table I).

Seasonal Succession

Assessing long-term successional changes in southeast Lake Michigan required a
conservative approach to the choice of sampling stations. Therefore,'the mean of
the algal densities from all the monthly stations was chosen to eliminate both
station-to-station and inshore-offshore variances. Because the samples were col-
lected from only a 1-m epilimnetic depth, deep-living phytoplankton were not repre-
sented during the thermal stratification. Successional patterns were analyzed as total
counts and by taxonomic groupings. Nutrient data were also determined for the
months of April, July, and October also at a I-m depth.

Mean total cell counts at those stations sampled monthly indicated the often
observed bimodal successional pattern for Lake Michigan (Fig. 8). During April,
May, and sometimes through June, the spring bloom of mainly flagellates and
diatoms occurs when stratification is developing. Following this isolation of the
warmer mixed layer is a midsummer minimum beginning in June, usually reaching a
maximum low in July, and continuing into August. As thermal stratification gradu-
ally breaks down because of autumn cooling, nutrient-rich deeper and cooler waters
stimulate algal growth once again, resulting in a fall bloom during late September or
October, and into October. Although no samples were collected from December
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FIGURE 6. Total cell densities during October 1974-1982 at the three offshore
stations of the sampling grid.

through March, a winter minimum follows this autumn bloom. There were no year-
to-year trends in this pattern except those probably resulting from year-to-year
differences in the weather-driven thermal structure of the lake (Fig. 8).

When phytoplankton succession is observed as individual taxonomic groupings,
some groups follow the general bimodal pattern heavily contributing to the overall
pattern, while others appeared as summer groupings.

Flagellates (Fig. 9), along with pennate diatoms, were the groups contributing the
most to the bimodal pattern. From April through May, and often into June, flagel-
lates formed an important component of the spring bloom. After a summer low in
density during July and August, a smaller pulse during September, October, and
November followed. The timing of this fall bloom is no doubt responsive to autumn
cooling. There were no consistent changes to this pattern.

Equally abundant with the flagellates, pennate diatoms were also bimodal (Fig.
10). Unlike the flagellates, there occurred a time shift delay of 1 month in their
seasonal succession. From 1974 to 1977, the spring pennate bloom occurred in
April, while from 1978 to 1981, the bloom peaked in May. Likewise the fall bloom
was delayed a month from October until November within the same years. Midsum-
mer minimums still occurred consistently in August and September. The reasons for
this time change are unknown.

Centric diatoms were less abundant than the pennates, but had a similar bimodal
succession pattern. This pattern was, however, more variable (Fig. 11). During 1974,
1975, 1979, and 1982, the spring pulse peaked in April, while in the other years the---
bloom's mode was in May. October was the month most often associated with the
fall bloom, although sometimes it occurred in September. Midsummer minimums
from 1974 to 1979 were in August. ln 1980 and 1981, they occurred in July.

The least abundant of all of the nine groups were the desmids (Fig. 12). Bimodally
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FlGURE 12. Mean monthly desmid densities in the Donald C. Cook Nuclear
Plant algal sampling grid 1974-1982.

patterned, they had an early summer bloom during June and July followed by an
autumn pulse in the late fall, October, and November.

All of the above groups give Lake Michigan its typical bimodal successional
pattern, but other groups. filamentous blue-greens, coccoid blue. greens, and coc-
coid greens, are unimodal summer forms which coincide with the total cell count
midsummer minimum. The filamentous blue-greens most often had their summer
maximum in July (Fig. 13), while the coccoid blue-greens'eak was a distinct late
summer group with maxima anytime from August, through September and October,
and into the beginning of November (Fig. 14). Coccoid greens were most often a
summer group with maxima from late July, August, and into carly September (Fig.
15). However, in 1978, 1979, and 1981 they exhibited bimodal patterns. Not an
abundant group, filamentous green algae were also unimodal with the maximum
occurring during any month from May until October (Fig. 16).

The "other" group, composed of an assortment of several taxonomic genera, had
an understandably variable pattern (Fig. 17). In 1974 and 1975, the pattern was
unimodal having maxima in August and June. During 1976 and 1977, the spring
bloom was less obvious, with dominant fall maxima in September or October. The
pattern was bimodal with the spring bloom occurring from Apriluntil June and the
autumn pulse following during some period from September through October for
1978-1981.

Single species or dominant groups varied throughout the sampling period at the
three offshore sampling stations. Table 2 illustrates the dominant group or species
for. each month during the sampling period. During April, the flagellate group made
up the largest proportion of the population. This was somewhat artificial because
the flagellate group represents many species, especially the Rhodomonas and Cry-
ptomonas genera. During July, flagellates again were dominant. Anabaena flow-
aquae was the single most consistent species during July. This blue-green alga is
indicative of eutrophic conditions and often nitrogen limitation. A mesotrophic
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TABLE2. Dominant phytoplankton groups and species forApril, July, and Octo-
ber 1974-1982 in the three offshore Donald C. Cook Nuclear Plant sampling grids.

Year Month Groups and Species

1974 April -Synedra filiformis, Melosira italica, Fragilaria crotonensis, Flagellates
July -Fragilaria crotonensis, Thalassiosira pseudomona, Flagellates
October -Gomphosphaeria lacustris, Anacystis incena, Flagellates

1975 April -Flagellates
July -Flagellates, Cyclotella stelligera, Gloeocystis planktonica
October-A nacystis incerta, Gomphosphaeria lacustris

1976 April —Flagellates
July -Gomphosphaeria lacustris, Anabaena flos-aquae, Flagellates
October —none reported

1977 April -Flagellates
July -Anabaena flos-aquae, Fragilaria crotonensis, Cyclotella comensis,

Flagella! es
October-Anacystisincena, Gomphosphaeria lacustris

1978 April -Ragellates
July —Chryptophytic spp., Flagellates, Fragilaria crotonensis
Oct ober -Anacystis incena

1979 April - Flagellates, Ochromonas spp.
July -Fragilaria crotonensis, Anabaena flos-aquae, Flagellates
October —,Anacystis,incerta

1980'April -Flagella!es, Rhodomonas minuta
July —Flageilates, Anabaena flos-aquae
October -'anacystis incerta, Gomphosphaeria lacustris

198) April —Flagellates
July —Flagellates, Anabaena flos-aquae
October-'. Gon>phosphaeria tacustris, anacystis incena, Rhodomonas minuta

1982 April —Flagellates
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chainforming diatom, Fragilaria croronensis, was the only other species:to fre-
quently be dominant. During fall overturn in October, Gojnphosphaeria,lacusrris
and Anacys(is incerra were consistently dominant. However, neither species exhib-
ited any tendency to change in abundance through the years.

HORIZONTAL PATCHINESS OF NEARSHORE PHYTOPLANKTON:
THE EFFECT OF TEMPERATURE

Phytoplankton populations form patchy distribution patterns in pelagic waters on
the horizontal axis. This horizontal patchiness is observed over a two-dimensional
space-time continuum covering virtually all scales of time and distance. During
April (1974-1982) and July (1974-1981), 36 to 38 stations were sampled for'algal
densities at a 1-m depth in the southeastern nearshore region of Lake Michigan
adjacent to the Donald C. Cook Nuclear Plant where horizontal patterns were
detected.

APRIL 1974-1982

April is characterized by the presence of springtime thermal bars ranging from 0.5
km to 4-5 km offshore in the 9-year period. To recognize algal distribution pat-
terns, phytoplankton and nutrient data sets were assessed using three different
techniques: multivariate linear correlation, principal components analysis, and clus-
ter analysis. Relationships among various nutrients, nutrients and algal groups, and
various algal groups were sought that would link algal distribution patterns to
temperature in the sampling grid. Although every relationship was examined, no
consistent pattern emerged. The reason for this lack of correlation patterns is the
scale of the sampling grid and mesoscale patchiness of the phytoplankton. At a scale
of hundreds of meters be! ween sampling stations, algal densities for any algal group
or even single species could change by an order of magnitude. Multivariate methods
do not filter out this fine scale patchiness allowing correlations across the whole
sampling grid. Thus in order to detect an April thermal bar event statistically, the
data were grouped on a coarser scale.

Thermal bars create a gradient of temperature, with warmer temperatures in an
inner region encompassed by the thermal bar itself at approximately 4'C followed
by a colder outer region. April data were grouped into three zones according to
temperature. An inshore zone, behind the bar, is defined by stations having a
temperature ) 4.5'C. A middle or thermal bar zone is that region 3.5-4.5'C. The
outer offshore zone is (3.5'C. This protocol was possible only during the years
1975, 1978, 1979, 1980, and 1982. In April 1974, 1976, 1977, and 1981, there wer»
not enough stations (1-2) in the 3.5-4.5'C temperature rang». Al! of the offshore
stations were (4.0'C. In these cases, the inner and middle zones were separated at a

temperature halfway between the inner and outer station temperatures. This method
proved to be simple and effective in demonstrating how temperature alone is the
single most important determinant of algal densities along this temperature gradi-
ent.

Table 3 lists temperature and phytoplankton group means. During April 1974, the
thermal bar was located 5 km from the shoreline (Table 3). All algal groups
decreased in density from the inner to outer zones. Not surprisingly, the largest
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TABLE 3. Mean values of tvater tentperature (CJ and phytoplankton groups
(cells mL')during April l974-1982 at three zones defined by tetnperature. I = inner
zone, M = middle -one, 0 = outer -one. T = temperature, TOT = total, CEN =
centrics, PE(V = pennates, FLG = flagellates, FIL/BLGR = filamentous blue-
greens, COCC/BLGR = coccoid blue-greens, COCC/GR = coccoid greens.

FIL COCC COCC
Year ,T TOT CEN PEN FLG BLGR BLGR GR

1974
I 7.6

M 6.1
0 35

1975
I 5.6

h1 3.8
0 3.1

1976
8.5

M 6.0
0 2.9

1977
I 9.0

M 7.1
0, 26

1978
I 6.1

M 4.2
0 2.9

1979
I 5.5

M 3.8
0 23

1980
7.5

M 3.8
0 24

1981
I 8.$

M 5.7
0 3.4

2,106.1
1,575.7

723.5

3,540.1
3,379.2
2,325.4

5,087.4
2,$ 73.4
2,426.0

4.$ 20.9
4,346.0
),7)4.0

3,549.6
3,718.6
2.300.0

7,676.2
5,4) 4.8
3.002.5

3.443.6
2,470.9
I,'776.7

$ .) 12.8
2,450.0
1,943.5

735.3
573.5
291.4

1,839.6
1,582.8
1,130.6

1,719.4
69).4
683.7

.533.8
442.7
461.8

1.079.8
"

),193.9
6$ 2.5

2,602.3
3.075.0
1,211.8

1.029.5
927.8
435.8

553.8
295.9
291.8

915.8
662.4
295.3

1.015.1
1,135.4

709.7

1,828.7
760.4
648.0

1,734.8
1,514.4

216.5

862.8
810.7
360.8

974.7
1,352.2

802.3

1,041.3
529.5
240.0

1,234.1
473.6
2)$ .2

287.6
277.5
120.0

454.5
547.0
360.3

1.045.4
805.7
891.7

1,926.9
2,078.4

903.8

1.296.5
1,075.6
),102.7

538.8
697.1
808.4

1,062.7
819.8
965.3

],805.8
1.508.3
1,19S.O

23.8
12.0
5.3

8.9
10.7
6.3

76.3
34.7
29.3

36.3
34.3
7.3

9.3
9.5
7.0

20.'7

8.0
6.5

71.6
~ 257

4.8

159.1 34.1
21.1 66.5
48.4 21 4

126.4
585 0

5.7

79.9 104.9
92.4 49.6
45.6 27.5

91.9 155.3
34.9 556.9
68.1 70.2

84.5 77.0
83.8 141.7
80.3 43.7

43.4
121.1
79 3

4)5.9 43) .3
75.0 25.7
2$ .8 124.0

1982
6.2

M ~ 4.2
0 2.2

S,905.1
4,142.7
2,)69.3

1,876.6
988.7
3)6.1

1,392.4 1.798.9
1,070.6 1.575.9

341.7, 1.321.1
31.6

5.0

41.6 416.8
242.4 81.7
101.7 4) .9

' Group not present in sample.

g
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declines were observed in the transition from the middle to outer zone. Centric and
pennate diatoms which comprised the largest proportion of the total decreased by a
factor of two.

With cooler temperatures prevailing, the thermal bar in 1975 was much closer to
the shoreline, 0.3 km, than in 1974. Only an average of 2.5C'eparated the middle
and outer zones. Consequently, variation was greater than in 1974. While total algae
and centric diatom densities declined monotonically, pennate diatoms, flagellates,
filamentous blue-greens, and coccoid greens were most dense in the middle region.

Farther offshore in 1976, the thermal bar region was nearly 1.5 km offshore.
Total algae and the diatom groups decreased most significantly in the middle zone.
Flagellate densities were higher in the outer zone compared with the middle region.
Coccoid blue-green algae were almost undetectable in the outer offshore region.

With the thermal bar located approximately 2.5 km offshore, a large difference in
temperature existed between the inner and outer zones during April 1977. The
greatest difference in temperature was between the middle and outer zones, which
was reflected in the proportional declines of total, pennate, flagellate, and filament-
ous blue-green groups. Coccoid blue-greens were the least responsive group.

With the bar residing 1.5-2.0 km offshore in 1978, diatom declines between the
middle and outer zones were most dramatic. Coccoid blue-greens were lowest in
density in the middle zone, while the coccoid greens decreased dramatically between
the middle and outer regions.

In April 1979, the bar was positioned very near the shoreline (<0.5 km) with just
six stations having temperatures >4.5'. The total temperature gradient averaged
3.2 C'. Similar to 1975. total density changes in this small cline were proportionally
small. Group means were not consistent. Coccoid blue-greens did not change signifi-
cantly. Coccoid greens decreased appreciably in the offshore regions. Flagellates and
diatoms were more dense in the middle zone than in the inner zone.

In 1980, the thermal bar was located approximately 0.5-1.0 km from the shore-
line. Centric and pennate diatoms decreased substantially in the transition between
the middle and outer zones. Although flagellate densities were greatest in the inner
zone, densities in the outer zone exceeded those in the middle region. Having very
large standard deviations, blue-green group means were low.

Located 4.0 km offshore, the thermal bar regime had a mean temperature gradi-
ent spanning 5.1 C'n 1981. Offshore of the inner zone, coccoid blue-greens and
coccoid green species decreased dramatically. While flagellates declined only moder-
ately, diatoms also responded most significantly to the transition into the middle
zo tie.

The bar was positioned very close ((1.0 km) to the shoreline in 1982, with a
concurrent smaller temperature differential. Coccoid blue-green algae were most
dense in the middle zone; whereas, coccoid green species declined in the thermal bar.
Flagellate species decreased by only a small proportion from the inner to outer
region. Diatom abundances were much lower in the outer region.

The consistent direct effect of temperature was most easily observed when the
total and group algal densities were ranked within the three temperature zones
(Table 4). The method gave a rank score of 1 ifthat zone had the highest density of
the three zones. When a zone had the second highest cell density for a particular
algal group, that zone was given a score of 2. The lowest density of the three zones
was given a score of 3. When averaged from 1974 to 1982, trends are apparem.
Mean rankings for total cell densities are very near the theoretical rankings for the
continual decline of abundance going from the region behind the tliermal bar.
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I

TABLE 4. Mean zone rani ings, 1974-1982 (+ SDJ, ofeach phytoplankton group.
A value of 1 indicates that group had the highest cell densitiesin that -one. while a
value of3 indicates that -one always had the lowest cell density ofthe three zones. N
= sample size.

Total
Pennates
Centrics
Filamentous Blue-Greens
Coccoid Greens
Coccoid Blue-Greens
Flagellates

Inner
(N ~9)

1.11 (0.33)
1.22 (0.44)
1.22 (0.44)
1.43 (0.53)
1.43 (0.53)
1.63 (0.92)
1.44 (0.73)

Middle
(N ~ 9)

1.89 (0.33)
1.78 (0.44)
1.89 (0.60)
1.57 (0.53)
1.71 (0.76)
1.88 (0.83)
2.11 (0.78)

Outer
(N ~9)

3.00 (0.00)
3.00 (0.00)
2.89 (0.33)
3.00 (0.00)
2.86 (0.38)
2.50 (0.53)
2.44 (0.73)

through it, and offshore from it. Note the outer zone had the perfect ranking of 3
and the lowest mean score (1.11) for the inner zon». Diatoms were the most
temperature-sensitive groups in this ranking hierarchy. Pennate species had a score
of 3 in the outer zone. Both pennates and centric forms had the lowest mean
rankings in the inner zone (1.22). The filamentous blue-green and coccoid green

. groups had larger deviations from perfect rankings in the inner and middle zones but
retained high mean rankings for the coldest outer zone similar to those of the diatom
groups. Coccoid blue-greens and the flagellate species had the largest deviations
from perfect rankings which indicated they were the least sensitive to the bar-
induced temperature clines.

Thermal bars and their resultant temperature gradients regulated the April hori-
zontal distributions of phytoplankton on a spatial scale of thousands of meters. On
a scale of hundreds of meters, algal patchiness existed to a high degree but could not
be correlated with physical or chemical conditions in the habitat. No trends were
detectable on this scale.

JULY 1974, 1978

For the Lake Michigan epilimnion, July is a period when diatoms and flagellates
dominate the ph>aoplankton community, silica and phosphorus limit algal produc-
tivity, and a deep chlorophyll layer composed of the genera l=ragilaria, Melosira,
and Tabellaria exists (Brooks and Torke 1978). Physically, the epilimnion is a warm
turbulently mixed layer (17-25'C) that is isolated from the colder, deeper strata by
the thermocline. Horizomal phytoplankton patchiness is random and small scale,
reflective sometimes of surface currents. Muhivariate analysis (multiple correlation,
principal components, and cluster analysis) of the July data sets from 1974-1981

" offered no consistent patterns because of the small scale randomness in the mixed
layer for the years 1975-1979 and 1978-1981.

However, this July habitat is dramatically restructured in Lake Michigan by sto-
chastic wind stresses from. storms over the lake. In the far offshore waters, this
frictional drag creates sheer forces in the thermocline v hich result in sudden and
localized destructions of thechermocline (Poincare'aves) thar-generate areal "win-
dows" of turbulent mixing of epilimnetic,and hypolimnetic waters. These areas then
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bounce on a vertical axis from the effects of multinodal internal waves. In nearshore
regions of the lake, this episodic wind stress from summer storms is observed as

large-scale up(down)welling evems. North-northwest winds along the north-south
axis of the lake with concurrent Coriolis Effect create westerly surface currents
along the eastern Lake IMichigan shoreline. Warm surface water is blown offshore
and cold hypolimnetic water is brought to the surface in an elongated pattern that is

shore-parallel. During July 1974 and 1978, upwelling events were observed in the
intensive survey grid tangent to the Donald C. Cook Nuclear Plant.

During the July 1974 period, the upwelling region was confined to an area 2 km
south to approximately 4 km north of the plant and extended almost I km offshore.
It included 14 sampling stations (Fig. 18). Mean surface temperature was 12.7'C,
indicating that the upwelled water was well mixed with surface water. The absence of
4'C water indicated that there was no contact of hypolimnetic water with the
surface. Yet this region was substantially cooler than the 18'C offshore epilimnion.
Based on temperature, the sampling grid vas again segregated like that of the
thermal bar regions in the April surveys.

Significant shifts in the phytoplankton community occurred during the July 1974

upwelling (Table 5). Total densities of algae increased by approximately 701rio in the
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FIGURF 18. Temperature (CJ in the Donald C. Cook Nuclear Plant sampling grid
during the April 1974 up1velling event.
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TABLE5. Mean values (+ SD) for temperature (C) and algal group cell densities

(cells mL') in the inshore upwelling and offshore waters of southeastern Lake
Michigan, July 1974. N = sample si-e.

Parameter

Temperature
Total
Centric Diatoms
Pennate Diatoms
Flagellates
Filamentous Blue-Greens
Coccoid Blue-Greens
Filamentous Greens
Coccoid Greens

Upwelled Region
(N ~ 14)

12.7 (.4)
2,078.9 (769.6)

495.9 (214.3)
1,021.9 (386.8)

16.8 (18.2)
13.4 (17.7)
25.1 (38.6)
16.9 (18.2)
22.8 (23.8)

Offshore Region
(N ~ 22)

18.0 (1.9)
1,224.5 (726.4)

247.8 (231.6)
430.8 (350.4)
280.8 (146.5)

41.0 (78.9)
66.1 (90.0)
29.2 (34.8)
59.4 (58.6)

upwelled zone. This increase was duc to 100<io increases in both diatom groups.
Flagellates, however, decreased by an order of magnitude. In the inshore zone, blue-
green and green species declined to one-half of their offshore densities.

The large increases in diatom densities were due to the influx of hypolimnetic
water rich in dissolved silica. Although epilimnetic waters had only O.l mg L

'issolvedSi-SIO>, hypolimnetic water had 1.4 mg L'issolved Si-SiO.. (Rossmann
1986).

The upwelling event of 1978 was different in form from that of 1974 (Fig. 19).

Although the upwelled region was restricted to being clos» to the shoreline from 7

km south of the plant to 7 km north of the plant, it extended approximately 2 km
offshore, making the total upwclling area much larger than in 1974. Interestingly, a

small region of warmer water was trapped behind the cooler water and was directly
tangent to the shoreline. This water was probably comprised of heated discharge
water from the power plant and some of the remnant epilimnetic water normally
associated with the beach area. Because of this horizontal distribution pattern, the
sampling grid was divided into three distinct zones: the warm water behind the
upwelled zone; the upwelled zone itself; and, beginning 2 km offshore, the July
epilimnetic waters of the lake (Table 6). Temperatures in the inshore zone averaged
15'C. The upwelled region had a mean temperature of 9.7'C, which was signifi-
cantly cooler than thc 1974 upwelled surface temperature. These two zones were
contained against the shoreline by an epilimnetic background temperature of 17'C.

Shifts in the relative abundance of thc ph>aoplankton groups from thc offshore
community to the upwelled community were somewhat similar to the 1974 upwelling
event. Total algal densities almost doubled in the upwelled region. Again, both
diatom groups were most responsible for this increase. Flagellates also decreased as

in 1974, but to a lesser degree. While both green phgoplankton groups did not
change significantly, filamentous blue-greens in the upwelled zone had densities half
those of offshore waters.,ln contrast, coccoid blue. greens increased in the upwelled
zone more than an order of magnitude over offshore densities.

The transition from the upwelled zone to the six stations adjacent to the shoreline
resulted in striking changes in the phytoplankton community structure. Total algal
densities increased threefold, having some, of the highest cell densities observed
during the entire study. Most of this increase was in the diatom groups. ahhough'
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TABLE6. Mean Values (+ SD) for temperature (C) and phytoplankton group cell
concentrations (cells mL') in the inshore region behind the uptvelling -one, the
upwelling region, and the offshore epilimnion ofsoutheastern Lake Michigan, Juiy
l978. N ~ sample size.

Parameter

Temperature
Total
Centric Diatoms
Pennate Diatoms
Flagellates
Filamentous Blue. Greens
Coccoid Blue.Greens
Filamentous Greens
Coccoid Greens

Inshore Zone
(N ~ 6)

15.0 (0.9)
23,217.2 (5952.6)

8 582.1 (2418.3)
10,893.2 (2684.8)

738.2 (522.7)
249.3 (447.5)

1,747.7, (1270.9)
26.7 (13.5)

327.3 (179.1)

Upwelled Zone
(N ~ 25)

9.7 (1.6)
6,015.2 (7181.5)
1,257.8 (2158.9)
1,449.8 (2142.3)
1,415.1 (6&9.3)

133.1 (157.1)
493.7 (552.7)

25.6 (25.4)
130.1 (190.4)

Offshore Zone
(N = 7)

17.1 ( 1.7)
3,401.6 (791.2)

270.6 (250.8)
906.9 (441.6)

1.612.3 (521.0)
309.7 (632.7)

19.9 (49.9)
30.7 (16.4)

112.1 (131.1)
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coccoid blue-green forms tripled in density. Coccoid greens contributed to the
bloom by doubling in density, while flagellates declined. Filamentous greens did not
significantly change in this warm and shallow region.

Persistent upwelling events have been studied for half a century in marine com-
munities, because of their importance in neritic fishery production. In freshwater
lakes, persistent upwelling phenomena occur only in those basins large enough to
have sustained current patterns that generate them (Mortimer 1971). Yet, there is a

commonality of the ph>aoplankton response to both freshwater and oceanic upwell-
ing events. Diatoms are responsible for almost all of the phytoplankton density
increases observed in the upwelled region. When swept upward into strata having
higher light intensities and thermal radiation, algae residing in nutrient-rich cold
water are suddenly stimulated by these ideal conditions for growth. This scenario
seemed most evident in the six stations along the shoreline during 1978. Stoermer et
al. (1971) observed an almost identical response in this same region of Lake Michi-
gan. The cooler hypolimnetic water was high in phosphate and silica which are
normally depleted in the mixed layer waters of the lak» during July. Add the light for
photosynthesis and the heat for temperature-dependent ceil growth, and expected
increases in density occur.

Since the Stoermer et al. (1971) study, there has been another discovery which
could further enhance diatom increases in the upwelling zone. A characteristic
feature of the vertical distribution of phytoplankton in Lake Michigan during July is
a deep chlorophyll layer (Brooks and Torke 1978). Residing principally at the
metalimnetic-hypolimnetic interface, this layer is composed of chain-forming
diatoms that settle out of the mixed layer and, when encountering the more dense
and much less turbulent interface, accumulate at this depth.,During an upwelling
event, this stratum is part of the water drawn upward, carrying with it high densities
of diatom chains which add to in situ growth.

SUMMARY

Long-term changes in the phytoplankton community in southeastern Lake Michi-
gan in the vicinity of the Donald C. Cook Nuclear Plant were assessed at the three
farthest offshore sampling stations located I1.2 km from the shoreline during April,
July, and October 1974-1982. Most phytoplankton groups, though variable, did not
have any noticeable trends during April. However, flagellates and both diatom
groups significantly decreased (P(.05) during 1974 and 1982. Nutrient concentra-
tions also did not have any significant trends during the study period. Neither total
cell densities nor nutrient concentrations had any trends during the July cruises,
though the flagellate group increased after 1977 and remained at that proportion
through 1981. Total cell densities during October were more variable than April or
July, with coccoid blue-green algae increasing after 1975 (P(.05). Again, nutrients
did not change significantly during the October samplings.

Seasonal succession patterns during the 1974-1982 period followed the typical
Lake Michigan bimodal pattern. April, May, and June most often encompassed the
spring diatom bloom, which led to a variable midsummer minimum during June,
July. August, and part of September. A fall bloom began during September and
continued through November. Flagellatcs and the diatoms followed this pattern
closely, while the blue-green and green groups were most abundant during summer.
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Anabaena flos-aquae, an eutrophic blue-green species, was particularly dominant
during summer.

Spatial distributions of algal populations in the nearshore region were patchy
during most of July and all of October. Tempcraturc-controlled distributions during
all of the April cruises and two of the July cruises were due to the temperature
structures of thermal bars and upwelling episodes, respectively. Total cell densities
were directly proportional to temperature in the thermal bars. Diatoms were most
sensitive to temperature, while blue-greens and greens were less sensitive. Flagellates
were the least sensitive to temperature. The 1974 and 1978 July sampling coincided
with upwelling events along the shoreline adjacent to the power plant. Lowered
temperatures in the upwelling zone were accompanied by increases in diatom con-
centrations. This probably resulted from the advection of incoming net phyto-
plankton from the deep chlorophyll layer and infusions of silica-rich hypolimnetic
water.
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IMPACT OF THE DONALD C. COOK NUCLEAR PLANT
ON ZOOPLANKTON IN SOUTHEASTERN LAKEMICHIGAN

Marlene S. Evans and Glenn J. Warren

INTRODUCTION

In the late 1960s and early 1970s there was concern that increased power plant
construction on Lake Michigan shores, with the ensuing substantial usage of lake
water for condenser cooling, would have detrimental effects on lake biota, including
zooplankton. Monitoring programs were designed to determine these effects, with
the size of the program proportional to power plant size. The Donald C. Cook
Nuclear Plant, one of the largest plants on Lake Michigan, had a particularly large
monitoring program. The lake sampling program, which included a large survey
grid and several years of preoperational (1970-1974) and operational (1975-1982)
monitoring, was designed to investigate the effects of power plant operation on
zooplankton community structure over a 132 km'rea of the lake. (Fig. I).

Freshwater zooplankton are small animals, usually less than 2 mm in length. They
are a major constituent of the aquatic food web, feeding as hervibores, omnivores,
or carnivores, and are themselves food for fish and other vertebrate and invertebrate
planktivores. Our sampling methods (156-Itm-mesh nets) result in zooplankton col-
lections dominated by crustaceans, mainly copepods and cladocerans, which gener-
ally range from 0.2 to 2.0 mm in length. Rotifers, the third major component of
Great Lakes zooplankton, are smaller than most crustacean zooplankton."Conse-
quently, they are most efficiently collected by nets of 76-1tm mesh and smaller.

Life history strategies vary among the crustacean zooplankton. Except in rare
instances, Cladocera reproduce parthenogenetically. The all-female populations are
ovoviviparous. Eggs are retained in the brood pouch where they develop into the
first immature stage. Immature Cladocera, which are morphologically similar to
adults, develop through two or more instars before the adult stage is reached.
Generation times are several days to weeks. Copepods reproduce sexually. After
hatching from the egg, an individual develops through six naupilus stages and six
copepodite stages, with the sixth being the adult. Generation times range from
several days for some species, to a year or more for others (Wetzel 1975). In Lake
Michigan, most copepods species produce one to three generations per year (Torke
1975).

MATERIALSAND METHODS

LAKE SURVEY SAMPLING

The lake survey program wag designed to provide information on potential spatial
and temporal alterations in zooplankton community structure as a result of plant

169
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FIGURE I. Station locations for the major surveys. Squares indicate the subset of
short survey stations. Depth contours are in meters.

operation. Zooplankton preoperational sampling cruises began in April 1969 and
terminated in October 1974. Operational cruises began in April 1975, the first cruise
after Unit 1 went into operation in February 1975. Unit 2 went on line 3 years later in
April 1978. The survey cruise program was terminated in May 1982.

The survey grid (Fig. 1) extended 11 km north and south of the plant site and
11 km offshore. Survey cruises were of two types. Major surveys (generally consist-
ing of 30 stations) were conducted in April, July, and October of each year. Short
surveys were initiated in 1972 and generally consisted of 14 stations. Short surveys
were initiated to provide supplemental information on zooplankton population
dynamics. Station depths ranged from 4 m to over 40 m and increased with distance
from shore (Fig. 1). The three intake pipes utilized by the power plant are located
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approximately 690 m offshore (between the first and second stations along the DC-
transect) in 7.3 m of water at the apexes of a 75-m equilateral triangle. Two dis-
charge pipes return heated water to the lake, with the northern pipe servicing Unit 1

and the southern pipe Unit 2. The two pipes are located approximately 380 m
offshore (the most inshore station of the DC transect) in 5.5 m of water and are
100 m apart.

ZOOPLANKTON SAMPLING METHODS

Zooplankton were collected at each station with a 50-cm diameter, No. 10, 156-1t-.
mesh net equipped with a calibrated flowmeter (Evans and Sell 1985). Three repli-
cate hauls generally were made at each station.

At each station, the net was hauled from as close to the bottom as possible (about
I m) to the surface. The flowmeter was read, the outside of the net washed down,
and the contents of the plankton bucket transferred to a labelled jar and preserved
with a sugar-formaldehyde solution (Haney and Hall 1970). Additional information
on the history of the lake sampling program is provided in Evans et al. (1986B).

COUNTING TECHNIQUES

In the laboratory, zooplankton in the first two replicate samples from each station
generally were examined. Each sample was subdivided as many times as necessary to
give two subsamples of 300 to 600 organisms each. Sources of variance associated
with subsampling and replicate sampling are discussed in Sell and Evans (1982).

Zooplankton were enumerated in a circular counting dish using a microscope at a
magnification of 20 to 140X. A compound microscope was used to verify certain
species identifications and to identify species whose occurrences in the survey area
had not been noted previously. In these instances, past collections were reexamined
for the presence of these species.

TAXONOMICIDENTIFICATIONS

The level to which zooplankton were identified varied with the taxon, the year,
and the station (Evans et al. 1986B). Methods used for identifying zooplankton
varied over the course of the study. Beginning in 1975, adult copepods and cladocer-
ans were identified to genus at all stations and to species at most. Immature copepo-
dites were identified to genus while nauplii were combined as a group. Asplanchna
was the only rotifer genus routinely enumerated. Taxonomic keys included Pennak
(1963, 1968), Deevey and Deevey (1971), Brooks (1957), and Brobks, Wilson,
Tressler, and Yeatman in Edmondson (1959). Additional information on laboratory
procedures is provided in Evans et al. (1980, 1986B).

DRY WEIGHT DETERMINATIONS

"Beginning in 1975;-'zooplankton dry weights were determined to estimate biomass
~ at each station;- Each month, triplicate weight measurements were made with a
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Cahn electrobalance for groups of 3 to 30 preserved animals from the numerically
dominant taxa. Additional information on laboratory procedures is provided in
Hawkins and Evans (1979), Warren et al. (1986), and Evans et al. (1986B).

PREOPERATIONAI OPERATIONAL DIFFERENCES

Design of the Survey Grid

Prior to conducting preoperational and operational analyses of differences in
zooplankton abundance, it was necessary to divide the survey grid into blocks.
Examinations of the preoperational and operational data, by survey cruise, had
shown significant spatial variations in zooplankton abundance. The greatest spatial
variations observed during most cruises were associated with depth or distance from
shore (Evans et al. 1980, 1982, 1986B). Subdivision of the survey grid into four
depth-related regions (Fig. 2) was supported by the results of principal component
analyses and graphical analyses of zooplankton density-depth trends. These regions
are designated the inshore (5- to 10-m depth contour), the middle (10- to 20-m depth
contour), the inner offshore (20- to 30-m depth contour), and the outer offshore (30-
to approximately 45-m depth contour) regions.

7
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~ g ~ 8
2

I

g 5

FIGURE 2. Thirty station major survey grid divided into the eight zones used in
the preoperational and operationai comparisons.
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Although zooplankton varied in abundance along transects parallel to shore, this
variation was not consistent from month to month and was probably associated with
transient zooplankton patchiness. Further subdivisions were based on the location
of the thermally detectable plume. Generally, the plume was detected only within
1.6 km of the discharge jets (DC-I) and, while it generally flowed parallel to shore,
it sometimes had a strong offshore component (Indiana dc Michigan Electric Com-
pany 1976, Evans et al. 1986B). The inshore and middle depth regions were subdi-
vided into plume zones extending 1.6 km north and south of the discharge site, and
into northern and southern control zones (Fig. 2). The small number of stations in
the two offshore zones precluded further subdivisions of these areas (Fig. 2).

Total zooplankton in the inshore plume zone (zone 2), the middle plume zone
(zone 5), and the inner and outer offshore zones (Zones 7 and 8) was examined in
time series graphs. These graphs facilitate examination of long-term abundance
trends. These graphs also provide information on the magnitude of temporal varia-
tions in zooplankton abundance both from month to month and from year to year.
Data from both major surveys and short surveys were used to delineate long-term
trends in the plume region. However, too few stations were sampled in the northern
and southern control areas during the short surveys to justify similar preoperational
and operational comparisons by month.

Preoperational and operational taxa abundances were compared to test whether
significant differences in density had occurred between thc two periods. Statistical
analyses comparing zooplankton abundances between the prcoperational and opera-
tional periods were the major tests used in evaluating plant effects. These analyses
utilized the major survey data and compared zooplankton abundances by zone and
by month bctwecn the preoperational and operational periods. Only data collected
during the April, July, and October major survey cruises (27 to 30 stations) were
used in preoperational-operational statistical comparisons. Too few stations were
sampled during the short survey cruises to justify statistical comparisons between
the preoperational and operational periods.

Statistical rest Design

The data sets were stratified into preoperational and operational blocks and
station density estimates were compared by using the Mann-Whitney U test (Siegel
1956, Conover 1971). These comparisons were made separately for each month and
zone in order to reduce spatial and temporal variability which was irrelevant to our
investigation of power plant impact. The Mann-Whitney U test is a non-parametric
procedure based on the ordered ranks of thc data. A two-sided test was used to
evaluate the zone densities before and during plant operation. Because not all data
were normally distributed, even after transformation, parametric statistical tests
were not used.

Calculations were performed on the AMDAHL470V/8 computer at the Univer-
sity ofmichigan using the TWOSAMPLE program incorporated into MIDAS. Zone
densities differing at thc 95~io confidence level were considered statistically signifi-
cant.

Zoop/ankton Taxa Tested

Although over 40 species of zooplankton taxa were identified in the survey area, it
was neither practical nor.necessary to analyze the distributions of all taxa. To
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minimize statistical variability due to small population size, only those taxa which
were numerically abundant during at least one season were analyzed. The numeri-
cally dominant species in the spring, summer, autumn, and winter were: Cyc/ops
spp., Diapromus spp., Bosmina longirosiris, Eubosmina coregoni, and Dophnia
spp. (Evans et al. 1980, 1982, 1986B).

Of the temperature-sensitive zooplankton, statistical analyses were performed
only for Limnocolanus mocrurus in April: this taxon was not sufficiently abundant
over the survey grid in July and October to merit further statistical analyses. The
preoperational data base was not adequate for Daphnia longiremis and Diapromus
sicilis since these taxa were identified to species at only a limited number of stations.
Furthermore, D. longiremis was only rarely collected in the study area (Evans et al.
1980, 1982, 1986B).

Comparisons were made at several taxonomic levels. Order and suborder classifi-
cations (i.e., Cladocera, Cyclopoida, Calanoida) were used in order to utilize the
largest possible preoperational data set (1971-1974) for making preoperational and
operational comparisons. Comparisons at the genus or species level and for imma-
ture and adult copepodites could be made only with a 2- or 3-year subset of the
preoperational data base.

MORTALITYSTUDIES

Studies were conducted to determine the extent of zooplankton mortality attribut-
able to plant passage. Mortality studies werc conducted monthly from January 1975
to May 1982. Discharge units were sampled only when that unit was in operation.

Samples were collected from the intake and discharge forebays with the Zaggot
Trap sampler and diaphragm pump (Yocum et al ~ 1978). Mode of operation is
described in Evans et al. (1986B). Sampling was conducted for 2 minutes with
approximately 0.2 m'40 gallons) of water filtered each minute. After July 1977,
four samples were collected from each intake and discharge location. Onc subsam-
ple from each replicate was immediately examined (0 hour). Another subsample
from each sample was examined 6 hours later and a third was examined 24 hours
later. All samples werc incubated at intake temperatures.

In the laboratory, «ach subsample was examined in a circular counting dish under
a stereo dissecting microscope. Organisms which exhibited no visceral or appendicu-
lar movements even after gentle prodding were classified as "dead." Dead organisms
were identified and placed in a separate vial and preserved with a sugar-
formaldehyde solution (Haney and Hall 1970). After complete examination of the
sample, the remaining live zooplankton were preserved for later examination.

The percentage of dead zooplankton in each intake and discharge sample was
calculated for all zooplankton taxa observed. The average taxa mortality for «ach
sampling location/incubation series was calculated as the weighted mean taxa mor-
tality of th» appropriate four replicate values.

To test whether discharge mortalities of the taxa were signiTicantly greater than
intake mortalities over the entire (1975-1982) operational period, a Wilcoxon sign-
rank test (Conover 1971) was used. Ten animals per taxon was the lower limit for
inclusion of an observation into the 8-year data set. Additional information on
laboratory procedures is provided in Evans et al. (1986A, 1986B).
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ENTRAINMENTABUNDANCEESTIMATES

Entrainment sampling was performed to determine thc numbers and biomass of
zooplankton that passed through the plant every month. These estimates werc used
in conjunction with estimated mortalities due to plant passage to determine the
numbers and biomass lost due to power plant operation. Entrainment samples were
collected once a month from February 1975 to May 1982. Samples in thc intake
forebay were collected from a depth of 5.5 m from a location determined to be
statistically representative of the forebay (Evans et al. 1982).

Two replicate 5-minute samples (approximately I m'or each sample) were col-
lected at sunset, midnight, sunrise, and noon. A Hale diaphragm pump withdrew
water from the forebay and discharged it into a 20-cm (February 1975 to July 1977)
or 3'iameter (after July 1977), 156-Itm-mesh net that was suspended in a barrel
of ~ater. Two subsamples, obtained with a Folsom plankton splitter, were examined
from each sample. Counting methods were as previously described. Biomass of
zooplankton passing through the plant was determined as described previously.
Estimates of individual biomass used in the calculations were derived from zoo-
plankton collected during survey cruises. Estimates of numbers of biomass lost were
calculated using 0-hour mortality data from Units I and 2 discharges. Additional
information on field and laboratory methods is provided in Evans and Flath (1984)
and Evans et al. (1986B).

RESULTS

General Seasonal Features of Zooplankton Community Structures

Zooplankton community structure varied both seasonally and spatially. Cope-
pods dominated the spring zooplankton community while cladoccrans were domi-
nant during summer, especially in the nearshore area; autumn was a transition
period. Morc than 40 species of zooplankton were observed in the study area
(Table I).

The abundance of each zooplankton taxon varied on a seasonal basis. During
April, nauplii, adult Diaptomus spp., adult Cyclops bicuspidatus thomasi, and
Limnoealanus macrurus generally werc most abundant (Evans 1975, Evans et al.
1978, 1982, 1986B). Cladocera were rare. Distribution of total zooplankton in April
1977 (Fig. 3a) was rcprescntative of a pattern common to April in other years.
Lower total zooplankton densities occurred generally at shallow stations, and densi-
ties decreased with distance offshore (Evans et al. 1978, 1982, 1986B). Biomass
patterns were more complex, but also illustrate a trend of a decrease in standing
stock (as mg dry wt/m') with increasing depth (Fig. 3b). There was no evidence of
gross alterations in zooplankton abundance in the viciriityof the thermal plume.

During May, nauplii were again numerically thc most abundant group. Immature
Diaptomus spp. and Cyclops spp. copepodites were also abundant (Evans ct al.
1978, 1982, 1986B). Total zooplankton densities in May 1977 displayed a pattern
associated with late spring and summer: densiiies incrcascd with depth to 20 or 30 m
and then remained constant or declined with greater station depth (Fig. 4a). Biomass
'mimicked this trend, increasing depth'ontour from 30 mg/m't the shallowest
stations, to 60 mg/m't approximately 30 m, and decreasing to 30 mg/m't the
deepest station (Fig. 4b).
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TABLE1. Zooplankton taxa foundin the D. C. Cook Nuclear Plant area (south-
eastern Lake Michigan) from 1972 to 1982.

CYCLOPOIDA
Cyclops bicuspidatus thomasi
Cyclops vernalis
Ergasilus sp.
Eucyclops agilis
Eucyclops prionophorus
Eucyclops speratus
Mesocyclops edax
Paracyclops fimbriatus poppei
Tropocyclops prasinus mexicanus

CALANOIDA
Diaptomus ashlandi
Diaptomus minutus
Diaptomus oregonensis
Diaptomus reighardi ~

Diaptomus sici lis
Episc'bura lacustris
Eurytemora affinis
Limnocalanus macrurus
Senecella calanoides

HARPATICOIDA
Bryocamptus spp.
Canthocamptus spp.

ROTI FERA"
Asplanchna henichi
Asplanchna priodonta

CLADOCERA
Alona affinis
Alona guttata
Alona quadrangularis
AIona rectan gula
Bosmina longirostris
Camptocercus rectirostris
Ceriodaphnia quadrangula
Chydorus sphaericus
Daphnia galeata mendotae
Daphnia longiremus
Daphnia parvula
Daphnia pulicaria
Daphnia retrocurva
Diaphanosoma spp.
Disparalona rostrata
Eubosmina c oreg oni
Eurycercus lamellatus
Holopedium gibberum
lloycryptus acuti%ons
lloycryptus sordidus
Iloycryptus spinifer
Latona seti%ra
Leptodora kindtii
Leydigia quadrangularis
Macrothrix laticornis
Pleuroxus denticulatus
Pleuroxus procurvis
Polyphemus pediculus
Scapholeberis kingi
Sida crystallina
Simocephalus serratulae
Simocephalus vetulus

MALACOSTRACA
Mysis relicta

.'Only one speeitnen observed.
"Asplanchna is the only rotiter genus routinely enumerated in these collections.

During June, Bosmina longirostris was often the most abundant taxon, followed
by nauplii and immature Cyclops spp. and Diaptomus spp. copepodites (Evans et al.
1978, 1982, 1986B). Differences in inshore and offshore taxa were often evident,
with B. longirostris more abundant inshore, and immature copepodites abundant
offshore. During some years the rotifer, Asplanchna spp., was a major component
of the June plankton (Evans et al. 1978, 1982, 1986B). Total zooplankton occurred
in unusually high concentrations at the discharge (90,000/m') in June 1977 (Fig. 5a).
Ifthis value is disregarded, there was a slight trend of increased density with depth.
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This trend is morc evident in the biomass data (Fig. Sb). The pattern of increasing
biomass with depth is one that often persisted for most of the summer.

Inshore-offshore gradients were usually well developed by July. Bosmina
longirostris was the dominant zooplankter inshore, and immature Cyclops spp. and
Diaptomus spp. copepodites and Daphnia spp. increased in dominance at offshore
stations (Evans et al. dof total zooplankton to middle water depths in thc survey grid
and a 1978, 1982, 1986B). The most frequently observed summer pattern, an
increased decrease farther offshore, was evident during July 1977 (Fig. 6a). How-
ever, biomass increased to the deepest station (Fig. 6b).

August zooplankton communities were generally,dominated by B. /ongirostris in
shallow waters', and by nauplii and immature. Cyclops spp. and Diaptomus spp.

~ copepodites offshore (Evans ct al. 1978,,1982).-The community gradient was not
greatly, different from that observed in July. Total zooplankton density (Fig. 7a) and
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biomass (Fig. 7b) increased with depth in August 1977, similar to patterns observed
during other August surveys.

Immature Cyclops spp. and Diaptomus sp'p. copepodites and nauplii often domi-
nated the September zooplankton community. However, during several years, B.
longirostris, and less frequently Daphnia retrocurva, contributed significantly to the
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zooplankton communities at shallow, nearshore stations (Evans et al. 1978, 1982,
1986B). Total zooplankton numbers were highest nearshore adjacent to the plant in
September 1977, numbers decreased with increasing water depth to depth contours
of 20 or 30 m, and then remained fairly constant at deeper stations,(Fig. 8a). The
distribution of biomass over the survey grid had virtually no pattern in 1977 (Fig.
8b). This is contrary to the more usual pattern of an increase in biomass with depth.
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4

The upwelling that occurred during this month may account for the lack of pattern
(Evans ct al. 1982).

The zooplankton community was again dominated by nauplii and immature
Cyclops spp. and Diaptomus spp. copcpodites in October. Daphnia spp., especially
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D. galeata mendotae, were often an, abundant component of the zooplankton at
deeper stations, while B. longirostris was more abundant inshore (Evans et al. 1978,
1982). During October 1977, total zooplankton number varied both alongshore and
offshore (Fig. 9a). However, there was a slight trend toward a decrease in numbers
v ith increasing v ater depth. Biomass increased with depth to a depth contour of
20-30 m and then remained constant (Fig. 9b).

Immature Diaptomus spp. and Cyclops spp. copeodites and nauplii were the
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major components of the zooplankton community in November. Bosmina longiros-
tris or Eubosmina coregoni were occasionally abundant at shallow stations, but
never as abundant as B. longirostris in summer (Evans et al. 1978, 1982, 1986B).
Inshore-offshore community gradients were weak or nonexistent by November. In
November 1977 total zooplankton abundances decreased with increasing water
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depth (Fig. 10a). Biomass first increased, then decreased with increasing water depth
in 1977 (Fig. 10b).

Winter conditions prevailed in the December zooplankton community. Adult
Diaptomus ashlandi:and immature. Cyclops spp. copepodites dominated. The over-
.wintering zooplankton were composed of adults and late instar immatures of most
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species (Evans et al. 1978, 1982, 1986B). Very little pattern was observed in either
numbers (Fig. I la) or biomass (Fig. I lb) of total zooplankton in December 1977.

There were no obvious disruptions in zooplankton distributional patterns in the
vicinity of the thermal plume (Evans et al. 1978, 1982, 1986B) as determined from
the lake survey cruises. In general, the thermal plume was detectable at only one to
three stations. Zooplankton abundances at these stations were similar to those
observed in north and south control regions.
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FIGURE Il. Horizontal distribution of (aJ total zooplankton (numberlm'J and
(bJ the standing stock ofzooplankton (mg dry weightlm'mJ on IS December I977.

TEMPORAL ABUNDANCEPATTERNS OF TOTAL ZOOPLANKTON IN
ZONES 2, 5, 7, AND 8 (1971-1982)

Although zooplankton differed in abundance with respect to depth, seasonality of
total zooplankton densities was similar to zones 2, 5, 7„and 8 (Figs. 12-15). Highest
densities occurred from July to September,.with yearly maxima during one of these
months. Ranges of total zooplankton densities during the preoperational and opera-
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tional periods were generally similar in all depth zones. The variations in numbers
during the summer we:rc due mainly to B. /ongirostris in the more inshore zones, and
to a combination of B. longirostris, Cyclopos spp. Cl-66, and Diaptomus spp.
Cl-C5 in more offshor. zones (Evans et al. l986B).

COMPARISONS OF APRIL, JULY, AND OCTOBER
PREOPERATIONAL:OPERATIONALTAXAABUNDANCES

Statistical comparisons of zooplankton abundances in the preoperational and
operational time periods were based on non-parametric statistical analyses of the
eight zones comprising the survey grid. Results of Mann-Whitney U tests of taxa
abundances by major survey cruise and for each of the eight zones are summarized.
Detailed results of these analyses appear in Evans et al. (1986B).

With the exception of immature Diaptomus spp. copepodites, taxa analyzed
exhibited statistically significant (a = 0.05) differences between preoperational and
operational abundances in at least one of the eight zones during April (Table 2).
Several taxa exhibited no consistent pattern of prcoperational-operational differ-
ences. Evans et al. (I986B) reported that total zooplankton densities were similar in
the two periods, with the exception of zone 2 where operational densities were higher
than preoperational densities. Adult" Cyclops spp. were more abundant inshore
during the operational period, and more abundant offshore during the preopera-
tional period. Immature Diaptomus spp. were more abundant offshore during the
preoperational period, but densities were generally similar between monitoring
periods in other zones. Nauplii, adult Diaptomus spp., and Limnocalanus macrurus
were generally morc abundant during the operational and preoperational period. Of

TABLE2. Results of the Mann- Whitney U tests comparing Aprilpreoperational
and operational densities of nine zooplankton taxa in each of eight zones. The
preoperational period is 1971-74 or a subset ending in 1974, and the operational
period is 1975-82.

Taxoll Zone

Order and Suborder Level l 2 3 4 5 6 7 8 Period

Copepod nauplii
Cyclopoids (Cl-C6)
Calanolds (Cl-C6)

NS
NS

e

NS NS NS
NS NS

NS

NS NS NS 72-82
71-82

NS NS 71-82

Genus and deve'lopmental stage
Cyclopoids (Cl-C5) NS
Cyclops spp. C6 - NS
Diaptomus spp. (C l-C5) NS
Diaptomus spp. C6 NS
Limnocalanus

macrurus (Cl-C6)

NS NS NS NS
NS NS NS NS

NS NS

73-82
NS ' 73-82
NS NS NS 73-82

NS NS 73-82

NS NS 71-82

Total zooplankton NS 'S NS NS NS NS NS 72-83
'significant difference, a ~ 0.0$
NS nor significant.
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the taxa analyzed, only immature Cyclops spp. were generally less abundant during
the operational than preopcrational period.

Total zooplankton densities were again similar between operational and preopera-
tional periods during July (Table 3). Immature and adult Cyclops spp. copepodites
showed no consistent trends. Evans et al. (1986B) reported that immature Cyclops
spp. operational densities were lower than preoperational densities at about half the
zones, but this difference was significant only in zone 2. Adult Cyclops spp. densi-
ties were similar between periods with the exception of zones 2 and 8, where opera-
tional densities were significantly less than'reoperational densities. Immature and
adult Diaptomus spp. copepodites were generally less abundant during operational
than preoperational periods, with significant differences occurring in several zones.
Nauplii and Asplanchna spp. were generally less abundant during the operational
period. However nauplii were more abundant during the operational period in zone
I. The opposite pattern was exhibited by Bosmina longirostris and Daphnia spp.
which were generally more abundant during the operational period. While these
increases were significant for B. longirostris only in zone 8, they were significant in
all zones for Daphnia spp., which increased from four- to twenty-fold. The copepod
Eurytemora affinis was also more abundant during the operational period although
none of the differences were statistically significant.

During October, several taxa were more abundant during the operational than
preoperational period (Table 4). Evans et al. (1986B) reported that these included
total zooplankton, nauplii, immature Cyclops spp., B. longirostris, and Eubosmina

TABLE3. Results of the Mann-II'hitney U tests comparing July preoperational
and operational densities of thirteen zooplankton taxa in each of eight zones. The
preoperational period is 1971-74 or a subset ending in 1974, and the operational
period is 1975-81. In column 1, results shown are from student's t-test analysis (p (
0.05) of (he three inshore zones combined.

Tax on Zone

Order and Suborder Level 1-3 I 2 3 4 5 6 '
8 Period

Cladoccrans
Copcpod nauplli
Cyclopolds (C I-C6)
Calanoids (C I-C6)

NS NS NS NS NS NS NS NS '1 81

NS 'S NS NS NS NS NS NS 72-81
NS NS 'S NS NS NS NS '1-81

NS 'S NS NS NS NS NS 71-81

Genus, species, or developmental stage
Bosmina longirostris NS NS
Daphnia spp.
Cyclopoids (C I-CS) NS NS
Cyclops spp. C6 NS
Diaptomus spp. (CI-CS) 'S
Diaptomus spp. C6 'S
Eurytemora

affinis (Cl -C6)
Aspianehna spp.

NS NS NS NS
~ ~ ~ ~

NS NS NS
NS NS RS

NS NS

NS NS NS NS
~ ~ NS ~

NS NS, o 72 81
71-81

NS NS NS 73-81
NS NS '3 81

NS NS NS 73-81
NS NS NS 73 81

NS NS NS 73-81
NS 71-81

Total zooplankton NS NS NS NS NS NS NS NS '2-81
'significant difference, a ~ 0.05
NS not significant.
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TABLE 4. Results of the Mann-Whitney U tests comparing October preopera-
tional and operational densities of twelve zooplankton taxa in each ofeight zones.
The preoperational period is 1972»74 or a subset ending in 1974, and the operational
period is 1975-81. Stationsin zone 8 were not sampled in 1975 or 1976 (see text). In
column I, results sho~n are from student's t-test analysis (p ( 0.0$) of the three
inshore zones combined.

Taxon Zone

Order and Suborder Level 1-3 1 2 3 4 5 6 7 8 Period

Cladoccrans
Copcpod nauplii
Cyelopoids (Ci-C6)
Calanoids (Ci-C6)

NS NS
NS

NS NS

NS NS NS NS NS NS
NS NS

NS NS NS 'S NS
NS NS NS NS NS NS

NS 72-81
NS 72-81
NS 72-81
NS 72-81

Genus, species, or developmental stage
Bosmina longirostris NS
Eubosmllta coregoni NS
Daphnia spp. NS
Cyclopoids (Cl-C5) NS
Cyclops spp. C6 NS
Diaptomus spp. (Ci-C5) NS NS
Dlaptomus spp. C6 NS NS

NS NS
NS NS NS

~ ~ NS ~

NS NS
NS NS NS

NS NS NS NS
NS NS NS NS

NS NS
NS NS
NS NS
NS NS
NS NS
NS NS

NS 72-81
72-81

NS 72-81
NS 73-81
NS 73-81
NS 73-81
NS 73-81

1 ~

Total zooplankton
'significant difference, a ~ 0.05
NS not significant.

NS NS NS NS NS 'S NS 72-81

coregoni. Eubosmina coregoni was less abundant, however, during the operational
period in zones 3, 4, and 8. Total zooplankton concentrations, were significantly
higher during the operational period only in zone 6. Nauplii were up to twice as
abundant in the operational period as in the preoperational period, and differences
were significant in several zones. Immature Cyclops spp. were up to twice as dense
in the operational versus preoperational periods. Bosmina longirostris was signifi-
cantly more abundant during the operational period in several zones. Numbers ofE.
coregoni were significantly higher during thc operational period in inshore zones I
and 2 as well as in zone 5. Immature Diaptomus spp. densities were not significantly
different between periods in any zone, but were generally more abundant during the
operational period. Daphnia spp. and Cyclops bucuspidatus thomasi adults were
generally less abundant during the operational period. Densities of Daphnia spp.
were significantly lower during the operational period only in zones 2 and 3. Cyclops
bicuspidatus thomasi was significantly less abundant during the operational period
only in zone 2; however, operational densities were higher than preoperational
densities (but not significantly so) in zone 3.

ZOOPLANKTON MORTALITIES

Since the study was conducted over 8 years, the data set is extensive. Practicality
limits our graphic presentations of zooplankton mortality to a subset of these data.

g'
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The 1979-1982 period was chosen because it provides an extensive period of two-
unit operation: 1977-1978 data appear in Evans et al. (1986A).

Intake water temperatures varied seasonally from less than I'C to over 24'C (Fig.
16). Discharge water temperatures generally exceeded 30'C in late summer. Over the
8 years of study (1975-1982), the hT for Unit 1 averaged 9.9C'hile the b,T for
Unit 2 averaged 8.9C'. The plant pumped water at a rate varying from 0.55 to 0.85
x 10'pm (2.1 to 3.2 x 10'm/min.) for Unit I and 0.75 to 1.18 x 10'pm (2.9 to
4.5 x 10'm/min.) for Unit 2 (Fig. 17). Over the 8 years of study, Unit I pumped at
an average rate of 2,964 m'/min. while Unit 2 pumped at an average rate of 3,979
m'/min. Thus, Unit I operated at a lower pumping rate but higher ET than Unit 2.

Total zooplankton mortalities varied seasonally (Fig. 18). In general, discharge
mortalities followed intake mortalities. Differences between intake and discharge
mortalities generally were small, differing by only a few percent.

Intake mortalities for total zooplankton at 0-hour averaged 10.2eio while mean
mortalities in Unit I and Unit 2 discharge waters averaged 11.4olo and 13.4',
respectively (Evans et al. 1986A, 1986B). For the 6-hour incubations, mean mortali-
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FIGURE 16. Intal'e and discharge water temperatures for January I979 to May
I982.
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FIGURE 18. Monthly mean mortality (0-hour) of total zooplankton.

ences did not increase with incubation period for either discharge location. Further-
more, there was no evidence that zooplankton mortalities were substantially differ-
ent between the two units (Evans et al. 1986A).

NUMBERS AND BIOMASS OF ZOOPLANKTON
PASSING THROU ~H THE POWER PLANT AND
THE ESTIMATED MAXIMUMLOSSES

Because of the large size of the data set, we willagain limitour graphical presenta-
tion to.1979-1982 data (Evans et al. 1986B)..These years include data when both
units were operating. Billions of zooplankton passed through the plant each month
(Fig. 19). The number entrained ranged from 250 x 10'in March 1982 to 20,709 x
10'n July 1979 and averaged 5,081 x 10'. The number of zooplankton entrained
was related to zooplankton concentrations and plant pumping rates. More zoo-
plankton passed through the plant during the summer and autumn months when
zooplankton concentrations in the lake nearest the intakes were highest (Fig. 20).
Average zooplankton concentration in the cooling waters was 23,915/m'nd ranged
from 1.614/m'n March 1982 to 96,730/m'n July 1979.
.- Maximum estimated numerical losses generally followed the numbers entrained

, .curve (Fig..19). Estimates of maximum loss assumed that the immediate (0-hour)
discharge mortality represented maximum losses in the vicinityof the discharge jets.'he actual loss probably was lower.
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TABLE S. Zooplankton taxa for which discharge mortalities were significantly
higher than intake mortalities over the 197S-1982 period as determined by the
Wlcoxon sign-rank test. fntake and discharge values from a month were used only
ifboth values were based on the observation ofat least 10 animals. n is the number
ofmonthly pairs ofvalues examined, pis the attained level ofsignificance, and d is
the mean monthly differencein mortalities, discharge minus intake. ModiJied from
Evans et al. (1986A).

Incubation

0-hr

6-hr

24-hr

Taxon

DISCHARGE UNIT'I
Diaptomus spp. CI-CS
Diaptomus minuius C6
Eurytemora affinis C I-CS
Limnocalanus macrur us C6
Daphnia retrocurva

Diaptomus spp. Ci-CS
Diaptomus minutus C6
Diaptumus oregonensis C6
Limnocalanus macrurus C6
Daphnia galeata
Eubosmina coregoni

Diaptomus spp. Cl-CS
Diaptomus ashlandi C6
Diaptomus minutus C6

n

53
27
17
ii
20

53
21
14

11

12
19

50
32
21

9.56oto
4.6I oto

1.74oto
8.57Vo
5.16oto

6.27~io
6.53 1o

3.03o/o
3.82 1o

6.82%o
4.51 7o

6.41 oto

1.96Vo
3.96%'o

24 hr

DISCHARGE UNIT 2

Diaptomus spp. C I-CS
Total Zooplankton

Diaptomus spp. Ci-CS
Total Zooplankton

23
26

19
26

8.99oto
2.49%'o

5.36<io
2.06oto

The monthly biomass of zooplankton entrained (Fig. 21) ranged from a low of
1,117 kg dry wt/month in March 1982 to a high of 21,991 kg dry wt/month in
November 1981 and averaged 8,191 kg dry wt/month. Maximum estimated biomass
loss ranged from 70 kg dry wt/month in October 1981 to 4,482 kg dry wt/month in
July 1982 and averaged 1,135 kg dry wt/month. The seasonal pattern of biomass
entrained did not match that of the numbers entrained. Highest values of biomass
entrained occurred during winter months while greatest numbers entrained occurred
in summer months. This is because winter zooplankton, while less abundant, were
dominated by relatively large animals (mean dry weight of 3 to 7 Itg) while the more
numerous summer zooplankton were dominated by relatively small animals (mean
dry weight I to 2 Itg).

DISCUSSION

There was no evidence from the lake survey cruises that plant operation produced
gross spatial or temporal alterations in zooplankton community structure. Seasonal-
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FIGURE 19. Estimates of numbers of entrained zooplankton and maximum
losses from January 1979 to May 1982.

ity in zooplankton community structure generally was similar during the preopera-
tional and operational years (Evans 1975, and Evans et al. 1978, 1980, 1982, 1986B).
Zooplankton community structure ranged seasonally from a spring community
dominated by calanoid and cyclopoid copepods to a summer and autumn commu-
nity dominated by cladocerans and copepods..Spatial patterns in community struc-
ture also remained similar during the preoperational and operational years; water
depth was the major factor related to spatial gradients in zooplankton community
structure through much of the field season. (Evans et al. 1978, 1980, 1982, 1986B).

Although. there was little evidence of gross. spatial alterations in zooplankton
community structure in thE vicinity of the. thermal plume based on the lake survey
study design (Evans'et al.'1986B), alterations were detected in specially-designed
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studies. Detailed thermal plume mapping did provide some evidence of elevated
zooplankton abundances at the 1-m depth stratum in the immediate vicinity of the
plant (Evans 1981). Such increased densities appeared to be due to the vertical
displacement of deep-living zooplankton over the discharge jets. In addition, some
localized enrichment of zooplankton could have occurred as the plant intakes with-
drew deep water from the 9-m depth region. Later studies showed that the intake
tends to withdraw water from the sediment-water interface (Evans and Flath 1984).
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One important feature of the power plant's operating characteristics is the rapid
dilution of condenser-passed water which occurs-over the, discharge jets. This not
only dissipates thermal energy, but results in the dilution of:those zooplankton killed
during plant passage. Our.best estimated of average zooplankton mortality of zoo-
plankton as a conseque'nce of plant passage is.approximately 2~to. Heated discharge

. water, with its small percentage of dead zooplankton is'rapidly diluted in the lake to
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approximately 30%'o of its original concentration (assuming an in-plant temperature
increase of 10C'nd a thermal elevation of 3C'ver the discharge jets: Evans et al.
1982, 1986B). Intense vertical mixing over the discharge jets prevents this small
percentage (30olo x 2oro ~ 0.6oio) of zooplankton from settling from the water
column. Even if these zooplankton were to senle immediately from the water, a
0.6olo loss over the discharge jets could not be detected. %'e have determined that the
average coefficient of variation between stations in the inshore region is 39%o (Evans
and Sell 1983).

Comparison of the 4 years (1971-1974) of preoperational data with the 8 years
(1975-1982) of operational data indicated that there were many statistically signifi-
cant differences in zooplankton abundances between the two time periods (Evans et
al. 1986B). These differences were not readily apparent by examining the time series
plots of taxa abundances but were evident when comparisons were made across
months.

During April, total zooplankton abundances in the inshore plume zone were
significantly higher in the operational period (1975-1982) than the preoperational
period (1971-1974). Nauplii were the major taxon accounting for this increase.
However, Limnocalanusmacrurus and adult Diapromusspp. also were significantly
more abundant in the inshore plume zone in the operational period. Conversely,
immature cyclopoid copepods were less abundant in the operational period (Evans
et al. 1986B). There was no evidence that these long-term changes in zooplankton
abundances were related to any adverse effect of power plant operation. Similar
magnitudes of change were observed in the inshore and middle plume zones as in the
north and south control zones.

Total zooplankton standing stocks in the inshore plume zone werc similar during
the July preoperational (1971-1974) and operational (1975-1981) cruises. The great-
est changes were associated with Diapramus spp. copepodites and Asplancitna spp.
which were less abundant in the operational period and with Daphnia spp. which
were morc abundant. These operational differences did not follow a consistent time
trend. Rather, there were times in the operational period when zooplankton abun-
dances were much higher (or lower) than observed during the preoperational period
(Evans et al. 1986B). There was no evidence that these preoperationai and opera-
tional differences were related to power plant operation. Similar magnitudes of
change were observed in the inshore and middle plume zones as in thc north and
south control zones.

During October, total zooplankton occurred in similar preopcrational
(1972-1974) and operational (1975-1981) abundances in the inshore plume zone,
Nauplii and Bosminu longirosrris were more abundant in the operational period
while adult Cyclops spp. and Daphnia spp. were less abundant (Evans et al. 1986B).
These preoperational-operational differences did not appear to be due to plant
operation as similar magnitudes of change were observed in the plume zones as in
the north and south control zones.

Overall, there was no strong evidence that power plant operation had any adverse
impact (spatial or temporal) on zooplankton community structure in thc thermal
plume region (Evans et al. 1986B). Preoperationalwperational differences in abun-
dance which did occur apparently were associated with lakewide changes in fish and
zooplankton communities which first became evident in 1978 (Evans et al. 1980) but
did not become pronounced until 1982-1984 (Evms and Jude 1986, Evans 1986
Scavia et al. 1986).

A large body of literature accumulated over the 1960s and early 1970s document
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the effects of thermal discharges on zooplankton communities in a number of fresh,
brackish, and marine habitats. In general, few effects were detected and thus ther-
mal pollution no longer is an active area of research although site-specific monitor-
ing studies continue where required.

Power plant operation can adversely affect zooplankton communities in a limited
number of situations. The most obvious occurs when a large fraction of zooplank-
ton is killed by plant passage and then discharged into a relatively small'volume of
water. Such adverse effects have been detected in rivers and cooling ponds (Zhiten-
jowa and Nikanorow 1972, Davies and Jensen 1974, Carpenter et al. 1974).

Power plant operation may affect zooplankton communities ifambient waters are
significantly heated over long time periods (days at least). Such effects have been
detected in relatively small water bodies including experimental enclosures, an open
area created in an icewovered lake by a thermal discharge, and small ponds (McMa-
hon and Docherty 1975, Lanner and Pejler 1973, Patalas 1970). However, many
researchers have failed to detect any obvious changes in zooplankton community
structure in cooling ponds and small lakes (Heinie 1969, Whitehouse 1971, Mathur
et al. 1980). No significant effects have been detected on large water bodies such as
Lake Michigan (Industrial Bio-Test Laboratories, Inc. 1974a, b, 1975; Texas Instru-
ments Inc. 1975; Evans et al. 1978, 1982, 1986B).

Our results suggest that plant passage is lethal to small percentage of zooplankton
which pass through the condenser cooling system of the power plant. The mean 0-
hour mortality difference for total zooplankton in Unit 1 and Unit 2 discharges
averaged less than 3~io (Evans et al. 1986A, 1986B). These relatively small mean
mortality differences are similar to those observed at other power plants on Lake
Michigan (Industrial Bio-Test Laboratories, Inc. 1974a; Wetzel 1975; Limnetics,
Inc. 1975, 1976). Furthermore, there was no evidence that delayed mortality effects
were significant, either over a 6- or 24-hour period (Evans et al. 1986A, 1986B).
Similarly, Davies et al. (1976) did not observe a significant long-tenn (2 weeks)
increase in zooplankton mortalities.

There was strong evidence that calanoid copepods were most sensitive to plant
passage. Diapromus, Euryremora, and Limnocalanus had significantly higher dis-
charge water than intake water mortalities. Cladocerans were intermediate in sensi-
tivity to plant passage, with Eubosmina coregoni and Daphnia the most sensitive
taxa within this group. In contrast, cyclopoid copepods were relatively resistant to
damage inflicted as a result of plant passage (Evans et al. 1986A, 1986B). Similar
differential sensitivity among zooplankton taxa to plant passage has been observed
in other studies (Davies and Jensen 1974, Wetze! 1975).

There was little evidence that thermal stresses were the major cause of zooplank-
ton mortality. Mortalities did not increase in summer when discharge water tempera-
tures were highest and zooplankton most likely to experience thermal regimes at (or
above) their upper critical thermal limit. Nor did zoopl "nkton mortalities increase in
winter when cold-adapted species were prevalent (Evans et al. 1986A, 1986B).

Mortalities in discharge ~aters were not signiTicantly correlated with hT (Evans et
, al. 1982). Nor were differences between discharge and intake mortalities signifi-

cantly correlated v ith discharge water temperature (Evans et al. 1982). We eon-
'luded that;he moderate thermal elevations (hT (12C') and short-term (minutes)
exposures to discharge water temperatures below 35'C were not the major source of
stress to zooplankton which pass through th» condenser cooling system of the power
plant.
. Mechanical stresses probably v,:ere the major source of zooplankton mortality at
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the power plant (Evans et al. 1986A, 1986B). Studies conducted at the Nanticoke
Generating Station showed clear quantitative evidence that zooplankton were physi-
cally damaged by plant passage, although mortalities were not determined (Standke
and Monroe 1981). Other studies have implicated mechanical stresses as the signifi-
cant source of mortality both to zooplankton (Carpenter et al. 1974) and fish
(Marcy'1973) at power plants where organisms are exposed to moderate thermal
elevations for short periods of time.

It is unlikely that losses of zooplankton due to plant passage would have an
adverse effect on water or sediment quality in the vicinityof the plant. This hypothe-
sis is based on a comparison of the estimated depositional rate of plant-killed
zooplankton to the natural depositional rate (Evans et al. 1978). Assuming a maxi-
mum two-unit operational loss of 4,482 kg dry wt. zooplankton/month over a
depositional area of 2.2 km'ives an estimated maximum depositional rate of 67.5
mg/m'/day. This compares with an estimated natural depositional rate of 2,800 to
4,000 mg/m'/day or 0.07 to 0.10 mg/cm'/year (Evans et al. 1978), i.e., 1.7 to 3.4 t/o

of the estimated natural rate. Thus, deposition of zooplankton killed by plant
passage appears to be small, adding little to the natural deposition which occurs in
the area.

The results of an epibenthic and benthic study conducted in July 1980 also suggest
that the Donald C. Cook Nuclear Plant had a moderate effect on sediment-water
interface communities (Evans 1984). Macrobenthic taxa abundances were only
slightly different (amphipods, chironomids) or the same (oligochaetes) in plume and
control regions. Although microcrustacean taxa abundances exhibited greater mag-
nitudes of difference between plume and control regions, the affected area was
relatively small and located within a few hundred meters of the intake and discharge
structures. Scuba divers reported that sediment troughs were clean or contained only
small amounts of detritus. Thus, detrital matter probably does not persist in the
shallow ((10 m) nearshore area for long periods of time. Copepods and cladocer-
ans (microcrustaceans).with their high rate of population increase (Allen 1976)
relative to that of the macrobenthos, may be especially well adapted to utilizing
short-term accumulations of detrital material and, for this reason, were most
strongly affected by plant operation.

Condenser-passed water is discharged at a high velocity through subsurface dis-
charge jets resulting in a rapid loss of temperature and the formation of a floating
plume. Thus, epibenthic and benthic taxa living within a few hundred meters of the
discharge jets experienced a thermal regime similar to that of organisms living more
than 1,000 m to north and south of the plant. It is probably only within a few tens of
meters of the discharge jets where plume temperatures are more than 2C'bove
ambient and where the sediment is scoured by the high current velocities that epiben-
thic and benthic community structure is strongly altered by plant operation.
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EFFECTS OF THE DONALD C. COOK NUCLEAR PLANT ON
MACROZOOBENTHOS IN

iNEARSHORE SOUTHEASTERN LAKEMICHIGAN

David White, XIichael Winnell, Catherine Zawacki, Roger LaDronka,
I Thomas Zdeba, and Samual Mozley

INTRODUCTION

There have been numerous studies of the macrozoobenthos that populate sedi-
ments near Lake Michigan power plants (e.g., Bailly Power Plant 1976; Consumers
Power Company 1975; Geers 1977; Limnetics Inc. 1974; Rains and Clevenger 1975;
Winnell and Jude 1979, 1980, 1981, 1982; Wisconsin Electrical Power Co. and
Wisconsin-Michigan EPC 1974). Most reports, however, are primarily descriptive of
the lake bottom components prior to or following power plant construction, and
feiv studies have actually addressed ecological relationships to power plants. In this
chapter, we present data on the relationships between power plant operations and
macrozoobenthos populations. The first relationship is impingement, o'r the actual
capture of macrozoobenthos on the traveling screens of the power plant water
intake. Second is entrainment, the capture of meroplankton, of normally-bottom-
divelling organisms. which actively enter the water column and which are passively
pulled through the popover plant's cooling system. Third is the relationship of the
natural patchiness of the infauna, compared ivith potential changes brought on by
power plant construction-operation. Fourth is the fauna of the riprap, an artificial
reef constructed to protect the power plant intake/discharge structures. Where pos-
sible, ive compare results at the Donald C. Cook Nuclear Plant ivith other power
plant studies.

SITE DESCRIPTION AND GENERAL METHODS

Donald C. Cook is a nuclear power plant located on the southeastern sho're of
Lake Michigan (40'03'vest, 86'40'orth), 23 km south of Benton Harbor, Michi-
gan. Plant construction began in the early 1970s ivith the first of tivo units becoming
operational in 1975. The second unit began operation in early 1978. Cooling water is
draivn through intake structures ivhich extend lakeward to a depth of 9 m. Water is
discharged at a point 6 m deep in the lake. Combined, both units draw a maximum
of 6,200 m'vater per minute. Intake and discharge structures are protected by a
covering of 0.1 to 1.0 m riprap.

Lake Michigan in the vicinity of the popover plant has been described in several
reports (see Seibel and Ayers 1974). In summary, the lake bottom gently falls aivay
from the shoreline at a slope of approximately 3. m'er km. Summer thermoclines
are in the general range of 20 to 30.m deep. Down to 30 m, bottom sediments are
composed of favell sorted coarse to fine sands ivith only patchy silt and organic
accumulations. Prevailing currents are south to north at a speed up to 30 cm sec.

'07



GLRD Publ. Yo. 22/Cook Nuclear Sans Serif (6-4)

08 D. C. COOK NUCLEAR PLANT IMPACT

The southern basin of Lake ~Iichigan has a more or less counterclockwise current
which potentially can carry pollutants toward D. C. Cook Nuclear Plant from the
Milwaukee, Chicago, and northwestern Indiana regions, and it has been noted by
Rains (1971), Mozley and Garcia (1972), and Mozley and Howmiiler (1977) that the
nearshore areas of southern and southeastern Lake Michigan may be regarded as

slightly enriched or mesotrophic. This region of the lake has been described as

featureless with no major rivers entering and little to no consolidated substrates.

SAMPLING SITES

Ecological studies near the D. C. Cook Nuclear Plant began in the mid-1960s, but
systematic sampling for zoobenthos did not occur until 1970. With knowledge of
zoobenthic distributions and densities gained from 1970 and 1971 seasons, several
modifications were made in sampling procedures. Table I gives a summary of
sampling design changes and changes in numbers of stations, sampling gear, and
numbers of samples per station. For a variety of reasons, the number of samples
actually examined often was lower than the maximum that could be collected,
particularly in the early years of the survey. The two primary sampling grids (major
and minor-see below) for radial systematic design are depicted in Figures I and 2.
A standard Ponar grab sampler was used on surveys from July 1970 through April
1972 and then replaced by the triplex Ponar (Mozley and Chapelsky 1973) on all
further surveys.

From July 1970 through April 1972, a fixed station, radial systematic survey
design was conducted in April, July, and November using 45-46 stations. A single
Ponar grab was taken at each station. Beginning in July 1972 the months of April.
July, and October were designated as "major survey" months, and a systematic
random sampling design was initiated which lasted through April 1974. This design
was based on rerandomizing locations within depth and regional strata such that 126

samples were collected from 36 stations using a combination of full and one-third
Ponar grabs. The major surveys reverted to a fixed station, radial systematic design
in July 1974, and the number of stations was reduced to 30 (Fig. I). Stations (8 m
deep generally v ere sampled by four full Ponar grabs, stations ) 8 m deep by two
one-third Ponar grabs. Because benthic density was much lower, more samples and
greater volume were required in the nearshore sandy habitat. The latter design was
continued throughout the remainder of the study period for the major survey
months.

All other months samples beginning in May 1972 (May through December) were
termed "minor surveys" and had reduced sampling effort. Nine to 13 stations were

sampled each month (Fig. 2). All minor surveys, including 1972 and 1973, used the
radial systematic design with fixed stations. The number of stations varied with
power plant construction and the addition of four stations prior to 1975. Though
variable, three. or five full Ponar grabs were taken at stations (8 m deep and three
one-third grabs at stations ) 8 m deep.

Sampling in all months, but particularly April, November, and December, divas

subject to weather conditions. Collections at a few shallow or deep stations were
omitted due either to weather conditions or plant construction.

For purposes of analysis, stations in Figures I, 2, and the systematic random
surveys have been grouped by regions and by depth ranges. The regions ivere
designed primarily to give areal trends which would aid in detection of effects of
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'I ivc rcplieatcs collected at Il(' (conversion factor ~ 2().4) during hlay, Jun, Aug, Scp 1973 through 197S and 1976. Station deleted beginning hlay I')76.
'Stations Nl)C 7-S mid .il)C 7-S addtal lo minor suticys beginning Junc 1973.
'Stations Nl)('-1 Iuul SI)C 7-1 added to ntinut SuriCys beginning hlay 1974.
~(he aihlition of l)C 0 (S rcplicatcs) iitercased station total from 30 to 31 and total nuiilber of samples from 80 to BS in April 197Ci.
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FIGURE I. Grid ofstations usedin benthic sampling near the D. C. Cook power
plant, southeastern Lake Michigan, for major survev months and-ones. Solid large
circles represent the Inner or Central region, open circles represent the North and
South Outer regions. Locd tions of Grand Marais Lal'es (GML) and 1Varren Dunes
State Pari'13'DSPJ are indicated.

popover plant operations on the zoobenthos. The inner, or central, region divas cen-
tered on the intake-discharge structures and extended 1.6 m to either side of the
power plant and 11.3 km offshore. Tv o outer regions, one north and one south,
extended from 1.6 to 11.3 km from the center of the plant and 11.3 km offshore.
Thus, the entire sampling grid covered 22.5 km along the southeastern shoreline and
outward 11.3 km, an area of 254.25 km'.

Originally, all stations were combined into four depth ranges: 0-8 m, 8-16 m, 16-

24 m, and ) 24 m (represented by zones in Fig. 1). The ranges were based on density
and population trends discovered in early years of sampling. To examine distribu-
tions in greater detail here, the total range of depths has been redivided into 4-m
depth intervals. The shallowest interval is 0-4 m; however, very few samples were
collected (3 m deep. Also, very few stations in the grid were ) 32 m deep, and all
greater than this depth have been combined.
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F/GURE 2. Grid ofstations used in benthic sampling near the D. C. Cook power
plant, southeastern Lake Michigan, for minor survev months with 5-m contour
depth intervals. Solid large circles represent minor survey sites. Locations of Grand
.1(arais Lakes (G.t 1LJ and Warren Dunes State Park (WDSP) are indicated.

SAWIPLE COLLECTION

Lake samples were collected using one of the Great Lakes Research Division
research vessels, primarily the R/V Mysis. Sampling with the standard or triplex
Ponar was aided by a power winch. Once on board, grab contents were washed into
library trays where substrate types were visually determined and recorded. Samples
were elutriated on board (Fig. 3), separating organisms and finer organic debris
from gravels, sands, silts, and clays. Except in adjunct studies, sieve screen mesh
used with the elutriator was O.S00 mm. Samples were concentrated in 0.5-liter
Mason jars and preserved with 4% formalin buffered with calcium carbonate.

Samples were sorted to major taxa in the laboratory. Allsurvey data were entered,
checked, and stored on magnetic tape. The Michigan interactive Data Analysis
System (M1DAS) package programs were used to perform analyses on the
A!vIDAHL470//8 computer at The University of Michigan.

SUBSTRATE ANALYSIS

Substrate or sediment types were determined visually for each grab. Size classes
and terminology basically follo~v the Vrumbein scale (see Cummins l962) ivith some
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FIGURE3. Elutriator used aboard ship forprocessing benthicsatn-
ples at D. C. Cook power plant, southeastern Lake .'Lft'chigan
(redraIvn from itfo-icy 1975).

modifications ivhich vvere appropriate for the types of sediments found in the survey
area. Table 2 is a rough approximation between the substrate categories used here
and the Krumbein scale. Because the bottom gradually slopes away from the shore-
line and the prevailing ivind is from the northwest, most grabs from (30 deep
contained a high portion of sands. Pure gravels, silts, and clays were uncommon in
the area except in highly localized, often transitory patches.
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TABLE 2. Substrate categories usedin this studv and contparisons uith the Rrunt-
bein scale and terminology. Table presents rough cotnparisons only as D. C. Cook
¹clear Plant sediments u ere determined visually.

Substrate Categories
Used at D. C. Cook Nuclear Plant

Clean substrates
Gravel
Coarse sand
Medium sand
Fine sand
Very fine sand

iltixed fine substrates
Silty sand
Clayey sand
Sandy silt
Sandy clay
Loam

Krumbein Scale

Grade

Gravel
Very coarse to coarse

sand'edium

sand
Fine sand
Very fine sand

Silts
Clays

~-1.0 to -2.0
1.0 to -1.0
2.0 to 1.0
3.0 to 2.0
4.0 to 3.0

8.0 to 5.0
14.0 to 8.0

ADJUNCT STUDIES

Much of the contents oi'his report was derived from extensive lake surveys. To
add to these data, results of several adjunct studies have been relied on. With
exception of the Whote Lake Survey described below, the Adjunct or Special studies
were conducted as part of zoobenthic studies of the D. C. Cook Nuclear Plant.
Entrainment and impingement studies were a part of the regular sampling scheme,
particularly once the power plant began operations. Riprap colonization, mero-
plankton, mesh size retention, and the RSW studies were designed to answer specific
questions and were of short duration. Nonetheless, each adjunct study has added
significantly to understanding principals governing zoobenthos life histories and
population dynamics. These studies are summarized below and expanded, where
appropriate, in the body of the chapter.

ENTRAINMENT

Although actual operations of the D. C. Cook Nuclear Plant did not begin until
January 1975, testing of the intake and discharge system began in mid 1974. First
entrainment samples collected in 1974 from the intake forebay were to examine
heterogeniety of organisms in the intake ivaters. The 'regular program of entrain-
ment sampling began in January 1975. Samples were taken in the intake (two
replicates) and discharge (one sample) forebays weekly from June through August
and twice monthly from September through May. Each "sample" was taken over a

24-h span divided into four consecutive periods corresponding to midnight to sun-

rise, sunrise to noon, noon to sunset, and sunset to midnight.
In years 1975 through 1978, 1,147 entrainment collections were made, 733 from

the intake forebay and 414 from the discharge forebay. In sample collection, water
was continuously pumped from 5.5 m deep in the forebay and passed through a

0.35-mm mesh net. The total volume of water passing through the net was deter-
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mined by an attached floiv meter (see Jude et al. 1979 for system details). Once

collected, samples ivere preserved in 40o buffered formalin. In this chapter only the

intake forebay divas considered.

IMPINGEMENT

Traveling screens ivith a 1.9-cm openings are used at the Cook Plant to remove

large objects, preventing clogging of condenser tubes. ~Vhile the screens are much
too large to retain most zoobenthic invertebrates, crayfish were regularly impinged.
All objects greater than 1.9 cm were washed into a large basket where crayfish and
fish were sorted from debris. Crayfish were placed in bags, frozen, then returned to
Ann Arbor for identification, sexing, and length and weight measurements. Collec-
tion methods were not entirely reliable. First, specimens with a diameter less than

.0 mm were not usually collected, and second, many of the specimens were parti-
ally decomposed before freezing.

From 1975 through 1978 (power plant operational years), samples were available
for 614 dates. Monthly and annual impingement were calculated for density and
biomass. Numbers and weights of crayfish in semi-monthly periods were multiplied
by the number of days in that period, then divided by the number of 24-h samples.

RIPRAP COLONIZATION

For protection, intake and discharge structures of the D. C. Cook Nuclear Plaht
ivere covered ivith a limestone riprap shield. Individual stones in the riprap ranged
from 0.1 to 1.0 m in diameter. In this, an artificial reef divas constructed in a region
of the lake where there divas little to no other consolidated subsAate. Effects on
zoobenthos were examined in a comparative study of colonization on the riprap and
on a natural rocky shoal at KVaugoshance Point (northern Lake Michigan) (Laurit;
sen 1979).

Concrete artificial substrates were placed at both the Cook Plant riprap end
~Vaugoshance Point sites and allowed to colonize for a period of several weeks.
Though there ivere similarities in fauna, the substrates at the D. C. Cook Nuclear
Plant ivere dominated by predators and at IVaugoshance Point by filter feeders.'The:
extent of Cladophora on the Cook Plant riprap was assumed to be the most impor-
tant factor controlling the types and numbers of species. Though Cladophora cre- .

ated favorable habitat in summer, numbers of organisms decreased sharply with its
disappearance in late fall. Artificialsubstrates at the Cook Plant were colqnized by a

species assemblage different from that collected in the Ponar grabs from adjacent
unconsolidated substrates. These data reveal the significance of riparap in alloiving
colonization of species not normally associated with this part of the lake.

iIEROPLANKTON

liany more mobile zoobenthic invertebrates are known to leave the sediments and
enter the ivater column either on a diurnal basis or at specific points in their life
cycles. To examine the extent at which zoobenthos in the vicinity of the Cook Plant
become pelagic and thereby are subject to entrainment, plankton toivs ivere made
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monthly, April through October 1973 (KViley and Mozley 1978). A flowmeter
equipped,4).50-m diameter, 0.36-mm mesh vertically from just above the bottom to
the surface. A fourth tow was made vertically from just above the bottom to the
surface. Two 6-m and two 9-m deep stations were sampled each month. On each
date at each station. four sets of tows were made conforming to afternoon, dusk,
night, and morning. Net tows were supplemented by series of 7-cm ID hand cores.
Over the 7-month period, 71 zoobenthic species were collected in the tows. Pelagic
species or meroplankton at the 6-m stations reflected the composition of the
infauna. At the 9-m stations the dominant meroplankton differed somewhat from
the zoobenthos. All data from this study was summarized in IViley and Mozley
(1978) who proposed that meroplankton serve to maintain zoobenthic populations
in more frequently disturbed shallow sediments.

%MESH SIZE RETENTION

Life histories and distributions presented in this study are based on organisms
retained by 0.50-mm mesh sieve. Because many small species and early fall history
stages will pass through the 0.50-mm mesh net used in the regular field surveys near
the D. C. Cook Nuclear Plant, two studies of mesh size retention were conducted in
1974. The first was to determine the significance of switching from the 0.50-mm
mesh to 0.35-mm mesh for regular lake surveys. The second was a comparison
between zoobenthos and meroplankton using a 0.15-mm mesh sieve.

In the 0.35-mm mesh test, materials passing through the 0.50-mm net were
resieved through a 0.35-mm net. At shallower stations dominated by Chironomidae,
801o of the total animals passed through the larger mesh, and many rarer and
smaller species were not retained at all. At deeper stations characterized by a Ponro-
poreia assemblage, 80~o of the organisms were collected on a 0.50-mm screen, and
at least a portion of all species was collected (see XIozley 1975 for specific details).

To compare zoobenthic abundance with numbers of organisms collected in a
special drift survey, 23-34 July 1974, diver-collected cores were taken at 6-m and 9-
m deep stations. Entire contents of the cores were preserved and decanted through a
0.15-mm mesh screen. Total densities of organisms collected by the 0.15-mm sieve
ivere several fold greater than estimates normally obtained from Ponar grabs sieved
through a 0.55-mm mesh. Additionally, greater numbers of several smaller species
were observed in comparison with the meroplankton studies (0.35-mm mesh
screens). Several species (particularly Naididae) were collected for the first time
including some which appeared in relatively high numbers (see Mozley 1975 for
specific data).

Rsiv SURVEY

The single sediment parameter measured in the regular lake survey was a visual
categorization of primary sediment types. The RS~V survey divas designed to assess
several additional sediment conditions with a goal of relating both physical and
chemical parameters to zoobenthos densities and distributions. In September 1977,
112 stations were sampled along seven transects perpendicular to the shoreline the
D. C. Cook Nuclear Plant. Zoobenthos were sorted from sediments using a 0.20-
mm mesh sieve. Corresponding sediment samples were analyzed for precise particle
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size distribution, dissolved and sediment bound heavy metals, organic carbon, and
other selected parameters. As with the 0.15-mm sieve experiments, smaller zooben-
thic species were captured in numbers very different from the regular lake surveys.
RSW data also provided information on species occurring deeper in the lake, as the
transect stations extended to 57.6 m deep.

WHOLE LAKE SURVEYS

The Whole Lake Surveys ivere sponsored by the U.S. Environmental Protection
Agency (USEPA) and included two major studies of zoobenthos distributions
throughout Lake Michigan. During August 1975, 273 single Shipek grabs were
collected by the Canada Centre for Inland Waters aboard the C. S. S. Limnos.
Stations were the intersections of a 14 by 14 km Universal Transverse Mercator grid
over most of the lake. A 7 by 7 km grid was used in Green Bay and in the northeast-
ern corner of the lake. Zoobenthos were field sorted using a 0.250-mm mesh sieve
and preserved with,4<io buffered formalin.

As the Canadian survey's grid precluded tnany stations less than 30 m deep along
the eastern and western shores of Lake Michigan, a second survey (funded by the
USEPA) was conducted by the Great Lakes Research Division during July and
August 1977 aboard the R/V Roger Simons. Samples were collected by the methods
above along 21 transects approximately 60 km apart around the shoreline of the lake
(ivith the exception of Green Bay). At each transect, replicate samples were taken at
depths of 9, 18, 36, and 54 m, a total of 83 sites in addition to the 273 above.

Distribution and density data from the Whole Lake Surveys (listed in the text as
CCIW, EPA, or GLRD unpbl.) are used as comparative materials for Cook Plant
data.

IXIPINGEMENTOF ZOOBENTHOS

Crayfish (Decapoda) ivere the only benthic animals in the vicinity of the Donald
C. Cook Nuclear Plant large enough to be impinged on the 1.9-cm-square-mesh
traveling screens. As a part of the fish-impingement studies at the Donald C. Cook
Nuclear Plant, impinged crayfish were routinely saved and frozen in plastic bags.
All available specimens were identified, sexed, measured to the nearest 1.0 cm, and
weighed to the nearest 0.1 g. Because individuals (2 cm in some dimension were
not retained on the screens, collection methods were not wholly reliable, and
because some specimens were partially decomposed, impingement estimates are, at
best,'ough estimates. The annual number of crayfish impinged was determined by
multiplying the number of crayfish actually counted by the ratio of 365 days divided
by the number of days in the year for which crayfish were collected. Biomass divas
based on the length/weight (ivet-weight) relationship from Winnell (1984a): ~

Wt = 0.015L'-",

ivhere Wt is wet.-iveight biomass in milligrams and L is total length. in centtmeters.
Estimation of biomass from this relationship was based on I-cm length classes ivith
no distinction between sexes or reproductive status (Table 3).

Very littie 'qualitative and no quantitative crayfish sampling divas conducted in the
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TABLE 3. Estimates of the nunrber, biorrrass, and mean weight of crayfr'sh
impinged at the Donald C. Cook v'uclear Plant eaclr year frorrr /975 to l978.

Year

l975
1976
1977
1978

Number
Impinged

I6.151
I 5,495
10.985
7,625

Biomass (kg)
Impinged

ill
95
77
43

I(can ~veight
per Individual (g)

6.9

7.0
5.9

open lake or at the power plant's riprap structures. Some specimens were reported
by divers to move about on the open sand bottom but not at any great distance from
the riprap (Dorr and Jude 1986). Therefore, it is assumed that the crayfish popula-
tion occurred primarily on the riprap and that impingement reflected abundance
and seasonal variation in the riprap population. With a few exceptions, all crayfish
impinged were Orconectes propinquus (Winnell 1984a).

Impingement der.sit> and biomass were highest in 1975 (n = 16,151; wt = I I I kg)
and lowest in 1978 (n = 7.265; wt = 43 kg). A consistent decrease in both annual
density and biomass of crayfish impinged from 1975 to 1978 may be the result of the
population decreasing (Dorr and Jude 1986) but becoming more stable over time. At
present there is no reason to assume tliat Donald C. Cook Nuclear Plant operations
have any detrimental effects on crayfish populations because the plant provides the
only suitable habitat in the survey area.

ENTRAINED ZOOBENTHOS

Entrainment of zoobenthos is of concern for a variety of reasons. First is the well-
being of the organisms entrained. It is generally assumed, but rarely tested, that
exposure to the mechanical forces or to the elevated water temperatures either
directly kills the animals or affects their physiology (e.g., reproductive success).
Second, ifa significant portion of the Lake population is entrained, it may directly
affect the population structure. For example, if the taxon is particularly important
in lake processes or the food chain, entrainment may directly or indirectly affect
distribution and abundance of other organisms (e.g., a fish which might primarily
feed upon that organism).

Although a considerable number of taxa were irregularly collected in entrainment
samples (most of the species listed in the!viacrozoobenthos Ecology section), only
macrocrustaceans present in significant numbers and important enough in the food
chain were analyzed further. They included Pontoporeia hoyi, Gammarus spp.,
Hyalella azteca,,'lfysr's relicta, and Asellus spp.

The average daily entrainment (ADE) rates for a specific month vvere estimated
from forebay intake samples by

ADE = (Xd) (Pd) + (Xn) (Pn)

where Xd and Xn are the mean numbers of individuals per m'n daylight and
nighttime periods, respectively, and Pd and Pn are the maximum number of m'f
water pumped by the popover plant in daylight and nighttime periods, respectively.
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The maximum volume of water pumped'during daytime and nighttime hours was
the product of the percentage of light or dark hours attributable to the 15th day of
each specific month times the maximum pumping rate at the Donald C. Cook
Nuclear Plant (8.928 x 10''ay'. Daily entrainment rates for each specific
month were weighted by the percentage'of light and dark periods specific to each
respective month and then adjusted to account for significant diel activity. Subse-
quent monthly entrainment rates v ere determined by multiplying the weighted daily
entrainment specific to each month by the number of days comprising respective,
months. Annual entrainment estimates were the sum of individual monthly entrain-
ment rates for teach taxon. The biomass entrained was calculated for the daily,
monthly, and annual totals as above by substituting average biomass m'n place of
average no. m-'. Annual entrainment density and biomass values were calculated for
January through December and April through December, then the data were used to
calculate entrainment from suspected areas of maximum impact.

Pontoporeia hoyi

Entrainment of P. hoyi averaged 0.0484 individuals m-'. Diel activity was pro-
nounced. Nightlyentrainment (0.0770 individuals m') was four times that during
daylight hours (0.0191 individuals m'), with the greatest levels from sunset to
midnight (0.0891 individuals m') and the least from noon to sunset (0.0146 individ-
uals m') (Table 4).

Monthly distribution of P. hovi among size classes and reproductive states for
entrained specimens paralleled similar observations in lake bottom populations
(Table 5). Regardless of the close agreement between entrainment and lake samples,
one must be cautions when making comparisons. Alongshore, offshore, or onshore
lake currents, as well as seasonal migration, can carry organisms to the intake, and
transient organisms:m'ay be different from those residing on the lal'e bottom in the
vicinity of the power 'plant (Winneil and.white 1984). An additional factor is the
warm-water discharge which may attract freely swimming Pontoporeia and other
crustaceans. At the. Donald C. Cook Nuclear Plant, the 4-year population structure,
based on entrainment samples, was in close agreement with that derived from lake
samples, and it suggested that the majority of entrained individuals originated from

e y ~

~
A

TABLE 4. Average number of entratined malacostracans and total benthos (no.
nt') during selected titne periods rvirhin a generali-ed 24-hr rinte period and over all
sanrples from rhe.intal'e forebay of rhe D. C. Cook Nuclear Plant, southeastern
Lal'e Michigan;, 1975-1978.

Time Period

Taxon
i~tidnight Sunrise Noon Sunset to All
to Sunrise to Noon to Sunset 4Iidnight Day Night Samples

Pontoporeia ho vi
Garnmarus spp.
Hyalella a:reca
.I lysis reliera
Asellus spp.

Toivel

bcmhos

0.0654 0.0238 0.0146
0.0101 0.0213 0.0117
0.0006 0.0009 0.0004
0.0&$ 0.0089 0.0027
0.0011 0.0010 0.0017
0.6643 0.4514 0.3216

I S4 179 I S I

0.0891 0.0191
0.0129 0.0164
0.0002 0.0007
0.0444 0.005 S

0 0031 0 001$
0. /920 . 0.3865

185 361

0.0770
0.0114
0.0004
0.04 '3
0.0021
0.7261

371

0.0484
0.0139
0.0005
0.0253
0.001 S

0.$ 591
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Taxon Jan Ileb h1ar hpr hlay Jun Jul hug Scp Oc{ Nov Dcc

TAIII.ES. rI verage nlonthiy entrain«tent densities(no. «t ')formalueostracuns, for Po»loporcia hoyi, ofdifferent si-e classes
un(I reproductive stuges, und for lotul benthos in the intake forebuy of the D. C. Cook NI(clear I'lant. sontheastern I.ake
Mi(higun, 15)7S-I97S (n = nl«aber of surnplesJ.

Z
O

l4l4

0
7.

I'onloporcia hoyi
(3 nial
3-5 ruin
5-7 nun
Q 7 In»i
(iravid
Speal
Males

0.2955 0.0077 0.0028
O.NN4 0.000 0.0000
0.0N)6 0.0010 0.(xxx)
O.ON)6 0.0009 0.0($ 0
0.{xxN 0.(xxN 0.{xNO
0.0120 O.N)17 0.0004
0.{x)38 0.(XXN O.N)24
0.2779 0.($4) 0.(NXN

0.06i36 0.0135 0.0212
0.0592 0.0126 0.0102
0.{X$3 n.{XS9 D.n)03
O.N)10 0.00N) 0.0002
0.(X)14 O.NXX) O.ONX)

O.NX)7 O.NX)0 0.0000
0.0010 O.ONK) O.NNO
o.(xxx) o.oooo n.NNo

0.0239
0.0042
.0.0164
0.0024
n.{x$4
O.NSO
0.0000
n.(xxs

0.0363 0.0195 O.ON3
0.0040 o.nnl2 O.N))3
0.0286 0.0)67 0.0055
O.IX)36 O.N)16 0.0023
0.(XMX) 0.0000 0.(XX)3
O.NXX) Q.(XXN 0.0(XN)
0.(xx) I 0.(xsn 0.(xxN
{).(xsn 0.(x$0 0.Nxs

O.N55 n. 1897
{).(XNO 0.0000
OAX)17 0.{X)93
O.($48 0.{)116
0.{XXX) 0.{XK)4
0.(NKX) 0.{XK)4
n.NNN) n.(xxN
O.NXX) 0.1577

Ciooullaflls spp.
Ilyolctlo aztccu
h tysis relicta
rhc/tos spp.
To)al bcn{bos

0.0033 0.($ 82 0.{X)24
0.0000 0.0000 O.NXX)
0.2286 0.0272 0.0303
O.N)43 0.0070 0.0020
0.6077 0.4593 0.1349

29 34 52

0.0025
0.(NXN
0.(X)60
n.o(xN
0.2443

55

0.0062 0.0058
O.ONN 0.(NOO
o.oo89 n.n21 2

n.oooo o.on2n
0.2833 0.6748

42 96

0.0098
O.N$6
0.0103
0.0026
0.6504

102

0.0)17 0.0176 0.0824
0.{)N)4 0.0007 O.N)22
0.0124 -.0359 0.0116
0.0014 0.0018 0.0015
0.4780 0.7145 1.6657

117 55 49

O.N)98 0.0152
0.(X$6 O.(X)17
0($ 84 00 05
0.0000 0.0011
0.2555 0.4178

39 63



GLRD Publ. No. 22/Cook Nuclear Sans Serif (6-4)

EFFECTS ON MACROZOOBENTHOS 221

the 8-20-m depth contour. Thus, the total entrained density and biomass of P. hoyi,
compared with that derived from lake samples. is assumed to be a best estimate of
the effect of entrainment in the immediate vicinity of the power plant.

Based on daytime and nighttime entrainment rates for each month (Table 6),
annual entrainment was 1.97 x 10'ndividuals or 1 I o/o of all entrained zoobenthos.
However, nearly 75oio (1.46 x 10') of the total Ponroporeia entrainment occurred in
December and January during the peak nearshore reproductive period (Table 7)
(Winnell and White 1984); the majority (901o) of the December-January specimens
was males. Minor monthly peaks occurred in April (recently released young) and in
August (primarily females).

The only data available for direct comparisons were from the Bailly Power Plant
(1976) at the southern tip of Lake Michigan. The entrainment estimate reported by
the Bailly Power Plant (3.6 x 10'ndividuals) was calculated incorrectly and should
have been 1.18 x 10'. ho!i yr'see Winnell 1984a for further explanations).
Given that entrainment estimates from the Donald C. Cook Nuclear Plant were
more detailed than those from Bailly, direct comparisons were tenuous; however,
the Donald C. Cook Nuclear Plant was estimated to entrain 17 times more P. hoyi
than the Bailly Power Plant. Because the Cook plant draws 1,700 times more water
per year (based on maximum flow with no recirculation) than the Bailly Power
Plant, the relative Donald C. Cook Nuclear Plant entrainment rate was approxi-
mately 0.01oio that of Bailly. The Cook plant entrained 0.06 P. hoyi m'based on
(1.97 x 10'r')/3.26 x 10''r') to be comparable with the Bailly Plant esti-
mates); the Bailly Power Plant entrained 6.05 P. hoyi m'1.18 x 10 P. hoyi yr')/
(1.95 x 10''r')). As P. hoyi entrainment at the Cook Plant rarely exceeded the
two to three organisms m'" level. it seems likely that entrainmerit at the Bailly Plant
either was severely overestimated or a large difference exists between popover plant
designs ivhich influenced the entrainment rates. We do not know enough about the
lake densities at the Bailly Plant to make further comparisons.

Mid-point, minimum, and maximum P. hoyi biomass emrained were estimated
for an average day in each month by applying the lengih/ash-free dry weight equa-
tion of Johnson and Brinkhurst (1971) to mid-point, minimum, and maximum body
lengths in each size class. Based on mid-point biomass, 297 kg of P. h'oyi ivere
entrained annually at the Cook Plant (Table 7). Biomass entrained during December
and January constituted 92~io of the annual entrainment. When minimum and
maximum P. hovi size classes ivere used in the calculations, annually entrained
biomass ranged from a low of 285 kg yr'o a high of 315 kg yr', respectively. The
small range of difference'divas largely due to predominance of males 7 mm long.

Application of annually entrained P. hovi density and biomass to lake bottom
density and biomass estimates required two assumptions. The first assumption per-
tained to the area considered to be most severely impacted by entrainment. Clearly,
this area is not definitive in an absolute sense. For a worst-case analysis, a relatively
small area in the vicinity of the intake structures may be hypothesized to supply all
the entrainment. Here, tivo alternative ideas are considered in determining the maxi-
mum impact of entrainment:

1. The DC1-DC2 area is in the central portion of the survey areas defined by the
shallowest recorded depth of Station DC1 (3. m) and the deepest recorded depth of
Station DC2 (14.6 m); DC1-DC2 comprises an area of 2.56 km'1.6 km x 1.6 km)
(Figs. 1, 2).

2. The DC1-DC3 area is in the central portion of the survey area defined by the
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shallowest recorded depth of Station DC1 (3.7 m) and the deepest recorded depth of
Station DC3 (18.7 m); DCI-DC3 comprises an area of 5.12 km'1.6 km x 3.2 km)
(Figs. 1, 2).

A second implicit assumption was that P. hoyi density and biomass estimates
based on lake bottom samples from April through December would not have been
substantially altered if January through March lake bottom samples had been col-
lected. Because an absence of alteration in annual lake bottom estimates cannot be
confidently assumed, entrainment-impact analyses were performed both on a Janu-
ary through December and an April through December basis.

Average lake bottom density and biomass of P. hoyi in the DC1-DC2 area were
413 organisms m 'nd 0.00015 kg m 'mid-point biomass estimate) (Table 8). The
lake bottom area of DCI-DC2 required to supply 1.97 x 10" individuals yr'ased
on the January through December entrainment density estimate was 0.48 km'r

TABLE 7. Average daily density (no. m: x 10"1 and biomass (kg1 of Pontoporeia
hoyi entrained during each month, and average monthly density and biomass
entrained in the intal e forebay ofthe D. C. Cook Nuclear Plant, southeastern Lake
Michigan, 1975-1978.

Density (x IP) Daily Monthly
Xfonth Daily Monthly Min Mid Max Min Mid Max

January
February
March
April
iltay
June
July
August
September
October
november
December

Total

2.73 84.59 5.34
0.08 2.17 0.13
0.02 0.75 0.03
0.57 17.14 0.06
0.11 3.28 (O.OI
0.15 4.38 0.02
0.16 4.92 0.04
0.28 8.65 0.07
0.17 5.10 0.04
0.09 2.70 0.04
0.07 2.04 0.05
1.98 61.48 3.39

197.20

5

0
0
0
0
0
0
0
0
0
0
3

.35 5.35 165.62 165.78 165,99

.13 0.14 3.53 3.71 3.98

.03 0.03 0.86 '0.86 0.86

.11 0.20 1.72 3.22 6.08

.Ol 0.03 '.08 0.33 0.84

.04 0.08 0.54 1.22 2.32

.OS 0.14 1.33 2.52 4.27

. I 4 0.25 2.32 4.49 7.63

.09 0.15 1.34 2.66 4.55

.06 0. I 0 1.09 1.91 3.06

.OS 0.12 1.43 - 2.32 3.52

.48 3.60 105.15 107.88 111.50

2S5.02 296.89 314.60

TABLE 8. Mean density (no. m ') and biotnass based on ntinimum, mid-point,
and maximum si:e class intervals (gtn tn"J for Pontoporeia hoyi in the DCI-DC2
and DC1-DC3 areas located directly in front of the D. C. Cook Nuclear Plant,
southeastern Lake Michigan, 1975-1978.

Area

Parameter

Density
Km
~Iinimum biomass
Mid.point biomass
Staximum biomass

DC I.DC2

413
2.56

0.0788
0.1525
0 ~67<

DC I-DC3

757

0.1513
0.2860
0.4083
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19% of the available area at DC I-DC2 (Table 9). Utilizing the April through Decem-
ber entrainment estimate (1.10 x 10" individuals yr '), 0.27 km'r I I oo of the DCI-
DC2 area would be required. The percentage of DCI-DC2 required to supply the
annually entrained biomass of P. hovi (January-December) ranged from as low as

1.07 km'42% of available area) to as high as 3.99 km'156% of available area)
with a mid-point estimate of 1.95 km'76% of available area). Similarly, using the
April-December estimate (I 3 kg yr '), equivalent lake bottom areas required ranged
from a low of 0.43 km'I "o) to a high of 1.892 km'71%) with a mid-point
estimate of 0.81 km-'32o'o of available area) (Table 9).

The obvious differences between the DCI-DC2 and DCI-DC3 alternatives are the
greater P. hoyi density (757 organisms m'), biomass (0.00029 kg m '), and area (5.12
km-') of the latter. Consequently, the total percent area required would be considera-
bly smaller when compared with DCI-DC2. Using the January through December
annual entrainment density estimate, the area of DCI-DC3 required was 0.26 km- or
5o'o. Using the April through December estimate, only 0.14 km-'r 3% of the area
was required. Similarly, the benthic biomass of P. hoyi required for a January-
December estimate ranged from 0.57 to 2.08 km'I 1% to 41% of available area),
with a mid-point estimate of 1.03 km-'r 20% of the available area. Using April
through December data, 9.23 to 0.95 km-'ere required (5% to l9% of available
area), but the mid-point divas 0.43 km-'r 8oto (Table 9)

From the two examples above, it is evident that the area of the lake bottom
impacted by entrainment is dependent upon the bottom area considered and the
organism density. 5'e posed the DCI-DC2 areas as a worst-case example. Clearly,
decreasing the area believed to be affected to a smaller and more narrowly defined
portion of just the DCI-DC2 areas, particularly in an on-shore direction, ivouid
suggest a much greater impact. However, as one proceeds toward shore, P. ho.vi
densities are more variable and subject to the influence of migrational activities

'~Vinnell and white 1984). Consequently, considerable latitude should be given
when scaling the potentially impacted area. Conversely, expanding the potential area
to too large a base would underestimate effects of entrainment. For example, if the
total survey area (254 km') and average P. hoyi abundance (2,209 organisms m ')

TABLE 9. Potential impact of entrainment on Pontoporeia hoyi populations
occurring in the DCI-DC2 and DCI-DC3 areas. Impact expressed in terms of the
number ofI'm'equired to supply the densities and biomasses entrained on a Janu-
ary through December basis and on an Apriltltrough December basis at the D. C.
Cook Nuclear Plant. southeastern Lake Michigan, 1975-1978.

January-December April.December

DCI-DC2 DC I-DC3 DC I-DC2 DC I-DC3

Parameter Km'Areal o o Km: Areal o o Km-'Areal o'o Km'real o'o

Density
Ivlinimum

biomass
i%lid-point

biomass
51aximum

biomass

0.48 18.8 0.26 5.1 0.27 10.5 0.14 2.7

0.23 4.5

1.05 76.2 1.03 20.1

300 1550 208 406

O.S I 31.6 0.43 8.4

1.82 71.1 0.05 18.6

1.07 41.S 0.57 11.1 0.43 16.8
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were used, the area of Lake Michigan needed to supply 1.97 x lo" individuals
would be only 0.09 km'r 0.04oo of the P. hovi population occurring in the entire
survey area. Considering either just the DCI-DC2 area or the whole survey area; we
have yet to demonstrate that entrainment has affected lake bottom populations in
the vicinity of the Cook Plant, at least during the period of operational years
studied.

Gatnntarus, Hyallella, and Asellus

As with the crayfish, populations of these taxa may be directly linked to the riprap
structures; therefore, it was difficultto ascribe an effect on any lake-bottom popula-
tion. Entrainment of Gammarus averaged 0.0139, organisms m 'Table 4), which
was 2.7oro of the total benthos entrained. Average entrainment was less than 0.0100
organisms m'uring most months. Increased abundance was observed for late
summer and early fall with a peak in October (Table 5). Daytime entrainment
(0.0164 organisms m ') was slightly greater than nighttime (0.0114 organisms m')
with the greatest proportion occurring between sunrise and noon (0.0213 organisms
m ') (Table 4).

Hyalella a-teca accounted for only O.lucio of total entrained benthos (Table 10),
averaging 0.0005 organisms m'Table 4). Greatest monthly abundance was in
October and December with no specimens betng collected between January and June
(Table 5). Diel activity was similar to that of Gammarus, with greatest densities
occurring between sunrise and noon (0.0009 organisms m').

Of the two Asellus present in the survey area, only A. intermedius was
identified'rom

entrainment. Entrained Asellus averaged only 0.0018 organisms m'Table 4)
or 0.4o'o of total entrainment (Table 10). Diel patterns were not as evident as with
the amphipods. Seasonally, greatest densities were in January and February with
remaining months either zero or slightly above.

TABLE 10. Average daily entraimnent rate (no. rn' 10') during each month,
and average tnonthly entrainment rate (no. m' 10') for tnalacostracans (other
than Pontoporeia hoyi) and for total benthos in the intake forebav of the D. C.
Cook Nuclear Plant, southeastern Lake 51(chigan, 1975-1978.

Mysis relicta Gammarus spp. Hyalella a-teca Asellus spp. Total Benthos

$ Ionth Daily Monthly Daily i15onthly Daily lfonthly Daily Xlonthly Daily Monthly
January
February
%larch
April
May
June
July
August
September
October
Yoiember.
December

Total

2.17 67.32
0.27 7.50
0.0$ 1.62
0.05 1.47
0.05 1.67
0,15
0.07 2.12
0.09 2.S9
0.31 9.36
0.1) 3.46
0.09 '.7)
0.21 6.42

110.98

0.03 0.96 0.00
O.OS 2.13 0.00
0.02 0.65 0.00
0.02 0.6S 0.00
0.0t 1.34 0.00
0.05 1.42 0.00
0.09 2.'70 <0.01
0.10 3.25 <0.01
0.16 '.67 <0.01
0.69 „21.36 0.02
0.10 2.98 < 0.01

.0.14 4.21 .0.01

46.35

0.00 0.04 ) .23
0.00 0.06 1.78
0.00 0.02 0.57
0.00 0.00 0.00
0.00 0.00 0.00
0.00 0.02 0.48
0.23 0.02 0.57
0.12 0.01 0.37
0.20 0.02 0.48
0,60 0.01 0.42
0.19 0.00 0,00
0.44 „0.01 0.32

1.77, — 6.23

5.63
4.42
1.21
2.10

5.08
5.23
4.01
6.29

14 7~

2.09
4.14

174.50
123.77
37.49
62.90
70.17

152.41
162.01
124.40
188.65
456,44

62.61
I 8 "5

1,743.60
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Missis relicta

The average density of mysids entrained (0.0253 organisms m') (Table 2)
accounted for 6.4% of the total annual entrainment. By far, the month of largest
densities was January (0.2286 organisms m') (Table 3). Annually, l.ll x

10'ysidswere entrained at the Cook plant. The January estimate accounted for 61%
of the average annual total (Table 10). A secondary peak occurred in September
(0.0359 organisms m'). High densities of .lysis in the vicinity of the water intake
during September may be related to changing water temperature during upwelling
and to decreasing light periods.

Grossnickle and Morgan (1979) observed greatest abundances of .%lysis relicta
(1,019 organisms m') at 30-50 m during September in Lake Michigan and postu-
lated that rapidly declining mysid densities between October and December were due
to onshore migration. ~Vhile no difference in entrained mysid densities was found
between October and December, high entrainment in January was believed to reflect
active onshore migration. This hypothesis is further supported by size-dependent
horizontal migrations of mysids shown for Lake Tahoe (Morgan 1982).

Mysis relicta displayed the most striking diel activity of all malacostracans
encountered. Average daytime entrainment density was 0.0058 organisms m', while
during the nighttime it was 0.0443 organisms m'Table 4).

IfMorgan and Beeton's (1976) average of 188 organisms m 's used as an approxi-
mate estimate of the lake bottom mysid density in the offshore area near the survey
site, an area equivalent to 0.59 km-'would be required to supply 1.11 x 10'ndivid-
uals yr'. Because the profundal region of southeastern Lake Michigan is enormous
by comparison with 0.59 km-', it divas concluded that there was no apparent effect on
the Mysis population due to entrainment losses. One factor not measured ivhich
should be considered in any future study is lost reproductive potential due to
entrainment of males during January and its subsequent effect on the total popula-
tion structure.

~Vhen compared with the Bailly Popover Plant (1976) average yearly mysid estimate
(1.27 x 10-'organisms), the plant entrained considerably more mysids (1.11 x

10'rganismsyear'). Given the rate of maximum yearly flow of water through both
povver plams and basing comparisons on the quotient of number entrained per year
divided by number of cubic meters utilized per year by each plant, the Cook Plant
entrainment rate (0.034 organisms m') was approximately half that of the Bailly
Plant (0.065 organisms m'). The significance of these differences is unknown,
although it is clear that they are the same order of magnitude.

REGIONAL ZOOBENTHIC CO~IMUNITYSTRUCTURE
AND CHANGES IN POPULATIONS FOLLOWING

POPOVER PLANT OPERATION

South, Central, and North Regional Distribution Patterns

For these analyses, stations were grouped by region and by depth range. Regions
vvere designed primarily to give areal trends which vvould aid in detection of power
plant effects on macrozoobenthos. The central (or inner) region vvas centered 1.6 km
on either side of the intake structures. The south and north regions (outer) extended
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11.3 km to each side of the intakes and 11.3 km offshore, a total area of 254 km'.
Individual stations v ere assigned to 4-m depth intervals beginning at the shoreline.

To understand changes that may have been brought about by power plant effects
(i.e., the heated effluent), populations present and factors affecting their natural
distributions must first be understood. In addition to the information derived from
the substratum descriptions recorded for each Ponar grab in this study, Rossman
and Seibel (1977) have detailed sediment patterns at Cook Plant. In general, at
depths (27 m sediments are continually subject to wave generated resuspension
(this depth approximates the normal limits of the summer thermocline, Mozley and
~Vinnell 1975) and to along-shore currents. Nearshore substrata south of the power
plant are patchier, finer grained, and have a higher level of total carbon than either
the central or north regions. Greater patchiness in the south region may result from
smail stream input and in part from greater diversity in local current and wave
patterns (also see Mozley 1975). The central region contains the artificial reef cre-
ated by the riprap covering the intake/discharge structures of the central region. The
reef may alter wave and sedimentation patterns but the extent of actual alterations is
not known. Further discussion on the biology of the reef follows in this chapter.

Our data are sufficient at the species level to discuss regional distributions of the
dominant oligochaetes, amphipods, chironomids, and pisidiids. Total oligochaete
density decreased slightly from the south (4,325 individuals m ') td'the north (3,268
individuals m-'). Much of this variation was in the family Tubificidae which
decreased from 3,002 individuals m -'o 1,986 individuals m 'Table 11) (LaDronka
1984). Regional differences were most evident in thc 12-32-m depth zones and were
associated with slightly greater amounts of carbon, silts, and clays (see chapter on
sediments this book). Species having significantly greater densities in the south or
central and south regions were Aulodrilus plurisera, Isachaerides jreyi, Limnodrilus
cervix, Limnodrilus hoffIneisreri, Lirnnodrilus spiralis, ParaInorhrix vejdovskyi,
and Quisradrilus mulriserosis muhiserosis. Folloiving the classification of Mozley
and Howmiller (1977, also see Lauritsen et al. 1985), A. plurisera, 1. freyi, P.
moldaviensis, and P. vejdovskyi are associated with environmental Type II (meso-
trophic) conditions; L. hoffmeisreri is Type III (saprophilic); and L. cervix, and Q.
n>. mulriserosis are Type IV (saprobiontic). No species had increased abundance in a
northerly direction, and only only (Tubifexsuperiorensis, a Type I (oligotrophic
species) was greater in the Central Region.

Relative densities of Naididae (Table 12) were clearly lower in the south region
than in the north or central regions (LaDronka 1984). Naidids appeared to be
unaff'ected by sediment or sedimentation parameters which may have produced
higher abundances of other animals in the south, possibly because of the shallower
distribution of naidids. Five rare naidid species were unique to the central region
(Table 12), ivhich may have been a result of greater sampling effort. Further, the
riprap structures may harbor species different from those found in sands and silts.

Densities of the lumbriculid, Sryladrilus heringianus. were greater in the south
and north regions than in the central region (Table 11). This distribution may reflect
assumed lower sedimentation rates in the middle of the study area (see sediments
chapter, this book) ivhich favor St>'lodrilus over tubificids (~Vhite unpubl data).

Ten of the 20 most common chironomoid taxa showed regional abundance pat-
terns (Table 13). Four taxa, Hererorrissocladius changi, Hererorrissocladius oliveri,
htlicropsecrra sp., and Paracladopelnra tvinnelli were most abundant in the north

, region and least abundant in the central region. Each of these species has been
classified as Type 0 (representative of oligotrophic conditions) by ~Vinnell and
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TABLE13. hfean density (no. m'), slundard error (SEJ, relative density as a percc ntage of total identified Chironowirlrie, and
frequency ofoccurrence(%)insainples collected tvithin eacli area (N = north, C = central, S = sotrthffor the 20inost coinnion
Chironoinirlue frow southeastern Lake II1ichigan, 1970-1978.
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Chironouius unihracinus-gr.
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I'uraclurlnpclmu cauipiolabis-gr.
I'uracladopeliua rvinnelli
Polypedi turn scalaeiiuui
Prilypcrlilum cf. lulrerculuin
I'rrlllurslio longiuianus
Proc lurlius sp.
Pscclrocludius siiuulans
Ilobuckiu rlerlrcijerei
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White (1985a) and are generally more numerous at depths >20 m. Further, each of
'hese four taxa primarily inhabits the sand substrata more widely distributed in the

north region (see sediments chapter, this book). The three taxa numerically greater
in the south region and somewhat greater in the central region are Type I meso-
trophic: Cladotanytarsus sp., Polypedilum scalaenum, and Procladius sp. The
remaining three, Chironomus fluviatilis-gr., Chironomus anthracinus-gr., and Cry-
ptochironomus sp. 2, were classified as Type 2 eutrophic taxa and were most abun-
dant in the central region. When Saether's (1975) chironomid key to trophic condi-
tion was tested with data from the ) 28-m depth zone, all three regions were found
to be 5-oligotrophic. The riorthernmost area was more oligotrophic (y) than were
either the central (a) or south (6) regions. In general, these analyses support a
regional difference also noted by chironomid trophic index values (Winnell and
White 1985a), and it is concluded that generally oligotrophic conditions prevail in
the profundal zone and north region while slightly mesotrophic conditions occur in
the nearshore and the south and central regions.

As a group, the Chironomidae have a much greater trophic diversity than either
tubificids or pisidiids, with some species feeding on particulates, some grazing on
algae and other plant matter, and some preying on smaller invertebrates. Moreover,
they range from sand-burrowing species to distinct tube builders (Winnell 1984b,
Winnell and White

1985b).'ased

on ecology and feeding habits, the fingernail clams (Pisidiidae) can be
roughly grouped into species which filter-feed on particles in the water column
(Sphaeriutn) and into species which live within the substratum and filter deposited
sediments (Pisidiunt) (Mackie et al. 1980, Zdeba and White 1985). We expected that
distribution and abundance of the two genera might reflect regional differences and
abundance of the two genera might reflect regional differences in substratum
parameters. Further, Clarke (1979) has shown that pisidiid distributions and abun-
dance are associated with trophic status. Under a gradient of enriched conditions, he
found that densities of most species increase to a point where species that are rarer,
and seemingly more sensitive to organics, began to drop out.

Of the 25 Pisidiidae taxa collected in the vicinity of the Donald C. Cook Nuclear
Plant, only five vvere collected frequently enough or identified routinely enough to
speculate on regional trends. Pisidium conventus's a common component of the
sandy profundal zone along with Heterotrissocladius aliveri. As expected, its abun-
dance followed that of H. oliveri by'being most abundant in the north region and
least abundant in the south region. Pisidium casertanurn is a shallower water species
and appeared to have an affinity for substrata composed of silt and clay and, to a
lesser extent, fine sand (Zdeba and White 1985); it was most abundant in the south
and central regions. A third species, P. nitidum, divas more than twice as abundant in
the north and south regions as in the central region. Reasons for this distribution
remain unknown; however, it appears that the north region, while having fewer
deposits of fine-grained organics. may be more stable than the central region. In the
genus Sphaeriunt, S. nitidutn, a deeper ivater species. divas least abundant in the
south region and most abundant in the north region.

S. striatinunt is found in a divide variety of aquatic habitats from ponds to small
streams to the Great Lakes (Mackie et al. 1980). Species ivith wide distributions
often are less competitive ivhen co-occurring ivith siblings, thus, it was not surpris-
ing that S. striatinunt divas'most abundant in the central region ivhere other species
were less dense, particularly at depths less than 12 m in the vicinity of the riprap
structures.
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Areal distribution of the amphipod Pontoporeia hoyi (a profundal species often
associated with Stylodrilus, Heterotrissocladius oliveri, and Pisidiunt conventus)
displayed a predictable trend, increasing in-a northerly direction. Average abun-
dance was lowest in the south region (1,871 m ') and highest in the north region
(2,731m').

Following the sedimentation patterns derived from bottom sample observations
and from sediment structure analysis in this book, some conclusions can be drawn
about macrozoobenthic distribution in the vicinity of the Donald C. Cook Nuclear
Plant. In the south region, increased accumulation rates of organic material occur
nearer the shoreline. Species discussed above which favor these more mesotrophic
conditions (as particle feeders, predators on particle feeders, etc.) are generally more
abundant at all depths and specifically more abundant in shallower depth zones.
Populations of the mesotrophic taxa are generally less abundant in the central and
north regions and reach maximum population sizes farther offshore. Species favor-
ing the north region are more oligotrophic in nature but, as with the mesotrophic
group, reach maximum densities farther offshore in the north than in the south
regions. Associations in the central region are not so clear. Most often, community
structure in the central region resembles the south region; however, the central
region seems more patchy in organism distributions. Though we have insufficient
data for statistically insignificant conclusions, it appears that patchiness in the
central region may result from extremely localized current patterns established by
the riprap and intake-discharge effects.

CHANGES IN ZOOBENTHOS DISTRIBUTIONS

A goal of power plant monitoring studies is to document the impact of power
generation on organism populations in the vicinity of power plants. If an impact
does occur, it should be statistically measurable as the result of some alteration in
the biological processes of the organisms (distribution, abundance, feeding, repro-
duction, etc.) which influences the population structure. The primary difficulty in
determining an impact is separation of plant effects from the natural population
fluctuations in combination with small-scale patchiness. Natural populations at the
Donald C. Cook Nuclear Plant are addressed in the Macrozoobenthos Ecology
chapter in this book; patchiness is addressed above. As Brinkhurst (1974) pointed
out, these difficulties can only be addressed in long-term studies but, "...there has
never been a study of the benthos of a lake in which... thc sampling methodology
and schedule have been properly evaluated, most of the major species identified,
and which extended over all seasons for a consecutive number of years." Although
there remain some problems in the methodologies used, the extensive sampling
program, level of identifications, and knowledge of the biology of the species in the
study area (LaDronka 1984; Winnell 1984a, 1984b, Zawacki 1985; Zdeba and white
1985) over 8 consecutive years (4 preoperational and 4 operational) provide the basis
for a reasonable assessment of population trends. The trends have been examined by
analysis of variance (ANOVA) of plant impact under the statistical framework
originally created by Johnston (1973, 1974).

The ANOVA design was a nested, mixed model composed of five main effect
factors: fixed factors included NIonth (M), Region (R), water Depth (D), and power
plant Construction Time (C); the single random factor was Year(Y), ivhich was
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nested within Construction Time. The lvIonth factor (M) included the major survey
months of April, July, and October for all years, except 1971 for which November
was substituted for October (Table I). The Region factor (R) had two levels: (I) the
inner region (or central region discussed above), into which discharge water was
released, was considered the treatment area, and (2) the outer region (north and
south regions combined) which served as the control area where no effects from
heated discharge or plant operation were expected. The Depth factor (D) had the
three levels of 0-8 m, 8-16 m, and 16-24 m (Zones 0, I, and 2). The number of
levels of the Depth factor varied from I to 3, based upon the taxon considered, and
upon ecological data derived from the 8-m interval analyses. The Construction Time
factor had the two levels of before and after plam operation based on the year 1975
that the Unit I generator began service. The Year factor was composed of eight
levels (four in Before and four in After) consisting of the years 1971-1978. For the
balanced design, 1970 data were not included. Years nested in the Before level
included 1971-1974 and those in the After level included 1975-1978.

The statistical test used to estimate plant effect was the F-value derived from the
ratio of the variance attributed to the Construction Time-Region (CR) and Con-
struction Time (Year nested)-Region interactions (Johnston 1974):

F<ox» = MScg/MSc(v~a

The null hypothesis tested stated that "the startup of the plant had no effect on the
difference between the mean log-transformed zoobenthic density at the inner sta-
tions and the same quantity at the outer stations" (Johnston 1974). The alternative
hypothesis was that there was some difference measurable at the a = 0.05 level of
significance following power plant operation. Allanalyses were based on Iog»(x+ I)
transformed average station densities (Elliot 1971, Johnston 1974, Chang and IVin-
nell 1981). The most important considerations regarding sampling methodology
(summarized in Table I were (I) that collections v ere made by various Ponars.which
ranged from 0.0165 to 0.1103 m'n grab area, (2) that replication per station varied
from one to five grabs, and (3) that the number of stations (observations) per cell in
the ANOVAdivas unequal. Sampling methods were least uniform between April 1971
and April 1974; after April 1974 a consistent pattern was followed.

The potential relationships to the power plant's operation were assessed for the
five major macrozoobenthic components of the study area: Ponroporeia hoyi
(Amphipoda), Pisidium spp. (Pelecypoda), Srylodrilus heringianus (Lumbriculidae.
Oligochaeta), Tubificidae (Oligochaeta), and Chironomidae (Diptera, Insecta) and
for total macrozoobenthos. Plant effect was based on density estimates for each
zoobenthic component derived from lake sampling. Because the distributions of
these taxa were shown to be depth dependent (~Vinnell 1984a, 1984b; LaDronka
1984; Zawacki 1985; Zdeba and white 1985). analyses considered only those depths
where the respective taxa were common: S. heringianus in water between 16 and
24 m deep and P. hoyi and Pisidium spp. in water between 8 and 16 m and 16 and
24 m deep. Chironomidae and Tubificidae occurred commonly in all, three depth
categories (water 0 to 24 m deep) as did the "total benthos" category.

Johnston (1974) developed the least detectable true ratio (R) for the purpose of
determining thc degree to which "a relative increase or a relative decrease of the
inner population" must change to be detected by the test. The logic underscoring this
approach was based on collapsing the initial ANOVA to a simple two-factor design
with Construction Time (two levels) and Region (two levels). From these, Johnston
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(1974) calculated, using anti-logarithms, the "true mean number of animals per
square meter" for any of the resulting four cells. The justification and derivation of
R is lengthy (see Johnston 1974). R is based on the least detectable true difference of
Sokal and Rohlf (1969) and extraction from and manipulation of components of the
ANOVA. In our application, we used the following to determine R:

where; 6

n
r
'Y

a
P

6 = e (2/n) (r„,~,t + r.u.„,t) (2)

H

least detectable tr'ue change
Sctvta

average sample size 'per
cell'tudent'sr;

degrees. of freedom
0.05 (Type I error)
0.95 (Type JI error)
since ceil size,divas.unequal, calculation of n followed the procedure of
Sokal and,Rohlf (1969):

n = [I/(a-I)] fZn, - (Zn,'/Zn,))

i ~ r

I

/,~ ''-''- (
]( iQ c

ivhere; n = average sample size per cell
a = number of 'cells

n, = number of observations in each cell.

Derivation of o from these formulae was substituted into Johnston's (1974) equation
for the least detectable true ratio:

R Z 10"'" and R g 10""''. (4)
h

R values calculated as such for each zoobenthic component establish a range within
which plant effects were either non-detectable at a = 0.05 and P = 0.95 or non-
existent. R- values exceeding this range indicate a detectable true population change
significant at n ='0.05 and F = 0.95.

A quantity not considered by Johnston (1974) was the "actual population change
true ratio" ivhich we designate as R'. The quantity is easily derived from the four
cells of the collapsed two-way ANOVAby

R' (I, + 1/0, + ])/(I„-: I/O, + I) (5)

ivhere; I,

0,

Os

anti-logarithm of the average mean log density in
during After operational years.
anti-logarithm of the average mean log density in
during After operational years.
anti-logarithm of the average mean log density in
during Before operational years.
anti-logarithm of the average mean log density in
during Before operational years.

the inner region

the outer region

the inner region

the outer region

,
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The quantity estimates the actual true ratio change in the population densities for
each zoobenthic component. R'- values for taxa will fall within the R-value range

previously determined when the effect of plant operation is not significant. Con-

versely, R'alues fall outside the R- value range for taxa experiencing significant
plant effects. Only in cases where probability values are close to a = 0.05 might
there be contradictory conclusions drawn from R- and R'-values. The contradiction
arises from the fact that the ANOVA considers only Type I errors whereas R

considers both Type I and Type II errors. Elimination of the Type II error in the
estimate of 6 will result in agreement of conclusions derived from R- and R'-values.
Estimation of R'-values provides a final check that the methodology is inherently
correct. In addition, R'ives the degree of change actually occurring and the direc-
tion of the change.

For the taxa with a significant plant effect test, additional data from the final 3

years were analyzed to assess effects over time. The additional years were 1979,

1980, and 1981. Analysis of these years with respect to the 1971-1978 data set was

accomplished by sequential inclusion and comparison of these years in the Inner/
Outer-Before/After, collapsed two-way design using Scheffe simultaneous-
confidence-intervals (Scheffe 1959, ~Viner 1971). All analyses were based on the

log» (x+ I) average of station densities. Because Scheffe's test is very conservative
(IViner 1971) with respect to the Type I error, comparisons were judged significant
at u = 0.10 (Statistical Research Laboratory, University of Michigan, pers comm.).

6'e found no significant plant effects between 1971-1978 using log-transformed
average station densities for Ponroporeia hoyi (8-24 m), Pisidium spp. (8-24 m),
Srylodrilus heringianus (16-24 m), Tubificidae (0-24 m), and total zoobenthos
(0-24 m) (Tables 14-18). Among these five taxonomic categories, the least detect-
able true ration (R) ranged from a low of 2.14 for total zoobenthos to a high of 23.5
for S. heringianus (Table 19). In general, R, ranged from 2 to 5. The average actual
density change (R)'mong these taxa was 1.10 and ranged from 0.62 to 1.61. In each

case, R'alues fell within the range of R-values where plant effects were non-
detectable in accordance with the non-significance derived from the ANOVA.

Based on the test for plant effects, significant (p = 0.0327) density differences
ivere associated with plant operation for Chironomidae (0-24 m) (Table 20).
Although the R'-value (1.47) fell within the R-value range (0.57-1.75), this was an
artifact of methodological differences. IVhen correcting for error estimation differ-
ences, the R-range became 0.73-1.36, and the R'-value of 1.47 fell outside the range.
Similar corrections for the other taxa maintained the logical coincidence of the non-
significam plant effect conclusion from the ANOVAand R'-values falling within the
non-detectable range of R-values.

Simultaneous, pairwise comparisotls (Scheffh 1959) of cell means from the col-
lapsed two-way ANOVA (Johnston 1974) indicated that Before Inner/Outer
regional and After Inner/Outer regional comparisons of chironomid densities were
not significantly different, respectively, for any sequential yearly combinations.
However, Inner and Outer Before/After density comparisons were significantly
different for all sequential yearly combinations, except the 1971-1978 combination.
Nonetheless, for all sequential yearly comparisons, chironomid densities in the inner
region after the plant was in operation were always significantly greater than those
in the outer region. In addition, After-operational-year densities were greater than
Before-operational-year densities for both regions. Finally, while both regions expe-
rienced significant density increases between the two time periods, the density ratio
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C(Y)
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l)R
I)C
I)C(Y)
MR
hlC
hIC(Y)
CR
C(Y)R
I)hlR
l)MC
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l)CR(Y)
MRC
MRC(Y)
l)MRC
I!RROR

Suru of
Squares

46.45
48.55

5.04
8.13

35.21
3.38
0.18
I.(16

11.26
2.24
0.39

14.71
O.IX)83

3.02
0.78
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3.02
2.18
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1.79
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2
I
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6
2
I
I

6
2
2

12

I

6
2
2
I

6
2
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2
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'iloalrc

46.45
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8.13
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0.18
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1.12
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0.0083
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0.15
0.14
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MSE
hlSE
CIYI
hISLI
hlSI'.
h ISE
l)C(Y)
MSE
MSI'I
hlC(Y)
hISE
C(Y)R

hlSE
h1SE
MSE
DRC(Y)
I ISE
MRC(Y)
hlSE
MSE

I'rob.

0.(X)00
0.(XXX)
0.(X) I I
0 98)9
O.OIXX)

0.0271
0.537')
0.3844
0.(XX)6
0.0'X)2 .

0.8539
0.0020
0.9694
0.3675
0.4324
0.5774
0.4111
0.5860
0 1964
0.9857
0.7736

Sigui f.
1 ~ 01

OO ~ ~

~ ~

NS
~ 0 ~ ~

NS
NS
~ ~ ~

NS
NS
~ 1

NS
NS
NS
NS
NS
NS
NS
NS
NS

hJ
t4
Cj
O
O
7C'



Ii'IIII.I;IS. rlrtalysisof variance for total I'isi(liurn spp. haserl orr log (xa II nrean station rlensities n('ar the D. C. Cook
I(tacleur Plant, solrtheustern I.ake A1ichigun, l97I-I978 (era)st time = cunstrnction tinte). IIru('kets / / rlenote nesting of Year
/Y/ Ivithin Crnrstrnction time.

Source

()cp)h (I))
Mo(ilh (M)
Region (R)
(-onsl 'finlc (C)
C)Y)
l)hl
1)R
I)C
1)r) Y)
MR
hlC
hlC)Y)
CR
C)Y)R
l)hlR

l)h)C
1)RC
l)R(')Y)
MRC
h(RC) Y)
l)MRC
I!RROR

Su(n of
Squares

I(i.00
1.32
0.016
4.02

12.2(i
4. (i(i
1.07
0.021
I. 10

1.23
0.93

11.05
1.05
3.17
0.64
I.(io
0. I I

2.30
0.85
(i.oH
1.2')

297.71

I

2
I
I

6
2
I
I

6
2
2

12

I
6
2
2
I

6
2

12

2
418

Mean
S( 1(IIIIC

I(i.oo
5.1(i
0.016
4.02
2.89-
2.33
).07
0.021
0.23
0.() I

Ov(7
0.92
1.05
0.53
0.32
O.H I

0.41
0.38
0.42
0.51
0.(i5
0.71

I'.ralio

22 46
7.25
0.023
1.03
4.37
3.27
1.51
0.091
0.33
O.HG

0.51
1.29
1.98
0.74
0.45
1.12
1.08
0.54
0.84
0.71
0.91

I)cn(i(n. OI
I'-ralio

MSE
MSE
MSE
C)Y)
MSLI
hlSL
MSE
DC)YI
hISI
MSL
MC)Y)
hISL
C)Y)R
hlSLI
MSE
MSE
DRC) Y)
MSE
MRC)Y)
MSE ~

MSE

Prob.

0.0001
O.OOOH

0.8795
0.3493
0.0001
0.0)90
0.2198
0.7731
0.9211
0.4239
0.(il29
0.2213
0.2090
0.(i 177

0.6379
0.3273
0.3388
0.'7778
0.4637
0.7421
0.4033

Signif.

NS
NS
F 000

NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS

lTI

rn
c)

0

c)

0
N00
ca
ln
Z
x
0

M



IV
OO

n
t
F7
O
U

Tz( Ill.f.'6. ilttal)sis of vurianee for Stylotlril«s hcrittgitttttts latserl on log (Y+ I) wean station rlensities near the D. C. Cook
Nat lear Plant, southeastern l.ake hliehigan, I97l-l978 (Const tinte = Construction tinte/. Brackets/ /rlenote nesting of ) t or
/Y/ tctthvt Constrttetton ttnte.

'z
O

tMl4
n
O
O

7C'ource

hlonth (M)
Region (R)
Const Tintc (C)
CIYI
h(R
hlC
MC(Y)
CR
C(Y)R
hlRC
hl RC( Y)
IsRROR

Sum of
Squares

9.86
10.95
0.081
7.74
0.50
0.77

II 47
O.IX)75
8.61
0.088
9.13

139.81

2
I

I

6
2

2
12

I

6
2

12

188

Mctlll
Square

4.93
10.95
0.081
1.29
0.25
0.39
0.96
0.0075
1.43
O.t)44
0.76
0.74

I'-ratio

6.63
14.72

0.063'.73

0.33
0.41
1.29
0.0052
1.93
0.058
1.02

I)coo«1. Of
I'.ratio

MSE
'SE

C(Y)
hlSE
hlSI
hlC(Y)
hlSE
C(Y)R
hlSE
hlRC(Y)
MSE

lsfoll.

0.(X)17
0.(XX)2
0.8102
0.1161
0.7107
0.6726
0.2272
0.9338
0.0780
0.9461
0.4321

Slg Illf.
~ 4

F 0
'S

NS
NS
NS
NS
NS
NS
NS
NS

n
ill



foal IIIL I7. Anrrlysisofvariance for Tirl>ificirlrrehaserl on log (x+ IJ tacan station rlensities near the D. C. Cook Ntrcleur Plant,
southeastern I.uke Michigan, l97I-1978 (Cottst thne = Construction (itness. Brrrckets / / rlenote nesting of Year /Y/ lvithin
Crntstrrrclion titne.

S<l«rcc

Dcplll (D)
hlonlll (M)
Region (R)
C on!!I 'I'inlc (C)
CIYI
Dhl
l)R
D(;
I)C(Y)
MR
hl('l(

(V(
CR
C(Y(R
DWR
l)hlC
I)RC
DRC(Y(
IiRROR

SU<a of
S<plnrcs

425.08
32.58
0.73
0.058

17.46
2.39
0.')8
0.65
5.74
2.2(i
2.58

I').80
0.089
7.27
0.28
0.80
2.73
8.64

442.2')

DI'

2
I

I

(i

2

2
12

2
1

12

I

6
4

2

12

646

hlc <n

S <In!'IT C

212.54
I (>.29

0.73
0.058
2.91
0.40
0.49
0.33
0. IH

1.13
I 2')
1.65
O.OH9

1.21
0.071
0.20
1.36
0.72
0.(i8

I'-rnlio

310.43
23.79

1.06
0.020
4.25
0.87
0.71
0.69
0.70
I 65
0.78
241
0.074
1.77
0.104
0,29
1.89
1.99

Dcnonl. OI
Ii r<ll<o

hlSE
hISE
WSE
C(Y(
h'ISLT

hlSL
hlSL
DC(Y(
MSL
MSLT

hlC(YI
hlSL
C(Y)R
hlSE
hlSE
WSE
DRC(Y(
h1SE

Prob.

0.0000
0.(XXIO
0.3036
0.8')22
0.$ )03
0.4815
0.4920
0.5204
0.7523
0.192')
0.4803
0.0047
0.7947
0.1027
0.9811
0.8845
0.1934
0.0228

Signif.
10 ~ ~

~ ~

NS
NS
F 4

'S

NS
NS
NS
NS
NS
~ 0

NS
NS
NS
NS
NS

lTl
'Tl'll
TTl

0

n
0
00
TTT

TTl

x0

M
tW



Q
I

O

Sliufcc

l)cplh (I))
hIon(ll (M)
kc&ion (R)
Con'll Tlnlc (C)
C)Y)
l)M
l)k
l)C
I)C( Y)
hlk
h

I('IC)Y)

Ck
C(Y)k
I)hlk
I)MC
I)RC
I)RC(Y(
I!Rkok

Sum of
Squares

197.&3
61.75
0.25

IO.II
12.76
20.76
0.077
5.40
5.49
0.52
0.59
743
O.f)8
1.54
0.10
0.59
:).12
3.77

180.48

Dl'

2
I
I

6

2
2

12

2
12

I

6

2
12

f<46

h lean
SI)uafc

98.91
30.88
0.25

IO.I I

2.13
5.19
0.039
2.70
0.46
0.2ti
0.30
0.62
0.68
0.26
0.026
0.15
1.5fi
0.31
0.28

I'.ralio

354.06
110.52

0.88
4.75
7.61

18.58
0.138
5.87
1.64
0.93
0.48
2.22
2.62
0.92
0.93
0.53
5. ()3

1.12

l)cnom. of
I'-ralio

hlSE
hISE
hlSE
CIY)
hlSE
MSI.
h(SI'.
DC(Y)
hlSE
MSE
hIC)Y)
I IS(i
C(Y)k

MSI:
MSI!
hlSL
l)RC(Y)
h ISli

Prob.

0.(X)00
0.(X)00
0.3486
0.0721
0.0(X)I
0.(XXX)
0.8711
0.0167
0.0764
0.3<)51

0.6302
0 (X)97
0.1567
0.4798
0 4459
0.7137
0.0259
0.3403

Sl& Illf.
~ ~ ~ i
i ~ 44

NS
NS
i ~ ~ 1

~ ~ 1i
NS

NS
NS
NS
4 ~

NS
NS
NS
NS

NS
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TABLE l9. Contparison of the least detectable true ratio (R) and actual density
ratios (R') calculated frotn mean square terms derived from analysis of variance
methods for Pontopoeria hoyi (Ponto), Pisidium spp. (Pisid), Stylodrilus herin-
gianus (Stylo), Tubificidae (Tubif), Chironomidae (Chir), and total benthos
(TBenth). Limits ofnon-detectable plant effect are all R'-values between the maxi-
mum (R(max)jand minimum (R(min)jrange ofR-values. R-values as determined by
the 6-term ofJohnson (1974). p = probabi%ty of significant plant effect extracted
from ANOVAs.

Taxon

Ponto
Pisid
Stylo
Tubif
Chir
TBenth

0.3988
0.4084
0.9695
0.5094
0.1716
0.5094

R(max)

3.66
3.78

23.50
5.25
1.75
5.25

R(min)

0.273
0.265
0.043
0.190
0.572
0.190

R'.23

0.62
1.19
1.10
I 47
1.10

0.9694
0.2090
0.9338
0.7947
0.0327
0.1567

of After/Before in thc inner region averaged 2.09 (2.07-2.14). The same ratio in the
outer region was only I 46 (1.40-1.50).

Regardless of time period or region, Chironomus fluviatilis-gr. (presently com-
posed of two indistinguishable species, Winnell 1984b) dominated the Chironomi-
dae (Table 20). 6'hile an abundance of several taxa regularly comprised more than
I o)o of the total Chironomidae, and varied regionally among Before/After compari-
sons, taxa having significantly different annual percent changes were Crvpto-
chironontus sp. 3, Chironomus anthracinus-gr. (two species), Paracladopelma (three
species), and Robac)ia demeijerei. These four taxa comprised I5-24%o of the total
Chironomidae. Percent occurrence of Cryptochironomus sp. 3 was significantly
greater during After operational years than during Before operational years in both
regions. Percent occurrences of Paracladopelma spp. and R. demeij erei were signifi-
cantly greater during After operational years than during Before operational years
in the Inner Region only; a)l other comparisons were non-significant. For C.
anthracinus-gr., there was an opposite pattern with significantly greater percent
occurrences present during Before operational years in the Inner Region.

A basic ecological premise inherent in the ANOVA design assumes that, under
normal lake conditions, macroinvertebrate population densities within the survey
area are similarly affected by naturally changing factors (e.g., food availability,
predation, reproductive success, weather, pollution). Highly variable annual and
monthly abundances ivere expected, as well as variation due to depth preferences.
Regional abundance differences indicated inherent regional disparities unless they
were associated with Construction Time.

IVhen examining changes among chironomid species, two trends werc notable.
First, although Before/After preoperational year chironomid densities increased
significantly in both regions. they increased considerably more in the inner region
relative to the outer region. This trend suggested that temporally inherent density

- increases ivere, to some degree, spatially dependent. The disproportionate density
"increase in the inner region suggested that a factor or set of factors affected the
observed difference. Onc factor which we suspect'contributed to the density differ-
ence divas. plant operation.

. Second. significant regional changes in Before/After operational year percentages



Source

l)cpth (I))
Mon(it (M)
Region (k)
Const I lnlc (C)
('IYI
l)M
l)R
l)C
I)CIYI
hlR
hlC
MC)Y)
Ck
(')YIR
l)hlR
I)h1C
l)kC
I)RC) Y)
IikI(ok

Sum of
SqullrcS

13.93
49.07

0.46
8.65

25.52
52 41

0.0!3
4.92
6.46
0.23
0.48
3.83
1.07
0.82
2.74
3.09
4.27
1.39

223.23

2
2
I

I

6

2
12
2
1

I
6

2

12

646

hlcan
Square

6.96
24.54
0.46
8.65
4.25

13.10
0.0063
246
0.54
0.12
0.24
0.32
1.07
0.14
0.68
0.77
2.13
0.12
0.35

I=ratio

20.15
71.00

1.32
2.04

12.14
37.92

0.0183
4.56
1.56
0.33
0.75
0.92
7.64
0.40
I 98
2.24

I /.75
0.33

l)enoul. of
I'-ralio

hISII
hlSE
hl!ili
('IYI
M!iL
hlSli
hl!iE
I)C)Y)

hlSI'SE.

hl(')Y)
MSL
(')Y)R
hlSE
h ISE
hlSE
I)RCIY)
h I!iL

I'rub.

0.(XX)I
0.0(XX)
0.2510
0. 2031
0.(XXX)
0.(XXX)
0.')819
0.0336
0.0988
0.7190
0.4933
0.5262
(U)327
0.8792
0.0959
(U)633
0.(XX)3
0.9838

S Igni f.
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NS
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among certain species ivere suspected to be related to plant operation. Before/After
operational year regional cotnmunity structure changes iverc similar, but they ivere
more intensive in the inner region. Increased homogeneity in the inner region after
operation of the plant might have reflected a plant effect on community structure,
i.e., producing less variable conditions whereby inherent, annual variability was
dampened and a more predictable community was established.

~awhile plant operation affected the chironomid community nearest the plant,
there remains the question of whether these effects are negative or positive. Clearly,
no firm resolution can be drawn at this point. but analysis of several trends leads to
a tentative resolution. Based on density decreases for Chiranomus spp., species
typically thought to be more numerous in more eutrophic conditions, coupled with
increases in more mesotrophic taxa, such as Saerheria rylus, Paracladopelma spp.,
and Robaclcia demeijerei, we project that operation of the power plant may have
helped stimulate a naturally occurring mesotrophic trend in the inner region, as
evidenced by similar, though less intense, changes in the outer region. Localized
changes near the plant may not be related to a heated effluent but to an alteration of
current and wave activity as they affected the distributions of substrate. As currents
and waves pass through the inner region, the riprap can disrupt normal sedimenta-
tion processes and increase scour, thereby creating a less stable environment which
ivould favor particular mesotrophic taxa more able to utilize the habitat (KVinnell
and Jude 1982). It cannot be ruled out that discharge operations may have increased
food supply to the inner area. Certain ephemeral food supplies could be continually
introduced via discharge operations, consequently increasing abundances of particu-
lar chironomid species. Based on results from other components of the zoobenthos,
only the Chironomidae seem to h'ave responded to plant operation. IVhiie food
supply or temperature might have influenced present trophic conditions, in the
longterm, the massive effects of current, wave activity, and ice scour would purge
the nearshore areas. Purging would occur particularly during spring, autumn, and
occasional summer storms, the times v hen major surveys were made. The influence
of potential food supply or temperature effects would need to be studied at sites
farther offshore, at sites a considerable distance from the plant, and at sites ivhere
substrates have not been altered. Further, there is the obvious difficultyseparating
plant impacts from general trends in Iakewide or regional conditions.

~Ye conclude that some factor(s) of plant operations (I) resulted in an increased
number of chironomids in the inner region disproportionate to that in the outer
region, (2) aided in establishing conditions favoring a more homogeneous chirono-
mid population structure in the inner region, and (3) aided in decreasing eutrophy in
the inner region. Increases in the number of chironomids most likely reflect altera-
tion of substrates, but increased (or at least more constant) food supply and temper-
ature effects cannot be entirely ruled out. In generally, we interpret changes in the
macrozoobenthic population structure attributable to the power plant as essentially
benign, but nevertheless real in terms of ecological changes.

THE RIPRAP COXIXIUNITY

Perhaps the most dramatic change in the macrozoobenthic community caused by
the Donald C. Cook Nuclear Plant was the creation of an artificial reef when the
riprap protecting the intake-discharge structures was constructed. Lauritsen (l979)
compared the riprap community ivith.the community normally found on the open
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lake bottom adjacent to the riprap and with the community of a natural shoal at
Waugoshance Point (northeastern Lake Michigan). Fauna distributions recorded
from both the riprap and the shoal compared favorably with distributions of similar
habitats sampled in the Canadian nearshore areas by Barton and Hynes (1978a,
1978b) (Table 21). Species present on the riprap were distinctly different from the
lake bottom but many were similar to those found on a natural shoal by Lauritsen
(1979). With a few exceptions, the fauna of consolidated substrata at the Cook Plant
divas not found on the unconsolidated open lake bottom. The exceptions found in
both habitats were primarily predators and species feeding on algae.

The similarities between Waugoshance Point and the Donald C. Cook Nuclear
Plant riprap lie more in the number of shared species than in the similarity in relative
abundances of shared species. Differences between the riprap and the shoal can, in
part, be explained by differences in depth and by proximity to the potential coloniz-
ing populations. Other differences may lie in geographic location. Obviously, one
would expect both an abundance of consolidated substrate species and a lack of
infaunal species at the shoal and on the riprap. This was seen particularly in the
number of rheophilic aquatic insects (e.g., Ephemeroptera, Trichoptera, and
Rheoranyrarsus) which are rarely found on the open lake bottom (Barton and Hynes
1978a, 1978b).

Waugoshance point is an ideal consolidated substrate, wave zone habitat, and this
was evidenced by the more lotic benthic fauna found there. Filter-feeders were the
dotninant functional group, as they are in most streams. At the Donald C. Cook
Nuclear Plant riprap site, the kinds and numbers of organisms found depended on
the presence or absence of Cladophora. During summer months, when dense
growths of Cladophora formed on the rocks, the zoobenthos were dominated by
attached and clinging predatory forms which use algae for support. With the disap-
pearance of Cladophora in late fall, the number of invertebrates found dropped
sharply. The predator, Hydra, dominated the fauna during most of the year.

SUMMARY

1. Crayfish are the only macrozoobenthos in the vicinityof the Donald C. Cook
Nuclear Plant large enough to be impinged on the travelling screens. Though a large
number are impinged each year, the population probably is becoming stable. The
riprap provides the primary habitat.

2. Water intake entrains a wide variety of zoobenthos. The effects of entrainment
on lake populations of Ponropareia hoyi and Missis relicra are unknown but proba-
bly are small in comparison with lake populations present in the vicinity of the
power plant.

3. Dynamics of the lake bottom zoobenthos populations in the vicinity of the
Donald C. Cook Nuclear Plant shov the general lake-vide trend toward meso-
trophy. Populations in the south region are slightly more mesotrophic due to greater
accumulations of organic particulates while populations in the north tend toward
oligotrophy, again due to structure of the substrate.

4. While populations of Chironomidae (and other major taxa) show general
density increases over all years of the study in all regions, the central or inner region
densities have increased more rapidly and toward a more homogeneous species
composition. Reasons for increases in the inner region are unknown but may reflect
altered current patterns near the riprap or increased food supplies stimulated by the
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Tr1 BLE2I. Zoobenthic species collected frotn sitesin Lake Michigan, July-Octo-
ber I978.

TRxon

Coelenterata
Hydroida

Hydridae
Hydra sp.

Clavidac
Corydylophora lacustris Allman

Platyhelminthes
Turbellaria

Waugo.
Poim

Cook
Riprap

Cook
Ponar

Annelida
Hirudinea

Glossiphoniidae
Helobdella stagnalis (Linnaeus)

Oligochaeta
Aeolosomatidae
Enchytraidae
Limbriculidae

Stvlodrilus heringianus Claparede
'Aaididae
Chaetogaster diaphanus (Gruithuisen)
Chaetogaster diastrophus (Gruithuisen)
Dero sp.
Rais alpena Spar ber
Rais behningi ) Iichaelsen
Rais bretscheri Xlichaelsen
Rais elunguis ~I(ilier
Rais simplex Piguet
Rais variabilis ( = pardalis) (Piguet)
undetermined Rais sp.
Ophidonais serpentina (lliiller)
Piguetiella nrichiganensis Hiltunen
Pristina foreli (Piguet)
Pristina osborni (Walton)
Specarina josinae (Vejdovsky)
St! laria lacustris (Linnaeus)
Uncinais uncinata (Orsted)
I'ejdovskyetla intennedia (Bretschcr)

Tubificidae
Aulodrilus pluriseta (Piguct)
Limnodrilus augustipenis Brinkhurst tv,

Lhnnodrilus cerviv Brinkhurst
Limnodrilus hoffineisteri (Walton)
llyodrilusfreyi Brinkhurst
Potamorhrix rnotdaviensis Vejdovsky an
Potamothrix vejdovsl;.ii (Hrabe)
Immature ivith hair chaetae
Immature ivithout hair chaetae

Cook

d IIrazek

~X

X

X

X

X
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TABLE 21. Continued

Taxon

Crustacea
Amphipoda

Gammaridae
Gammarus pseudolinmaeus Blousfield
Gantmarus troglophi%is Hubricht and ~iackin
Haustroriidae
Pontoporeia hoyi Smith
Talitridae
Hyalella a:teca (Saussure)

lsopoda
Asellidae
Asellus sp.

Hydracarina

Insecta
Collembola
Ephemeroptera

Baetidae
Baetis spp.
Caenidae
Caenis spp.
Leptophlebiidae
Paraleptophlebia sp.
Heptageniidae
Heptagenia juno lieDunnough
Heptagenia maculipennis IValshe
Heptagenia pull (Clemens)
undetermined Heptagenia
Stenonoema puchelltun (~Valshe)
Stenonoema tripunctatum (Banks)
undetermined Stenonenta

Plecoptera
Ferlodidae
Isoperla sp.

Trichoptera
Hydropsychiidae
Cheumatopsyche sp.
Symphitopsyche recurvata (Banks)
Hydroptilidae
Agray/ca sp.
lthytrichia clavata
Leptoceridae
Ceraclea ancylus (Vorhies)
Ceraclea sp. 2
.Mystacides spp.
Triaenodes sp.

Coleoptera
Elmidae
Dubiraphia vittata (~(elsheimer)
Dytiscidae
Hydroporus sp.

Waugo.
Point

Cook
Riprap

Cook
Ponar

0-
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TABLE2l. Continued

Tax on

Hemiptera
Salidae

Diptera
Empididae
Hemerodrotnia sp.
Chironomidae
Chironomus anrhracinus-group
Chironomus fluviatilis-group
undetermined Chironornus sp.
Cryptochir onomus cfr. rolli (Kirphshenko)
Cryptochironomus sp. 2

Crh ptochironomus sp. 3

Demicry ptochironomus sp.
Dicrotendipes sp.
Endochironomus sp.
Glyptotendi pcs sp.
Parachironontus sp.
Paracladopelma camptolabis.group
Paracladopelnta cfr. nereis (Townes)
Paracladopelma cfr. undine (Townes)
Phaenopsectra sp.
Polypedilunt cfr. faflax (Johannsen)
Polh pedilum cfr. scalaenunt (Schrank)
Robackia cfr. demeijeri (1'ruseman)
Saetheria cfr. thlus (Townes)
Stictochironomus sp. l
Stictochironornus sp. 2
Cfadotany tarsus sp.
.'Ificropsectra sp.
Rheotanrtarsus sp.
Corynoneura sp.
Cricotopus cfr. bicinctus (~feigen)
Cricotopus cfcindraceus-group
Cricotopus festivellus.group
undetermined Cricotopus tCricotopusg sp.
Cricotopus intersectus-group
Heterotrissocladius cfr. changi Saether
Xanocladius sp.
Onhocladius cfr. robacki Soponis
undetermined Onhocladius (Onho.l sp.
Parakiefferiella sp.
Psectrocladius cfr. simulans (Johansen)
Srnonhocladists sp.
Thienemanniella sp.
.(fonodiamesa cfr. tuberculata Saether
Ponhastia cfr. longintanus Kieffer
Xilotan.rpus sp.
Thienetttannitniia-group

Nemaioda

IVaugo.
Point

X

X

X

X

X

X

X

X

X

Cook
Riprap

Cook
Ponar
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TABLE 21. Continued

Taxon

Bryozoa

Porifera
Haplosclerina

Spongillidae

Tartigrada

Mollusea
Gastropoda

Physidae
Phvsella integra (Haldeman)
Phvsella vinosa (Gould)
Hydrobiidae
Amnicota sp.
Somatogyrus sp.
Valvatidae
Valvata sincera (say)

Pelecypoda
Sphaeriidae
Pisidium sp.

IVaugo.
Point

Cook Cook
Riprap Ponar

heated effluent. Wfost dramatic effects of the zoobenthos are direct and indirect
influences of the riprap.

5. A wide variety of benthic species have colonized the riprap (crayfish, amphi-
pods, mayflies, caddisf lies) which would not normally have been present on the
open lake bottom.

6. The riprap may have altered current and sedimentation patterns in the inner
region influencing the distribution and abundance of sediment-dwelling taxa, partic-
ularly the Chironomidae.
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ECOLOGY OF THE jVACROZOOBEiNTHOS
IN THE VICINITYOF

THE DONALD C. COOK iNUCLEAR PLAiNT

D. White, M. Winnell, C. Zaivacki, R. LaDronka, T. Zdeba, and S. Mozley

INTRODUCTION

There have been few attempts to define the structure and function of nearshore
macrozoobenthic communities in the Great Lakes or any of the of the world's larger
bodies of fresh ivater (Brinkhurst „1974, Mozley and Howmiller 1977) because so
little has been published on life cycles, feeding, and habitat requirements of even the
most common species. The discussion of the ecology of macrozoobenthos in south-
eastern Lake ~Iichigan primarily is a review and summary of 13 years of data from
the Donald C. Cook Nuclear Plant monitoring program coupled with reviews of
available literature (in particular Mozley and Howmiller 1977) and observations
from a variety of studies on the Great Lakes. The ecology of many of the taxa listed
below is given in much greater detail in Great Lakes Research Division Reports on
minor taxa (Zaivacki 1985), Oligochaeta (LaDronka 1984), Pisidiidae (Zdeba and
White 1985), Malacostraca (Winnell 1984a), and Chironomidae (Winnell 1984 b).
These reports include the special methodology, tabulation, and statistical analysis of
the data presented here.

Presented first is a brief discussion of the macrozoobenthic community by ivater
depth zones from the shoreline outward. This is followed by specific qutecology
summaries of minor taxa (Hydrozoa, Turbellaria, Hirudinea, Hydracarina, non-
dipteran insects, Gastropoda), Oligochaeta (Tubificidae, N4aididae. Lumbriculidae),
Pisidiidae, Maiacostraca (Amphipoda, Isopoda, Xlysidacea, Decapoda), and Chiro-
nomidae.

iIACROZOOBENTHIC COMitUNTIES

THE NEARSHORE (4 M DEEP

The zone of bottom sediments from the shoreline out to ivater depths of 3 to 4 m
is subject to considerable ivave action during most of the year and to ice shear during
ivinter months. Thus, the substrata consist of coarse shifting sands ivith little
buildup of silts or organic debris. This habitat historically has been thought of as
one devoid of,most benthic life (Usinger 1968). While it appears that densities of
macrozoobenthos are very loiv in this zone in comparison ivith deeper zones, certain
species have become adapted to this habitat. The nearshore community primarily is
composed of Chironomidae, Naididae. and both Sphaeritun ~nd Pisidiuut in the
Pisidiidae.-These animals may be more lotic in their evolutionary origin (many of
the same species are found in streams and rivers).and are adapted for burrowing
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ivithin the sand grains (IViley 1980). The feeding habits of most of the chironomids
and some of the naidids are predaceous, although many of the naidids consume
benthic algae, and the pisidiids filter bacteria and limited nutrients from the water
column and from particles trapped in the sands. 5:lost of the nearshore, macro-
zoobenthic community is probably eliminated by winter ice and re-colonizes in
spring (Barton and Hynes 1976). Our knowledge of the biology of the very shallow
areas is limited primarilv because the ships generally used for sampling macro-

zoobenthos in the Great Lakes are not small enough to enter shallow waters.

THE 4 TO 32 W1 DEPTH ZONE

This region of the benthic environment represents a gradient from the high wave

energy areas at the shoreline to the beginnings of the more stable profundal areas.

Only for convenience do ive put depth boundaries on this zone. The actual depth
range of the zone is dependent on the slope of the bottom, substratum characters,
current and wave patterns, etc. At the Cook Plant the following changes are noted

along this lakeward gradient. There are changes in sediments from shifting sands to
finer sands and from only patchy accumulations of clays and silts to a regulat
pattern od deposition. There is an increase in sediment patchiness with a maximum
patchiness occurring between about 12 and 24 m. There is a decrease in the fre-
quency with which ivind- and storm-generated waves resuspend bottom particles.
There is a decrease in mean annual temperature fluctuation approaching nearly
year-around temperatures of O'C beyond 32 m deep ( vlozley and Winnell 1975).

Accompanying the physical gradient is a pattern of increasing macrozoobenthic
density and diversity toward a more stable community in deeper waters (an idealized
community is depicted in Fig. 1). The numbers and kinds of predators, herbivores,
and particle feeders reach a maximum in association ivith the maximum patchiness
or diversity of bottom types which, in turn, occurs in the middle of the gradient.
Along the gradient, pisidiids are the first group to shoiv distinct increases in diver-
sity. The fingernail clams are generally associated ivith firmer substrata which allow
them some physical support while filtering overlying eaters. Ilost of the rarer
pisidiids collected at the Cook Plant (as well as along most of the Lake ~lichigan
shoreline, GLRD unpubl. data) occur in less than 12 m of ivater (Zdeba and white
1985). A similar shallow-water pattern is seen for several of the minor taxa including
snails and leeches (Zawacki 1985).

Chironomidae and Oligochaeta (particularly the Tubificidae) are most diverse and ~

abundant in substrata betwen 12 and 24 m deep (LaDronka 1984, IVinnell 1984b).
Unlike the mollusks and some minor taxa, these tivo taxa represent many trophic
levels which have evolved in a variety of preferred substrates. ~Vhile the chironomids
of the extreme nearshore are constantly moving among the shifting sand grains, a

larger portion of the deeper water species are tube builders, constructing more
permanent dwellings. The tube-dwelling species actively pump ivater into the sub-

strata and are presumed to be responsible for increasing sediment oxygen levels. In
the Oligochaeta, the density and diversity of predatory and algal-feeding Naididae
decrease beyond 12 m deep while the deposit-feeding Tubificidae and Lumbriculi-
dae (Srylodrilus) increase in diversity and density. Another dominant taxon, the
burrowing amphipod Ponroporeia hoyi, follows a similar patterns of increasing
density ivith increasing deposition of fine organic and inorganic particles. The feed-

ing actions of Srtlodrilus, the tubificids, and Pontoporeia combine to homogenize
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FIGURE I. Ideali-ed macrobenrhic communily.

(reivork) surface sediments under tivo modes of bioturbation (Robbins 1982). The
depth to which surface sediments are reworked is dependent on the rate of sedimen-
tation which generally increases along the gradient. Bioturbation by Ponroporeia is
eddy-diffusion, similar to the effect of small waves, ivhile oligochaetes feed in a
conveyor belt mode, bringing more deeply buried sediments to the surface. It is
suspected at this time that sedimentation rates can affect depositional feeding by
oligochaetes in that high sedimentation rates are favored by the more "pollution
tolerant" species (Lauritsen et al. 1985) such as Iimnodrilus and Tubifex, while the
more sensitive species (e.g., Srvlodrilus heringianus) function more effectively under
low sedimentation rates. The intermediate species (listed as mesotrophic) probably
function best in intermediate sedimentation rates. Further, it has been shown that,
unlike many other closely related taxe, tubificid species may interact with each
other, one species feeding upon the fecal remains of another, creating their own
microcommunities (lvIcCall and Fisher 1980).

THE 32 XI AND DEEPER ZONE

Beyond 32 m, organism density begins to decrease but not as rapidly as does
diversity. ~lost minor tata disappear, as do Naididae, leaving a community com-
posed primarily of Tubificidae, Pisidiidae, Chironomidae, and the amphipod Pon-
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toporeia hoyi. These are taxa ivhich utilize the increasing accumulations of silts and
organic materials which reach a maximum deposition rate at depths of about 60 m
in this portion of Lake Michigan (Edington and Robbins 1975). Species reaching
maximum densities in the 32 to 60-m deep zone are Tubifex tubifev, Potamothrix
moldaviensis, Limnodrilus hoffmeisteri, Stylodrilus heringianus, Heterotrissocla-
dius oliveri, Pisidium conventus, and Pontoporeia hoyi. Beyond 60 m deep, when
sedimentation rates decline, macrozoobenthos density and diversity decreases
sharply, and the community consists primarily of four species: Stylodrilus herin-
gianus, Heterotrissocladius hoffnteisteri, Pisidium conventus, and Pontoporeia
hoyi.

AUTECOLOGY

Table 1 is a compilation of the taxa collected from the numerous surveys con-
ducted at the Cook Plant and includes several species not listed in earlier reports.
The systematics, taxonomys and identification of Great Lakes macrozoobenthos
have greatly improved in recent years. At the onset of this study, many species were
overlooked, misidentified, or lumped into higher taxonomic categories. The list of
species in Table 1 reflects the degree of taxonomic detail now available. By example,
we are now to identify virtually all Pi<idiidae, including immatures, where only
mature specimens were identified before the mid-1970s. The taxonomy of the Naidi-
dae is greatly improved, though we remain unable to identify most immature Tubifi-
cids. All Chironomidae larvae are now assignable to at least relatively narrow
groups, although many cannot be separated with certainty in the early instars.
within all the major benthic taxa, there have been numerous synonyms, revisions,
and name changes. The changes are given in more standard works on the identifica-
tion of the various major taxa (e.g., Pennak 1978, W1erritt and Cummins 1984).

X(INOR TAXA

Hydrozoa (hydras), Turbe! laria (flatworms), Hirudinea (leeches), Arachnoidea or
Hydracarina (water mites), non-dipteran insects, and gastropods (snails) occur regu-
larly along the nearshore areas of the Great Lakes, but usually in much lower
densities or in much more patchy distributions than do the dominant, open-wate
Oligochaeta, Amphipoda, Chironomidae, and Pisidiidae (Table 1) (Zawacki 1985).

HYDROZOA

Hydra americana, the principal hydrozoan in the benthos at the Cook Plant,
occurred in 1 le'o of the lake samples with a mean density of approximately 15 m-
(Table 1). Maximum densities occurred in water between 20 and 24 m deep and
usually were associated with some proportion of firm substratum (e.g., gravel,
coarse sand). This sessile species is quite abundant on the riprap protecting the
intake/discharge structures (Lauritsen 1979, Lauritsen and white 1981) and forms
dense mats on the inside walls of the intake/discharge pipes ivhere it feeds on small,
entrained zooplankton.
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TABLE 1. Comprehensive species list for (he 266 benthic rnacroinvenebrate
taxa'ollectednear the D. C. Cool Ãuclear Plant, southeastern Laic Michigan,

1970-1982, including mean density (no. nt 'f, frequency ofoccurrence as a percent-
age ofthe total number ofsatnples collected, and rnaximurn observed density from a
single Ponar grab sample. Taxa vrithout data were collected between 1970 and 1982
but either were extremely rare l'one or two occurences) or were collected by means
otlter than the Ponar grab.

Taxon

Coelenterata
Hydrozoa

Hydroida
Clavtdae

Cordylophora lacustris
Hydridae

Hydra nr. americana

Platyhelminthes
Turbel!aria

Tricladida
Planariidae

Neo rhabdocoela
Gyratricidae

Gyratrix herrnaphroditus
Other Turbellaria

Rotatoria

Gastrotricha

Yematoda

Tardigrada

Ectoprocta

Annelida
Branchiobdellida
Hirudinea

Pharyngobdellida
Erpobdellidae

Dina parva
Mooreobdella microstorna
¹phetopsis obsc'ura

Rhyncobdellida
Glossiphoniidae

Alboglossiphonia heteroclita
Glossiphonia corrrplanata
Helobdella elongata
Helobdella stag nalis

Piscicolidae
.'Llycobdella lugubris

'ther Hirudinea

14.8 11.1 2448

29.9 "1:2 '1273

0.1 0.2 61

0.4 1.0 18

0.5 1.0 121

18.0 16.0 1212

Maximum
Mean Frequency of Observed

Density Occurrence Density
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TABLE /. Continued

Taxon

Oligochaeta
Haplotaxida

Aeleosomatidae
Aeleosoina sp.

Enchytraeidae
Naididae

Amphichaeta leydigii
Arcteonais lomondi
Chaetogaster diaphanus
Chaetogaster diastrophus
Chaetogaster liinnaei
Chaetogaster setosus
Dero digitata
Rais alpina
Rais barbara
Rais behningi
avis bretscheri
.'frais communis
¹is elinquis
Ãais pardalis
Rais pseudobtusa
Rais siinpletc
.'Tais variabilis
Ophidonais serpentina
Piquetiella michiganensis
Pristina foreli
Pristina longiseta
Pristina osborni
Pristina sima
Slavina appendiculata
Specaria josinae
Sty laria lacustris
Uncinais uncinata
Vejdovskyella comata
Vej dovsk! ella interinedia
IVapsa mobi%'s

Tubificidae
Aulodri lus aineri canus
Aulodrilus piqueti
Aulodrilus pluriseta
llyodrilus templetoni
Isochaerides freyi
Liinnodrilus angustipenis
Limnodrilus cervi v
Liinnodrilus claparedeianus
Linmodrilus hoffineisreri
Liinnoruilus profundicola
Liinnodrilus spiralis
Liinnodrilus udekeniianus

2.0 I.S 788

P 2

74.5
0.1

0.3 121
1.0 545

17.0 7333
O. I 61

< O. I 0.1 61

<O. I <0.1
<0.1 <O. I

50
'!p

<0.1 < 0.1
<O. I <O. I
33.3 IS.3

2 4 0 8
112.0 33.9

1.9 0.7
<O. I <0.1
<0.1 <O. I

61
61

4606
3631
6666
2000

61
61

<O. I <0.1
0.3 0.3

32.3 14.1
43.2 24.3

61
182

3'llew

1697

7.6 5.3
<0.1 <0.1

4 9 3.3
<0.1 <0.1
122.6 10.1

0.7 0.5
IS.S 11.5
7.3 6.3
8.1 3.4
I 4 1.3

134.S 33.3
4.2 6.0
S.2 6 4
0.9 1.1

1394
50

909
50

30724
364

1091
788

2969
424

SSII
606

I,c7

~lazimum
~lean Frequency of Observed

Density Occurrence Density
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TABLE i. Continued

Taxon

Potamothrix bedoti
Potamothrix hammoniensis
Potamothrix moldaviensis
Potamothrix vej devsk vi
Quistadrilus multisetosis ntultisetosis
Quistadrilus multisetosis longidentus
Rhyacodrulus coccinieus

'pirospetma nikolskyi
Tubifex kessleri americanus
Tubifex superiorensis
Tubifex tubifex

Lumbriculida
Lumbriculidae

Stylodrilus heringianus

41ollusca
Gastropoda

Pulmonata
Basommatophora

Lymnaeidae
Lymnaea stagnalis appressa

Other Lymnaeidae
Physidae

Physella integra
Physella spp.

Prosobranchia
~Iesopastropoda

Hydro biidae
Antnicola lintosa
Amnicola iialkeri

Amnicola (above 2 spp.)
Bythinia tentaculata
Somatogyrus subglobosus

Valvatidae
I'alvata sincera
Va(vota tricarinata

Other Gastropoda
Pelecypoda

Heterodonta
Pisidiidae

Pisidium (Cvclocalyx) adantsi
Pisidium (Cyclocalyx) casenanum
Pisidium (Cyclocalyx) contpressum
Pisidium (Cy clocalyx) fallax
Pisidium (Cy clocalyx) fer rugineum
Pisidium (Cyclocalyx) henslowanum
Pisidiutn (Cvclocalttx) liljleborgi
Pisidium (C)clocalyx) milium
Pisidium (Cyclocalyx7 nitidum f. nitidum

949.6 45.7 . 20363

6.0 7.0 970

0.6 I.p 182

1.8
p.5
1 0

2.5 303
0.6 182
2 0 545

32.8 23.2 1333
(O. I (O. I 61

p,4
172.9

6.7

2.6
40.3
72.3
11.0

147.2

0.1
39.1
6.3

15.1
1.7

19.9
15.5

c 3

8

121
4787

«45

2000
364

1879
3333
667

I Iaximum
Ivlean Frequency of Observed

Density Occurrence Density

0.2 0.3 121

( O.I (0.1 61

36.0 24.0 1818
263.5 29.3 21210

I I. I 4.2 3575
0.2 0.2 182

1.8 1.2 848
(O.I (O.I 18

.(O. I (O. I 61

0.8 0.7 303
10.5 4.9 5818
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TABLE 1. Continued

Taxon

Maximum
~lean Frequency of Observed

Density Occurrence Density

Pisidium
Pisidium
Pisidium
Pisidium
Pisidium
Pisidium
Pisidium
Pisidium
Pisidium

(Cyclocalvx) nitidunr f. pauperculum 4.9
(Cyc(ocafyv) subtruncatum 32.0
(Cyclocalyx) variabile 14.3
(Cyc(ocalvx) ventricosum 0.7
(Cyclocalyxl u;all eri 1.7
(Xeopisidium) conventus 297 2
(Pis(dium) amnicum 0.9
(Pisidium) dubium
(Pisidium) idahoense 0.4

6.3
6.0

I0.4
0.3
1.3

I I. I

2.1

0.7

2545
970
364
545

9393
182

121

,I (usculium securis
.S(usculium transversum
Sphaeriutn (Sphaeriuml corneum
Sphaeriunr (Sphaeriunt) nitidum
Sphaerium (Sphaerium) rhomboidium
Sphaerium (Sphaerium) striatinum

Arthropoda
Arachnoidea

Acari
Trombidiformes

Hygrobatidae
Hygrobates longipalpis

Lebertiidae
Lebenia porosa

Pionidae
Forelia sp.
Piona rotunda
Piona ~p.

Sperchonidae
Sperchon sp.

Sarcoptiformes
E rem aeidae

Hydro-etes sp.
Crustacea

Branchiopoda
Diplostraca
Cladocera

Copepoda
Calanoida
Cyclopoida
Harpacticoida

Ostracoda
Podocopa

%1alacostraca
Arnphipoda

Gammaridae
Gammarus fasciatur
Gamtnarus pseudolimnaeus
Gatntnarus trogolophiyus

<O. I

9.5
'l

3

95.0
0.2

12.2

< O. I

0.8
1.3

0.3
14.2

18

182
781

4484
121
788

7.8

0.9 2.0 449
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TABLE J. Continued.

Taxon

Haustoriidae
Pontoporeia hoyi

Hyalellida»
Hyalella acteca

Decopoda
Astacidae

Cambarus diogenes
Orconectes propinquus
Orconectes virilis

Isopoda
Asellidae

Asellus intennedius
Asellus racovit:ae racovitzae

Mysidacae
Mysidae

itfysis relicta
Insecta

Collembola
Entomobryidae

Orchesella sp.
Onychiuridae

Hypogastrura sp.
Ephemeroptera

Baetidae
Baetis

Baetiscidae
Baetisca sp.

Caenidae
Caenis sp.

;Ephemerellidae
~ 'Ephenterella sp.

Ephemeridae
Hexagenia sp.

Heptageniidae
Heptagenia sp.
Stenacron sp.
Stenonoma sp.

Leptophlebiidae
Leptophlebia sp.

Tricornhidae
Tricoryrhodes sp.

Odonata
Coenagrionidae

lschnura/AnoInalagrion sp.
Xehalennia sp.

Gomphidae
Gomphus sp.

2208.8 67.8 30664

(0.1 (O. I 61

0.1 02 61

9.3 9.1 667

Maximum
Mean Frequency of Observed

Density Occurrence Density
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7ABLE I. Continued

Taxon

Hemiptera
Belostomatidae

Lethocerus sp.
Corixidae
.'4otonectidae

Notonecra sp.
Pleidae

Plea striola
Trichoptera

Hydropsychidae
Cheumaiopsvche sp.
Hydropsvche sp.
'Potamyia flava
Syrnphitopsyche sp.

Hydroptilidae
Hydroptila sp.
'nr. Xectopsyche sp.

Phryeaneidae
Banl'siola sp.

Polycentropodidae
Polycentropus sp.

Coleoptera
Curculionidae
Dytiscidae

Deronectes sp.
Elmidae

Dubiraphia sp.
Optioservus sp.
'nr. Sienelmus

Diptera
Ceratopogonidae

Be-:iai Palpomyia sp.
Ceratopogon sp.
Ctilicoides sp.
Probe-ia sp.
Sphaeremais

Chaoboridae
Chaoborus puntipennis

Chironomidae
Chironominae
Chironomini

Chironomus anthracinus-gr. (2 spp.)
Chironoinus fluviatiiis-gr. (2 spp.)
Chironomus halophilus-gr.
Cladopehna sp.
Crvprochironomus cf. digitatus
Crvptochironomus cf. Julvus

Cryptochironoinus (above 2 spp.)

<O. I <O. I

<0.1 <O. I
<0.1 <0.1
<0.1 <O. I

00

61
4I
4I

44.3 10.2 11150
157.3 46.5 5393
<O. I 0.2 45

30.9 304 970

Maximum
Mean Frequency of Observed

Density Occurrence Density
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TABLE i. Continued

Taxon

Maximum
Mean Frequency of Observed

Density Occurrence Density

2.5 184
7.9 848
3.8 242

6.8
2.4

0.4 0.7 121

<0.1 0.2 61

<0.1 0.1 61

182

55
0.2 0.3

<O. I 0.3

<O.l <O. I 61

0 5 0.4
6.7 6.5
9.6 12.0

121

424
485

0 2<O. I 61

2.8
12.8

m 2.3
28.4

itifer
<0.1
26.1

5636

<0.1
12.8

61
5515

2606
20

'i3 7

<0.1
65.9

<0.1

Cryptochironomus rolli
Cryptochironomus sp. 3

nr. Cryptochironomus (sp. I)
'Cyphomella sp:
Dernicryptochironomus vulneratus
Dicrotendipes modestus
Endochironomus cf. nigricans
Glyptotendipes sp. I
Glyptotendipes sp. 2

Glyptotendipes (above 2 spp.)
Harnischia cf. amachaerus
Harnischia grisea
Harnischia sp.
Riefferulus sp.
hficrotendipes cf. tarsalis
Parachironumus aborti vus
Parachironumus frequens
Parachironomus monochromus
Parachironomus cf. pectinatellae
Paracladopelma cf. nereis
Paracladopelma undine
Paracladopelma iiinnelli
Phaenopsectra (Phaenopsectra) cf. flavipes
'Phaenopsectra (Tribelos) sp.
Phaenopsectra sp.
Pol! ped()utn (Polypedilum) cf. convictum
Poi! pedilum (Polypedi)urn) cf. tuberculu
Polipedilum (Tripodura) scalaenum
Po)ypedilutn (Tripodura) cf. simu)ansidig
Pol!'pedilum sp.
Robaclia demeijerei
Robac)'ia pilicauda
Saetheria tylus
Stictochironomus sp.

Pseudochironomini
Pseudochironomus cf. fulviventris

Tanytarsini
Cladotanytarsus sp.
.~dicropsectra sp.
Paratanytarsus sp.
Rheotan! 'tarsus sp
Stempellina cf. baisei
Tany tarsus sp.

Orthociadiinac
Brillia cf. parva
Cricotopus (Cricotopus) cf. annulator
Cricotopus (Cricotopus) cf. bicinctus
Cricotopus (Cricotopus) nr. bicinctus.gr.

35.6 12.9 6242
19.2 11.1 5575

<01 <01 0
Ol 0~ 61

0.2 0.3 121
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TABLE I. Continued

Taxon

Cricotopus (Cricotopus) festivellus-gr.
Cricotopus (Cricotopus) fuscus-gr.
Cricotopus (Cricotopus) tibia!is.gr.
Cricotopus (Cricotopus) cf. trernulus
Cricotopus (Cricotopus) trentulus-gr.
Cricotopus (Cricotopus) cf. triannulatus
Cricotopus (Cricotopus) trifascia.gr.
Cricotopus (Cricotopus) cf. vierriernsis
Cricotopus (Isocladius) cf. suspiciosus
Cricotopus (Isocladius) cf. sylvesuis
Cricotopus (Isocladius) sylvestris-gr.
Doplocladius sp.
Heterotrissocladius changi
Heterotrissocladi us oliveri
Hydrobaenus cf. pilipes
Limnophyes sp.
.Vanocladius ()Vanocladius) cf. anderseni
)Vanocladius (Iv'anoc(adius) cf. crassicornus
¹nocladius (¹nocladius) cf. distinctus
iVanoc(ad(us (lVanocladius) cf. spiniplenus
Onhocladius (Orthocladius) cf. obumbratus
Paracricotopus sp.
Parakiefferiella sp.
Psectrocladius (Psectrocladius) simulans
Psectrocladius sp. I
Rheocricotopus sp. I
Rheocricotopus sp. 2
Smittia sp.
Orthociadiini spp.

Diamesinae
Potthastia longimanus

Prodiamesinae
itdonodiamesa tuberculata

Tanypodinae
llacrope! opiini
'Macropilopia sp.
Psectrotanypus (Psectrotanypus) sp.

Viatarsiini
nr.;Vatarsia sp.

Pentaneurini
Larsias p.
iV(lotanyptrs sp.
Thienemannimyia-gr. (prob. Conchapelopia)

Procladiini
Procladi us (Holotanypus) denticulatus
Procladius (Holotanypus) sp.

Procladius (above 2 spp.)
Culicidae

nr. Aedis evcrucians

12 8 11 8

5.3 3.8
(O. I 0.1

909
667

61

2.3 3.5 545

3.6 6.4

13.0 16.8 606

05 Oa 61

38.8 21.1 3575

Maximum
%lean Frequency of Observed

Density Occurrence Density
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TABLE I. Continued

Tax on

Scatopsidae
nr. Rexoca sp.

Simuliidae
Simuiium sp. 1

Simuiium sp. 2
Stratiomyidae

Odontomyia (Odontornyiinai sp.
Tipulidae

Tipula sp.

Maximum
Mean Frequency of Observed

Density Occurrence Density

TURBELLARIA

The flatworms occurred in 21''o of the lake samples with a mean density of about
30 m '(Table I). Although several species were present, only Gyratrix hertnaphrodi-
tus was identified with the shipboard preservative techniques used. As a taxon,
turbellarians were most abundant in water between 16 and 20 m deep in regions of
soft substrata with high proportions of silt and clay. Turbellaria reached peak
densities in July and other "summer" months when nearshore waters were warmest.

H IRL'DINrEA

Eight species of leeches were identified from the survey area, but only the preda-
tory, Helobdella stagnalis was particularly abundant (mean density of 18 m ', Table
I). Unlike many leech species, H. stagnalis was not confined to shallow «aters but
had highest densities (24 to 40 m ') in the 12- to 24-m depth range. There seemed to
be at least two generations per year in this portion of Lake Michigan, with maximum
recruitment in spring and early summer. Helobdella stagnalis has been described in
the literature as primarily inhabiting macrophytes, but they have been collected
from every other type of substratum from boulders to silt (Pennak 1978). We
recorded highest abundances in areas of fine particulates, which corresponded with
highest densities of potential prey items such as oligochaetes and larval chironomids.

ARACHNOIDEA (HYDRACARINA)

Water mites, lumped for convenience under "Hydracarina," were not particularly
abundant in the vicinity of the Cook Plant (4.8 m '), and fe«'pecimens «ere
identified beyond "Acari."Cursory identification indicated that at least seven genera
were present (Table 1); all are predaceous, feeding on benthic and planktonic ostra-
cods, copepods, and cladocerans (Pennak 1978). XIaximum densities occured in
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samples taken in coarse substrata in ivater less then 16 m deep. No specimens were
present in ivater deeper than 20 m, or in silts or clays.

NON-DIPTERAN li SECTS

Wfany genera of non-dipteran insects have been reported from the open Great
Lakes, and several are inhabitants of rocky shoals or artificial riprap. Feiv of the
non-dipteran taxa, however, occur as a regular part of the open-lake zoobenthos. In
the area around the Cook Plant, the frequency of occurrence in all samples was
about foldo (Table I). The .'vfayfly genera Caenis, Leptophlebia, Stenonema, and
Tricorythodes and the caddisfly Oecetis were present in silty substrata in water
between 4 and 16 m deep, a habitat that would be expected to support at least small
numbers of these silt-dwelling taxa (Merritt and Cummins 1984). Emergence to the
adult stage for most of the above taxa is from the water surface. Because lake ivater
depths are much greater than the normal stream's water depths they are adapted to,
it is questionable ifany individuals ever emerge and mate; thus, are they truly a part
of the lake fauna?

Several other taxa of non-dipteran insects which most likely originated from the
riprap were found in entrainment samples (e.g., odonates and hemipterans, Table
I). As with mayfly and caddisfly larvae, these taxa might best be considered as
erratics occurring sporadically but with no established lake populations.

GASTROPODA

The gastropod families Valvatidae, Hydrobiidae, Lymnaeidae, and Physidae were
a constant but minor portion of the benthic fauna accounting for 0.6tro of the total
macroinvertebrates ivith a mean abundance of 46 m '. Overall, greatest densities
occurred in ivater between 16 and 20 m deep ivhere they ivere associated ivith the
finer sediment types ranging from silty sand to sandy clay.

of the nine gastropods identified, the lymnaeid snail Lymnaea stagnalis appressa,
the second-most abundant species, was present in 7oto of the lake samples and
accounted for 13o'o of the total gastropod fauna (Table I). Xfaximum densities
occurred in water betwen 16 and 24 m deep in soft sediments. Little was

learned'bout

the life cycle because of high variability in density among samples; however, it
divas present year around, with highest densities in September through November.
Hydrobiids (four species, Table I) accounted for 9%%u'o of the total gastropod density
and occurred in S~io of all samples. Wfaximum densities were in water between 8 and
12 m deep in sandy substrata. Again, none occurred deeper than 24 m in the suriey
area.

In the family Valvatidae, Valvata sincera is the most ividely distributed of all
snails in the Great Lakes (Mackie et a!. 1980). In the survey area, this species
accounted for 72oo of the total gastropods and occurred in 23o'o of the lake Ponar
samples (Table I). Valvata tricarinata was extremely rare. As with Lymnaea, V.-

sincera was most abundant in deeper waters (20 to 24 m) in fine substrata, primarily
sandy silt. This species was present in all months, but little about the life cycle can be
inferred because of low monthly abundances.

Allthe snail species found in the Cook Plant area are known to occur in the Great
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Lakes (including Phvsella: Physidae), inhabiting the softer silts where they feed on
organic debris and benthic algae (Mackie et al. 1980).

OLIGOCHAETA

The oligochaeta or aquatic earthworms are the dominant taxa of the Great Lakes
(XIozley and Howmiller 1977, LaDronka 1984) and the Cook Plant survey area.
Further, they are a very diverse group of macrozoobenthos, second only to the
dipterans. Mean density was 3,789 m 'hich was equal to 48o'o of all organisms
collected in the lake surveys. Mean abundance increased with depth, from a mini-
mum of 101 m 'hallower than 4 m to a maximum of 11,765 m 'etween 32 and
60 m deep. At water depths greater than 12 m, frequency of occurrence in samples
v:as nearly 100olo. Overall mean densities v'ere highest in October and November
and lowest in August and December. Abundance was lowest in coarse sediments
(gravel and coarse sand) and highest in fine-grained sediments (silts to loam). Most
taxa (with the exception of some Naididae) are particle feeders consuming organic
detritus and associated bacteria. Thus, they are associated with depositional zones
(McCall and Fisher 1980).

Five oligochaete families were present, three of which were abundant. Aeoloso-
matidae (Aeolosoma) and Ench>araeidae ivere rare in samples, and the use of a
large, 500 Itm sieve may have greatly contributed to the underestimation of both of
these very small worms. Enchytraeids (at least two undetermined taxa) averaged
2.0 m 'nd were collected in only I.5~so of the lake samples (Table').

TUBIFICIDAE

Twenty-three taxa of Tubificidae occurred in the study (Table 1), all of which
previously had been recorded from Lake XIichigan (Spencer 1980). The overall mean
abundance of tubificids divas 2,563 m ', with a maximum single abundance of
112,960 m'rom a "loamy" substratum in water in the 12-16 m depth range. Uni-
dentified immatures lacking hair chaetae accounted for the largest proportion
(64.5o'o) of the overall mean. Of the idemified specimens, only four species com-
prised > lotto of the mean tubificid density (P. vejdovski I2.I>io, L. hojfmeisreri
6.2o'o, A. plurisera 5.6<io, and P. moldaviensis 1.7tro, see Table I). ~Vhen immatures
without hair chaetae were apportioned, L. hofjnteisreri became the numerically
dominant taxon, accounting for 63oo of the total.Tubificidae.

The mean density of mature L. hoffmeisteri increased ivith water depth; the
lowest densities occurred in the 12- to 48-m depth zone (?18-319 m '). The increase
in density was related to increases in fine-grained sediment, which also reached a
maximum in water at 28 to 32 m deep (2,832 m '), with continuing high densities
down to a depth of 58 m. The mean abundance of mature L. hoffmeisIeri was
highest (161 to 265 m ') from May through July, decreased sharply from July to
August, and then reached a minimum in December (3 m"). Because the majority of
unidentified immatures most likely ivere L. hofjineisreri, it followed that the popu-
lation density of this species was highest in October, when immatures reached maxi-
mum abundance. Spring-summer maxima and autumn-ivintcr minima of mature
ivorms has been observed in other Lake llichigan studies ('5'innell and Jude 1979,
1980. 1981, 1982), but their actual life history remains unclear. Other LiInnodrilus
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occurring in the study area vvere L. udekemianus, L. spiralis, L. cerve», L. profundi-
cola, and L. claparedeianus, each of ivhich averaged less than 10 m". Except for L.
udeketnianus, these species could be identified only in the mature state vvhich proba-
bly resulted in underestimates of their densities.

PotaInothriv vejdovskyi is common in the Great Lakes and is characteristic of
mesotrophic habitats (llozley and Hovvmiller 1977, Lauritsen et al. 1985). The mean
density of adults vvas the highest for any tubificid species in the study area (263 m ',
Table I). The density generally increased from lovv numbers in vvater less than 12 m
deep (1-6 m -) to a maximum in ivater betvveen 28 to 32 m deep (1,493 m '). Some
seasonal trends vvere evident, ivith peak abundances occurring in vlay, July, and
October. The greatest frequencies of occurrence and densities were in the finest
substrata (combinations of silts and clays), but a number of specimens also occurred
in patches of gravel.
. Potamothrix moldaviensis often co-occurs with P. vejdovskyi but has a tnuch

more littoral distribution (Hiltunen 1969). The mean abundance of mature ivorms
was 36 m", and the frequency of occurrence vvas 29.3oo. 1(aximum densities vvere
reached in vvater between 28-32 m deep, vvith significant numbers also occurring
between 8 and 24 m deep. On an annual cycle, P. moldaviensis reached maximum
densities in %lay and July, but little can be said about life cycles because the imma-
tures cannot be positively separated from other tubificids. This species tends to
prefer finer substrata vvith a sand component (i.e., very fine sand, clayey sand, and
sandy clay), as has also been shoivn by Stimpson et al. (1975). Other Potatnothrix
species were relatively uncommon.

All species of Aulodriius are surface dvvellers, rarely burrowing deeply into sub-
strate (!vlilbrink 1973). Aulodrilus pleuriseta is the most common Aulodrilus in the
Great Lakes and vvas the third most abundant tubificid at the Cook Plant
(122.6 m -', Table 1). The maximum single abundance in a sample divas 30,724 m

'romloam in vvater in the 12- to 16-m depth range. Three distinct peaks of abun-
dance occurred in April, July. and October. The highest mean densities and frequen-
cies of occurrence vvere in the finest substrata (sandy silt, sandy clay, and loam)
ivhich occurred patchily in water between 12 and 24 m deep. Aulodrilus americana
and A. piqueti vvere infrequently found in lake samples, and most occurrences vvere
in loam or very fine particles, similar to A. pluriseta.

Isochaetides freyi is uncommon in the Great Lakes (~fozley and Hovvmiller 1977),
and the densities found at the Cook Plant appear to be the highest recorded (16 m ',
Table 1). The maximum abundance divas in vvater in the 12- to 16-m depth range in
gravel or sand vvhich contained high percentages of silt and clay. There vvere two
peaks of seasonal abundance of matures ivith a distinct maximum in July and a
minor peak in November.

Quistadrilus tnultisetosus multisetosus was not found in vvater less than 12 m deep
in the survey area but was relatively abundant betvveen 20 and 24 m deep (84 m ',
Table 1). Like the majority of tubificids collected at the Cook Plam, Q. m. multise-
tosus attained highest mean densities in the finer sediments ivhich ivere common in
water depths greater than 20 m. No seasonal pattern divas evident, although the
frequency of occurrence did appear to increase slightly in autumn. A second form.
A. m. longidentus, vvas quite rare, occurring only four times in the 13 years of study.

One of the most cosmopolitan and widespread species, T. ttcbifev, is common in
nearshore as vvell as deeper vvaters in a vvide variety of trophic conditions
(Birnkhurst 1969). At the Cook Plant, T. tubife» (matures only) attained an overall
mean density of 10 m" (Table 1) and comprised less than 1oo of the overall mean
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tubificid density. The maximum observed density «as 5,818 m 'rom a sample in
silty sand in «'ater in the 16- to 20-m depth range. Overall, T. Iubifex «as calculated
to account for approximately 82trro of unidentified immature tubificids with hair
chaetae. %)hen these immatures were apportioned, density estimates rose to 126 m

'r

6~io of the total tubificids. Tubifexrubifex was sparse at depths less than 12 m but
reached peak densities in water between 16 and 20 m deep (33 m '). Mature speci-
mens were most common in June but present in low numbers in all other months.
The preferred habitat types for this particle feeder were sandy silt and loam.

The species rubifex l'essleri aInericanus, Tiibifexsuperiorensis (A Great Lakes
endemic?), Spirospern~a nil olslcti, livodrilus IentpleIoni, and Rhyacodrilus cocci-
nieus were present in the survey area, primarily in silty substrata, but all were found
in very low densities and «ith lo« frequencies of occurrence.

NAIDIDAE

Thirty species of Naididae have been identified from the various types of collec-
tions made in this study, 14 of which had not been listed previously for Lake
~fichigan (Spencer 19SO) and one (Prisrina sima) which was new to the Great Lakes.
This number of species is high in comparison with other Great Lakes studies and
reflects the amount of sampling effort and a variety of sampling methods in the
nearshore region. Twenty-one species «'ere collected in the regular lake Ponar sam-
ples, of which only six were common. An additional nine species were collected by
gear other than the Ponar (e.g., rock baskets, entrainment). Most species occurred
in «ater depths, naidids averaged 344 m 'nd occurred in 530'o of all Ponar grab
samples. These numbers equate to approximately Steno of the total benthos and 10<0
of the total oligochaetes bet«een 0 and 24 m deep.

Piquerielia rnichiganensis is one of the most common naidids found in the near-
shore areas of Lake ~lichigan (Hiltunen 1969) and «as dominant at the Cook Plant
(112 m", Table 1), occurring in 34<o of all samples taken in «ater less than 24 m
deep. Guts of specimens «ere usually packed itith fine, sandy sediments mixed with
detritus and diatoms. This species appears to be a burro«ing detritus-feeder, living
more deeply «ithin the substratum than many other naidids «hich exist only in
surficial layers. Relatively fe«specimens have been found in the «ater column
(«'iley and Mozley 1978) or in entrainment samples. Reproduction for many naidids
is through fragmentation as well as sexual means. Seasonality data for P. michi-
ganensis «as unique among species collected at the Cook Plant «ith two peal;
periods of abundance. The early summer peak (June-July) may represent asexual
reproduction, and the late summer and autumn (August-October) peak may result
from sexual reproduction. The mean density tended to decrease «ith increasing
fineness of the sedimem type, «'hich again «as reflected in gut contents.

The second-most abundam naidid, Chaeroeasrer diaphanus (75 m ' Table 1), is a
predator common in a variety of habitats from se«age filter beds to the Great Lakes
(Learner et al. 197S). Like P. ntichinganensis, this species rarely occurs in pelagic
samples (6'iley and Mozley 1978); however, it does occur frequently in entrainment
samples, indicating that a large population may exist on the riprap structures around
the «ater intake structures (Lauritsen 1979, Lauritsen and %white 1981). The maxi-
mum densities «ere in «ater in the 12 to 16-m depth range, «'ithout a clear prefer-
ence for a specific sediment type. The greatest abundance of this species «as in July.
«ith fe«'pecimens being found either in early spring or late autumn.
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Uncinais uncinara vvas the third-most abundant species (43 m", Table I). This
large naidid is often collected with P. Inichiganensis in the Great Lakes, but usually
in very shallow, wave-s«'ept areas in vvater less than 2 m deep (Hiltunen and Klemm
1980). Guts were packed with sand grains, and it is probably that Uncinais feeds on
epipsammic flora and tauna (Timm 1970. Stevenson and Stoermer 1981)..The great-
est abundance and frequency of occurrence were in silty and clayey sands, which
may be related to the possible nutritional benefit associated with these particle sizes.
Peak seasonal abundance «as in July,.'a pattern similar to most common naidids.

Ten species of Rais vvere collected of which only N. variabilis «as common. The
remaining nine species were low in density.and frequency (Table I). Rais variabilis is
commonly found in a variety of habitats from shallow streams to moderately deep
water of the Great Lakes, but its'small size causes often severe underestimation of
densities (Hiltunen and Klemm 1980). This species ranked fourth amont naidids in
overall mean density (33 m -) and frequency (15~o) in lake samples. The maximum
density «as in clean, coarse sand. in.«ater between 4 and 8 m deep (4,606 m -'). Pais
variabilis was one of the mo'st abundant benthic animals collected in pelagic net-
tovvs at depths of 6 m (0.14 m') attd F m (0.05 m i) (5'iley and .'vloziey 1978) and
«as very frequently seen in entrainment samples collected from the forebay in 1975.
These data ref'lect the tendency of X. variabilis to enter the vvater column as well as
its abundance on the surrounding riprap (Lauritsen 1979). The distribution of N.
voriabilis was limited to nearshore sandy areas, reaching a maximum density of
67 m"- in «ater bet«en 4 and 8 m deep. Specimens vvere encountered infrequently at
depths greater than 16 m. As vvith other naidids, maximum abundance was in July,
vvith very few specimens taken in early spring or autumn. Its substratum preference
vvas sand (including coarse sand) where iV. variabilis ingests deposited organic parti-
cles.

Srylaria lacusrris is an'omnivore (Timm 1970) and herbivore (Streit 1978) common
to all the Great Lakes (Brini'h'urst 1967). In this study. it ranked fifth among naidids
in lake samples (32 m ', Table I). Like V. variabilis, S. lacusrris is a swimmer and
vvas abundant in pelagic net to«'amples (5'iiey and XIozley 1978) and in entrain-
ment samples. The maximum density vvas in vvater between 12 and 16 m deep, and
none was found in «ater greater than 24 m deep. There «ere no distinct substratum
preferences; hovvever, seemingly greater densities occurred in coarse sand.

Of the two Vejdovsl'vella species, V. coinara «as extremely rare in the survey
area. The second species, V. inrerniedia, vvas common and is vvidely distributed
throughout the Great Lakes (Spencer 1980, Hiltunen and Klemm 1980), but its very
small size makes population estimates inaccurate when large mesh sieves are used.
Vejdovskvella inrennedia ranked sixth among naidids (7.6 m ', Table )) in lake
samples, although the numbers are probably greatly underestimated. This species
does not occur frequently in the water column (KVI!ey and IIoziey 1978) and is not
common on the riprap (Lauritsen 1979). Xfaximum densities «ere in «ater between
12 and 20 m deep (15-16 m ') in finer substrata where it most likely is a particle
feeder.

Other rare naidid„species (Table I) taken in Ponar grabs. pelagic tovvs, entrain-
ment, and the riprap colonization studies included AInphichaera levdigii, Arch-
reonais lomondi, Chearogasrer diaphanus, Chaerogosrer disrrophus, Chaeroeasrer
lijnnaea, Chearogasier serosus, Dero digirara. Ophiodonais serpenrina, Prisrina
foreli, Prisrina longisera, Prisrina osborni, Prisrina sijna (ne«'o Great Lakes).
Slavina appendicularo, Specaria josinae, and lVapse inobdis.
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LU!vIBRICULIDAE(Slylodrilus heringianus)

Sr>lodrilus heringianus is the only abundant lumbriculid in the Great Lakes and
the only one found in the study area, but L. variegarus variegarus. L. variegarus
incosrans, and Eclipidrilus lacusrris have been reported (Howmiller and Beeton
1970. Spencer 1980). According to Saether (1970), S, heringianus is the most com-
mon oligochaete in the profundal zone of deep, oligotrophic lakes, but populations
have been found in a variety of habitats from peaty pools (Pickavance 1971) to the
Asian reservoir (Timm 1970). This species is a subsurface deposit feeder most likely
deriving most of its nutrients from organic deposits and associated bacteria. Because
a maximum of only 501o of the population was sexually mature in any month, Cook
(1969) believed that the life cycle took 2 years.

Srylodrilus heringianus probably is the most abundant oligochaete in Lake Michi-
gan, making up more than 90oo of the oligochaete fauna at depths greater than 70 m
(~loziey and Howmiller 1977). Along ivith the amphipod, Ponroporeia ho>i, it is
one of the tivo dominant macrozoobenthic species and probably plays a significant
role in the total food iveb of Lake Michigan. At the Donald C. Cook Nuclear Plant,
S. heringianus occurred in 46~io of'll lake Ponar grabs and had the highest density
of any oligochaete (949.6 m ', Table I); this constituted l2oo of all macrozooben-
thos and 25oo of all oligochaetes. Feiv specimens occurred in water shallower than
)6 in deep, but beyond 16 m, density increased sharply to 4,376 m'where S. herin-
gianus comprised more than 50~ra of the total worms and 20oo of the total macro-
zoobenthos. The overall maximum densities and frequencies of occurrence were
lowest in coarse sandy substrata and highest in fine slits'qnd. clays; however, there
seemed to be some preference for substrata with at leas't some portion of sand.
Srt lodrilus herineianus has been negatively associated with mean grain size less tha 5

phi (Dermott 197S), ivhich may be related to tube construction (Mozley 1975), or to
its preference for louver sedimentation rates occurring in the sandy substrata in water
between 40 and 90 m deep (Nalepa and Thomas 1976, T. Veilty, GLRP, unpubl.
data).

P IS ID I IDAE

Three bivalve families occur in the Great Lakes: Unionidae, the freshwater mus-
sels, Corbiculidae, the Asiatic clam. and Pisidiidae, the fingernail clams (lfackie et
al. 1980, %Whit et al. 1984). Unionids in the Great Lakes are confined to bays, to
interconnecting channels, and to shallow areas with firm substrates and with wave
action or current (Mackle et al. 19SO). Although isolated empty shells of Lantpsilis
radiara have been collected along the southeastern shoreline of Lake Xfichigan, to
date there are no known established unionid populations. The biofouling Asiatic
clam, Corbicula fluniinea has become established in Lake Erie (Scott-XVasilk et al.
19S3) but not in the other Great Lakes. In Lake Michigan, live Corbicula were
collected at the J. C. Campbell Poiver Plant north of the Donald C. Cook Nuclear
Plant (white et al. 1984). One empty shell has been identified from the intake at the
Donald C. Cook Nuclear Plant: however, it does not appear that there are any
established populations. at least along the southeastern shoreline.

The pisidiids are the common bivalves of open lal'e bot toms, and the fauna of the
Great Lakes is quite diverse. Of the three common genera (.tlusculiuln Pisidiunt,
and Aphaeriuin).nith 44 species ivorldivide. 36 species are known from North
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Anerica and 24 from the vicinity of the Cook Plant (Table I). The life history and

ecology are knovvn for only a fevv of the species in the Great Lakes. The life span

varies from I to 3 years vvith either synchronous or continuous reproduction (Horn-
bach 1980, 1982). Their distributions depend on a variety of factors, including water

temperature, depth, substrate type, and food availability (Mackie et al. 1980). Spe-

cies of Musculium are more common in small lakes and vernal ponds where they are

associated with aquatic macrophytes and soft, silty, substrata. Sphaerirun generally

exists on the surface of more firm substrata vvhere they filter the overlying lake

vvater. The species of Pisidium are burrovvers living vvithin softer substrate where

they filter water through the sediments. Only Pisidium conventus exists in the deep-

est portions of the lakes as part of the profundal assemblage containing Pontoporeia
hoyi, Heterotrissocladius oliveri, and Stylodrilus heringianus. The remaining Pisi-

diunt species are confined to shallower habitats.

PIS IDIUM

As a genus, Pisidiunt made up ISoo of all macrozoobenthos and occurred in 62oo

of the Ponar grabs. In water betvveen 6 and 32 m deep, the frequency of occurrence

vvas highest (86 to 100tro). as vvas density (670 to 6,390 m '), indicating an ubiquitous
distribution. Beyond vvater 32 m deep, the frequency of occurrence remained high
(98o'o) but densities fell sharply. Three species were present at all depth strata (P.

casertanunt, P. lilijeborgi, and P. nitidum), and tvvo species were dominant in water
shallovver than 16 m deep (P. fallax and P. henslotvanum). These five species, along
with P. convennts, vvere abundant enough (Table I) to provide some data on ecol-

ogy.
Pisiditun casertanunt was the dominant Pisiditun of the nearshore area in water at

depths less than 20 m and divas a primary constitutent at all depths greater than 20 m.

The maximum abundance occurred in vvater betvveen 24 and 28 m deep in substrata

composed of silty clay, and to a lesser degree, very fine sand. Densities were greatest

in October, vvith a minor peak in July indicating a bi-annual mode of reproduction
(b,iackie 1979).

Pisidiunt conventus is a cold-water stenotherm found in shalloiv areas of subarctic
and high altitude vvaters and in the profundal of deep lakes farther south (Her-
rington 1962). In the vicinity of the Cook Plant, no P. conventus occurred in vvater

shallovver than 16 m deep, but peak abundance divas reached in vvater between 28 and
32 m deep which is belovv the extent of the summer thermocline (viozley and ~Vin-

nell 1975). Henson and Herrington (1965) felt that coarse substrates limited the

distribution of P. conventtts, further supported by our data. Peak abundances vvere

in substrata with varying amounts of silt and clay. These substrata do not occur vvith

any regularity at the Cook Plant until vvater depths of 2S to 32 m deep are reached.

~Ve ivere not able to determine reproductive periods of this species, in part because

of the depth limits of the survey; however, it ivould appear that nevv generations
occurred in summer and in late fall to early ivinter. similar to the findings of Heard

(1963).
Pisidium henslotvanunt, along with the majority of the less abundant species of

Pisidiurn (Table I), is part of a distinct nearshore group living in mixtures of sand

and silt. The shallowest occurrence divas in vvater between 4 and 8 m deep, and

maximum abundance divas in ivater betvveen 12 and 16 m deep (20S m '). Although
some specimens occurred in eater deeper than 32 m, it appeared that this taxon vvas



GLRD Publ. No. 22/Cook Nuclear Sans Serif (7b-4)

ECOLOGY OF THE MACROZOOBENTHOS 273

confined to the region of the bottom shallower than the extent of'he summer
hypolimnion (about 20 to 25 m deep in the survey area, Nfozfey and Ninnelf 1975).
The maximum abundance divas in October.

The maximum density and frequency of abundance of P. liljleborgi were in the
vicinity of the summer thermocline (20 to 28 m deep), although many specimens
occurred at all depths. particularly ivhere the substratum was very fine sand mixed
with silt and.clay. This substratum preference was quite different from the clean,
coarse sand nabitat noted by Henson and Herrington (1965). The maximum abun-
dance of P. liljleborgi occurred in July, ivith apparently a single reproductive period,
unlike most other Pisidiun»which release young both in spring to late summer and in
late fall.

Two forms of Pisidiurn niridurn occurred in the vicinity of the Cook Plant (P.
nitidum f. niIidun> and P. nitidum f. pouperculu»t) of ivhich only P. f. niridum divas

common. The peak abundance and frequency of occurrence of the latter form were
in ivater betvveen 28 and 32 m deep, in fine sands mixed ivith silt and clay; however,
significant numbers occurred in a variety of other substrates at all depths.

SPHAERIUM

Sphaerium ivere present in 35<o of all Ponal samples but accounted for only 1.4%o

of the total macrozoobenthos. Four species were present (Table 1), but only S.
niridum and S. srriarinunt occurred regularly. Two peaks of abundance occurred
ivith depth of ivater, the first at 8 m deep primarily containing S. srriarinum and the
second at 20 rn containing S. nI'riduIn. Distributions of both taxa were related to
substrata containing silty. fine sands. Xfinor peak densities also occurred in coarser
sands mixed ivith some sifts and clays. The obs,- ed peak abundances ivere in July
and November, suggesting a bi-annual reproductive cycle.

~fUSCULIUXf

The genus.'Vusculium in the survey area was represented by both.'(1. securis and
M. Ironsversurn, but together they accounted for only 0.07oo of all macrozooben-
thos..tluscuiium rransversurn occurred most frequently in water between 12 arid
16 m deep..vusculiun~ securis occured only tivice.

ifALACOSTRACA

Common crustaceans in the Great Lakes include the subclasses Ostracoda,
Copepoda, and,hfalacostraca..A(though Ostracoda and Copepoda (meiozooben-
thos) are very abundant in and directly above the surficial sediments. only the
macrozoobenthic Xfalacostraca are considered. The malacostracans in Lake ~fichi-
gan near the Cook Plant are, comprised of the orders Amphipoda (scuds or
sidesivimmers), ~fysidacea (opossum shrimp). Isopoda (pill bugs and sow bugs). and
Decapoda (crayfish).
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AXIPHIPODA

Three families in the suborder Gammaroidea are known to occur in the Great
Lakes. In the survey area, all three families occurred, tivo of which (Haustoriidae
and Hyalellidae) are monotypic. In the family Gammaridae, the genus Ganttnarus
divas represented by three species. Thus, of the 90 known species of iiorth American
amphipods (Pennak 1978), Lake .'4Iichigan, particularly along the southeastern
shoreline, has a rather sparse diversity. Any lack of diversity is compensated for by
the shear abundance of the haustoriid, Pontoporeia hovi. The gammarids Gatn-
ntarus fasciatus, G. pseudolitnnaeus, and G. troglophilus occurred in very loiv
combined abundance (0.9 m '), as did the hyalellid, calle!a a;teca (0.02 m -, Table
I). While P. ho>i occurred throughout the entire survey area, the other four species
were associated primarily with the central portion of the study site in the vicinity of
the riprap surrounding the intake and discharge structures of the power plant.

Haustoriidae (Pontoporeia hovt')

Pontoporeia hovi divas numerically second, as a taxon, to the total tubificids,
contributing 28o'o of al macrozoobenthos or 2,209 m '. lt was the thrid-most fre-
quently collected taxon, occurring in nearly 68oo of all samples. At both the genus
and the species levels, P. hovi was the dominant single taxon. These findings are
similar to those of Alley and IIozley (1975) ivho estimated that P. hovi comprised
73o'o of all macrozoobenthos abundance in Lake XIichigan in ivater between 9 and
270 m deep. In the survey area, less than 30o o of the P. hovi population occurred at
ivater depths less than 20 m deep. The mean density increased approximately ten-
fold between the 0- to 8- and S- to 12-m water depth intervals and tivo-fold between
10 and 36 m deep.

The primary food source for P. hoyi is bacteria associated ivith organic carbon
deposits, and the abundance and distribution have been positively correlated ivith
bacterial density (IIarzlof 1965). Only iveak or variable correlations have been made
iiithdepth, sediment type, or percent carbon (Alley 1968, Dermott 1978). A lack of
correlations in part may have been due to the irregular topography of their study
sites. The relatively flat, featureless topography of the bottom near the Cook Plant
gave positive correlations between density and sample ivater depth (3 to 48 m deep)
and between density and the finer grained sediments.

Two distinct life cycle patterns Nere exhibited by P. hovi. The patterns appeared
to be directly related to the differences in annual temperature cycles between near-
shore and offshore waters (~Vinnell and white 1984). A I-year life cycle divas evident
for the population existing in water between 8 and 20 m deep, and a 2-year cycle divas
evident at water depths greater than 32 m (~Vinnel! and White 1984). The 1-year
cycle was composed of an 8-month growth and development cycle (April through
~november) and a 40month breeding and brooding period (December through
~(arch). both controlled by seasonal light fluctuations. The '-year cycle differed in
having both summer and ivinter reproductive periods ivith two cohorts produced
annually. The end result for the survey area divas six cohorts co-occurring ivithin any
2-year period.



GLRD Publ. No. 22/Cook Nuclear Sans Serif (7b-4)

ECOLOGY OF THE NIACROZOOBENTHOS 275

ISOPODA

Of the nearly 1,600 North American species, only 80 occur in freshvvater aquatic
habitats, and the vast majority of these are from springs or subterranean systems. In
the family Asellidae, two genera (Lirceus and Asellus) and six species have been
collected in the Great Lakes (Barton and Hynes 1976), but only A. racovir ai
racovir-ai and A. inrennedius occurred near the Cook Plant. ~Vhile these species
most likely are associated vvith the riprap, some individuals appeared in Ponar grabs
(Table I). Although lake bottom densities were low, A. inrennedius vvas more
abundant nearshore, a trend previously noted by Barton and Hynes (1976).

NIYSIDACEA (.U>sis relicra)

.tfvsis relicIa is considered a glacial relict vvith close affinities to the primarily
marine opossum shrimps (Ricker 1959). One mode of feeding is active predation on
Paruoporeia as the amphipod leaves the sediment (Parker 19SO). In the diurnal
feeding mode when M. relicra is near the bottom, it often is captured by the Ponar
grab. However. because the Ponar is an ineffective method of sampling mysids
occurring in the water column, we could not relate bottom densities to the entire
population. At best, the deeper the Ponar sample, the greater the occurrence of
.tlvsis in grabs, particularly over sediments that contained greater numbers of Pon-
roporeia and other potential prey.

DECAPODA

Of the more than I <0 species and subspecies of crayfish in North America, only a
few occur in the open ivaters of the Great Lakes, and most of these are in assocation
ivith rocky substrata. No specimens were actually taken in Ponar grabs (Table I),
but divers have reported seeing numerous specimens vvalking about the open sand
bottom in the vicinity of the riprap (Dorr and Jude 1986). Of the three species
collected in impingement studies (Table I), only Orconecres propinquus vvas com-
mon, and the bulk of its population undoubtedly is in association vvith the riprap
structures.

CHIRONOXIIDAE (AND OTHER DIPTERANS)

The larvae of virtually all flies are aquatic to some degree; thus, it vvas not
surprising to find a variety of taxa occurring in the vicinity of the Cook Plant (Table
I). ~Vith the exception of the Chironomidae, hovvever, all other taxa <vere considered
as vvaifs from streams and ponds or as having some association vvith the riprap
structures. The minor exception to this was four genera of Ceratopogonidae (Table
I) ivhich are true, large-lake taxa. Because densities of ceratopogonids ivere so loiv,
little could be learned about their ecology.

The chironomids are the major benthic insect component of open ivaters of large
freshvvater lakes throughout the vvorld. For Forth America north of ~lexico. about
'.<00 species have been described. Of these. at least 200 occur in the Great Lakes
(~Vinnell 1984b: tVinnell and white 19S<a. 198<b. 1986). At least 90 taxa have been
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collected at the Cook Plant (Table I), making this the most diverse of the major
groups.

Although chironomids are both abundant and diverse, surprisingly little is knotvn
about their life cycles or ecology. In general, egg, larvae (four instars), and pupae
are aquatic. Prior to emergence, the pupae actively swim to the lake surface where
eclosion to the adult stage is quite rapid. Adults live but a few days to weeks,
depositing egg masses directly at the water surface. It is thought that the required
areal stage has limited the distribution of larval chironomids to shallower depths
ivhere the sivimming pupae have a more reasonable chance of reaching the water
surface (Hynes 1984). In the Great Lakes, very few species occur greater than 25 m
deep and only Hererorrissocladius oliveri occurs commonly at depths greater than
50 m (Mozley and Howmiller 1977, IVinneII and white 1986).

Chironomids were the most frequently collected macrozoobenthos. occurring in
89~o of all Ponar samples. In part. this high frequency could be attributed to a

variety of species occurring in the very-nearshore, sandy substrata. The total mean
abundance was only 568 m ', however, which ranked them fifth among major taxa.
%lost of the 90~ species Nere collected on only a few occasions, but 36 taxa did
occur regularly enough for some density estimates to be made (Table I). Of these 36,
two taxa were dominant (Chironornus fluviarilis-gr. and Sarheria rvlus) and an
additional 10 were ividespread. Several taxa were4 numerically important only in
particular years of the study. Procladius sp., Chironomus anrhracinus-gr., 'Crypto-
t'hirononnus sp. 2. and ChironoInus fluviarilis-gr. were dominant in years prior to
1975; Sarheria ri'lus, Robacl'ia deInejierei, and Cladoranvrarsus sp. along with C.
fluviarilis-gr. were dominant after 1974. The pattern seen here reflects the effects of
the riprap, not as a habitat but as a probably physical force changing substratum
stability in the Central Region of the survey area. The autecology given below is for
those taxa which either ivere consistently common throughout the years of the study
period or for those tvhere sufficient numbers appeared, but tvere sporadic or
appeared only over a feiv years.

Chironornus fluviarilis. as ivith several other chironomid taxa, was composed of
at least tivo species not separable in the larval stage. From rearings, it appeared that
most larvae in the group could be identified as C. decorus. Chironomus fluviarilis-
gr. tvas the most numerous (l57 m') and frequently collected (470'o) chironomid
near the Cook Plant. The single sample maximum density was 5,393 m -. The over-
all maximum densities were found in water between 4 and 12 m deep, associated
tvith sandy nearshore substrata. Emergence peaks occurred in late ~Iay to early
June, tvith peak abundance of 4th instar larvae in September. Only 4th instar larvae
were present from October through ~lay.

Chironornus anrhracinus-gr. also was composed of two species, C. nr anrracinus
and C. nr decorus. The maximum single sample density was the highest for any
chironomid (11.150 m '. Table I). but high densities ivere quite sporadic as fre-
quency of occurrence was only 10.2~a. KVith an overall mean density of 44 m ', C.
anIhracinus ranked third among the chironomids. This taxon divas most numerous in
water between 12 and 20 m deep, ivith a secondary peak of occurrence between 4
and 8 m deep. ChironoInus anrracinus preferred finer sands mixed ivith some silt.
The life history was difficult to follotv. Beginning in August, very feiv specimens
occurred in water less than 12 m deep throughout the remainder of the year, ivhile
larvae ivere always present in water greater than 12 m deep. Adults from both the
shallow and deep components emerged from July to August, but the shallower
population either remained as undete;table early instars until the following summer
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or moved offshore, possibly in response to increased!vater temperatures. These data
also could reflect differences in the life histories ol'ore than one species. In any
case, the lack of nearshore specimens from i4ovember to December remains puz-
zling.

Cladoranvrarsus sp. is present in waters ranging from eutrophic to oligotrophic
(Beck 1977). Population densities of this species!vere highly variable from year to
year and month to month. The maximum single density!vas 6,242 m-', but the
overall mean!vas only 35.6 m -!vith a frequency of occurrence less than 13e'o (Table
I). Fine sands, very fine sands, and silty sands provided the best habitats in water
between 4 and 12 m deep. No specimens occurred in water deeper than 24 m.
Emergence peaks occurred between June and July and again in August to Septem-
ber, based on instar data. Early instars over!vintered and did show further develop-
ment until waters warmed in June.

Several species in Cryprocitironolnus occurred!vith some regularity at the Cook
Plant (Table I). Cryprocltironontus rolli !vas the 20th-most abundant chironomid
taxon (I m '), limited primarily to clean sands in!vater less than 8 m deep. Emer-
gence was in May to June!vith over!vimering most likely in the 4th instar. Crypto-
chironomus sp. I (!vhich actually may not be within the "complex") was probably
underestimated because of its small size. The mean density v as 2.4', and maximum
density was only 242 m 'Table I). Using finer sieves, densities have ranged up to
nearly 1,000 m 'or this portion of Lake Michigan (XVinnell, unpubl. data, GLRD).
The species!vas most abundant in fine sands in!vater bet!veen 4 and 8 m deep,
!vhere it emerged in mid-summer. The over!vintering stage!vas as early instars.
Because of difficulties in separating larvae, C. cf. fu/vus and C. digirarus remain
under the taxon Cryptochironomus sp. 2. As such it ranked second among the most
frequently collected chironomids (300o of all samples),!vith a single sample maxi-
mum of 970 m" and a mean density of nearly 31 m '. The abundance and frequency
of occurrence!vere greatest in!vater 8 to 12 m deep!vith fine sand.!vith a secondary
abundance in silty sand. Little can be said about life cycles until the t!vo species can
be separated in all stages. Cr!ptochironomus sp, 3 occurred in nearl> geo of all the
samples.!vith a mean density of about 7 m'-'. The maximum abundance!vas in!vater
bet!veen 4 and 8 m deep, although a large portion of the population may exist in
!vater shallovver than 4 m deep. There!vas a strong association!vith fine sands at
these shallo!v depths. Data'suggest both sprihg and fall emergences.

Of the t!vo Hererorrissocladius species present in the vicinity of the Cook Plant,
H. changi occurs in the lo!ver littoral to upper profundal,!vhile H. oliveri is a
profundal species (Saether 1975). Hererorrissocladius changi occurred in I2e'o of the
samples with a mean abundance of 13 m - (Table I) and reached a maximum density
in!vater bet!veen 20 and 2S m deep in substrata!vith sandy silt/clay and gravel
mixed!vith fine particulates. The maximum monthly abundance of H. changi!vas in
April to May and again in August to September, suggesting emergence in May to
June and September to October!vith over!vintering in the 3rd instar. The deep!vater
species, H. oliveri, is distributed in oligotrophic to ultraoligotrophic lahes (Saether
19I5). Little can be said about this species in the Cook Plant survey area as much of
the population!vas beyond the depth limits that!vere examined; ho!ve! er, none!! ere
collected in'!vater shallo!ver than 16 to 20 m deep, and sediment types!vere limited
to the characteristic sandy silt/clay and silt/clay of deeper!vaters.

Species of.t ficropsecrra are listed as deposit feeders of the littoral zones of lakes
and streams (Coffrnan and Ferrington 1984). The unassociated species in southeast-
ern Lake Xlichigan builds tubes of sands and organic debris!vhich.!vhen numerous,
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can cover most of the surface of the substratum. Large densities, up to 5,575 m".
«ere occasionally encountered, but the overall density «as only slightly more than
19 m ', «1th a frequency of occurrence of I lo'o. 51icropsecrra «as most abundant in
«ater betwen 12 and 28 m deep. in finer sediments of silty/clayey sands, sandy silt!
clays, and.silt/clays, most notably in clayey sands from «hich its tubes «ere built.
The data suggest that emergence periods were in May to June and again in October
to December, with the 3rd instar over«intering.

The general distribution of .lfonadiantesa ruberculara is similar to that of H.
oliveri in being common in deeper «ater, under oligotrophic conditions (Saether
1973). It was the 5th-most frequent chironomid (17~<o) with an overall mean density
of 13 m 'Table I). Although recorded from «ater 3 to 167 m deep in the Great
Lakes (Saether 1973), the maximum abundance at the Cook Plant was in water
between 12 and 24 m deep, with silty/clayey sands and sandy silt/clay. ~With only
slight fluctuations in June and July, average monthly densities were nearly identical.
The data suggest that emergence periods «ere in .'v(ay and June and then again in
late fall. Over«intering began in the 2nd and 3rd instars which completed develop-
ment by April.

In the Cook Plant suriey area, Paracladopelrna consisted of the P. cantpralabius-
gr. (composed of P. cf. undine and P. nereis not separable in early instars) and P.
»innelli (Table I). The campiolabius-gr. occurred in I2o'o of all samples with a mean
density of 12 m '. Its abundance «as greatest in water bet«een 4 and 12 m deep in
I'ine to very fine sands, particularly in substrata free of silts and clays. Little can be
said of the life cycle as the two species could not be separated in all stages. P.
»innelli occurs in the sublittoral zone of large, oligotrophic lakes and in streams and
seems to have very «ide thermal and nutrient ranges (Jackson 1977). The species
occurred in I o'o of all samples with a mean density of 9.6 m -. Specimens «ere
present in a vvide range of «ater depths, with maximums bet«een 12 and 32 m deep,
pritnarily with silty/clayey sands and sandy silt. There appeared to be a single
emergence period in July to August, «ith over«'intering occurring in the 2nd and 3rd
instars «hich reached 3rd and 4th instars by April.

Several Poivpedilunt occurred in the samples, but only P. scalaenujn «as particu-
larly abundant (Table I). PalypediluIn scalaenuIn has been collected from a «ide
variety of habitats, in and on wood, as leaf miners. and on open sandy littoral zones
of lakes (Coffman and Ferrington 19S4). Larvae occurred in I2.8oo of all Ponar
grabs. «'Ith a mean density of 28.4 m '. The highest frequency of occurrence «as in
«'ater bet«een 4 and 16 m deep, with a peak between 8 and 16 m (16oo) in gravel and
clayey sand substrates. The peak emergence period was probably in July and
August, «'1th a possible emergence period prior to the April sampling events. IIost
December specimens were 4th instar, while only 1st, 2nd, and 3rd instars occurred in
April.

Densities of Porrhasria longirnanus «ere never large but remained fairlyconsistent
over the study years. The frequency of occurrence «as 5.4o o in all samples, and the
mean density «as 3.6 m 'Table I). The primary depth of occurrence «as in «ater
between 12 and 20 m deep, «'1th highest densities in gravel, very fine sand, and silty
sand substrata. The emergence periods could not be adequately determined; ho«.-
ever, they appeared to be in early or mid-summer. Overwintering appeared to be in
the 4th instar.

The larvar ot'rocladius are primarily carnivores feeding on oligochaetes.
meiozoobenthos. and other chironomids (XIozley and Ho«miller 1977): early instars
ntay feed on benthic algae (Chernovskii 19»'9). In the Cook Plant area. two species
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xvere present, but these xvere not separated until very late in the study; thus, data on
Procladius refer to both taxa (Table I). In ivater between 3 and 18 m deep, Procla-
dius divas one of the two most numerous chironomid taxa and was the 4th most
numerous both in overall mean density (39 m ') and frequency of collection (21 ~io,

Table I). The maximum abundance divas in water between 16 and 24 m deep in sandy
silt, clay, and silt/clay substrata. The maximum monthly abundances were in spring
and fall months, suggesting a late spring emergence with overwintering in the 4th
instar.

PsecrrocladiussiInulans was common in the vicinity of the Cook Plant (Table I).
From Ponar samples, P. sijnulans occurred in very loxv density (2 m') and fre-
quency (4oio); however, it xvas the dominant chironomid on the riprap and artificial
substrate samples (80-90o'o, Lauritsen 1979). In the open lake, maximum densities
were in water between 4 and 8 m deep, with gravel and coarse sand. The maximum
single sample density was 545 m ', far loxver than has been observed at other sites in
southeastern Lake iXIichigan (e.g., 34,542 m ', 4Vinnell and Jude 1981). Emergence
xvas probably in late summer with overwintering in early instars.

Robackia derneijerei is the common open-lake species of this genus in southeast-
ern Lake Xfichigan (Table I). xvith a frequency of occurrence of I2.Serio and a mean
density of 26.1 m ', R. dejnejierei was ranked as the 9th-most abundant chironomid.
Its small size, combined with the large sieve sizes used, may have led to a greatly
underestimated population. The greatest abundances were in xvater from 4 to 8 m
deep, xvith coarser substratum types within which it wanders freely (iXIozley and
Garcia 1972). The absence of R. dejneijerei in November and December suggested a
fall emergence xvith overxvintering in the early instars.

Sarheria rtlus is common in the sublittoral sand of oligotrophic lakes and in
streams but may exist under mesotrophic conditions (Jackson 1977). At the Cook
Plant, it xvas the second-most abundant species (65.9 m ') and third-most frequently
collected (23.7oo of all samples, Table I). The primary depth of occurrence divas in
ivater between 4 and 8 m deep. with clean fine, medium, and coarse sands. Based on
instar data. there appeared to be at least tivo generations per year, and possibly a
third, xvith emergence in late spring, mid-summer and early to mid-fall. Overxvinter-
ing xvas in the 2nd and 3rd instars.

SUXIMARYAND CONCLUSIONS

In the more than 13 years of benthic collections in southeastern Lake Xfichigan in
the vicinity of the D. C. Cook Nuclear Plant, nearly 300 taxa have been collected.
This data set is the most extensive ever collected on any of the Laurentian Great
Lakes or any of the world's other temperate, deep-water lakes and is one of the
longest continuous studies of any body of fresh xvater. In total, the results pose
many more questions than they answer; hoxvever, ive have been able to detail aspects
of life history and ecology, to examine seasonal, yearly. and long-term (7» years)
cycles, and to look at community structure for about 100 of the more common
species.

The lake bottom in the vicinity of the Cook Plant is featureless and not heavily
influenced by input from rivers or by bays and rocky shorelines. As such, the
macrozoobenthic fauna there seems representative of communities and processes
occurring ivithin the lake. The distributions of most taxa fit along a gradient related
to depth, where the sediments are influenced by the extent of xvave action (resuspen-
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sion and deposition) and by the extent of the summer thermocline. Depth can
roughly be divided into a nearshore reeion with a sparse wave zone community, a
shallow water region with a diverse but patchy community, and a profundal region
with a reduced but less patchy community.
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IMPACT OF THE DONALD C. COOK NUCLEAR PLAiT
Oi FISH

David Jude, David Bimber, Nancy Thurber, Frank Tesar. Laura Noguchi,
Pamela Mansfield, Heang Tin, Paul Rago

I NTRODUCTION

The Donald C. Cook Nuclear Plant. located on the southeastern shore of Lake
Michigan, was under construction during the late 1960s and early 1970s, a time of
great concern about environmental impacts of nuclear power plants. Scientists
feared that i«arm ivater discharged by the plants into the ivater body would have a

detrimental effect on the zooplankton and larval and adult fish. In the early 1970s,

very little was known about the taxonomy of larval fish; very fevv studies on larval
fish had ever been done in Lake Michigan with the exception of ~Yells'1966) study
on larval bloaters. In addition, most researchers at the time concentrated on the
pelagic deep waters, ignoring the nearshore zone (0-10 m) of Lake Michigan. Stud-
ies of fish focused on the deeper waters of the lake, beyond the 7.3-m water depth
ivhere the Cook Plant intakes are located. Therefore, data ivere lacking from ivhich
to make good predictions on impact of these power plants.

One of the goals in studying fish in the vicinity of the Cook Plant was to docu-
ment which species utilize the nearshore zone, which ones spawn there. and which
species use the inshore zone for nursery grounds. Another goal vvas to gather data on
the kinds of possible impacts that might be expected from operation of the Cook
Plant. Preoperational data were gathered during 1973 and 1974 ~ and they were also
used in comparisons ivith operational data to determine changes in species diversity
or abundance between the two time periods. In addition to these tivo goals. the
choice of sampling stations vvas made to establish a reference station south oi the
Cook Plant at Karren Dunes State Park and one at the Cook Plant. This experimen-
tal design alloived monitoring of any changes in fish populations as a result of the
existence of the intake and discharge structures and the associated thermal plume.
riprap, and currents. Comparison of catches between the reference and Cook sta-
tions documented whether fish were attracted. repelled. or unaffected by the differ-
ent aspects of the physical structure and operation of the Cook Plant.

The Donald C. Cook Nuclear Plant is one of the largest nuclear power plants
(2.200 megawatts) on Lake Xlichigan. and it takes in 104 m'. s (I.S6 million gallons
per minute) of lake water. The water is sent through the intake pipes. past the
traveling screens, through the condensers. and then is discharged back into the lake
after being heated about 10 C'i er ambient. Kith these high flows and large DTs.
the potential for affecting large numbers of organisms is high. The thrust of our
Cook Plant fish studies concentrated on three possible areas of impact of the
nuclear plant.

The first area of impact divas the thermal discharge. In order to study this impact
we oreanized our field sampling around reference and plant Impact stations so that
we could examine catch indice. ior larval. juvenile. and adult fish and de:ermine
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vvhether a particular species was repelled. att'r'acted, or not af'fected by plant opera-
tion. KVe used analysis of variance and intervention analyses (~Iadenjian «t al. 1986)
to examine the data and determine ifany of these effects inhere occurring. M'e did not
look at the impact of the local and ephemeral thermal plume on larval or adult fish
that became entrained in the water discharged immediately into Lake Michigan
because we felt that the impact was negligible and this area was difficult to study.
The vvarm vvater that is discharged from the Cook Plant goes through slot-type, jet
diffusers which rapidly mix the heated water ivith Lake ~iichigan ambient vvater.
The thermal plume that is created is usually small (less than 117 hectares) (Hoglund
1980). Our own temperature monitoring confirmed that the plume was small in
area, difficult to distinguish from ambient water, particularly during days of wind
or wave activity, and it rapidly dispersed.

The second area of study focused on impact of entrained larval fish and fish eggs.
Entrainment was defined as any fish larvae or fish eggs that vvere brought into the
Cook Plant in cooling vvater. passed through the 9.5-mm bar mesh traveling screens
and the condensers, and vvere then discharged back into the lake. Entrainment was
measured by sampling the Cook Plant forebay using diaphragm pumps. Concen-
trated sampling occurred during June, July, and August, the major period of.spawn-
ing in the vicinity of the plant. Studies on the mortality of larval fish were not done
because of the many difficulties involved vvith conducting such studies, particularly
the high mortality experienced by larval fish in control samples. Therefore, mortal-
ity of larval fish ivas assumed to be 1000 o even though many studies (such as Marcy
et al. 1978) have indicated that larval fish mortality is probably less.

The third area of concern divas impingement of juvenile and adult fish. The fish
that ivere impinged on the traveling screens at the plant were enumerated. In 1975,
the first year of fulloperation of Unit I, vve inveighed and measured all fish that came
off the screens. A subsampling technique (Thurber and Jude 1984, 1985) vvas used
vvhen large numbers or a large biomass of fish vvere encountered. After 1975,
impingement sampling was done for one continuous 24-hour period every fourth
day and extrapolated for the entire year. These estimates were based on total weight
of fish vvhich divas measured every day; species composition and length-frequency
distribution data vvere obtained from every fourth-day sample and expanded to the
other non-sampled fish. These data vvere used to document the total number, spe.
cies, and size of fish lost on the Cook Plant traveling screens.

The sampling program design enabled us to generate a large and extensive dataset
on the larval, juvenile, and adult fish which inhabit Lake Michigan. Besides the
regular larval, juvenile, and adult fish sampling ivith plankton nets, seines, trails,
and gill nets that occurred during April-November, many supplemental samples
were collected during vvinter months. These data vvere used to establish the distribu-
tion, spavvning times, and behavior of common and less abundant Lake X'Iichigan
fishes. In addition to the field sampling vve also had entrainment sampling, vvhich
occurred during all months of the year, and impingement sampling, which occurred
every fourth day. These data were used to supplement the knovvledge gained from
the field sampling program and thus rounded out our descriptions of the distribu-
tions and spavvning behavior of the fish occurring in the vicinity of the plant.

In addition to all of these studies, vve also had a scuba diving program (Dorr and
Miller 1975, Dorr and Jude 1980, Dorr and Jude! 986) which examined the distribu-
tion of fish in the vicinity ot the intake and discharge structures. These observations
gave us a better idea of the fish that inhere congregating there and what kinds of
colonization and spavvning activities +ere occurring. Obseriations of fish around
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the structure also helped us understand the impingement process since ive never saw

fish pulled into the intakes as a result of the intake velocity. Rather fish seemed to be

attracted to the structure and were displaced to the forebay fortuitously. There is a

section of the intake pipe in which velocity increases substantially and, once a fish
passes through this area, chances of it return to Lake Michigan are small.

Besides diving studies, ive were able to use data gathered by the phytoplankton,
benthos, and zooplankton researchers to augment our discussions of the feeding
behavior, distribution, and abundance of fish in the Cook Plant vicinity. Determin-
ing the impact of the plant on the resident fish population was our goal. However,
we were also able to make contributions to the body of ecological knowledge of fish
species in the Cook Plant environs (see the Ecology of Fish chapter).

Objectives are to: I) document the species of fish which inhabit the Cook Plant
area, and their distribution, spawning behavior, and nursery grounds, 2) determine
the impact of the thermal plume on fish by comparing catch indices between a

control and reference area, 3) establish the numbers of larval fish and fish eggs that
were entrained at the Cook Plant, 4) record the number of juvenile and adult fish
impinged on Cook Plam traveling screens, 5) describe the ecology of the major fish
species for which there ivere adequate data (see the Ecology of Fish chapter), 6)
integrate the various datasets from the phytoplankton, benthos, zooplankton, and
fish sections of the project to better understand their interactions in the nearshore
zone of Lake Michigan, and 7) attempt to establish the significance of the entrain-
ment of impingement losses through production forgone calculations. tVe have tried
to condense the many reports and publications that have been produced during the
Cook Plant project studies into this document. For additional detail and for all raw
data. please consult the references that will be cited with each of the subject areas
discussed.

THE DONALD C. COOK NUCLEAR PLANT

The Donald C. Cook Nuclear Plant is a tivo unit. 2,200 megawatt nuclear popover
plant located on the southeast shore of Lake XIichigan in Berrien County, Michigan.
The total heat rejection rate for two units operating at full popover is 3.9 x 10" kg-
cal/h (15.5 x 10'TU/h) (AEC 1973). Condenser and service cooling water used to
dissipate this heat is ivithdraivn from and returned to Lake Xfichigan via a once-
through cooling system. The condenser cooling water flow rate for both units com-
bined is 6,202 m'/min (AEC 1973). Differences in condenser design have resulted in
'different flow rates at the tivo units (2.700 m'/min Unit I; 3,500 m'/min Unit 2). At
maximum generating capacity, increases in cooling water temperature (DT) above
ambient lake temperature are 12.1 C't Unit I and 9.3 C= at Unit 2 (AEC 1973).

Cooling water for both units is draivn in through three intake structures (see

Figure 2 in Introduction) located approximateiy 6S6 m offshore in 7.3 m of water at
a lake level of 176.5 m (Mean Sea Level). Intake pipelines (4.9-m diameter) were laid
beneath the lak» bottom. 6'here they emerge. each intake pipe is surrounded by
concrete and riprap which rises about 2 m above lake bottom. Each imake structure
is protected by an octagonal steel frame and protrudes an additional 2.5 m above the
riprap. Therefore. most cooling water is drawn from the:- to 5-m strata of the ivater
column. The steel frame surrounding each imake opening is fitted with bar racks
and guides which form a '0. x 'O.cm grill. Estimated water velocity at the intake
grill.'s 0.4 m s during normal 'onditinns. Velocity in the intake pipes is about
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1.8 m/s (AEC 1973). Cooling ivater travels through the intake pipes into the screen-

house forebay ivhere it first passes through trash racks (6- to 7-cm openings, 0.3 m/s
water velocity) and then traveling screens (0.95-cm openings, 0.6 m/s vvater velocity)
before reaching the circulating water pumps vvhich send it to the steam condensers.

Heated water is discharged to the lake via two buried pipes, one 4.9 m in diameter
(Unit I) and one 5.5 m in diameter (Unit 2). Discharge water enters the lake approxi-
mately 366 m offshore in 5.5 m of vvater. 6'ater is discharged through slot-type jet
diffusers in an offshore direction. Exit velocity is approximately 0 m/s (AEC 1973).

Cooling water transit time from the intake, at the 7.3-m contour in Lake Michi-
gan, to discharge, at the 5.5-m contour. is about 10 minutes. Duration of condenser
passage is about 6 seconds. It is estimated that an entrained organism

experiences'he

maximum temperature differential (12.1 C't Unit I, 9.3 C't Unit 2) for
approximately 3 minutes (AEC 1973). lv(onality of entrained organisms is the result
of a combination of physical, chemical. and thermal stresses. Physical stresses

include shear, turbulent acceleration, rapid changes in pressure, and collision and
abrasion vvith particles in the cooling water and ivith the internal surfaces of the
system (e.g.. screens, impellers, condenser tubes, jet diffusers). It is believed that the
most severe physical stress occurs at the pumps (Marcy et al. 1978).

At the Cook Plant, chemical stresses include exposure to effluent from steam

generator bloivdown vvhich contains chloride, copper, iron, phosphate, morpholine
(a corrosion inhibitor), and hydrazine (a reducing agent) among other things (AEC
1973).

Thermal stress begins ivhen the entrained organism reaches the steam condensers
where an immediate temperature increase of up to 12 C'ccurs. At the Cook Plant,
temperature does not decrease appreciably until the point of discharge (AEC 1973).

Use of jet diffusers. combined vvith the offshore placement of the discharge
structures. prevented us from sampling discharged organisms et'fectively. As a

result. we could not obtain mortality estimates for larval fish entrained at the Cook
Plant. Therefore, vve have assumed 100~'o mortality and our entrainment loss esti-
mates consequently represent a "ivorst case" situation.

iIETHODS

STATISTICAL Ai4ALYSES OF LARVALFISH DATA

AYOVA divas applied to larval fish density data (no./1,000 m') lor the most
abundant species (see Noguchi et al. 1985, Sokal and Rohlf 1969, and Scheife 1959

for details). All AiNOVA designs ivere XIodel I, full factorial, balanced designs
calculated ivith the statistical package BXIDSV (Statistical Research Laboratory
1975). To approach the assumptions of the model more closely, larval fish densities
vvere transformed using log (density ~ I). Data from tvvo zones, beach and open
iiater. were analyzed separately. Factors deemed appropriate in ANOVAapplied to
larval fish density data in the beach zone included Year (1973 through 1982), X(onth
(3une through August). Station (A. north Cook; B, south Cook: and F. KVarren

Dunes). and Diel Period (day and night) for alewife and spot tail shiner. Factors used

in the open water zone included Year, %(onth. Area (Cook and KVarren Dunes).
Depth (6- and 9-m contour). and Diel Period t'or alevvit'e. and Year, Area. Depth,
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and Diel Period for yellow perch. Only density data from June ivere used in yellow
perch ANOVA.

Because preliminary tests showed no significant trend in larval fish densities
among depth strata (surface to near bottom) for a given sampling site, diel period,
and date, such samples were used as replicates in the ANOVAs of open ivater
stations. Since larval fish samples were taken at 2-m intervals in open water, stations
at 6 m, (C, south Cook. and G, KVarren Dunes) had one less replicate than 9-m
stations (D, south Cook. and H, KVarren Dunes). To balance the design, the mean of
densities from the four strata at 6-m stations replaced the missing 8-m value. The
unweighted means method for balancing designs (Fox 1973) vvas then applied to the
open vvater results. Treatment sums of squares vvere multiplied by the ratio of
harmonic mean cell size to maximum cell size to adjust for substitutions, and the
number of missing values Nas subtracted from degrees of freedom of the error term
to adjust mean square error.

ENTRAINIvIENTSAWIPLES

SaInpling

Species and numbers of larvae and eggs entrained at the Cook Plant were moni-
tored by standardized sampling from 1973 to 1982. However, sampling in 1973 and
1974 was limited because of sporadic testing of condenser cooling systems. These
data are presented in detail by Jude et al. (1979). Bimber et al. (1984) and Noguchi et
al. (19S5) analyzed the data collected from 1973 to 1982.

An entrainment sampling unit included a Hale (type 30LC-1750) diaphragm pump
(maximum capcity, 300 liters per minute; mean capacity, 20S liters per minute) vvith
a 7.6-cm diameter hose extending into the intake forebay to a depth of 5 m (Fig. 1).
The 5-m depth (maximum depth in the forebay is 9 m) vvas chosen because of results
of our vertical and horizontal stratification testing in 1975 (Jude ) 976. Bimber et al.
19S4). ~Vater vvas pumped through a 0.5-m diameter, 363-ttm mesh plankton net
suspended in a 20S-liter drum. A flowmeter installed in the drum's effluent pipe
measured volume of water fihered. Entrainment sampling units (three) were located
at grates 2 and 3 (see Introduction) and one at the Unit I discharge. Seven grates
span the length of the screenhouse forebay floor.'

standardized group of entrainment samples divas collected from 1975 to 1982,
tivice per month, except for June, July, and August. ivhen sampling divas done once
or tvvice per iveek to coincide vvith peak abundance of fish larvae. Samples ivere
collected over a 24-hour period. Each 24-hour period vvas divided into four diel
sampling divisions which varied from 4 to 8 hours. depending on division and day
length. The four divisions ivere sunrise-noon. noon-sunset, sunset-midnight. and
midnight-sunrise. Sixteen samples. four replicates (three intake, one discharge) per
division, were collected for each 24-hour period.

Srarisrical 4nalvses

~tean densities of entrained fish larvae and eggs vvere expanded tn the volume of
water circulated by the plant during the time represented by that diel period. The
total number of fish larvae and "eggs entrained oier '' hours iias computed by
totaling estimates from each of the four diel sample divisions during a sample
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FIGURE I. Schentatic diagratn of an entraintnent satnpling unit, showering the
forehand, satnpling pipes, diaphragm ptnnp, planl ton net, and flowtneter in the
discharge pipe.

period. Each of these four estimates Tvas derived by multiplying the mean density
(N = four) times the total volume of Tvater pumped through the plant during the
time represented by that particular division. For yearly estimates. non-overlapping,
contiguous time intervals (usually 1-2 Tveeks) Tvere established such that the sam-
pling date ivas the approximate midpoint of the interval. Estimated emrainment
during a sampling period was assumed to be representative of fish larvae and egg
abundance per unit volume of circulating Tvater during the 1- to 2-iveek sample
interval. These data ivere totaled for each month and then yearly estimates com-
puted.

Analysis of entrainment data for alelvife larvae, total larvae, and fish eggs
(log„, —

1 transformed data) divas carried out by use of the Analysis of Variance
(AYOVA)subprogram of the Statistical Package ot the Social Sciences (SPSS) (Nie
et al. 1975). A three-factor. fixed-effects, non.additive model Tvas considered most
appropriate, ivith three factors: Year, Grate, and Diel Period. To obtain the most
balanced model (least amount of missing data) only data from 1976 through 1982
ivere examined and data from both discharge grates vvere combined (since they ivere
not sampled simultaneously). Thus the analysis divas across 7 years. 4 grates, and 4
diel periods and their associated interactions. Sample size Tvas 1.699. Similar resuhs
inhere obtained for each ANOVA in that the only factors vvhich exhibited attained
signit'icance levels less than 0.01 Tvere Year and Diel Period.
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Statistical Procedures for Adult Fish Data

Catch-per-unit-effort data of alewife, rainbow smelt, spottail shiner, trout-perch,
and yellow perch were log-transformed using log (catch + I), then analyzed using
MIDAS (Fox and Guire 1973) and a Model I, full factorial, balanced analysis of
variance (ANOVA).Catch-per-unit-effort, an index of fish abundance, is a standard
measure of catch for each type of fishing gear. One unit of effort vvas defined
arbitrarily as a 12-hour gill net set, a 10-minute trawl to«, or a 61-m seine haul.
Because each gear has its own unique biases, data from different gear were not
combined. XVhen assumptions of ANOVA were seriously violated, the Kruskal-
V'allis test was employed. Details on these procedures are presented in Jude et al.
(1979) and Tesar et al. (1985).

Given that ANOVA meets parametric assumptions (Conover 1971), power analy-
sis estimates the ability of ANOVA to detect true changes in fish abundance. Values
of the least detectable true change (LDTC) in log-transformed data vvere calculated
(for details'ee Jude et al. 1979). Values of LDTC were transformed to least detect-
able true ratios (LDTR) to express power calculations in terms of numbers of fish
(geometric means of catch plus one). The LDTR is the minimum ratio between
geometric mean levels that can be detected by ANOVA and is a measure of the
sensitivity of the design. An example of one set of values is presented as functions of
alpha and po«er for tvvo distinct sets of comparisons (Table I). Note that Mean
Square Error (WISE) and degrees of freedom refer to the full ANOVA using data
from all 7 years (1973-1979), thus comprising the best estimate of true population
variance of sampling. Values presented in earlier reports (Jude et al. 1975, 1979)
used ~ISE from preoperational data alone. assuming it vvould be appropriate for
operational data as «cll. In all cases, WISE values have not changed markedly from
preoperational to operational years. and po«er results indicate that povver of
ANOVA for all 7 years is close to that previously estimated using preoperational
data alone. Values of LDTR ranged from 1.34 for spottail shiner in tra«'ls
(1973-1979 data) (Table I) to 2.73 for rainbow smelt in seines (Jude et al. 1979) for
comparisons of 2-year preoperational data «ith 2-year operational data at
alpha = 0.01 and po«er = 0.95.

1t

~ S

41

P

IMPINGENIENT SAMPLES

Fish and debris collected from the traveling screens «ere separated by Cook Plant
personnel. All fish vvere bagged, labeled vvith date and time. and then frozen.
University of Michigan personnel collected and «eighed all frozen fish: a 24-hour
sample «as saved every fourth day and sorted by species and size. ~Vhen many fish
of the same size «'ere collected in fourth-day samples, a subsample of up to 30 fish
«'s randomly selected and the remaining fish «ere vveighed and discarded. Allsaved
fish «ere measured to the nearest mm (total length), vveighed to the nearest g, sexed.
and examined for presence of food, condition of gonads, presence of disease. or
physical damage.

Fourth-day samples (number and vveight of fish) and «eight of fish impinged on
interim days «ere both used to estimate total monthly impingement by species.
Percent species composition by weight of fourth-day samples «as used to partition
the actual monthly «'ight of fish impinged into «eight estimates by species. accord.
ing to the formula:
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Evv = (S<v/P<v)T<v

<vhere: E<v '=

S<v

pvr'<v

Estimated monthly <veieht of fish impinged for a given species,
Xlonthly <veight of fourth-day impingernent samples for a given
species,
~lonthly <veight of fourth-day impingement samples, all fish com-
bined.
Total monthly <veight of all fish impinged (includes I'ourth-day and
interim samples).

TABLE l. Least detectable true ratios (LDTRJ in geotnetric mean abundance of
the five most abundant fish species caueht in standard series tratvls at Cook P(ant
studv areas, southeastern Lake.Ilichigan, l973-l979. Values are given as functions
of tvpe l error (alpha = al and potver. Contparisons are of I-year preoperational
santp!ing to l-year operational satnpling and 2-year peroperational sampling to 2-

year operational santpling at one area. Each LDTR is ezpressed as the ratio of the
operational value to rite preoperational value of the quantitv "uter number per
tran( totv plus one."n = santplesi-e; MSE = mean square error ofAYOVA;df =

degrees offreedojn of .I(SE.

di

2-year sampling

Po<ver

n 0.90 0.95

4-year sampling

Po<ver

n 0.90 0.95

0.1502 !90 0.01
0.02
0.05
0.10

Ale<vife
56 1.92

I.S4
1..3
I.64

1.95
1.84
1.74

112 1.58 1.65
I.54 1.61
I A7 1.54
1.42 1.48

0.0660

0.0<20

O.0<76

390

390

9

0.01
0.02
0.05
0.10

0.01
0.02
0.0<
0.10

0.01
0.02
0.05
0.10

Rainbow smelt
<6 1.54

1.50
1.44
1.39

Spot tail shiner
<6 I.4

I.43
1.38
I.34

Trout-perch
40 1.62

I. <6

I.49
IA4

1.60
I. <6

I.<0
I.44

112

1.68
1.6:
I. <6

1. <0

80

I <' '1~
1.4S
1.43
1.39

1.36 I AO
1.33 1.37
1.29 1.33
1.26 1.30

1.31 I.34
1.29 1.32
1.26 1.29
1.23 1.26

IAO IA5
1.37 1.41

1.33 1.3'7

1.29 1.33

0. 106
'0

9 0.01
0.02
O.O<

0.10

Yellow perch
40 1.91

I.S3
I.

'.64

2 03
1.9e
I 83
I. 4

80 I <S I 6<

1.54 1.60
1.47 1.54
I.42 I AS
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Number of fish impinged per month «as then estimated using:

En = E«/iV

where: En = Estimated total number of fish impinged each month for a given
species,

iV = Mean «eight per fish of a given species (calculated for each species
from number and «eight of fish of each species impinged in fourth-
day samples for a given month).

P RODUCTIOi I FORGONE

The production of a population over a finite interval is defined as the total
elaboration of biomass irrespective of its fate (li'lev 1966). Production includes not
only the biomass accumulated by those individuals alive at the end of the time
interval but also the biomass of those individuals which died before the end of the
time interval. Thus, production results from the interaction of t«o fundamental
processes: gro«th and mortality. The actual mechanisms underlying the interactions
of growth and mortality are very complicated and poorly understood. A number of
methods have been devised «hich permit easy estimation of production by assuming
that growth and mortality are independent processes which act in a linear or expo-
nential fashion (see Chapman 1973). Production loss due to Cook Plant operation
«'s calculated using the procedure given by Ricker (1975). In this procedure, growth
and mortality are assumed proportional to the «eight of an average individual and
number of individuals at time t, respectively.

Production forgone due to entrainment and impingement of fishes at the Cook
Plant «as estimated for ale«'ife, spottail shiner, rainbow smelt, and yellow perch.
Estimations «ere made using the folio«ing steps. (I) Length frequencies of
impinged fish «ere transformed into age frequencies by using an age-length key. (2)
Relative proportions oi entrained pro- and post-larvae «'ere estimated based on a
critical length (5 mm for ale«ife) at «'hich the larva changes from pro-larva to post-
larva. (3) ilean «eight of a given age group of fish «as estimated from length-
«eight relations and length frequencies «'ithin the age group. (4) ilean weight of
pro- and post-larvae «'s estimated by measuring preserved specimens and averaging
the value found over the distribution of larval fish lengths «ithin an age group. (5)
Gro«th rate «as estimated by assuming that the change in mean «eight of an age
group is proportional to the mean «'ight. (6) Age-specific survival rates «ere esti-
mated by combining literature estimates vvith values obtained using a modified
Horst model (Horst 1975). (7) The estimates obtained in steps 1-6 «ere used to
calculate production forcnne. The total production forgone (P,) due to entrainment
and impineement of fish larvae. juveniles, and adults was calculated using the
formula:

GB
S J
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ivhere: G, = instantaneous rate of increase in iveight; B, = average biomass of the

age group over the interval of production; and t„„„= age of nevvly hatched lar-
vae = 0 (t,„used for the sake of generality). An elaboration of the production
forgone model is presented in detail by Rago (1984). Assumptions regarding the
actual estimates of forgone production include: (I)The mean weight of an age group
as determined from the entrainment and impingement samples is time invariant over
the production interval. Thus, a larva weighing ~ gm at time t vvould have ultimately
vveighed y gm at time t -. n ivhere y is the average weight of an individual of age n

at time t. (2) Survival rates are also time invariant. This is one of the most controver-
sial areas of fisheries research. (3) There are no positive or negative feedback effects.
Thus, the production forgone calculation implicitly assumes that reduction in pro-
duction in one generation does not reduce the number of adults recruited to follow-
ing generations (see Goodyear 1977). (4) Each species exists separately and may be

considered independently of its community and environment. (5) System of commu-
nity productivity decreases in response to removal of fish via power plant operation.
Hence, the loss of z kg of alewives (as estimated by P<) is equivalent to a decrease of
x kg in the system production. (6) Larval I'ish mortality due to entrainment vvas

assumed to be IOOO'o.

Sensitivity of the production model to changes in parameters and initial condi-
tions ivas determined by examining the percent change in estimated production as a

function of changes in survival and mean weight estimates ( 25~o) and in numbers
entrained and impinged (~ 50<o). Parameter and initial condition estimates were
derived from a variety of sources including: our data base. literature, unpublished
data from the Great Lakes Fishery Laboratory, U.S. Fish and wildlifeService, Ann
Arbor, Xlichigan. and personal communications ivith fishery scientists.

Findings were related to the real ivorld by comparing production forgone with
commercial catch data. Spottail shiners, ivhich have no commercial value, ivere not
included in this comparison. It vvas assumed that all production forgone occurred in
the year under consideration and that its value vvas determined by the average
market price in that year.

ALEWIFE SURVIVAL

Because alevvife spaivning and hatching are usually continuous over a 2- or 3-

month period, it divas impossible to identify a cohort and folloiv it through the
season. Thus data for alevvife larvae and young-of-the-year ivere pooled through the
season and treated as one cohort. Entrained larvae were separated into the follovving
size groups: 2-5 mm, 5.5-10 mm, 10.5-15 mm, 15.5-20 mm, 20.5- < mm. and
5.<-25 mm pooled. For each size group, mean densities from each sampling period
(all die! periods) inhere summed over the season, usually June through August.
Length partitions ivere chosen based on grovvth rates of alevvife larvae (Heinrich
1981, Kellogg 1982) and frequency of entrainment sampling (usually vveekly). to
prevent total density from including the same age-group more than once. Entrain-
ment densities from 1981 and 1982 <vere halved because sample collection vvas tvvice

a iveek.
Field larvae densities ivere partitioned based on size of larvae into 2- to 5-mm and

5.5- to 2<-mm groups because monthly field sampling encompassed a long enough
interval for larvae to grow from 5 to 20 mm and because very feei 20- to '5-mm
larvae ivere collected. Samples from the diel period shoiiing greatest abundan'e ot'
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alewives (usually night) ivere used. XIean field densities for each length interval,
averaged over all depth strata at 6- and 9-m stations, were summed over the season,
as with entrainment data (see WIansfieid and Jude 1986 for details).

Our day trawl catches of alewives were nearly always greater than night trawl
catches which was probably due to nocturnal vertical migrations. Similar

results'ere

obtained by Janssen and Brandt (1980) and 9'elis (1983). To express young-of-
<he-year catch as density, volume of water filtered by our trawl was estimated using
published studies of trawls in motion (Amos et al. 1981, hatch et al. 1981) and
measurements of our traivl out of the ivater. Densities of young-of-the-year alewives
were calculated separately for each 10-mm length interval and summed over months
when young-of-the-year were present at trawl depths and weather conditions were
calm enough to permit sampling, usually September, October, and November.
Because alewife young-of-the-year are believed to concentrate near bottom during
the day (Janssen and Brandt (1980), densities were multiplied by the mean height of
the traivl divided by the depth of the ivater column (6 or 9 m), then summed over the
two bottom depths. This adjustment made trawl data comparable to field larvae
data, ivhich represented the whole water column.

Survival rates, the ratios of young-of-the-year densities to fish larvae densities,
ivere calculated separately for each year using field and emrainment data for each
length interval of larvae and the density of fish from the length interval containing
the most young-of-the-year. The length interval ivith the highest young-of-the-year
density was believed to be the best representation of young-of-the-year density,
because it represented the time ivhen most young-of-the-year were actually at trawl
depths rather than inshore (late summer, smaller fish) or offshore (late fall and
ivinter. larger fish). Densities for each length interval of fish larvae and modal-
length young-of-the-year densities were also',averaged over all years and then used to
calculaie survival rates for all years cbr(tbined.

Daily mortality raies ivere calcttlate'd from entrainment data using mean densities
over all years for the various Iencth intervals available. Dates for each length inter-
val ivere derived from time of peak catch of yolk-sac larvae, laboratory-derived
alewife growth rates (Heinrich 19S I). and time of peak young-of-the-year catch.

RESULTS

FISH LARVAE

Field

There ivere few indications of Cook Plant effects on distributions of fish larvae
(Bimber et al. 1984, Noguchi et'al. I985). Statistical tests showed feiv significant
differences among densities of larval fish species. %tean alewife abundance did not
differ significantly between Cook and 6'arren Dunes stations over the 10 yr of data
collection. Densities of spottail shiner larvae in night beach station samples did not
differ significantly between areas. Yellow perch ivere at depressed levels during all
but the last year of our study. due to the impact of the alewife (Christie 197', Jude et
al. 1979. Crowder 1980. Jude and.Tesar 1989): Yellow perch larvae abundance
followed no patterns attributable to plant operations. Yellow perch larvae ivere
abundant in both Cook Plant and reference areas in 1974. 1977. and 19S'. but not in
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other years. During operational years 1977 to 1982, open-water yellow perch densi-
ties were not significantly different between Cook and ~Varren Dunes stations.
Additionally, no significant difference eiisted between preoperational and opera-
tional years for June open water yellow perch densities.

Beach catches of rainbow smelt larvae during 1974. 1975, and 1980-1982 did not
differ significantly between Cook and 4'arren Dunes stations. In open water, densi-
ties at the Cook Plant were significantly higher than at IVarren Dunes (ANOVA.
p = 0.0015) when preoperational and operational years werecombined(1974,1975,
and 1980-1982). This significance was due to the unusually high catches at 6 and
9 m during May 1974. During operational years (1975 and 1980-1982), however, no
significant difference between Cook and ~Varren Dunes open-ivater stations
occurred. No plant impact on larval rainbow smelt populations was observed.

For less abundant species, the most striking abundance pattern divas that for
common carp larvae. Common carp larvae were never collected in the study area
during preoperational years. During operational years, they ivere found mostly at
Cook stations. Of the 23 samples containing common carp larvae, only two were
collected at ~Varren Dunes (31-83 larvae/1,000 m'). These larvae probably drifted
from the Cook Plant area. Apparently, common carp spawning took place at Cook
Plant stations during operational years in response to the plant's warm ivater plume
and currents. Thus common carp spaivning at the Cook Plant was a clear plant
effect.

Burbot, deepwater sculpin, and ninespine stickleback larvae shoived no apparent
differences in densities between Cook and reference areas. Quillback, unidentified
Coregoninae, gizzard shad, emerald shiner, and others, identified only to genus or
family (minnows, darters,eculpins), ivere collected so seldom that statistical analy-
ses ivere not appropriate. Several other species, not abundant enough for statistical
testing, were more abundant at the Cook Plant. During the 10-year study, 10 oi'4
samples containing trout-perch larvae were from Cook Plant stations. ~(ore johnny
darter and slimy sculpin larvae were collected at Cook Plant than reference stations,
probably because riprap around the intake attracts these species for spawning.

Entraintnent

Nearly 750 million I'ish larvae and 23 billion eggs were entrained at the Cook Plant
during 1975-1982 (Table 2). Estimated annual losses ranged from 33.< million lar-
vae in 1977 to 167 million larvae in 1982. Variations in annual losses ivere generally
paused by a combination of biological and non-biological factors including fluctua-
tions in year-class strength and differences in plant operation.

Thirteen species of fish larvae were found in entrainment samples during our 8-

year study: aleivife, burbot, common carp, deepwater sculpin, johnny darter. mot-
tled sculpin, ninespine stickleback, quillback, rainbow smelt, slimy sculpin, spot tail
shiner, trout-perch, and yellow perch. In addition. there ivere four groups that could
not be identified to species: coregonines (Coregonus spp.), darters (Etheostot>ra
spp.), minnows (Cyprinidae), and sculpins (Cottus spp.). Approximately goo of all
fish larvae collected during entrainmem sampling were damaged beyond recognition
and (O.lo'o could not be identified to species at our current level ot'axonomic
sophistication.

Alewives ivere by far the most abundant species, accounting for between <4 and
92oo of the total number of fish larvae entrained in every year (Fig. '. Table 1) and
74|ro of the overall 8-year entrainment loss. Spottail shiners represented 9oo of the
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FIGURE 2. Entraintnent losses at the D. C. Cool'uclear Plant, southeastern
La!'e .41icltigan, /975-/9$ 2. for alewife, vellow perch, rainbow stnelt, spottail
shiner, total Ian ae, and fish eggs.

!9 <-198 entrainment loss, rainbo«smelt represented <tro. and yello«perch 2tro.
Remaining tata each accounted for ( leo of the total 8-year loss.

Entrainment of fish larvae generally began for the year in April. peaked in June
or July («hen ale«ife spavvning and hatching peaked). and terminated in October or
November as fish larvae and young-of-the-year migrated to deeper offshore zones.

Entrainment rates «'ere strongly influenced by diel period. Use of ANOVA
:ho«ed that significantly (p ( 0.001) more fish larvae «ere entrained at night
(dusk-midnight and midnight-da«n sampling periods) than during the day (da«n-
noon and noon-dusk) in most years. This suggests that fish larvae are actively
avoiding the intake structures during the day and this avoidance behavior might be
used to minimize entrainment ifan intake structure. could be designed appropriately.
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%lost Abundant Species-

Alewife-Alewife larvae were entrained in greater numbers and over a longer
period of time in each year than any other fish species. A combination of factors
contributed to the alevvife's extraordinary susceptibility to entrainment; perhaps the
most important were: I) high abundance of adults and larvae, 2) mode of
reproduction-randomly broadcasting large numbers of eggs. 3) time and location
of spawning- from June through August in the nearshore (area of the intakes) zone,
and 4) behavior, distribution, and form of larvae.

Alewife was the most abundant fish species in the vicinityof the Cook Plant (Jude
et al. 1979, Tesar et al. 1985) during 1973-1981 and in Lake XIichigan as a whole in
the 1960s (Smith 1968). In addition, alewives are pelagic broadcast spawners, which
places them in a repreoductive guild (Balon 1975) that represents those fish that
exhibit the least amount ol'arental care. As is typical of species in this guild,
alewives produce large numbers of eggs (l0,000-22,407/female. Auer 1982) and fish
larvae compared to species ivhich provide some form of protection for developing
embryos and larvae.

Temporal and spatial characteristics of alewife spavvning also contributed to their
susceptibility to entrainment. In spring and early summer, adults moved inshore and
spaivned within the influence of the intakes. Alewives have an extended spavvning
season in comparison with most other species. As a result, nevvly hatched alevvife
larvae (the stage most vulnerable to entrainment) ivere often present in inshore
vvaters throughout summer. Peak hatches generally occurred in July vvhen demand
for electricity, and therefore cooling vvater, was usually also at a peak.

Finally, the behavior and form of alevvife larvae in'reases their chance for entrain-
ment. Larval alevvives are pelagic, so they are likely to be present in the strata
(3-5 m) from ivhich cooling ivater is draivn, and they are frail and poorly developed
at hatching (2.5-5 mm, essentially planktonic), increasing their vulnerability to

'ntakes.

Larval alewives vvere found in entrainment samples from April to November.
Peak abundance occurred in June (2 year) or July (6 year). Neivly-hatched larvae
were entrained over an 8-12-week period. Highest mean densities recorded over a
24-hour period (N = 16) in each year ranged from 140 larvae/1,000 m'1978) to
1,831/1,000 m'1975). The magnitude of the abundance peaks appeared to be at
least partially affected by the lake's temperature regime in the vicinity of the plant.
In 1978, the year with the lowest abundance peak, mean June and July temperatures
(13.7 and IP. I'C, respectively) were 90 o and 20~o belovv the overall 1973-1982 mean
temperatures for those months. Conversely, in 197', the year with the greatest
abundance peak for larval alevvives, mean June and July temperatures (16.2 and
19.5'C) were approximately 7~o and 100o higher than the 10-year means. Field
sampling at 6- and 9-m Cook Plant stations revealed the same pattern. The lowest
annual abundance peak (mean density at stations C, D, and R combined, N = 26)
occurred in 1978 and the highest in 1975.

Entrained alewife larvae ranged from 2 to '. mm. Alevvife betvveen 25 mm and
about 50 mm also passed through the plant, based on the few ive recovered in
entrainment and impingement samples. It appeared that fish in this size range vvere
avoiding our entrainment sampling gear and passing through the 9.5-mm mesh
vertical traveling screens. Thus this size group was inadequately sampled by our
methods. a problem that extended to other species as well. The vast majority of
alewife. between 61~o (1979) and 94<u (1975. 1980) annually. were newly hatched
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(<5 mm). Predominance of yolk-sac larvae «as not unexpected as increasing age
brings increased natural mortality and improved avoidance capabilities. Proportion-
ally fewer newly hatched alewife larvae were collected in field samples compared
with entrainment samples however.

The rate of entrainment for ale«ife larvae was strongly influenced by diel period.
June-August samples from 1976 to 1982 contained significantly (p ( 0.001) more
ale«ife at night than during the day. Explanations for this nighttime increase include
a possible diel vertical mieration that brings more larvae within the influence of the
intakes at night, and a reduction in avoidance capabilities of larval fish with dark-
ness (Schumann 1963, IVong 1972).

Rainbotv smelt-Rainbow smelt «as the third-most commonly entrained fish
species at the Cook Plant, accounting for not quite S~io of the total 8-year loss.
Rainbow smelt larvae «ere found in entrainment samples from April to August,
«ith peak abundance occurring in April (I year), Xfay (4 year), June (I year), or July
(2 year). maximum 24-hour tnean densities (N = 16) recorded each year ranged
from 3 (1979) to 158 larvae/1,000 m'.

Entrained rainbo«smelt larvae ranged in size from 3 to 25 mm and, like the
larvae of most fish species, were most susceptible to entrainment soon after hatch-
ing. Fish larvae s8.0 mm usually represented over half the total rainbow smelt
entrainment loss during 1975-1982. Recently hatched rainbow smelt larvae were
entrained over a relatively short period of time, i.e., 1-2 weeks (5 year) or 3-4 weeks
(3 year), mostly during ~lay. In contrast, ale«ife yolk-sac larvae «ere commonly
entrained over an 8-l2-«eek period. Large rainbo~ smelt () 17 mm to 25.4 mm)
«ere also emrained in substantial numbers, accounting for 14-78~io of annual rain-
bo«smelt larvae losses during 1975-1982. In contrast, larvae 8-17 mm only repre-
sented 0-25~o of annual losses. Rainbow smelt larvae disperse rapidly from the
hatching site (Tin and Jude 19S3) and increased susceptibility of the larger larvae
maybe a result ot their concentrating at the 6-9-m depth contours, near the intakes.
Rainbo«smelt larvae were entrained more commonly at night than during the day.

Sporrail shiner-The second-most commonly entrained fish species. spottail shin-
ers, accounted for 9<'o of the total S-year loss. Three factors contribute to their

.reduced vulnerability to entrainment compared «1th ale«ife. First, the adult popula-
tion of spottail shiners in the vicinity of the Cook Plant is smaller than that of
ale«ife. Spottail shiners «ere the second-most abundant species collected during our
adult fish sampling program (Tesar et al. 1985, Tesar and Jude 1985). Second, and
perhaps more important, spottail shiner spa«ning is concentrated in nearshore
«'aters, s23 m, (KVells and House 1974, Tesar et al. 1985), outside the influence of
imake currents. Ahhough some spottail shiner spa«ning vvas observed by divers on
the intake riprap (Jude et al. 1979), «e believe that most entrained spottail shiner.
larvae drifted from nearshore nursery grounds. Finally, the behavior and form of
spottail shiner larvae reduce their susceptibility to entrainment. Spottail shiner lar-
vae are demersal (Jude et al. 1979. Jude et al. 1980), which makes them much less
likely to be dra«n into intakes than pelagic ale«ife larvae. Spottail shiners are also
more «ell developed and robust at hatching than alewife and as a result are probably
better able to avoid the intakes at an earlier age.

Spottail shiner larvae «ere found in entrainment samples from May to October.
Peak abundance occurred in June (3 year). July (4 year), or August (I year). XIaxi-
mum-24-hour mean densities (7 = 16) recorded in each year ranged from S"
I;000 m-'n 1976 to ." 1.000 m'n 1980 (Noguchi et al. 1985).

En:rained spottail shiner larvae ranged in length. from 3 to 14 mm. Nearly 75~o of
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the spottail shiner larvae in entrainment samples ivere s 5.0 mm (nenly hatched);
larger larvae were relatively rare.

Entrainment of spottail shiner larvae vvas strongly affected by diel period. Annual
percentages of spottail larvae entrained during darkness ranged from 76~o (1981) to
97 /o (1980). Spottail shiner larvae may migrate off the bottom at night, exposing
them to offshore currents and hence increasing their vulnerability to entrainment.
Avoidance capabilities are probably somewhat impaired during nighttime as Nell. In
addition, Dorr and %(ilier (1975) documented limited spaivning by spottail shiners
on the top of the intake structures. These larave vvould also be vulnerable to entrain-
ment when they hatched.

Yellow perch- Yellow perch larvae accounted for slightly less than 2~o of the
1975-1982 total entrainment loss (Table 2). The number of yellow perch larvae
entrained generally appeared to be related to larval yellovv perch abundance in the
inshore zone in the vicinityof the plant. Fewer yellow perch were entrained in years
vvhen larval fish densities observed in field samples were also loiv (1975, 1976, 1979,

1980), whereas higher entrainment occurred during periods of relatively high larval
yellow perch abundance (1977, 1982). However, substantial numbers of yellow
perch larvae were entrained in 1978 and 1981 when low densities of larval yellow
perch were observed in inshore areas. It is possible that our once-per-month field
sampling effort missed the peak hatch in those years.

Yellow perch larvae vvere found in entrainment samples from April to August
with peak abundance occurring in June (7 year) or July (I year). Annual maximum
24-h mean densities (N = 16) ranged from 0.1 to 74 larvae/1,000 m'.

Yellovv perch larvae in entrainment samples ranged in size from 3 to 11 mm but
98~o of all yellow perch entrained were s8.0 mm. Yellow perch larvae are usually
5.0-6.0 mm at hatching (Auer 1982) and generally grovv about 0.5 mm/day (Man-
sueti 1964). Therefore even the largest yellow perch larvae entrained were probably
less than 2 weeks old. This rapid decline in entrainment vvith increasing age is

probably the result of a combination of factors including natural mortality,
increased avoidance capabilities (Noble 1970), and a possible shift in distribution
aivay from the influence of the intakes. ~lore yelloiv perch larvae vvere entrained at
night than during the day in all years, except 1976 and 1981.

Less Abundant Species-

Larval burbot (3.5-6 mm), entrained in 1976, 1978, and 1982, vvere found during
%larch, April, and June. Common carp larvae (4.1-7.6 mm) occurred from June to
August during 1976-1981 in entrainment samples; densities ranged from 11 to 66/
1,000 m'. Although common carp larvae vvere abundant in the lake during 1975 and
1982, they were completely absent from entrainment samples. Conversely, in 1977

and 1981 common carp were entrained but none vvere caught at field stations.
Johnny darter larvae (4-18 mm) vvere entrained from June through August during

every year except 1980, but they represented 0.46~o of the 8-year total. Ninespine
stickleback larvae vvere entrained from June through September in 1978 and
1980-1982 ivith a total projected loss of 0.> million larvae (0.09''o of the total).

Slimy sculpins, mottled sculpin, unidentified sculpin, and deepvvater sculpin lar-
vae vvere entrained during 1975-1982. Together they comprised 0.85<o of all fish
larvae lost to entrainment. Slimy sculpins were entrained in all years except 1979,
mot tied sculpins in all years except 197S and 19SO. and tvvo deepwater sculpins (I".S
and 7 mm) «ere found in %larch 19.S and June 1979.
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Slimy sculpins (6-18 mm) were the most frequently entrained sculpin species, with
a total estimated loss over the 8 years of 2.5 million larvae (0.30<io of total). They
were entrained from late May to August but were most common in June. Mottled
sculpins (6-9.2 mm) were generally entrained over a I-2-week period during June.
Mottled sculpin larvae were never captured in,field collections. Slimy and mottled
sculpins are very similar in appearance as larvae, and an accurate fin-ray count
(Heufelder and Auer 1980) is essential to separate the two species correctly. Uniden-
tified sculpins were either slimy or mottled sculpins but, due to their deteriorated
physical condition or extremely early stage of development, they could not be identi-
fied with certainty. Unidentified sculpin larvae (5-10mm) were entrained in all
years (1975-1982), mostly during June.

Trout-perch larvae were entrained in every year during 1975-1982 with a pro-
jected loss of 4.5 million larvae for the entire period. Although juvenile and adult
trout-perch were common in our study area (Tesar et al. 1985, Tesar and Jude 1985),
larvae were relatively rare both in field and entrainment samples, probably due to
their demersal habit. Larval trout-perch (4-19.3 mm) were normally entrained from
June to October but in 1976 they ivere found in February and November samples as
Nell; most occurred during August-October. Of the 45 entrainment samples con-
taining trout-perch, 40 were collected during darkness.

Unidentified minnoNs-Unidentified minnoiv larvae (2.4 million over 8 years)
were entrained from April to August and occurred during 1977 and 1979-1982.
Highest yearly entrainment (I million larvae) occurred in 1982.

.'ifisceilaneous species-Several other fish species were entrained at the Cook
Plant on isolated occasions. One unidentified coregonine (8.5 mm) was c'ollected'in
April 1977 and one unidentified darter (5 mm) in June 1977. Two quillback larvae
ivere found in entrainment samples, one in April 1977 (9.1 mm) and one in May 1981

(8.8 mm).
Fish eggs-A large number of fish eggs, thought to be mostly alewife, were

entrained during the 8-year entrainment study. The number of eggs passing through
the plant varied from 0.7 billion in 1975 (the first year of operation) to 7 billion in
1982 (our last year of monitoring) (Table 2). Alewife lay pelagic, semi-buoyant eggs
(Auer 1982) at night, making them particularly susceptible to being entrained. How-
ever. studies by Xfarcy et al. (1978) have shoivn that marine aleivife eggs can with-
stand a 10 C'emperature shock ivithout effect. Therefore, we feel that the only
potentially detrimental effect by the plant on fish eggs is the movement of these eggs
from intake depths (around 7 m) to discharge depths (about 5 m). These types of
movements are undoubtedly common in the nearshore zone of southeastern Lake
~lichigan. and are expected to have a negligible impact on alewife populations.

RECOXI!~IENDATIONS FOR REDUCTION OF ENTRAIYMENT LOSSES

Yearly .50 million fish larvae were entrained at the Cook Plant from 1975 to
1982. Data vere summarized on 16 Lake IIichigan popover plants in 1975 (Spigarelli
et al. 1981) and the Cook Plant ranked first in number of alewife larvae entraine,
seventh in rainboN smelt entrainment, and second (of three reporting) in yellow
perch entrainment. Aleivife and rainbow smelt are important forage fish for salmo-
nids. In re'ent years the Cook Plant has contributed substantially to Lake ~fichigan
entrainment losses (Table 3), Potentially important sport or commercial fish
en:rained at the. Cook Plant included yelloN per'h (!3 million larvae). rainbon smelt
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TABLE3. En(raintnent losses testitnated nnntbers of larvae) of ale«ife, rainbow
stnelt, and J'el/ow perch at a ntnnber of Lal'e .'1tichigan power plants. ÃR = not
reporting.

PoN er Plant

Bailly, 1975
(Texas Inst., Inc. 1976)

Zion. 1975
(Cima et al. 1976)

'Svaukegan, 1975
(Cima et al, 1976)

Ludington. 1978
(Liston et al. 1980)

Ludington, 1979
(Liston et al. 1981)

Campbell, 197S

(Jude et al. 1979)

Campbell. 1979
(Jude et al. 1980)

Cook Plant, 1975
1976
1977
1978
1979
1980
1981
19S2

Alewife

o.08 x
10'.13

x
10'.98

x 10

3.05 x
10'.95

x 10

5.I x
10'.3

x 10

6.4 x 10'

10
2.7 x 10
3.1 x

10'.3

x
10'.9

x 10
1.1 x

10'.2

x 10

RainboN
Smelt

3.13 x
10'.33

x
10'.31

x
10'.05

x
10'.08

x
10'.7

x
10'.6

x 10"

1.4 x 10'

10'.S

x
10'.5

x
10'.7

x
10'.2

x
10'.6

x 10
I.S x

10'ellow

Perch

1.5, x
10'I

:YR

YR

'3.68 x 10'

~7 x 10

,.; I.S x 10'

1.5 x
10'.S

x
10'.8

x
10'.3

x
10'.1

x 10"

3.S x
10'.0

x
10'.5

x 10"
5.0' 10

(36 million larvae), and coregonids (85,000 larvae). iso other major gamefish species
(salmonids, centrarchids, esocids. etc.) svere found in entrainment samples.

It is far easier to estimate numbers of fish larvae lost to entrainment each year
than it is to determine the impact of those losses on Lake Wiichigan fish populations.
Compensatory responses (see Goodyear 1980, s(ansfield et al. 1985) are poorly
understood, particularly in a system as large as Lake IIichigan:

Possible methods for reducing entrainment losses fall into three categories:
changes in plant operation. screening and exclusion devices, and type and location
ot intake structures. Changes in plant operation ivould provide the least disruptive
and most easily implemented alternatives. Cooling svater floiv rates have a direct
effect on the number of larval fish entrained. Reducing'flosv rates during the peak
season for larval fish (June-August) could substantially reduce entrainment losses.
Refueling and periodic maintenance shutdowns should be (and usually are) sched-

'ledduring periods of maximum larval fish abundance. The potential for reduction
in annual entrainment losses approaches l6 million larvae for every 5~0 reduction in
floe (Bimber et al. 1984). Such reductions could have been attained by rescheduling
maintenance and refueling or by diel variation in the cooling ivater pumping sched-
ules. It should be noted that any aheration in cooling ivater f lofti rates Irom design
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specifications results in violation of Nuclear Regulatory Commission (NRC} envi-
ronmental technical specifications calling for a d T not exceeding 12.1 C't Unit I

and 9.3 C't Unit 2.
Operational changes might accrue substantial cost to the power company. Indiana

& Michigan Power Company (IMPC) (1979) evaluated the biological and economic
impacts of reducing the floiv rate of the circulating water system at the Cook Plant.
Their analysis covered a 183-day period from I April to 30 September. They consid-
ered shutting down one circulating pump from Unit I and one or two pumps from
Unit 2.

Operation of the Cook Plant at temperatures below the specified inlet tempera-
ture of 21'C vould result in reduced power generation and an estimated loss of
approximately 5833,600 (1978 dollars). Reduction in entrainment loss would be
ivorth approximately S144,600 based on production forgone analysis available at the
time (Rago 1983). It was therefore concluded by IMPC that the reduced-flow sched-
ule was not cost effective. A'similar schedule, with the time period under consider-
ation reduced to I'une-30 August (91 days), should be considered. Our data
indicate that in most years over 90~o of the annual entrainment loss occurred during
that period. Attention could also be directed toward reducing nighttime flow rates
as most fish larvae (approximately 60-80~~o) were entrained at night.

Exclusion of fish larvae from power plant intakes by the use of screening devices
has received considerable attention in recent years. Most screening and exclusion
systems are designed to withdraw water at a Iow rate over a large surface area, thus
decreasing the approach velocity and presumably increasing the opportunity for
avoidance by larval fish. Intake openings can be covered ivith fine-mesh screens to
exclude manv of the larvae that still do not avoid the intakes.

The Unit 3 intakes at the J. H. Campbell Plant (north of the Cook Plant on Lake
~1ichigan near Port Sheldon) were designed to reduce both impingement and
entrainment losses. Intakes are screened (9.5-mm square. wedge-ivire slots) and
located 1,070 m offshore at the 11-m contour; through-slot water velocity is rela-
tively low (15.2 cm/s maximum). Based on small-scale testing in Lake XIichigan,
Zeitoun et al. (1981) predicted that use of this system would result in an 11-fold
difference between entrainment and field densities of fish larvae. However, in full-
scale field operation, Unit 3 entrainment densities at Campbell ivere roughly equal
to field densities (Jude et al. 1982). Entrained larvae at the Campbell Plant were
generally smaller ((9 mm) than field-caught larvae (2.5-25.0 mm). The necessarily
extensive riprap surrounding the intake area was found to attract fish, most notably
yellow perch, substantial numbers of which utilized the limestone riprap as spawn-
ing substrate (Jude et al. 1982).

At the Cook Plant (iiithout screens) densities of larval fish in field and entrain-
ment samples ivere similar, ivith field densities occasionally greater. Sizes of
entrained and field-caught larvae were also similar. During 1975-1982 61-94<o of
entrained larvae ivere yolk-sac larvae, and therefore would probably have been
entrained even if screens similar to those employed at the Campbell Plant had been
used (Noguchi et al. 1985). In 1981, the "same year covered by the Campbell study,
oier 9l~o of'the fish larvae entrained at the Cool Plant ivere s mm.

Results ot'ampbell Plant studies suggest that ivhile the 9.5-mm ivedge-ivire
s:reen is effective in eliminating impingemem and reducing the entrainment of
larvae larger than 9 mm. it probably nould not substantially reduce entrainment or

, .the ecological penalties associated ivith production forgone analyses at the Cook
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Plant (Rago 1983, 1984). Schneeberger and Jude (1981) evaluated the effectiveness
of different screen slot sizes in limitingentrainment based on larval fish morphology
only. They indicated that even 2.0-mm mesh screen would not substantially reduce
entrainment of small (s mm) larvae which are numerous during summer months.

It was found that biofouling and maintenance requirements were greater prob-
lems than had been anticipated for wedge-wire screens at Campbell. But the biggest
problem associated with this system was that entrainment of some fish species,
especially yellow perch. increased because adults were attracted to the riprapped
area for spawning. Yellow perch, a gamefish and commercial species, was the domi-
nant species entrained at Campbell's Unit 3

awhile

at the other Campbell intakes
which take water from about 4-6 m (and at the Cook Plant) alewives dominated
entrainment losses. Reduced entrainment of large fish larvae (>9 mm) by the use of
stationary screens at Campbell may therefore be overshadowed by the fish-
attracting qualities of a large, riprapped screenfihld in a previously featureless area
of Lake Michigan. Screenfields are effective artificial reefs which p'rovide spawning
substrate and habitat for additional fish species'and shelter for potential fish-food
organisms (Rutecki et al. 1985). Installation of screens at the Cook Plant would
eliminate impingement but there is no real evidence that entrainment losses v ould be
meaningfully reduced. There most likely would be a reduction in the number of
aleivives entrained but yellow perch entrainment might increase, particularly in view
of the dramatic decline of alewife and concurrent increases in yellow perch popula-
tions in the early 1980s (Jude and Tesar 1985).

Location of intake structures can have a substantial influence on the magnitude of
entrainment losses. The placement of the intakes at the Cook Plant appears to have
successfully balanced engineering and biological considerations, although the latter
may have been mostly accidental because the intakes were not specifically designed
to reduce or prevent entrainment losses. Examination of biological data collected in
the vicinity of the Cook Plant indicates that placement of the intakes at the 7.3-m
contour (3- to 5-m depth strata) avoided nearshore nursery and spawning areas and
as a result, current entrainment losses are probably lower than ihey would be if the
intakes had been located in shallower water. Although distributions of fish larvae in
Lake liichigan are often variable in relation to water depth, time of day, season,
and year, larval alewife densities generally decline with increasing depth and distance
offshore. Near the Cook Plant, larval fish densities were maximal in the beach zone
and decreased rapidly with depth (Fig. 3) (Bimber et al. 1984; Noguchi et al. 1985).
Similarly, data collected at the J. H. Campbell Plant indicated that during most

„years (1977-1981) alewife larvae were primarily concentrated in water less than 6 m
(Jude et al. 1982).

Distribution of important fish-food organisms, specifically Ponroporeia hoyi and
.Mysis relicra, also indicates a direct relationships with depth (Fig. 4). Unlike larval
fish however, densities of Ponroporeia and Missis increase as depth increases. Thus,
moving the Cook Plant intakes farther offshore would result in substantial entrain-
ment increases for both species. Densities of P. hot'i in intake waters (currently
0.05-0.1/m') ivouid increase to more than 1.0/m't 12 m and 1.8-3.5/m't 15 m.
.Ilysis relicra densities would increase approximately 10 times at 15 m and 100 times
at 22 m. Zooplankton might better compensate for entrainment losses because their
regeneration rates are much higher than those of fish, but relocation of the intakes
to greater depths to reduce larval fish entrainment might impact local zooplankton
populations, since they occur in somewhat higher densities at depihs ) 9 m (Evans
et al. 1980).
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ADULTAND JUVENILE FISH

Field

Impact as Measured by Area Differences-

From 1973 to 1982, fish were surveyed by gillnetting, seining, and trawling at the
plant site and at a reference site, ~Varren Dunes. The primary purpose of this
surveillance vvas to determine the distribution and abundance of fish at the two areas
before and during plant operation. For fish species caught in sufficient numbers,
statistical tests were employed to establish whether differences between area catches
vvere significant. Data on other species were examined for consistency or trends in
annual abundances in the tvvo areas. Details on statistical methods are presented in
Jude et al. (1975, 1979) and Tesar et al. (1985). vladenjian et al. (1986) performed
extensive statistical analyses on these data and compared ANOVAresults «ith inter-
vention ana! ysis.

Similar annual abundances or distributions of a species at both sites over the 10
years established that the plant or its operation did not measurably affect juvenile
and adult fishes. Changes in annual abundance vvhich simultaneously occurred at
both sites again established a lack of plant effect. On the other hand, consistently
smaller or larger annual catches in the Cook Plant area compared vvith the IVarren
Dunes area vvere assumed to have resulted from the power plant. In general, four
categories of effects in the Cook Plant area vvere noted. In general, four categories
of effects in the Cook Plant a'rea vvere noted. (I) There vvas greater abundance
during preoperational and operaiional years resulting from fish being attracted to
the plant's riprap. Diver observations helped to confirm this. 6'e have no catch data
before riprap placement, but because the topography and bottom sediments were
similar at the Cool Plant and V'arren Dunes areas, vve believe that the preconstruc-
tion distributions of fish vvere similar. (2) There vvas greater abundance during
operational years resulting from an attraction to the riprap, structures, and currents.
(3) There «as lesser abundance during preoperational and operational years result-
ing from fish avoiding the alterations caused by construction dredging and dis-
charges. (0) There vvas lesser abundance during operational years resulting from
either avoidance of the discharges and their effects or mortality caused by substan-
tial impingement or entrainment. The objective of this section is to summarize these
results. Details have been presented by Jude et al. (1975, 1979), Tesar et al. (1985),
Jude and Tesar (1985), Tesar and Jude (1985), and Madenjian et al. (1986).

Over the 10 years, just over 1,100.000 fish of 59 species «ere caught (Table 4). Six
of these species vvere abundant in the study areas. Alevvife predominated. constitut-
ing 61~io of the total catch over the 10 years. Spottail shiner contributed 21oo of the
total, rainbovv smelt and yellovv perch each contributed 7o'o, and trout-perch and
bloater each contributed just under 2oo. Allother species combined made up lo'o of
the total. Common species vvere defined as those vvith an average catch > 20 but (
1.000 fish/year.
Abnndanr species-Based on I'ield catch data, ale«ife, bloater. and rainbo«smelt
«ere not affected by the po«er plant (Figs. 5, 6. 7). All three species «ere. at times.
impinged in substantial numbers: entrainment of ale«ife larvae vvas also substantial.
lt appears therefore, that the field sampling design «as either not precise enough to
detect population declines from this plam-caused mortality given natural population
fluctuations. or that populations of these species «ere.able to compensate for the
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!ipceics 1973 1974 1975 1976 1977 1978 I')79 1980 I')8l 1982

Alewife
!)pouail shiner
I(ainhow sn)cll
Yello)L'erch
I )o1'll 'perch
llhraler

Ilanded I illifish
lllaek ln)llhcad
llh)ekehin shiner
lllaek crappie
Ilhleknose dace
Ill'leknose shiner
lllnegdl
Ilhnllnosc n)hn)ow
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Ihown Iron)
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( Ieek Lh11h

I:n)crald shiner
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I'reshwaler drnn)
(iitt;nd shad
(iohlen redhorse
(iolden shiner

148,450
20,583
16,294
3.735
3,558

12t)

10

10

29
23
27

49
2

')3

76,099
24,413

5,754
4,536
1,578

225

46
I

51

15

17

47
147
27

13

41,738
19,814
3,109
4,334

905
49

2t)
15

9
5')
54
50

193

136,743
14,116

1,265
2 498
I 955

107

I
90

ti

13

35
25
3')

51

55,979
22,568

1,455
3.379

s')7

9
I60

12
IP

27

I
104

9
I

39,453
36,601

9,521
1,576
3,088

39')

I

162

5

5

337
70
36

10

I

106

142,173
27,820

5,276
4,65')
1,730
2,988

60
5

I
8

332
65
71

2

159

3

16,450
32,839
12,443
12,770

122

2,861

182
13
28

53

26,486
22,631
14,250
25,850

I,608
9,912

I
I

II
I

I

3
6

20
47

8
48

19

I

82

8,237
12,845
7,837

!7,635
280

1,461

3

2

9
25

3

84
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(lice« soll fish
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lV;>i(eye
KVhllc erllpplc
IVI>i(e ilicker

1973

207

If)2
2
I

41

73
If)
19

30

86
2

79

174

f)

293

125
I

I

43
9>)

24
16

272

142

I

I

85

I

18

')4

2f)
6)

I

I

15

I

III

104

I

37
6
I

27
40

14

19

85
I

423

187

60
IP)

3
7

I

I

30

401

I

I

286
9

26
71

21

I

14

I
233

I

164
7

6
98

6
8

14

7
4

10

128

I')8

121

14

34
47
15

8

10

I

55

151

105
7

70
7

2
I

18

I

Z7
I

.1

74
I

92

176
5
2

2
50
10

2
I

6

12

8
5

199

12f) 173 118
I

I I.'I 131 169

1974 1975 197(i 1977 1978 1979 1980 1981 1982

'z
O

O

'z
Cn

I iii:ilniiinber 193,899 144,075 70 ')92 157,f)00 88,360 93,339 18f),241 81,451 101 596 4') f)24
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FIGURE 5. Yearly geometric mean number of aleivives caught by
standard series tra1vling, gillnetting, and seinine in the study areas of
southeasrern Lake michigan. The Cook Plant began operation in
1975.

mortality (see Xiansfield et al. l985). These species are three of the most abundant
and mobile forage species in the lake. Thus, immigrations from other areas could
obscure any. depletion in numbers caused by local mortality.

Spottail shiner, trout-perch, and yellow perch abundance (Figs. 8, 9, l0) changed
significantly; there'fore, ive assumed they ivere affected by the popover plant. None of
these effects was massive because for each species, only one of the three fishing gear
detected a sienificant or consistent difference. Traivl catches of spot tail shiner and
trout-perch inhere significantly smaller in the Cook Plant area than at KVarren Dunes
in operational years: eill net catches ivere also smaller but the differences were not
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FIGURE 6. Annual catches of bloarer and rainbou'tnelr in the
srudt'reas of southeastern Lai;e .tlichiean. The Cook Plant began
operation in 1975.

significant. Because considerable numbers of both species were impinged, it is pre-
sumed that plant-induced mortality depressed their abundance in the Cook Plant
area.

Results for yellow'erch inhere ambiguous regarding a plant effect. During .: of the
,last 4 years of the study. trawl catches mere significantly larger at ~~'arren Dunes
than at the Cook Plant. Gill net catches +ere larger at 4Varren Dunes than at the
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FIGURE 7. Yearly geonlerric nrean number of rainbow smelr
caughr by srandard series rrauling and seining in rhe srudv areas of
sourheasrern Ial'e Michigan. The Cook Planr began operarion in
I975.

Cook Plant. Gill net catches ivere larger at ~Varren Dunes during 1981 and 1982, but
larger at the Cool Plant during the other operational years. Because many yellovv
perch ivere impinged. especially in 1981-1982, these findings suggest that impinge-
ment mortality is depressing the abundance of this species, but only in recent years.
Attraction of predominantly large yellow perch () age 1) to the plant's riprap and
underwater structures vvas indicated from diver observations (Dorr and Jude 1986,
Dorr and Xliiler 19 .'. Dorr and Jude 1980) and from personal observations of
fishermen at the plant site. lt divas presumed that yellovv perch concentrated in the
area because it provided I'ood (crayfish, other invertebrates. and forage fish).
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FIGURE 8. Yearly geotnetric nrean nutnber of spot/ail shiners
caught by standard series tran line, gillneuing, and seining in the study
areas of southeastern Lake .tlt'chigan. The Cook Plan( began opera-
tion in I975.

spaivning substrate. and shelter from storm. driven currents and ivaves. The lack of
consistent trends in field catches confounded the substantiation of these effects.
.Furler. the combination of yellow perch being attracted to the plant site. thus
.increasing their abundance, nith impingement mortality decreasing their abun-
dance, may prevent determination of plant impact stri'tly using field catches.
. %1adenjian et al. (19S6) performed extensive statistical tests on Cook Plant catch
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data for yellow perch and aleivife, examining trends in the catches for evidence of
povver plant impact. They also compared the utilityof ANOVAversus intervention
analysis to detect significant catch differences betvveen study areas for these tvvo

species. No significant povver plant impacts vvere found except for gillnetted yelloiv
perch adults. The AYOVAindicated that there Ivas a significant decrease in abun-
dance of yellovv perch at the plant-discharge transect relative to the reference tran-
sect as plant operation began. This established a plant effect vvhere intervemion
analysis shoived no change. Hoivever, vvhen April-Slay catches (momhs of loiv
abundance) vvere deleted. this plant effect vvas insignificant.!Iladenjian et al. con-
cluded that impact assessmem ba:ed only on AYOVA can result in detection ot'
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impact when actually there was no effect (type I error) when observations are
serially correlated (lack independence).

Cornnton anrl rare specr'es-Ot I common species. catches of common carp.
gizzard shad. johnny darter. lake trout: longnose sucker. slimy sculpin. and iihite
sucker were significantly difierem between the study areas. presumably because of
the power plant. In addition. brown trout and longnose dace shoved trends in catch



GLRD Publ. Ho. 22/Cook i'4uclear Sans Serif (8c-3)

318 D. C. COOK NUCLEAR PLANT IiIPACT

attributable to plant effects. Brown trout, common carp, and gizzard shad were
attracted to the discharge plumes presumably because of the warm water and
entrained food organisms. Brown trout may have been attracted to crayfish and
forage fish which were abundant on the riprap. Johnny darters, lake trout, and
slimy sculpins were attracted to the plant's riprap because it provides shelter, spawn-
ing substrate. and food organisms. Longnose suckers and white suckers were signifi-
cantly more abundant at ~Varren Dunes during all 10 study years. Studies at other
Lake Michigan power plants (KVEPC and WXIPC 1975, Brazo and Liston 1979,
Jude et al. 1981) also indicated lesser abundance of these species at plant sites
compared to reference sites. Suckers may avoid plant sites because of dredging
during construction and discharges during operation. Longnose dace prefer gravel-
rock substrates rather than sandy substrates (Brazo et al. 1978) and presumably were
attracted to the gravel and construction debris left at the south end of the Cook
Plant site.

Forty-one species were categorized as rare in the study area. Ten of these species
shovved distinct trends in catch which vve attributed to plant effects. Larger catches
of channel catfish, emerald shiner, mottled sculpin, and northern pike at the Cook
Plant vvere attributed to an attraction to the plant's riprap and underwater structures
for shelter and food. Larger catches of golden redhorse, quillback, shorthead
redhorse, and silver redhorse during operational years at the Cook Plant were
attributed to an attraction to entrained food organisms in the discharges. Lake
whitefish and sand shiner catches were greater at ~Varren Dunes, possibly because
these species avoid the discharge plumes and their effects.

In summary, the abundance or distribution of 22 out of a total of 59 fish species
divas altered by the physical structure of the Cook Plant or its operation. These
alterations varied from a minor change in distribution (for example, the apparent
attraction of a feiv redhorse suckers to the plant's discharges) to decreases in spottail
shiner, trout-perch. and yellow perch abundances at the plant site. The consequences
of these changes to the lake's fish populations ivere not resolved and may be impos-
sible to determine. For example, the plant's riprap attracted fish, thereby increasing
their vulnerability to entrapment mortality, consequently diminishing abundance

ot'ome

species. On the other hand, the riprap provided spawning substrate and food
organisms vvhich enhanced growth, reproduction, and survival of some species.
Community structure may be only locally altered, vvith no important effect on the
lake as a ivhole. In addition, the ability of the lake's fish populations to compensate
for local abundance declines is unknown, and depends on the species, geographical
area. and population density. For more information on compensation, the available
literature is discussed and synthesized by 3 Iansfield et al. (1985).

linpingemenr

During the first 8 years of plant operation, 1975-1982, the number of fish
impinged annually at the Cook Plant ranged from 53.190 fish in 1977 to ',307,654
fish in 1980 (Table 5; Thurber and Jude 1984, 1985). Both reactor units vvere
operational by 1978, though maximum cooling ivater floe vvas not sustained for
extended periods until 1980. From 1980 through 1982, the period of consistent two-
unit operation, the minimum number of fish impinged annually (913,768) was four
times the maximum number of fish impinged annually (2'4,736) during 3 years of
one unit operation.

During the same 8-year period, annual total iveight of impinged fish ranged from

~ s y .' ~ '
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1,833 kg in 1977 to 71,209 kg in 1980 (Table 5). Generally, yearly differences in total
iveight of impinged fish paralleled yearly differences in total number of impinged
fish, except in 1981 ~.hen iveight divas loiv compared to number of fish impinged.
This discrepancy occurred because exceptionally low numbers of adult and large
numbers of yearling alewives were impinged in 1981.

Alewife was the most abundant species in impingement samples, making up from
39~so (1978) to 891o (1982) of the total number of fish impinged annually. Percent
contribution, by number, that each species made to each year's total ivas averaged
for 1975-1982; alewife comprised 68eo of the total. Following in order of abun-
dance ivere spottail shiner (IOtto), yellovv perch (9'), trout-perch (5q'o), rainbow
smelt (4'), and slimy sculpin (2e'o). This distribution was slightly different ivhen
contribution by weight to total biomass impinged annually was averaged for each
species. Alewife still contributed the most, averaging 64~o of total biomass. Follow-
ing in order of their comribution ivere yellow perch (I4<io), lake trout (7~o), spottail
shiner (4~io), trout-perch (2eo). and longnose sucker (I.5<io). The disproportionate
contribution of lake trout and longnose sucker to total biomass, compared with the
relatively low numbers of those species impinged, was due to generally large (pri-
marily adult) fish being impinged.

Less abundant species made up the remaining 2e'o by number and 7.54o by weight
of impinged fish (Table 5). Over 8 years. 61 species ivere impinged at the Cook
Plant. Of these, 19 species ivere impinged during only I or 2 years and can be
considered rare in the area. Fourteen species ivere impinged (Table 5) but v ere never
collected in field samples (Table 4), and 12 species were collected in the field but
ivere never impinged.

ln 1975, 1980. and 1982, alewives dominated impingement collections (over 78<o
by number and oier 81'y iveight of fish) to a larger extent than in other years.
During these years exceptionally large numbers of adult alewives were impinged in
Apriland ~Iay, ivhen the plant divas operating continuously at full capacity (Table 6).
Coincidental ivith full capacity operation divas a pattern of nearshore ivarming (ther-
mal bar) which resulted in a sharply defined and relatively narrow band of ivater
close to shore being several degrees iiarmer than offshore ivater. Under these condi-
tions, alewives concentrated inshore and vvere impinged in large numbers. while
other species evidently did not concentrate as densely as alewives ivithin this narrow
band of ivarm ivater.

Species Composition-

Species composition of impinged fish remained similar from year-to-year, but
most species showed a large annual variation in numbers impinged and in percent
contribution to total number or iveight. There was no clear trends, and most varia-
tion could be attributed to annual differences in year class strength. differences in
iveather phenomena that might contribute to impingement, and differences in cool-
ing ivater flovv during periods iihen each species was most abundant in the inshore
area.

There were minor exceptions to the "no trend" pattern. Trout-perch comprised a
lesser proportion of the fish impinged after both units became operational in 1978.
dropping from an average 2.4~o by number and 7.3"o by iveight (1975-19771. to
0.59o by number and I..:<o by neight (1980-1982). Divers did not observe large

~ aggregations of trout-perch around the intake structures (Dorr and Jude 1986). and
impingement patterns suggested that trout.per'h «ere not attracted to the intakes
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(Thurber and Jude l984). In addition, field catches (Jude and Tesar 1985) sho«ed a

decline occurred in catches of trout-perch in 19S2 «hen collections were down by
13~io compared with the 1973-1982 mean. A concomitant increase in yello«'erch
populations, a known predator of trout-perch, may be responsible for the decline we

observed in both impingement and field collections.
Slimv sculpin averaged 4o7o by number and 0.8~io by weight of total fish impinged

annually during 1975-1977, and averaeed 0.Coo by number and 0.2oo by weight
during 1980 through 1982. At the depth of the intake structure (9 m), sculpins reside
almost exclusively on the riprap and are seldom observed on the surrounding sandy
plain (Dorr and Jude 1980). Thus, compared to other species, there is a very limited
population susceptible to impingement.

During 1975-1979 (one unit operation), an average of 160 salmonids was

impinged annually. An average of over 1,000 salmonids was impinged annually
during 1980-1982 (Table 5). In 1975-1979 and 1981, most salmonids impinged «ere
adult and juvenile lake trout (5)7 fish in 19SI), but in 1980 and l982, the most
abundant salmonids «ere juvenile chinook salmon (probably ne« ly planted-875
fish in 1980) and adult coho (530 fish in 1982).

Seasonal Changes in Impingement Rates-

Number of fish impinged per month at the Cook Plant varied seasonally (Thurber
and Jude 1985).!vlost fish «ere impinged during April through October; fe«'ere
impinged during «inter. Each year «as characterized by a month of peak impinge-
ment during June or July, and often another (usually secondary) peak in spring
(April-May) or fall (September-November). During sprine, many fish may be

impinged as they move shore«ard seeking warm «ater. High iish impingement rates
during this time may result from increased activity and movement of fish and hieh

'ensitiesof fish inshore. particularly «hen a «ell defined and persistent thermal bar
occurs «hich may effectively confine large nutnbers of fish to a narro«band of
«arm water close to shore.

In June and July, impingement losses may be quite high as fish move shore«ard to
spa«'n. Among the more abundant species, ale«ife, spottail shiner, yello«perch.
and trout-perch spa«n during these months. Autumn impingement losses may be
attributed to increased movement of fish as the «ater becomes isothermal and fish
move offshore toward deeper water. In addition, impingement of large numbers of
young-of-the-year fish occurs when they attain a size «hich can be retained by
traveling screens.

Species composition of impingement losses also changed seasonally (Figs. 11-16).
This was particularly notable for ale«ives. «hich comprised over 80oo of spring
losses. nearly 60oo of summer losses, about 25oo of fail losses, and about S"o of
«'nter losses. The largest component of autumn impineement losses «as youne-of-
the-year and yearling yello«perch; trout-perch also contributed to losses. Though
«'nter impineement losses «ere Io«', spottail shiner. yello«'erch, and

rainbo«'melt

«'ere all impinged frequently; evidemly these species remain or forage near-
shore during «inter.

The biology of individual species is an important factor determinine seasonal
patterns in impingement rates. Ale«iie preierence for «arm «ater accounts ior their
concentration inshore. Peak impineement oi ale«lies occurred durine June or July.
when ale«'ives concentrated inshore to spa«n. In late summer or autumn there «'s
an increase in impingement of young-nf.-the-year ale«lies. «hich by thi! time «ere



GLRD Pubh,'~o. 22/Cook Nuclear Sans Serif (Sc-3)

324 D. C. COOK iL'CLEAR PLAiT titPACT

G+ gi +e+ .g+ + ~G
q+

0 @0

Qo S~ ~ qo ~+

9 8 El 8
't)IOO
I

1
(t

I 0
I —,80

hJ
I O
g60
2j
0

I

,'Q
: +40
1 LtJ)
,'~120
, K

}au

1v

F u

h

l975 l976 l977 I978 I979 l980 l98 I l982

FIGURE II. Species con}position of the total nuntber offish itnpinged each tear
during 1975-l982 at the D. C. Cook nuclear P/ant, southeastern Lai'e.}1icltigan.

moving offshore from their nearshore nurseries and ivere large enough ( 50 mm) to
be retained by the traveling screens.

Spot tail shiner preference for shalloiv depths and ivarm ivater (%Veils 1968, Jude et

al. 1979) affected spottail shiner impingement rates. Impingement of spottail shiners
increased in %larch and April as spot tail shiners moved shoreward seeking ivarmer,
nearshore ivater. Except ior 19SO and 1981, impingement ot spottail shiners during
~lay and June gas loiv: iield data indicated spottail shiners ivere mostly inshore

ot'he

intake depth (9 m) (Tesar et al. 1989). Peak spaivning for spottail shiners occurs



GLRD Publ. No. 22/Cook Nuclear Sans Serif (Sc-3)

FISH I!NIPACT 325

(~() IOO

~+
e+

o+ .e~ p
4 ~s p ~e- 0

El 8 G 0 8 0

n

80
0~O

~~ 60
O

~40
LLI

20
CL

r
.C

hr

1

cj

,,n<"
,I»

I,')s

I I',t

I975 l976 l977 I978 l979 l980 198I 1982

FIGURE 12. Species composition of rite rota/ nutttber offislt itnpinged during
spring Ofarclt, .April, .tlat7 l975-1982 at the D. C. Cool'uclear Plant, southeast-
ern Lal'e.tlichigan. Spring ivas defined as months of steadily rising u'ater tentpera-
lure.

in July (Jude et al. I979). and they also begin their post-spaivning migration from
the area this month-. Laree late summer impingement of spot'ail shiners during
I97S-l980 tvas probably due to increased activity and offshore motement during
these months. impingement of spottail shiners in October divas attributed to offshore
migration of adults and, in l9..'-l977. of young-of-the-year. iihich by this time
inhere large enoueh to be retained on the traveling screens. A fee spottail shiners
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remained inshore all ivinter. 6'ith a feiv exceptions, ivinter impingement rates
seemed dependent on ivater temperature, increasing vvhen temperature in the area
rose to 3'C or above. Besides ivater temperature, ivinter impingement of spottail
shiners divas probably at'fected by attraction to the plume. iiinter storms. and ice
cover.

Impingement ot trout-perch began to increase in April and peaked in June and
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July. In June, trout. perch move inshore for spavvning, vvhich continues throughout
summer. Impingement of trout-perch durine summer vvas spotty, and appeared to
coincide ivith upNellines or storms. During most years. impingement losses tapered
off during late summer and rose again in September or October as trout-perch
rnierated offshore. A fee'rout-perch»ere impineed during ivinter.

lmpineement ot ielloiv perch.divas usually loiv in %larch and April, as inshore
ivater temperatures ivarmed in.sprine. Peak impineement of yelloN perch occurred
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during June through September. except for l975. ~lid-to-late summer abundance of
yellow perch in impingement samples evidently reflected post-spaivning mieration
into the Cook Plant area from other areas of the )ake (Jude et al. l9 9. Dorr l982).
There divas some evidence that impingement of yellow perch during summer
increased sharply after storms. Young.oi-the-year yellow perch ivere first impinged
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in September and continued to be impinged during fall and «inter, some apparently
remaining inshore through the cold months.

Impingement of rainbo«smelt usually peaked during sprine. most often during
April and ~lay. During these months. rainbo«smelt migrate inshore to spa«'n (Jude
et al. 1979). Because adult rainbo«smelt prefer cold «'ater (~~'elis I968. Jude et al.
I979). they moi'e offshore during months.«hen the inshore «aters «'arm. Irnpinge-
ment of rainbo«smelt during!ummer usually occurred «hen cold. up«elled «ater
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moved shoreward, as in 1978 through 1981 when large numbers of rainbovv smelt
were impinged during summer. Young-of-the-year rainboiv smelt ivere impinged in
September and October.

Year-class strength, vvhich may be related to yearly differences in water tempera-
ture during spawning and egg incubation, is another factor determining the magni-
tude of impingement loss for certain fish species. A strong year-class of alevvives was
reflected in large numbers ol'oung-of-the-year impinged in fall 1979 and yearlings
in spring 1980. Large impingement losses of yearling spottail shiners in 1978, 1980,
and 1981 reflected strong year classes from each preceding year. Young-of-the-year
and yearling yellow perch produced in 1979 and 1980 were impinged in large num-
bers in 1980. And a strong 1980 year-class of rainbow smelt contributed to impinge-
ment losses in 1981 and 1982.

6'hile plant operation clearly affects impingement rates, number of fish impinged
may be equally determined by abundance of fish in the nearshore zone and their rate
of mov'ement past the intake structure. Abundance and movement of fish, in turn,
are often determined by changes. either gradual or abrupt, in ivater temperature.

One of the most dramatic consequences of changing ivater temperature can occur
in the spring as inshore vvater begins to ivarm, usually at a faster rate than offshore
ivater. Fish. especially alewives, tend to concentrate inshore, seeking the warmest
vvater available. IVhere ivarm inshore ivater )O'C and cold offshore ivater (O'C
meet, they mix until they reach O'C (temperature of maximum density). then sink.
This boundary zone of mixing and sinking vvater is called a "thermal bar." Inshore
water is usually stratified, and offshore ivater homogeneous. Color differences
(increased turbidity) and increased ph>zoplankton density separate inshore and off-
shore zones (Huang 1969). The thermal bar vvhich usually forms in April and
disperses by May, may persist 0-6 weeks. The thermal bar may be as close as 2 km to
shore, and very large concentrations of fish may be "trapped" ivithin a very narrow
band of warm, nutrient-rich water. If the plant is operating at full capacity during
this time, extremely large numbers of fish may be impinged (Fig. 17).

Though several species may be affected, alewives seem the most vulnerable, and
comprise about 80~o of April impingement losses during years vvhen a persistent
thermal bar forms relatively close to shore. ~Vater temperature profiles recorded at
the Cook Plant indicate this condition existed in 1975 (Evans et al. 1978) and 1980.
and possibly 1982. During years when the thermal bar vvas less persistent or formed
farther from shore, alewife impingement losses were less in Apriland usually peaked
in late May or June, when alewives moved inshore to spawn.

V~umber of fish impinged during summer months may be strongly influenced by
upvvellings which occur ivhen a strong offshore ivind bloivs vvarm surface water
offshore, alloiving upwelling of cold. hypolimnetic water into the inshore zone.
Upwelling increases fish activity as species seek their preferred water temperature
(KVells 1968, Emery 1970, Jude et al. 1979). Rainboiv smelt and bloater, ivhich prefer
cold water (KVells 1968; Jude et al. 1979), may accompany cold, upwelled water
inshore. Exceptionally high impingement losses during July 1978 coincided vvith
three periods of strong upivelling (Thurber and Jude 1989). In contrast during
summer 1982, a los frequency of upiveliing (Table 7) may partially explain loiv
impingement losses.

Storms may also increase impingetnent of fish, though they are not necessarily
accompanied by changing ivater temperature. Storms increase fish movement which
seems to increase the vulnerability of fish to entrapment. ~Vater turbidity and ivaie
action may disorient fish making them less able to aioid entering the intake struc-
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ture, and fish have been observed to seek shelter from storms in the lee of an intake
structure (Lifton and Storr 1978). Dorr and Jude (1986), reporting on their diving
observations, often saw fish sNimming in and out of the intake grills during their
fair v cather dives. Velociti at the intake grills is about 0.4 m/s ivhich would alloiv
any healthy juvenile or adult fish to resist this relatively weak current. However,
once fish get deeper into the intake, the pipe constricts, velocity increases dramati-
cally (up to 1.8 m/s-AEC 1973) and all fish. ivith the eiception of a fevv robust
salmonids, are essentially trapped ivithin the Cook Plant intake system. Additional
observations made at the Cook Plant suggested that increased impingement often
followed storms, sometimes ivith a 2- to 4-day lag. In 1980, a storm on I4-15 April
preceded the large impingement catch beginning 16 April. Though high impinge-
ment of fish persisted for 3 weeks, as many as 900.'o of the fish impinged during the
iveek following this 3-week period ivere dead. IVe suspect they died from the journey
into and the stress of overcrowding in the forebay. ivhere they had probably resided
for 2 or 3 weeks prior to being impinged.

The Effect of Local Fish Abundance and Plant Operation on Impingement
Rates-

In general, species of fish most often impinged (Table 5) )vier'e also most abundant
in field catches (Table 4). However, spottail shiners comprised a higher percentage
of field catches (23~o) than of impingement losses (IOoo). Though spottail shiners
ivere locally abundant and ivere most abundant inshore (Tesar et al. 1985), they
apparently were not attracted to the intake structure and even may have avoided the
area. 5(ottled and slimy sculpins ivere impinged in much higher numbers than would
be predicted from field catches. Benda and Gulvas (1976) and our own divers (Dorr
and Jude 1986) observed that sculpins preferentially inhabit the riprap around
intake structures: cryptozoic behavior and nocturnal activity patterns probably
increased their susceptibility to impingement. The inside ot the intake structures was
probably colonized as attractive habitat, and eventually these fish became impinged.

Impingement at any given time was related to the instantaneous abundance oi fish
in the vicinityoi the intake but did not necessarily reflect seasonal or yearly changes
in the inshore abundance of certain species, particularly aleivives. Annual impinge-
ment losses (Table 5) among other abundant species more closely followed t'ield
abundance (Table 4) but often there were I or 2 years ivhen the t~vo were not closely
related. Annual impingement losses (Table 5) of trout-perch during one-unit opera-
tion (1975-1977) and rainbow smelt during two-unit operation (1978-1982) were
inversely related to annual field abundance (Table 4). Differences may have been
partially due to limitations of field sampling, because each gear type only sampled
one 24-hour period each month. but this explanation alone is inadequate. Young-of-
the-year fish ivere often more abundant in field catches than they were in impinge-
ment samples because they were most likely to be inshore of the intakes and because
they were generally too small to be impinged.

Sharp contrasts between impinged losses and field catches occurred during
1980-1982, particularly for aleivives. This species declined dramatically in field
abundance during this time (Table 4; Tesar and Jude 1985. Jude and Tesar 1985) but
continued to be impinged in extremely large numbers (Table 5). Several other species
(yellow perch. slimy sculpin. and rainbow'melt) were more abundant during these
years in both tield catches and impingement losses. Bloaters were relatively abun-
.dant in field catches during 19.8-198". folloiving a t an on commercial gillnetting of
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this species in 1976. Impingement of bloaters svas exceptionally high from 1978 to
1981, but both impingement and field abundance declined in 19S2 (Tables 5, 4).
Field abundance of all species is discussed in detail in Tesar et al. (1985).

Tsvo-unit operation increased cooling water flow rate by more than 200oto over
one-unit operation (TAble 8); fish impingement also increased substantially. ~Vhen
examining impingement rates in terms of one- and two-unit operation, 1977 was
dropped from the comparison because so feiv fish were impinged compared with the
I'irst 2 years (1975-1976) of one-unit operation. This exclusion should contribute to
a more conservative estimate of the differences between one-unit and two-unit
operation. Data from 1978 and 1979 were compared separately from data collected
from 1980 to 1982 because Unit 2 pumping during the initial 2 years seas erratic, and
the full effect of sustained tsvo-unit pumping divas not observed until 1980.

The largest percent increase in impingement losses for spottail shiner, trout-perch.
and rainbow smelt occurred in 197S-1979 svhen compared with losses in 1975-1976
(Table 8). The plant pumping schedule svas erratic and seldom involved more than
three of the seven pumps for any extended period of time during spring and early
summer 1978-1979. However, volume of water pumped during July through
December 1978-1979 was high (Table 6) and impingement losses among species
abundant inshore during these months svere substantial. Both units ivere operating
at nearly full capacity during most of spring arid early summer 1980-1982, with
correspondingly high impingement losses among species normally abundant during
these months, particularly alesvife and yellow perch. M'hen mean values from 1975
to 1976 ivere compared svith values from 1980 to 19S2, there divas a I )4%o increase in
volume of svater pumped and increased impingement losses among major species
ranging from 342oo to 2.721 oo (Table 8). Trout-perch ivere an exception; impinge-
ment losses declined during 1980-19S2 (Table 5) as did.field catches (Table 4; Tesar
et al. 1985, Tesar and Jude 1985, Jude and Tesar 1985).

In summary. the variability among years in impir)gement losses was a function of
abundance of various age-groups of fish in the lake.and their behavior during major

TABLES. A coniparison (in ~o/ bettveen tuo.pe'riods of the change in volirnie of
uater puniped and the change in the nuniber offish intpinged annually at the D. C.
Cool'uclear Plant. Contparisons are ainong years of one-unit operation
(1975-19761, years when itvo units operated sporadically (1978-1979), and Jears of
fiillt u o-unit operation (1980-19821. The year, 1977 was not included because volume
puinped was eicceptionally lotv and not t'onsidered characteristic offiillone-unit
operation. See Tlnirber and Jude (198<1 forfiillevplanation.

Years Compared

Parameter
Compared

Vo)ume of ivater pumped

x)major 1'ish species impinged
AleN lle
Spot tail shiner
Yel)ou perch
Trout. perch
Rainbow smelt

1975 19-.6

to 197S-1979

S7

I )4
tt)3

I."6

197S-)979
to 19SO-)9S2

15

1975-)976
to

19SO-19S'.)O3

Q
I
I
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physical events (thermal bar, storms, strong current). A second important factor was
pumping rate, and ivhether maximum pumping rates occurred during certain key
tnonths when fish were particularly susceptible to impingement. In addition, during
the early 1980s alewives declined dramatically in Lake Iviichigan, ivith several species
(yellow perch, rainbow smelt, bloater) increasing in response to the decline (Jude
and Tesar 1985). However, alewives stilt comprised a high percentage of the losses in
1980-1982, which is partially related to high pumping rates in the spring and persist-
ence of the thermal bar. %lore recent data from 1983-1986 ivhich were collected by
power plant personnel suggest that aleivives noiv comprise a substantially lower
percentage of the loss. As yellow perch, rainboiv smelt. and bloaters have increased
in abundance in Lake ~Iichigan, they have also been impinged in higher numbers.
Biology and behavior ivere important determinants of the susceptibility of individ-
ual species to impingement. Seasonal and diel movements because of spaivning and
feeding, and in response to temperature, brought different species at different times
into the influence of the intakes. Any factors which decreased the avoidance capa-
bilities of fish, such as darkness, storms, or high currents, caused increased impinge-
ment of species in the vicinity of the intakes. Aleivives were particulari} susceptible
as they moved shoreward in spring and concentrated within the thermal bar seeking
ivarm ivater. Persistence of the bar led to impingement of large numbers of aleivives
and other species each spring. The preference of spot tail shiners for nearshore areas
reduced their impingement susceptibility, while other species, such as sculpins and
johnny darters, preferred the riprap around the intakes and ivere impinged in large
numbers as a consequence. Upivellings resulted in the movement nearshore of cold
ivater species such as lake trout, bloaters, and rainboiv smelt. Then impingement
losses during summer appeared to be directly related to upivelling frequencv.

impingement Impact and Xlitigation-

Data from 1980-1982 indicated that full tivo-unit operation can result in
extremely large numbers of fish being impinged in a short period of time. In !980.
over I million fish (mostly aleivives) ivere impinged during a 3-iveek period of two-
unit operation in April and ~Iay. The Zion Yuclear Popover Plant in illinois (Lake
Michigan) also impinged large numbers of aleivives during 3 Iay 1975 (I'itchel 1975).
Large impingement losses may impact local abundance of affected species, espe-
cially in combination with total impingement losses ivithin the southern basin of
Lake!v(ichigan. Based on 1975 data, Jensen et al. (1982) estimated that ivater
ivithdraival through all intakes on Lake ~lichigan reduced aieivife biomass by nearly
3<o..'viany fish impinged at the Cook Plant during peak periods in 19"8 through
1982 were young-of-the-year or yearlings )vhich had not spaivned. Losses among
young fish might be particularly detrimental to populations (Rago 1979).

Calculation of production forgone due to entrainment and impingement ot'arval
and adult fish at the Cook Plant (Rago 1979) illustrated that most production
forgone resulted from losses among post-larvae through yearlings. Through 1981.
over 800o of the aleivife production forgone divas attributable to entrainment (Rago
1983); however. impingement of young-of-the-year and yearlings contributed signif-
icantly to rainbow smelt losses and dominated yellow perch production forgone
(Rago 1979). Ifaleivives continue to decline in abundance and are replaced by other
species such as yelloiv perch (Jude and Tesar 1985). impingement may be:ome
increasingly imp'ortant to total production forgone of yellow perch. There is some
evidence that this population trend is occurring. as feiv aleniies but many rainbon
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smelt «ere impinged during 1983 and 1984, and yello«perch were very abundant in
gill nets set at Cook Plant stations (E. XIallen, personal communication, D. C. Cook
Nuclear Plant, Bridgman, Michigan) and in beach seine catches in September 1984
and July-August 1986. Jensen et al. (1982) felt that fish biomass lost due to
impingement on Lake Michigan had more impact on Lake Michigan stocks of
abundant species than did entrainment of fish larvae.

Several structural or functional modifications of the intake system might reduce
or eliminate impingement and even entrainment of fish. Engineering and economic
constraints of most of these alternatives «'ere discussed at length in IMPC (1979).
Bimber et al. (1984) discussed the effectiveness of several alternatives in reducing
entrainment.

Perhaps the most favored system of those examined «as use of fine-mesh, wedge-
«ire screens. Intakes of this type currently installed at the J. H. Campbell Plant
(Lake XIichigan. near Grand Haven. ~fichigan) eliminated impingement but had
only a small effect on reducing entrainment (Jude et al. 1982). The suitability of
similar technology for a plant with cooling «ater requirements as large as those of
the Cook Plant is still unproven.

A barrier net which surrounds the intake structure and prevents fish entrapment
«as used «'1th apparent success at Zion Station, Lake IIichigan (Kitchel 1975). The
51-mm stretch mesh net «as installed during April-November and appeared to have
been effective "at reducing impingement of adult ale«ives. A fine-mesh net placed
around the intake at Ontario Hydro helped reduce impingement losses 64-84~so at
their Nanticoke plant on Lake Erie (Foster 1981). The net «as not size selective but
«'s species selective, deterring emerald shiner, rock bass, spottail shiner, trout-
perch. «'ite bass (.t1orone chrJsops). and yello«perch more effectively than ale-
riife and some other species. Barrier nets may be vulnerable to «ave action and ice
scour. but this «ould not be a problem if nets «ere deployed seasonally. Use of a
barrier net may be a possibility for the Cook Plant, but a feasibility study would be
necessary.

Other possibilities for alleviating impingement losses include operational strate-
gies «'hich «'ould require no structural changes to the intake. The most effective
approach «ould be to curtail volume of water pumped through the plant or schedule
refueling of the plant during months of maximum impingement. Over 800o of all
fish «ere impinged from April through July, though most young-of-the-year «'ere
impinged from August through October. During t«o-unit operation (1978-1982), an
average 54<"o of annual impingement losses occurred during a I-month period.
XIaximum losses usually occurred in June, «'hile the second-largest losses usually
occurred in May. Reduction in the volume of «ater pumped through the plant
during XIay-July should resuh in impingement of less biomass, «hile reductions
during September and October should result in fe«er young-of-the-year impinged.
Reduced cooling «ater use could be achieved by scheduling refueling and mainte-
nance during these months. Reducing cooling «ater use «'ithout reducing plant
operation «ould result in a 3 exceeding the maximum of 12.1C= for Unit I or

9.3C'or

I.'nit 2 specified by Nuclear Regulatory Commission environmental technical
specifications. Ho«ever, analyses of plume effects (I'elso and %firms 1975, IXIPC
19 ) indicate that "from a biological iie«point. some kind ot'compromise might be
possible regarding this issue.

Reducing flo«'t night might also reduce impingement. Though «e made no diel
studies. there is some evidence from other plants that more fish are impinged at
night than during the day (Benda and Houtcnoper 19"6). KVe hai e also documented
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that significantly more fish larvae are entrained at night than during daylight (Jud«
et al. 1982, iNoeuchi et al. 19S5).

Production Forgone

Survival rates for pro- and post-larvae derived from our produ'ction forgone
analyses were far higher than those given in the literature and those recently gener-
ated by Mansfield and Jude (1986). These survival rates vvere used so that logical
consistency vvas maintained and arbitrary decisions were avoided. This resulted in an
overestimation of production forgone. The severe upward bias caused by using these
survival rates should be recognized. %(any assumptions about the state of nature are
required for the estimation of production forgone. The most critical and question-
able assumptions are that system productivity decreases in response to removal of
fish by the power plant and no feedback mechanisms operate (Rago 1984).

Estimated production forgone for alewives ranged from 0.4 kg in 1973 to
327,964 kg in 1976. Production loss estimates for 1974 and 1975 vvere 322,406 and
186,024 kg, respectively. Over 950'0 of the production lost was attributable to
entrainment of pro- and post-larvae.

Estimates of production forgone for spottail shiner for 1973 through 1976 vvere
0.77, 165.5, 6.011, and 1,736 kg, respectively. ~lost. production losses vvere attribut-
able to entrainment of larval fish. From a los of 0.2 kg in 1973, production losses
for rainbovv smelt peaked in 1974 at 17,358 J'g and then decreased to 4,617'kg in
1975 and 78.3 kg in 1976. The main reason for the 1974-1976 decline was the
absence of extensive spaivning by rainbovv smelt in the vicinity of the Cook Plant.
%lost losses vvere due to entrainment in 1974-75 and impingement in 1976.

Yellovv perch production losses were largely due to impingement ot young-of-the-
year and yearling fishes. Very feiv larval yellow perch vvere found in the vicinity of
the Cook Plant. Estimated production losses for years 1973 through 1976 vvere IS,
64. I,647, and I.S12 kg, respectively.

Sensitivity analyses were used to identify critical parameters and initial conditions
in the production forgone model (Rago 1984). In general, the model was most
sensitive to parameters and initial conditions which vvere the most difficult to esti-
mate and about ivhich ive had the least confidence (mortality rates for pro-larvae,
post-larvae, and young-of-the-year).

Most responses of estimated production lost were linear vvith respect to the
parameter varied. As a result, empirical sensitivity coefficients, defined as the slope
of the estimated production lost with respect to the parameter. were used to charac-
terize the system. The apparent linearity of the production fun«tion seemed to hold
over a broad range of most parameters examined.

Comparisons of estimated production forgone with respect to commercial catch
statistics indicated that these losses constituted a negligible fraction of the annual
yield from Lake Michigan for each species. Alevvife losses ranged from 1.2 to 1.8<0
of the annual yield during 1974-1976. Rainbow smelt losses ivere estimated to be
from a negligible I'raction up to 2.2~o in the same period. Yellovv perch losses ivere
negligible compared to the annual commercial yields. Average total value of losses
vvas about S10,500/year. Due to limited access to the fishery and exogenous factors.
the annual yields ivere not considered to be representative of actual stock biomasses
vvhi«h ivere unknown.

Several factors should be considered to put these results in perspective. Model
results are subject to considerable error due to possible model:pe«itication errors.
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parameter estimation errors, and natural variability. The richness and complexity of
nature result in considerable difficulty in the development ol'redictive models. A
generally accepted paradigm regarding population response to exploitation does not

.'exist„and even processes acting ivithin simple microcosms have been difficult to
identify.'ishery population dynamics cannot be dissociated from ecosystem
dyna'mtcs because population stability may be due to community dynamics rather
than single species characteristics.

Ability of fish populations to respond to changes in density is universally
accepted, but the mechanisms of these responses are difficult to identify(Goodyear
1977). Many different processes tend to interact to produce compensatory responses
in fish populations. %While it is dangerous to assume that compensation acts over all
ranges of population densities, the overwhelming body of evidence suggests that,
natural populations can ivithstand exploitation rates of about 20~io (Mansfield et al.
1985). Numerous other factors cause changes in populations of indigenous species
and must be considered. These are broadly classified as environmental stressors,
natural abiotic factors, species fluxes, and commercial and sport harvests.

Special Studies

Alewife Survival During the First Growth Season-

Early survival of fishes may determine year-class strength and can be used to
predict recruitment. The importance of alewife in the Lake Michigan ecosystem and
its ability to recover quickly from catastrophic mortalities lend importance to esti-
mating its early survival. An empirical measure of alewife survival ivould also be
useful I'r production forgone calculations.

~Ve used densities of various sizes of alewife larvae and young-of-the-year ale-
ivives collected in trails to calculate survival during their first season of life (~ians-
field and.Jude 19S6). Because of the vvidespread inshore, pelagic distribution of
alewife larvae, and the offshore movement along the bottom by young-of-the-year
during fall (IVells 1968, Brown 1972), data representative of the true abundance of
alewife ivere obtained from plankton net tous, entrainment samples, and bottom
trails at 6- and 9-m stations.

Calculated seasonal survival rates fluctuated among years (Table 9). During
1974-1976 and 1979-19S2. using either entrainment or field data, calculated survival
from yolk-sac larvae (2-5 mm) to young-of-the-year vvas aivvays beioiv 2o o. During 2

years, 1977 and 1978, fish larvae densities in both field and entrainment collections
vvere low and young-of-the-year densities ivere high relative to other years, resulting
in improbably high survival rates (Table 9). Mean densities of 2-5-mm larvae over
all years ivere similar between field and entrainment samples, 1,720 and I.S10
larvae/1,000 m', respectively. resulting in similar calculated survival rates over the
entire study, about 1oo from yolk-sac larvae to young-of-the-year (Table 9).

Highest daily mortality (2 "o) divas found for entrained larvae vvhich passed trom
the 2- to <-mm group to the 5.5- to 10-mm group (Table 10). Xiortalitydeclined over
time; subsequent daily mortalities ivere S. 4. 2, and 2oo between size groups of
5.5-10, 10.5-15, 15.<-20. and 20.5-25 mm to young-of-the-year.

Yearly mean densities and survival of alewife <vere not good predictors of year-
class strength. Spring travel catches of yearling alewife bore no relationship (Spear-
man rank correlations (0.<) ivith larvae or young-of-the-year densities the pre<ious
year. Yearling alen'lies tend to inhabit rnidiiater more than young-ni-the-)ear
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TABLE/0. Percent dui% monalitt calculated from mean alewife densities over all
year, 1975-1982 (entrained larvaet and 1974-1982 (field-cough( larvae). Design 1

used time intervals corresponding to peak occurence offish larvae in each length
interval in our satnples. Design 11 time intervals tvere calculated from laboratory-
derived alewifegrotvth rates(Heinrich 1981). YOY = voung-of-the-vear. )AC = not
calculated.

Length
Interval (mm) Design I Design II

Entrained Larvae

Design I Design II

Field-caught Larvae

2-5 to 5.5-10
5.5-10 to 10.5-15
10.5-15 to 15.5-20
)5.5-20 to 20.5-25
25.5-25 to YOY

2-5 to 5.5-25
5.5-25 to YOY

2-5 to YOY

11.7
19.5
3,5
1.2

5

C
~ I

5,1

5 3

3

8.3
$ .0
1.7
2,1

12.7

5 3

4C
>~C

YC
NC
NC

3.1
5 7

5.0

NC
NC
NC
.IC
NC

6A
4.8

5.0

(Brown 19I2). makine bottom trails unreliable estimators of yearling abundance
and probably partly accountine for lack of correlation.

Variation in yearly survival estimates may be due to either true survival differ-
ences or incorrect assumptions. Alewife survival is certainly not the same each year,
as temperature, food availability. abundance of predators, and other conditions
fluctuate irregularly and affect alewife survival. The hieh survivals calculated for
1977 and 1978 may be attributed to the sampline schedule missing times of peak
lanai fish abundance. or spaivning and hatchine taking place outside the study area
and juveniles moving into the area later (young-of-the-year collected by traivl).

During 1979, a year of frequent and prolonged upiveliing of cold ivater in eastern
Lake XIichigan, relatively feN alewife larvae ) 5 mm ivere collected from I- to 15-m
depths, compared to fish larvae sampled during years vvhen upvvelling seldom
occurred (Heufelder et al. 1982). Upivelling may result in increased mortality to
larvae or may displace larvae from the inshore zone (Heufelder et al. 1982). Thus
differences in calculated survivals of post-yolk-sac larvae from year to year may be
due to actual mortality differences or to changes in distribution of older larvae from
eater mass movement. Yolk-sac larvae densities also nIay be depressed by direct
mortality from upivellings or by transport from the area through iiater mass move-
ments. However, occurrence of neivly hatched larvae vvas prolonged into September
during 1979. a year of frequent and intense upneliings (Heufelder et al. 1982),
possibly compensating for decreased densities (greater mortality or transport) by
increased duration of occurrence (longer spaivning season). Thus. yolk-sac larvae to
young-of-the. year survival rates are apt to be less, variable than post-yolk-sac larvae
to young-ot-the. year survival rates.

The "cri'.ical period- h) pothesi.'. that;he transition from ) olk-sac larva to eioge-
nous I'eedine is a time of high mortality (Hjort 1914. %lay! 9 4). is supported by our
data. Survival I'rom yolk-sac larva to post-yolk-sac larva was much louver than post-
yolk-sac to young-of-the year. Suriiial curves for iarious herrine differ regarding
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the presence and timing of a critical period (Dahlberg 1979). The daily mortality
rates we calculated for ale<vife <vere similar to those of some other Clupcidae. Our
daily mortality rates (Table 10) <vere similar to those found by Crecco et al. (1983)
for American shad (Alosa sapidissinta): 19.8-25.6~o mortality per day for first-
feeding American shad larvae. 4.3-8.7<o for larvae approaching metamorphosis,
and 1.8-2.0'Vo for juveniles. Other species'aily mortalities <vere often 20-30~io per
day during early stages or just after yolk absorption (Stevenson 1962; Houde 1977a,
1977b, 1977c; Schnack 1981). These mortality rates provide valid data for use in
evaluating the production forgone calculations vvhich used estimates for mortality
since none <vere available. As indicated above, they agreed well vvith mortality
estimates for other Clupeidae.

Comparative Efficiency of Nets and Pumps-

Pumps and nets often differ in efficiency inside povver plants (Leithiser et al.
1979, King et al. 1980, Cada and Loar 1982). Our estimates of relative abundance of
field-caught and entrained larvae <vould be in error ifefficiencies of the pump used
to sample entrained larvae and the net used to catch field larvae were dissimilar.

To investigate possible differences. ive fished nets and pumps simultaneously in
the Cook Plant forebay over a 24-hour period on 16-17 June 1982. Two nets,
identical to those used in field and entrainment sampling, were mounted in a frame
and suspended at <-m depth alongside hoses used in entrainment sampling. To
approximate the continuous sampling performed ivith pumps. nets <vere fished in a

running series of 10-minute samples vvhich continued throughout a 24-hour entrain-
ment sampling interval. For analysis. vve combined the 10-minute samples taken in a

single time period (sunrise, day, sunset. or tnidnight) and computed mean density
(total number of larvae divided by total volume ot vvater filtered), for each replicate
in each period. Yet satnples captured 214 alewife larvae and filtered 427 m'f water,
ivhile pump samples took 339 alewife larvae and filtered 1.041 m'n the 24-hour
period.

~lean density (no./1,000 m') was greater in net samples in all four divisions. vvith
484 vs. 204 in sunrise-noon samples; 228 vs. 168, noon-sunset; 754 vs. 533. sunset-
midnight; and 691 vs. 545, midnight-daivn. Hovvever. density differences bet<veen
gear <vere not significant in either day or night samples (%(ann-whitney tests, tvvo-
tailed, P ) 0.10). Although efficiency oi the t<vo devices did not differ signifi-
cantly, the result suggested that nets ivere about 50eo more efficient.

In another study conducted at the IIonroe 1'ossil fuel povver plant on Lake Erie
(Jude et al. 1986), larva! fish ivere tound to be uniformly distributed in the vertical
ivater column in the discharge canal of the plant. 6'ater here divas iveli mixed and
fioiving at a high velocity. Preliminary studies «e did at the Cook Plant (Bimber et
al. 1984, iNoguchi et al. 198<) suggested a similar pattern existed in the Cook Plant
forebay.

As a consequence of these studies. our entrainment losses at the Cook Plant may
be a minimal estimate of the number of fish larvae passing through the plant.
Higher production t'orgone estimates iiould also occur because of our underestimat-
ing larval fish passage through the plant. These studies also suggest that plankton
nets may be a better entrainment sampling device than the Ion-volume diaphragm
pumps vve used.
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CONCLUSIONS AND RECOXIXIENDATIONS FOR DESIGN OF
lifPACT STUDIES

Since the passage of the National Environmental Policy Act in 1969 and the
Federal ~Vater Pollution Control Act Amendments in 1972, hundreds of studies
have been undertaken to assess the impact of power plant operation on aquatic
ecosystems. Many of the early assessment programs were harshly criticized
(Schindler 1976) as they exhibited a variety of flaivs generally brought about by
unrealistic time constraints. scarcity of background information, lack of experience
with large, highly variable systems, and often a lack of experience with large, highly
variable systems, and often a lack of understanding of the essential problems to be
addressed. The science of environmental impact assessment has become much more
sophisticated over the last decade. Researchers have gained valuable experience and
a great deal of information has been gathered so that today a large body of literature
exists, which divas not available in the early 1970s, to aid in the design of impact
assessment study programs.

In recent years, a number of papers have been published outlining the strengths
and shortcomings of the environmental impact assessment process in its present
state (Rosenberg et al. 19SI) and tve will not attempt a thorough analysis here.
However, several recommendations for the design of future studies, born of our
oivn experience as favell as the experiences of others, are presented below.

Perhaps the most critical phase of any impact assessment program is the back-
ground preparation, the ivork that is done before any samples are taken or monitor-
ing is begun. This is also the phase that has most often been neglected or misdi-
rected.

First, and foremost. objectives must be clearly stated and well understood. It is
essential to define the problem if conclusions that are meaningful and helpful to
decision makers and planners are to be obtained from the research program. The
next step should be a case history and literature review. The intent is to develop a

preliminary description of the ecosystem and its components, learn about the physi-
cal and operating peculiarities of the plant, and identify possible impacts.

Information obtained from the case history and literature review should be used
to formulate a qualitative or conceptual model of the system. Qualitative modeling
can be an important tool in environmental impact assessment because it forces a
precise description of the system (%Yard 1978) and therefore is useful in the genera-
tion of hypotheses (Rago et al. 19S3). The importance of defining testable hypothe-
ses can not be overemphasized. Failure to apply the scientific method to be design of
study plans has been a major flaiv in impact assessment programs in the past. The
result has been the formulation of dubious conclusions and a loss of credibility for
the entire field of environmental impact assessment (Scl:indler 1976, Rosenberg et
al. 19SI). XIonitoring programs must be designed to test for impacts. not merely to
describe the ecosystem in question (Van 'iVinkle 1977).

Once hypotheses have been generated: data needed to test the hypotheses can be
idemified and a pilot study can be designed and carried out. Information obtained
from a pilot study can be invaluable ivhen developing the design oi the actual
monitoring program. The purpose of a pilot study is to increase understanding of
the ecosystem and to examine proposed methods for eathering and analyzing the
required data. Biota >hould be identified and diel. seasonal. and spatial distribution
and abundance patterns should be determined.. This iiillallow selection of target
species for further study. help define geographical limits of the study site. and aid in
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determining when and where to sample in order to obtain the data needed in the
most efficient «ay possible. Instead of trying to study all species during the entire
year, it may be more prudent to select several key species (5'ard 1978, Gore et al.
1979) and concentrate san'pling effort during periods «hen returns can be maxi-
mized (Thomas 1977, Gore et al. 1979). Collecting gear should be evaluated during
the pilot study and estimates of the natural variability in the system obtained. It is
also important during this phase to ensure that the final field design will be consis-
tent with the assumptions of the statistical analyses selected (see Thomas et al. 1978).

Information and new insights cleaned from the pilot study should be used to
reevaluate the model. Rago et al. (1983) stated that, "The iterative refinement of the
conceptual model is the focal point of the environmental assessment and monitoring
program." At this point a sampling program can be designed that willeffectively test
hypotheses. It is assumed that the sampling scheme and techniques used in the
monitoring program «ill not simply represent an eitension or continuation of the
pilot study. The pilot study should be a learning experience «hich can be used to
arrive at a final, better product.

Finally, it is important that once the monitoring program is initiated, data are
analyzed promptly so that feedback can take place. This vvill allow evaluation of the
quality of the results, i.e., to determine «'hether the information needed to test the
hypotheses and meet objectives is being obtained. Feedback may suggest additional
data needs, or improvements or modifications in study design or models (Thomas
1977, Rago et al. 1983). Once a sampling program has beg(tn ho«ever, modification
of study design should be done «1th care, allo«ing only those changes that can be
expected to improve the quality of the data set (Gore et al. 1979, Rago et al. 1983).
8o change should be implemented until an interrelationship bet«een the old and
ne«methods can be established (Gore et al. 1979).

Although our execution may not yet be perfect. monitoring programs continue to
provide the experience and data necessary to advance the science of environmental
impact assessment (Rosenberg et al. 1981).!~lost past failures have been attributed
to poor research design. This is not something that environmental scientists are
una«are of and vve. as «'ell as others, have made suggestions on hovv to improve
impact assessment study designs.

'ice have not discussed the optimal time span for an impact assessment study,
largely because it can vary greatly depending on «here the plant is located, what
objectives are, etc. Hovvever, some guidelines should be mentioned. Rago et al.
(1983) have suggested that the pilot study may require at least I year and most
researchers agree that a minimum of 2 years of preoperational data are needed.
Iiany studies have been criticized in the past for failure to continue monitoring for a
long enough period of time after the plant became operational to be able to assess
possible long-term impacts. A long-term data set can be very valuable, particularly
for a highly variable system. Ho«'ever. «'e must guard against collecting data for the
sake of collecting data and perhaps utilize a "stopping rule" as proposed by Thomas
(1977) so that a study can be terminated if an impact cannot be detected within an
agreed upon number of years.

Specific changes in the Cook Plant fish monitoring design we «ould recommend
based on our experience. «'ould be to increase field sampling to at least t«ice per
month during the major spa«ning period. ~lay-August. Once-per-month sampling
sometimes missed peak spa«ning and led to poor correlations bet«een larval fish
densities and strength ot'ear .Ia."s as provided by fail tra«l and seine index catches.
There should also be a serie. of depth contours sampled at the reterence station (e.g.
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1, 3, 6, 9, 12, and 15 m) to documem spatial distributions and relate these to the
specific location of the intake. The impact transect should only have stations at

depths «here impact is expected, e.g., at the Cook Plant at the 1-, 6-, and 9-m depth
contours. Data from these specific stations can then be used for statistical testing.

To evaluate the selectivity of the intake and aid in future designs, we compared
the species, densities, and lengths of fish larvae collected in the field and those
entrained. These comparisons were somewhat confounded by samples being col-
lected on different days. Therefore «e recommend that entrainment and field larval
fish surveys be conducted on the same day to ensure sound conclusions are made.

Studies of the vertical and horizontal distributions of larval fish and eggs in povver
plant forebays and discharge canals should be made to ensure the sampling site
picked is representative of the ichthyoplankton passing through the plant. A discus-
sion of horizontal and vertical distribution of larval fish in po«er plant forebays is
provided by Jude et al. (1986) and Leslie (1983). Ifdifferent gear are used for each
type of sampling, gear comparisons should be done to gain some idea of how
efficient and comparable each gear type is and establish the magnitude of the bias, if
any.

Removing and counting fish eggs in entrainment samples «:as costly and time
consuming, considering the value of the data that emerged. KVe vvere only able to
identify eggs based on size and season of capture. Rainbo«smelt eggs had an
adhesive stalk which made them unique. IVe «ere able to obtain estimates of fish egg
abundance in the «'ater column, on the bottom, and for those that passed through
the plant. Egg abundance data from the field assisted in our evaluation of the
magnitude, timing, and depths at vvhich spa«ning was occurring. V'e felt that most
entraine'd fish eggs that «ere entrained «ould survive plant passage unharmed.
based on Schubel (1975) «'ho exposed marine ale«'ife, blueback herring, and striped
bass eggs to a «ide range of different temperature increases and times typical of
most povver plants. He found no significant differences in hatching success of
controls or treated eggs at all development stages. Therefore, enumerating the abun-
dance of entrained fish eggs quantitatively is unnecessary. KVe recommend, there-
fore. that future studies in the field note qualitatively the abundance of fish eggs to
aid in detertnining spa«ning times and success. Entrained eggs should also be
recorded qualitatively. unless the eggs of some important species are entrained. in
«hich case quantitative enumeration is recommended.

~Ye found that several of the most abundant species vvere those that «'ere most
impacted by the plant. Along vvith sport and commercial species. these targeted
species should be selected and gear and fishing effort directed at them to maximize
the information gained. Replication of sampling, including gill nets. is necessary to
ensure robust analysis of the data.

Another important point is preoperational sampling-before any construction or
other potentially disruptive activities occur in the area. V.'e «ere unable to establish
an unbiased preoperational distribution for certain species «hich appeared to shun
the plant site. Sampling before any in-lake activity vvould eliminate this problem and
give a reliable reference period.

Another problem «'s the use of static, passive gear like gill nets, «'hich can
introduce considerable bias into the data. depending on «cather. «ater temperature.
size. species-spe:iiic spavvning behavior, and time of the year. Some of this variabil-
ity evens out over replicates and years. 6'e have had innumerable cases «here an
up«elling «ould aiie': only the ret'erence station gill net or gill nets. «hile nets at the
Cook Plant fished in «arm epilimnetic «ater. Catches bet«een sites «ere dramati-
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cally different due to temperature differences alone. These incidences do lead to
insight into fish behavior but raise havoc vvith statistical treatment of the data. Use
of active gear, such as travvls and seines deployed only during consistent vvater
conditions, is one way to cut down on this source of variability.

Ice used three gear types: seines, trawls, and gill nets. They gave an excellent
balanced estimate of all species and sizes of fish which frequented the Cook Plant
area. Seines vvere large (3S m long vvith a 1.8-m-long bag) so they collected repre-
sentative samples of especially young of the year. but they also collected larger
species and sizes of fish, giving us insight into vvhich species used the nearshore zone
for spawning, feeding, or migrations. Gill nets provided needed information on
larger adults of many species. Travvls provided data on the more abundant forage
species, such as alewife, rainbow smelt, troutperch, and bloaters. These estimates
vvere instantaneous and provided the best data among the three gear types for
statistical treatment. Travvls and seines were deployed twice at each station for
replication while only one gill net divas set. In our studies at the Campbell Plant, we
corrected this deficiency by keeping the same length of net for each mesh size, but
cutting them in half and setting tvvo gill nets side by side. This provided a measure of
replication for this gear type vvhich was lacking in Cook Plant studies.

Another problem divas that abundance of some species varied monthly. To avoid
the statistical problems ivith zero or low abundance data during certain months,
these months vvere deleted from the data set. Some preliminary examination ol'he
literature and pilot studies would eliminate the need to sample during months of low
abundance for target species.

'IVe often noticed large accumulations of fish in and around the riprap area and
plume. ~Ve vvere able to document relative abundance and the species in the vicinity
of the riprap vvith our diving programs, but the plume area divas not surveyed. Future
studies should consider adding some type of acoustic sampling in the vicinityof the
plume to obtain some relative estimates of density for comparisons among months
and years. Field sampling with fishing gear should provide a good indication of
vvhat species vvas being attracted to the plume.

Lastly, some tracking of lakevvide population changes should be included in the
design. 4'e found that our sampling adequately reflected these changes (Jude and
Tesar 1985). However, massive, generally vveather-related phenomena usually had
more impact on local population movements, catches, and entrainment and
impingement rates than any effects vvhich could be attributed directly to the plant.
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ECOLOGY OF FISH IN NEARSHORE SOUTHEASTERN
LAKE MICHIGAN,1973-1982

Frank Tesar, David Jude, Heang Tin, Pamela Mansfield

INTRODUCTION

An understanding of the history of the fish populations in Lake Michigan is
necessary to put into perspective our fishery studies at the D. C. Cook Nuclear
Plant. The Lake Michigan fish population has changed dramatically since the early
1900s, when lake trout and burbot ivere the only top predators and'here was a
seven-species complex of deepwater ciscoes in the lake (Christie 1974, Smith 1968).
A long series of man-induced changes, including eutrophication, sea lamprey entry,
and overfishing, has wreaked havoc with this original fish community. Overfishing
of lake trout and the premium whitefish species diminished their resilience and
ability to respond to environmental stress or invading species (Walters et al. 1980).
The sea lamprey, given access to the upper Great Lakes with the building of the
Welland and Erie barge canals, was one of the first, and probably the most perni-
cious exotic fish to enter Lake Michigan. Lampreys systematically fed on the largest
species of fish available; lake trout were extirpated first, while burbot, lake white-
fish, and many other species such as white sucker, were severely depleted. Deepwater
ciscoes were decimated to the point that only one species, the bloater Corcgonus
hovi, remained from the original seven species (Smith 1968). As a result, a severely
disturbed fish community, essentially devoid of predators, was present, and many of
the planktivores and benthivores ivere severely reduced in numbers or became
extinct.

The alewife gas first recorded in Lake Michigan in 1949 (XIiller 1957) and, in the
absence of predators or any substantial competitors, proliferated in the Lake. Rain-
bow smelt gained entry by a different mechanism; they were stocked in Crystal Lake
in 1912 and subsequently migrated into Lake IIichigan (Van Oosten 1937). As
populations expanded unchecked, both species experienced massive die-offs, the
rainbow smelt in 1943 (Van Oosten 1947) and the alewife in 1966 (Brown 1972). In
response to the massive die-offs of alewives which accumulated on the beaches, and
with an intent to revitalize the sport fishery, the Michigan Department of Natural

, Resources stocked five species of salmonids into the lake beginning in 1966. A
spectacular sport fishery has subsequently developed.

With the success of salmonid stocking by the Michigan Department of Natural
Resources, other states have initiated similar stocking programs in Lake Michigan,
to the point that Stewart et al. (1981) cautioned against excessive stocking of preda-
tors. Through the 1970s, the period of our Cook Plant studies. salmonid stocking
rates continued to increase. Starting in 1979, and continuing into the 1980s, signs of
the effect of this increased predation were manifested in the decline of alewife
populations (Jude and Tesar 1985). Concomitant with the alewife decline was a
dramatic increase in yellow perch populations. Rainbow smelt, bloater, and deepiva-

. ter sculpin populations also increased (Jude and Tesar 1985).

3~3



GLRD Publ. No. 22/Cook Nuclear Sans Serif (9-3)

354 D. C, COOK NUCLEAR PLANT I ilPACT

As the aleivife population declined, species such as the yellow perch and emerald
shiner, whose larvae are hypothesized to be consumed by alewife (Kohler and Ney
1980, Crowder 1980), were expected to increase. In 1986, we began to collect large
numbers of emerald shin rs in our seine hauls in eastern Lake iblichigan (unpub-
lished data, Great Lakes Research Division).

Our studies at the D. C. Cook Nuclear Plant were conducted from 1973 to 1982,
during the period of'elatively stable alewife populations, ivith a dramatic decline
beginning in the early 1980s. The Lake Michigan fish community is still comprised
of mostly marine exotic species, the most prominent of which are the sea lamprey,
alewife, rainbow smelt, and several Pacific salmon. Because the predators are not
linked functionally with their prey and the forage species are marine exotics, not well
adapted to fresh water, we can expect fluctuations in their populations to continue.

Our studies of fish populations in the vicinity of the Cook Plant were conducted
using three gear types for adult and juvenile fish: seines, trawls, and gillnets. Plank-
ton nets were used for collection of larval fish. Seines produced 68% of the just over
1.1 million fish collected during 1973-1982, followed by trawls (24%), and gill nets
(Soo). XVe focused on the nearshore zone ((9 m deep) where the intake and dis-
charge structures are located. The nearshore zone, especially the beach zone, has
been generally ignored by most Great Lakes researchers. Our objective was to gather
data on the abundance, distribution, and spawning migrations of fish in the vicinity
of the plant. IVe use common names of fish throughout the report as established by
Robins et al. (1980). Fish catch data were used to evaluate plant impact by compar-
ing catch indices between the plant and a reference station at IVarren Dunes.

IVe also used our field abundance and distribution data to assist in interpretation
of entrainment and impingement results (see Plant Impact on Fish chapter). Field
catches of larval, young-of-the-year, and adult fish as well as entrainment and
impingement data were used to describe the amount, location, and importance of
spawning in the nearshore zone. ~Ve were also able to evaluate the importance of
that area as a nurser'y zone for juveniles and describe the seasonal and diel migra-
tions for the common species inhabiting this area. These data and interpretations
ivere integrated ivith our knowledge of the distribution and behavior of these species
from studies done in offshore ivaters to provide a coherent picture of the distribu-
tion, population dynamics, and biology of the common species inhabiting the near-
shore zone.

i(ETHODS

FISH LARVAE

Field Collections

Sampling-

Fish larvae were collected ivith a conical, 0.5-m diameter, nylon plankton net with
363-pm mesh. A Rigosha flowmeter attached to the center opening of the net
measured volume of water sampled. Flowmeter readings ivere converted to volume
filtered and total numbers of larvae and eggs captured in all subsurface toivs ivere
adjusted to compensate t'or upper strata comamination (Jude et al. 1979). Numbers
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of eggs and larvae were converted to densities, i.e., number/1,000 m', for all analy-
ses. About 35 m'f water were filtered in most tows.

Duplicate surface tow samples were collected at beach seining stations A (north
Cook), B (south Cook), and F (Warren Dunes) (Fig. I). Nets were towed by hand,
just below the water surface, against the current for a distance of about 61 m. Beach
tows were performed during both day and night, once a month, April through
November.

At stations where depth was 6 m, we performed horizontal, 5-minute tows from
the R/Y Mysis at speeds of 3-6 km/h at discrete depth strata parallel to shore along
three transects in Lake Michigan. The transects v ere at Warren Dunes, including
stations F (I m, i.e., beach), G (6 m), H (9 m), and W (21 m); south Cook, with
stations B (I m), C (6 m), D (9 m), and E (21 m); and north Cook, with stations A
(I m) and R (6 m) (Fig. I). Open water tows were performed both day and night,
once per month, April through September. For 6-m stations a tow was done at 0.5-,
2-, 4-, and 5.5-m strata; for 9-m stations depths were 0.5, 2.5, 4.5, 6.5, and 8.5 m;
and for 21-m stations tows were done at 0.5, 7.5, 13.5, and 20 m.

Laboratory Procedures jor Larval Fish Samples

All entrainment and field samples of fish larvae and eggs were preserved with a
IO~io formaldehyde solution immediately after collection and then transported to the
Great Lakes Research Division's Fishery Laboratory for analysis. For our purposes,
fish larvae were defined as any fish 25.4 mm or less in total length (TL). In the
laboratory, larvae were sorted, identified, counted, and measured. Larvae were
identified to species, when possible, otherwise to the lowest taxonomic group (see
Table I). Alewife, spottail shiner, and rainbow smelt were measured to the nearest
0.5 mm TL, while all others were measured to the nearest 0.1 mm. Fish eggs were
counted but not identified to species. KVhen large quantities ~vere found, egg num-
bers were estimated by volumetric subsampling (Jude et al. 1975). All larvae and a
subsample of eggs from each entrainment sample were catalogued and saved for
future reference. Data were recorded directly on standard coding forms, key-
punched, and transferred to computer tapes for analysis.

Larval fish identification was based on knowledge of species abundance and
spawning times in southeastern Lake Michigan, comparison of specimens with those
in the Great Lakes Regional Fish Larvae Collection (Dorr and Jude 1981), and
reference to taxonomic works (Lippson and XIoran 1974, Nelson and Cole 1975,
Dorr et al. 1976, Hogue et al. 1976, Jude et al. 1979, Auer 1982).

ADULTFISH

Field Collections

Sampling-

Details on methods were presented by Jude et al. (1979); Tesar et al. (1985), and
Tesar and Jude (1985) and only a brief description is g>ven here. Seven sampling
stations (A, B, C, D, F. G, and H) were established in southeastern Lake Michigan
off the Cook Plant (experimental area) and off Warren Dunes State Park (reference
area) where adult and juvenile fish were sampled (Fig. I). Fish at I-m deep beach
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FIGURE I. Map of southeastern Lake Michigan, showing locations of
the D. C. CookNuclear Plant and our fieldfish sampling stations.
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TABLEI. A list of larval fish collected in the vicinity of the D. C. Cook Nuclear
Plant from I973 to I982.

Common Name or Category

Alewife
Spot tall shiner
Rainbow smelt
Yellov: perch
Trout-perch
Johnny darter
Slimy sculpin
Common carp
Ninespine stickleback
Mottled sculpin
Deepwater sculpin
Burbot
Quillback
Emerald shiner
Gizzard shad

Common Name or Category

Unidentified sculpins
Unidentified minnows
Unidentified coregonids
Unidentified darters
Unidentified suckers
Unidentified clupeids
Unidentified fish larvae as a

result of a poor condition
Unidentified fish larvae

Fish eggs

stations A, B, and F ivere sampled with a 38-m x 1.8-m bag seine of O.Q-cm square
mesh. Fish at 6-m-deep stations C and G and 9-m-deep stations D and H were
sampled with a 4.9-m bottom trawl of 3.8-cm square mesh and 160-m x 1.8-m
bottom gill nets consisting of 12 mesh sizes from 1.3 cm to 10-cm square mesh. Two
stations (R and Q, respectively, at 6- and 9-m depths) were also established in 1975,
north of the plant's underwater structures, and fish were sampled by trawl at station
R and by gill net at both stations. Fish were sampled during the day and at night
approximately once per momh at each station.

Yearly fishing effort divas approximately equal between April and October. Some
sampling also occurred in colder months, especially November; however, yearly
effort was too sporadic and catches too small in these months to be used in statistical
analyses.

Physical and limnological measurements were taken when sampling occurred in
1973-1982 and are presented in Jude et al. (1975), Jude et al. (1979), Tesar et al.
(1985), and Tesar and Jude (1985). References to fish are by common name (Table
2). Common and scientific names are according to Robins et al. (1980).

RESULTS

OVERVIEW OF BIOLOGY AND POPULATION CHANGES OF
ABUiNDAiNTSPECIES

The nearshore ((9 m deep)'zone of Lake 4Iichigan is a dynamic place for many
of the species of fish that inhabit the lake. Fish move in and out of this area in
response to currents and uptveliings, for spawning, to escape predation, and to
search for food. b,lost of the earlier work on fish in Lake lvlichigan (~Veils 1968,
Brotvn 1972, Christie 1974) focused on the deeper offshore areas and little tvas



TABLL2. Common anti scientific tuunes offish species collected froin D. C. Cook Nuclear Plant study areas, southeastern
Lrtte hlichigan, l973-19B2.

Common Name

Alewife
llandcd killiTish
lllack bullhead
lllackchin shiner
lllack crappie
lllacknosc dace
Dlacknose shiner
Illoatcr
Bluegill
llluntnose minnow
llrook silverside
llrown trout
llurbot
Central Mudminnow
Channel catfish
Chinook salmon
Coho salmon
Common carp
Common shiner
Creek chub
Emerald shiner
l athead minnow
Freshwater drum
Giavard sliad
Golden redhorsc
Golden shiner
Grass pickcrcl
Grcrn sunfish
Johnny darter
l.akc chub

Scientific Name

Alosa pseurloharengus
fumlulus rliaphanus
lclalurus nielas
Nutropis heleroilon
Poinoxis nigrowaculalus
Rhicichthys atrritulus
Nolropis heterolesis
Coregonus hoyi
Lepomis macroclilrus
Piinephales nolalus
Lubirlesllies sicculus
Subno lrulla
Lola lola
Uinbra limi
Iclalurus punclalus
Oncorhynchus lshaivylschu
Oncorhynclius kisutch
Cyprinus carpio
Nolrnpis cornutus
Semolilus ulruinaculatus
Notropis atlierinoides
Piinepliales pronielas
Aylokinotus grunniens
Durosoma r eperlianuin
htoxosloniu erythrurunt
lVolewigonus crysoleucas
Lrsor aineri canus verwiculalus
l.eponiis cyanellus
Iilheoslowa nigruin
Couesius pluinbeus

Common Name

Lake herring
Lake sturgeon
Lake trout
Lake whitefisli
Largemuuth bass
l.ogperch
Loiigiiosc dace
l.ongnosc sucker
hoot tied sculpin
Ninespinc sticklcback
Nortlicrn pike
Pumpkinseed
Quillback
Rainbow smelt
Rainbow trout
Rock l>ass

Round whitefish
Sand shiner
Shorthcad redliorse
Silver rcdhorse
Slimy sculpin
Smallmouth liass
Spotfin shiner
Spottail shiner
Trout-perch
Walleye
White crappie
White sucker
Yellow perch

Scientific Name

Coreg onus arledii
Acipenser fiilvescens
Salvelinus nainaycush
Coregonus clupeuforniis
hlicruplerus sabnuides
Percina cuprniles
Rhinichthys criluraclue
Calostonius calusloinus
Couus bairr!i
Pungilius pungiuus
Pisnx pungilius
Lepwnis gibbusus
Carbiodes cyprinus
Oswerus morrlux
Salmo gairrlneri
Awblopliles rupeslris
Prosupium cylimlraceiun
Nolropis slrawineus
moxoslonia inacrolepidolum
htoxostoma anisuruin
COltuS COgnaluS
hlicroplerus doleinieui
Nolropis spiloplerus
Nolropis liudsonius
Percopsis oniiscowaycus
Stizosterliun vilreum vitreum
Pomoxis annularis
Catostomus coinincrsuni
Perca flavescens

hJ

A
O0
7C

iA



GLRD Publ. No. 22/Cook Nuclear Sans Serif (9-3)

ECOLOGY OF FISH 359

known about how fish use the nearshore areas as spawning sites, nursery areas,
feeding grounds, or escape habitat.

During the 10 years of sampling for this project, 59 species of fish were collected
(Table 3), which testifies to the extensive use of the inshore zone by a diverse group
of fishes. Of these, about six were considered abundant and included: alewife,
rainbow smelt, spottail shiner, trout-perch, yellow perch, and bloater. Adults of five
of these six species (all except bloater) began moving shoreward from offshore
overwintering areas in March or April. Bloaters remained offshore and only entered
the nearshore zone during upwellings. The other five species moved offshore after
spawning, although some spottail shiners, trout-perch, and yellow perch remained
inshore until fall. Winter abundance of all species was very low, with only longnose
sucker, spot tail shiner, white sucker, and yellow perch consistently present inshore.

Rainbow smelt spawned first in late April-May, followed by alewife and spottail
shiner which spawned from June to August. Trout-perch had a prolonged spawning
season, April-August. Yellow perch spawned over rocky substrates (Dorr 1982)
outside the study area in late May-early June. Burbot, johnny darter, lake trout,
ninespine stickleback, and slimy sculpin also spawned inshore, their eggs being
deposited at various times in winter, summer, or fall.

Yearlings of the five most abundant species moved inshore 1 month later than
adults and remained until early fall when they moved offshore. Young-of-the-year
of these five species used the inshore v aters as a nursery from summer to mid-fall;
alewife and spottail shiner were extremely abundant at I m during the day but
moved to deeper water at night.

Spring-planted brown trout, chinook and coho salmon, and rainbow trout juve-
niles were occasionally common inshore and moved alongshore in shallow (1 m) of
water. Salmon moved offshore in mid-summer, while some tr'out remained in 25'C
inshore water throughout summer, apparently to feed on terrestrial insects.

During upwellings, all five abundant species generally moved shoreward. Bloater,
lake trout, northern pike, rainbow pike, rainbow smelt, and trout-perch closely
followed the inshore movement of the thermocline. A general diel pattern of move-
ment inshore at night, presumably starting at dusk, and offshore during daylight by
most species, especially yellow perch and trout-perch, suggested that prey species
sought protection while predators sought food.

Over the 10-year study period, some dramatic changes in species abundances
occurred (see Jude and Tesar 1985 for detailed discussion). Alewife populations
attained peak abundance in Lake Michigan during 1966 when fish in large numbers
died and littered beaches (Brown 1972). The alewife was still the dominant species in
our catches when we began sampling in 1973. However, by 1980-82, alewife catches
declined by 86tio from their 1973-1979 averages (Jude and Tesar 1985). Bloater
catches increased 24-fold in 1980-82 from mean catches in 1973-79, since commer-
cial fishing was prohibited in 1976. During the 1980s, rainbow smelt and yellow
perch field catches increased three- and five-fold, respectively, presumably as a
result of decreased alewife predation on the pelagic larvae of these two species. Such
predation by alewife on a variety of species has been reported by Kohler and Ney
(1980) and suggested by Crowder (1980) and Smith (1970). Spottail shiner and trout-
perch populations showed no long-term changes, but abundances in catches declined
noticeably in 1982. Alewife did not adversely impact spottail shiner or trout-perch,
presumably because their demersal larvae escaped alewife predation. However, it
appears that the increased yellow perch population has put more predatory pressure
on spottail shiner and trout-perch, since their catches declined in 1982. Lastly, the



TABLE3. Total nuniber oj'ish collected in stanrlard series sainpling at the D. C. Cook Nuclear Plant, soutlieastern Lake
Michigan, l973-l982. Common names assignerl accorrling to Robins, et al. (l980).

CO

Species 1973 1974 1975 1976 1977 1978 1979 1980 1981 1982

Alewife
Spot tail shiner
Rainbow smelt
Yellow perch
'front-perch
llloater

148,450
20,583
16,294
3,735
3,558

126

76,099
24,413

5,754
4,536
1,578

225

41,738
19,814
3,109
4,334

905
49

136,743
14,1 16

1,265
2,498
19

107

55,979
22,568

1,455
3,379
3,239

227

39,453
36,601

9,521
1,576
3,088
1,392

142,173
27,820

5,276
4,659
1,730
2,9SS

16,450
32,839
12,443
12,770
3,122
2,861

26,486
22,631
14,250
25,850

1,608
9 912

&,237
12,845
7,837

17,635
280

1.461

llandcd killifish
Illack bullhead
lllackchin shiner
Illack crappie
III'Icknosc dace
Illacknose shiner

Illa CSI II
IIIuntnose nllnnow
llrook silverside
Ilrliwn trout
Ihlrbot
( cntral mmlminnow
Channel cat fish
Chinook salmon
Col lo salnlon
Conllnon carp
Common shiner
Creek chub
limcrald shiner
I'athead minnow
I'rcshwatcr drum
Ciiuard shad

IO

10
29
23
27

49
2

23

46
I

51

15

17

47
147
27

13

26
15

9
59
54
50

193

I
90

6

13

35
25
32

51

2
I

61

8

9
160

12
92

I

27

I
104

I
162

5

5
337

70
36

10

I

106

I
I

60
5
I

8
332

65
71

12

2

159

40
7

182
13

28

53

I

I
II

I

I

3
6

20
47

8
48

24
3

9
25

3
84

I

19 17

I
IS

82 389



Golden rctlhorsc
Golden shiner
Grass pickcrcl
Green sunfish
Johnny darter
Lake chub
I.ake herring
I.a'kc sturgeon
I.;Ikc trout
I.akc whitefish
l.;Irgcmouth bass
Logpcrch
l,ongnosc dace
I ongnosc sucker
Iiiot)lcd sculpin
N)ncsplnc stick lcback
Northern pike
I un)pku)sccd
Quillh:ick
lt))i))bow trout
l(ock bass
l(ound wllitefish
S'uul shlncf
Shor)head redhorsc
Silver rcdhorsc
Slimy sculpin
Sn)allmouth bass
Spotfin shiner
KVallcye
White crappie
white sucker

I ol 0

I'IUOIhcI'07

6
293 142 304

162
2
I

41

73
16

19

30

125

I
I

43
99

24
16

I

I

85
2
I

2
18

94

26
6
I

I

15

I

37
ti
I

27
40

2
14

79 272

34
4
I

III

39

3
85

I

174 126 89 89

193,899 144,075 70,992 157,(i00

9
I

423

2
187

(iO

99
3.
7

3
12

I

23
I
I

30

173

88,360

401

I

I

286
9

26
71

5
2

2
21

12

118

93,339

I

233
I

198 151 92

164
7

(i
98

6
8
4

121

14

34
47
15

8

105
7

2

3
70

7
2
I

176
5
2

2
50
IO
2
I

14

2
7
4

IO

128

22

10

I

55

18

I

3

27
I

74
I

(i
4

3

12

8
5

199

I

!13 131 169

186,241 81,451 101,496 49.624



GLRD Publ. iNo. 22/Cook iNuclear Sans Serif (9-3)

362 D. C. COOK NUCLEAR PLAiNT IMPACT

bloater appears to have been released from overfishing pressure and the adverse
impact of the alewife since its population numbers increased dramatically. Evidence
of this surge was documented both in field (Tesar and Jude 1985) and impingement
(Thurber and Jude 1985) collections in the late 1970s and early 1980s.

These changes in the fish populations have also caused some substantial changes
in the zooplankton and water transparency of Lake Michigan (Scavia et al. 1986,
Evans and Jude 1986). ~Vith the decline of the zooplanktivorous alewife in the lake,
there was a shift to larger species of zooplankton (Daphnia pulicaria) which presum-
ably more efficiently removed algae from the epilimnion and caused increased water
transparency. Inshore, the zooplankton species composition did not change,
although there was a substantial decline in total biomass. Evans and Jude (1986)
attributed this to the ever-increasing predatory pressure provided by the yellow
perch which replaced the alewife inshore.

Data collected in 1986 in nearshore eastern Lake ivlichigan indicate that the yellow
perch populations are still increasing, but showing signs of density-dependent
growth. Yearlings we collected in August 1986 were 25 mm shorter than fish col-
lected during August 1977-1981. Larval fish samples showed that alewife are con-
siderably reduced from their abundances in 1977-1981, while larval yellow perch are
present in densities never before recorded in Lake ivfichigan. The most interesting
discovery may be the return of'merald shiner which was predicted by Jude and
Tesar (1985) to return to its former abundance with the decline of the alewife. This
minnow was collected in substantial numbers in seine hauls in August 1986. The
restoration of this formerly abundant planktivore to the Lake Michigan fish fauna is
yet another sign of the declining abundance and decreasing impact of the alewife on
fish dynamics in the Lake Michigan ecosystem.

EFFECT OF PHYSICAL FACTORS ON FISH

Throughout our studies, we were constantly grappling with distinguishing the
impact of plant operation from those caused by physical factors. iVater temperature
was a major environmental variable that could influence year-class strength of most
species. Temperature controls the timing of spawning and, depending on the ther-
mal history thereafter, strongly influences egg incubation and survival of newly
hatched larvae. Storms can have an adverse impact on freshly deposited eggs. Corre-
lations between years of elevated temperature with abundance of young-of-the-year
were statistically significant for only spottail shiner, a species which is a resident of
the nearshore zone, and not as mobile as the other abundant species with which we
worked. There were strong indications that correlations would have been found for
other species, ifwe would have collected data over a shorter interval than a month.

The timing of temperature stratification and warming in the nearshore waters
where we sampled was directly related to the species complex we could expect to
catch in our gear. In the spring, if temperatures were still cold during sampling,
rainbow smelt, lake trout, and some bloaters were sure to be captured. If waters
were warm, then.our catches were dominated by alewife, spottail shiner, trout-
perch, and fewer rainbow smelt, while bloaters and trout moved offshore to remain
in cooler water. Year-to-year comparisons were thus confounded by the strong
influence water temperature had on fish movements.

Upwellings had a dramatic impact on the movement and welibeing of fish. In a
related study north of the Cook Plant in eastern Lake i~fichigan, Heufelder et al.
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(1982) determined that a year of frequent upwellings (1979) caused larval fish abun-
dance to be reduced drastically during months of highest densities compared to a

year of infrequent upweliings (1980). Larval alewives were transported out of their
normal nearshore nursery areas to offshore waters where their fate was undeter-
mined. These periods of upwellings in 1979 caused spawning season to be abnor-
mally prolonged as well.

Upwellings also changed the results of our field sampling. During the summer
when water was normally warm, we collected species of fish characteristic of warm
water in nearshore Lake Michigan, e.g., yellow perch, spottail shiner, trout-perch.
During upwellings, the cold-water species moved inshore with the moving water
mass, and included lake trout, bloaters, rainbow smelt, and some other salmonids.
IVe had cases when an upwelling affected only trawling stations at 6-9 m and not
beach stations, and cases when the reference site v as affected but not the Cook
Plant stations. These catches confounded data interpretation and care had to be
exercised in determining plant effects.

The thermal bar is another physical phenomenon which develops in the nearshore
each spring. The O'C v ater acts as a barrier isolating warmer enriched nearshore
water from cold offshore water. Fish, particularly alewives, concentrated in the
warmer nearshore zone, since it was the warmest water available at that time of year.
Sampling in this zone sometimes resulted in large catches of fish, and spectacular
impingement events occurred especially in conjunction with storms, which are also
common at this time of year.

NIOST ABUNDANTSPECIES

Alevin

je

Distribution and Growth by Age-Group-

Larvae-Alewife larvae occurred in the vicinity of the Cook Plant from June to
October (Bimber et a!. 1984, Noguchi et al. 1985). Peak monthly densities '(250 to
3,300 larvae/1,000 m") were generally observed in July when inshore water was
relatively warm. Low densities of alewife larvae in July 1978 (250 larvae/1,000 m')

'ndJuly 1981 (110 larvae/1,000 m') occurred at low water temperatures (6 to
14.8'C at most strata) during sampling. Upwelling of cold water in summer was
hypothesized to inhibit alewife spawning and cause high larval fish mortality or
displacement of newly hatched larvae to other areas of the lake (Heufelder et al.
1982). High densities of larval alewives in June 1973, 1974, and 1976 (1,300 to 2,900
larvae/1,000 m') were associated with high ivater temperatures (17 to 24'C at most
stations) during early June. Catches of alewife larvae substantially declined in
August and September.

Abundance of alewife larvae generally decreased with increasing depths during
summer. In June, July, and August, mean densities (no./1,000 m') were 1,910 in the
beach zone, 620 at 6-m stations, and 360 at 9-m stations. Densities were still lower at
21-m stations. These data indicated higher spawning activity in shallow than deep
water. Otto et al. (1976) and Jude et al. (1979) reported alewives spawn in shalloiv
water.

Alewife larvae were most, abundant in the upper strata of the water column.
During the day, highest densities were observed at the 2-m stratum. Abundance



GLRD Publ. iNo. 22/Cook Nuclear Sans Serif (9-3)

364 D. C. COOK NUCLEAR PLANT I<i[PACT

declined at lower strata and at the surface. At night, alewife larvae were found most
commonly in the 0-, 2-, and 4-m strata, indicating that larvae migrated toward the
surface at night but returned to the 2-m stratum during the day.

More fish larvae were caught at night than during the day at beach stations and in
the open water presumably because larvae were able to avoid nets more effectively in
daylight. During August, however, catches in the beach zone were higher during the
day than at night as a higher number of large larvae ()7 mm) was found in day
catches. Larger alewife larvae migrated offshore at night and returned to the beach
zone during the day.

Alewife larvae ranged from 2.5 to 12 mm during early June and from 2.5 to
25 mm in July and August. Newly hatched larvae ((7 mm) were scarce after
August. Occurrence of substantial numbers of large larvae (7 to 25 mm) in July and
August samples indicated that alewives remained in the inshore area (beach to 9 m)
throughout their early life history. Length-frequency histograms showed one cohort
of larvae with a modal length of 4 or 5 mm in early June. Another cohort with a
modal length of 8 to 10 mm was occasionally observed during early June. Typically,
three length modes occurred in July, corresponding to these major hatching peaks in
June, early and late July. Because alewife spawning and hatching are influenced by
water temperature, the number of length modes of larvae may be in part related to
the frequency of upwellings of cold water (see Heufelder et al. 1982).

Young-of-the-year- Young-of-the-year represented 62-9710 of annual catches of
alewives (Fig. 2, Tesar et al. 1985, Tesar and Jude 1985). Annual catches showed
strong year-classes of young-of-the-year in 1973, 1976, and 1979 with respective
catches of 122,000, 120,000, and 138,000. During 1974, 1975, 1977, and 1978,
young-of-the-year catches ranged from 30,000 to 52,000. Young-of-the-year popula-
tions declined sharply in 1980, 1981, and 1982, as indicated by annual catches of
3,200, 17,000, and 5,100, respectively. Some of this decline is related to salmonid
predation on adult and juvenile alewives, which apparently adversely affected pro-
duction of young-of-the-year (Jude and Tesar 1985).

Young-of-the-year inhabited inshore water in the vicinity of the 9-m contour
throughout summer. They were first caught in standard-series gear in July and
August. Peak catches generally occurred in August when most young-of-the-year
were large enough to be retained in trawls. August catches ranged from 2,200 (1980)
to 79,400 (1973). Fluctuations of monthly catches during summer and fail during the
10-year period may be related to changes in water temperatures in inshore areas.
Young-of-the-year alewives migrate offshore in the fall (Graham 1956), and our
catches of young-of-the-year began to decline in September. Newly hatched alewife
larvae averaged 4 mm in June. By mid-July, mean lengths of the first cohort of
young-of-the-year were 23 to 27 mm; growth rates during the first month of life
were from 0.64 to 0.79 mm per day. Monthly growth of young-of-the-year during
the rest of the summer and fall cannot be determined due to the mixing of several
cohorts in samples. Yearling alewives measured 77 to 98 mm in April. Because
yearling growth does not start until late June (Brown 1972), this size range repre-
sented the length attained by young-of-the-year at the end of the first growing
season.

Yearlings-Yearlings were generally less abundant than adults or young-of-the-
year in the study area (Fig. 2). In Lake Michigan, 'iVells (1968) and Brown (1972)
reported most yearlings live offshore, in mid-water, until the third summer of life.
Some yearlings migrated inshore during spring and were caught in gill nets and
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FIGURE 2. Yearlv total catch of three age-groups of aleNives. Fish i~ere caught
frotn Aprilto October by standard series netting in Cool'lant study areas, south-
eastern Lal'e .IIt'chigan.
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trawis along with adults. Yearlings were collected from April to July, with most
being found in May and June. Annual catches of yearlings ranged from 30 to 7,500.

During spring 1973, 1975, and 1978, mean lengths of yearlings ranged from 90 to
101 mm. Lower mean lengths in spring 1974 (86 mm), 1977 (84 mm), and 1980
(75 mm) may have resulted from intraspecific competition for food during the first
summer of life, because as has been discussed, 1973, 1976, and 1979 year classes
were very strong. Despite low abundance of young-of-the-year in 1980, however,
yearlings had a mean length of only 84 mm in spring 1981.

Adults-Adult alewives (135 to 250 mm) migrated inshore during spring and
returned to deep water in late summer. Adults occurred from the beach zone to 9 m
in spring. Most were caught during May and June. Monthly catches began to decline
in July, and adults were scarce in the study area in October and November.

Adult populations declined steadily over the 10-year period (Fig. 2, Jude and
Tesar 1985). Annual catches were 26,000 fish in 1973 and 3,000 in 1982. Strong year
classes in 1973, 1976, and 1979 did not produce an abundance of age-2 or older fish,
suggesting heavy mortality of yearling and age-2 alewives occurred. Salmonid preda-
tion (Jude and Tesar 1985, Stewart et al. 1981) and cold winters (Eck and Brown
1985) have been forwarded as causes of the alewife decline.

In spring, most adult alewives ivere 160 to 180 mm. Based on age-length data of
Lake Michigan alewives (Brown 1972), fish in this size range were approximately 3

to 5 years old. Most age-2 alewives were 110-130 mm and were immature in spring
and summer. They remained in mid-water (Brow n 1972) and were, therefore, not
vulnerable to our sampling gear. Modal lengths of alewives were approximately the
same from April to July, suggesting little growth took place during spring and early
summer, a finding substantiated by Flath and Diana (1985).

Temperature-Catch Relationship-

Most alewives were collected from water having temperatures from 11 to 23'C.
~Veils (1968) reported alewives preferred similar temperatures (8 to 22'C) in eastern
Lake Michigan. Alewives displayed an age-temperature relationship in which youn-
ger fish occurred in warmer water than older fish. Young-of-the-year, 25 to
67.5 mm, were collected from water having temperatures of 19 to 26'C, and adults,
140 to 240 mm, were found in water having temperatures 10 to 17'C. Brandt et al.
(1980) reported catching young-of-the-year in 17 to 20'C water and adults in 11 to
14'C water.

Inshore migration of adults during spring is related to warming trends of the lake
(~Veils 1968). Low catches of adults in April 1975, 1978, and 1979 may in part be
related to lower than normal water temperatures (I to 8.7'C). Catches of young-of-
the-year may also be influenced by water temperatures. Low catches of young-of-
the-year in 1978 were probably due to upwellings of cold water (9 to 12.5'C),
whereas high catches during October 1978 and 1979 may have resulted from rela-
tively high water temperatures (14 to 18'C).

Other Considerations-

In Lake Michigan, alewives spawn from May to August (Norden 1967, Edsall
1970, Brown 1972). Gonad and fish larvae data indicated that most spawning took
place in June and July in nearshore southeastern Lake Michigan. Spent adults were
occasionally found in April, early May, and October. Dead alewives, apparently in
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too poor condition to withstand harsh winters and spawning stress, were observed
on the beach from May to July.

Adult alewives migrate to the surface at night and return to lower strata during the
day (Graham 1956, Brandt et al. 1980). We caught more alewives during the day
than at night because gill nets, our primary sampling gear, fished near bottom.
Alewives were the most important forage species in Lake Michigan during
1973-1982. In our study, they were found in the stomachs of lake, brown, and
rainbow trout, coho and chinook salmon, yellow perch, rainbow smelt, burbot,
channel catfish, northern pike, and other alewives.

Bloater

Distribution and Growth by Age-Group-

Larvae-Bloater larvae were not collected in our study area during 1973-1982.
However, unidentified coregonine larvae which could have been bloaters were col-
lected once in field samples in August 1978 and in entrainment samples in May 1977.
For southeastern Lake Michigan, Wells (1966) found most bloater larvae near bot-
tom at 70- to 100-m depths. Using otolith analyses, Rice et al. (1985) evaluated larval
bloater growth by collecting and fertilizing eggs in February; the eggs hatched in
mid-May. At the J. H. Campbell Plant north of the Cook Plant, Jude et al. (1981b)

'ollectedlarval bloaters in low numbers in June-August, 1977-1980.
Young-of-the-year-Bloater young-of-the-year were caught in the Cook Plant

study area at 6 and 9 m during September, October, and November. A few young-
of-the-year also occurred in the beach zone in September and October. At the
Campbell Plant, a considerable number of young-of-the-year bloaters were collected
in September to December with mean length ranges of 67 to 86 mm. In fall at the
Cook Plant, young-of-the-year bloaters ranged from 35 to 117 mm (modal length,
80 mm). At the end of their first summer of life, bloaters reach approximately 90 to
100 mm in Lake ihiichigan (Jobes 1949, Wells 1966, Brown 1970), Lake Ontano .

(Stone 1944), and Lake Superior (Dryer and Beil 1968).
Yearlings-Yearling bloaters were more commonly caught than adults and youn'g-

'f-the-year(Fig. 3). Most yearlings occurred at 6 and 9 m in June and July; low
numbers were observed in inshore areas during May and August. Yearlings migrated."
offshore in fall. In the summer, yearlings followed the thermocline as it moved.
shoreward during upwelling. Wells (1968) and Crowder and Magnuson (1982).
reported yearlings live in the thermocline.

Yearlings collected in spring v ere usually at modal lengths of 90 to 100 mm. In
July and August, yearlings reached modal lengths of 120 to 130 mm. At the end of
their second summer of life, Great Lakes bloaters are approximately 145 to 155 mm
(Stone 1944, Jobes 1949, Dryer and Beil 1968, Brown 1970).

Adults-Adult bloaters live in deep water and move inshore with upwelling of
cold water in summer. Dryer (1966) and Wells (1968) reported adult bloaters
migrated inshore to 18 m and occasionally to shallower water during summer; Near
the Cook Plant, adults were found at 6 and 9 m during upwellings. Most were
caught during June and July. Adult bloaters were scarce in the study area during
April, May, and after July. Adult bloaters ranged from 145 to 314 mm, with a
modal length of 155 to 165 mm. Starting in 1977, we saw a dramatic increase in the
catch of young-of-the-year bloaters„a response attributed to the banning of gill nets
in 1976 and the ongoing aleivife decline (Fig. 3, Jude and Tesar 1985). Yearlings
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FIGURE 3. Yearly total catch of three age-groups of bloaters. Fish were caught
frotn Aprilto October by standard series netting in Cook Plant study areas, south-
eastern Lal'e .I Iichigan.
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increased in 1978 and adults in 1981. We also noted increased impingement rates for
this species.

Temperature-Catch Relationship-

Most bloaters were caught in water temperatures of 6 to 20'C. Wells (1968)
reported that during summer adults were most abundant in water from 6 to 10'C,
while Crowder and Magnuson (1982) found yearlings and adults most abundant at 5

to 15'C in southeastern Lake Michigan. The fact that we collected bloaters at
somewhat higher temperatures than other investigators may have been related to the
preponderance of juveniles in our samples, including young-of-the-year, which
Wells and Crowder and Magnuson did not sample. Another possibility is that per-
haps fish caught at higher temperatures only represented fringes of the bloater
population while the major portion of the population may have been in cooler
waters.

Other Considerations-

In southeastern Lake Michigan, bloaters spawn from mid-January to mid-March
and larvae hatch from mid-May to mid-July (Wells 1966). Adult bloaters collected
in early summer shoived slight to moderate gonad development.

Rainbow Sntelr

Distribution and Growth by Age-Group-

Larvae-Rainbow smelt larvae first appeared near the Cook Plant during late
Aprilor early May. Abundance of rainbow smelt larvae peaked in May and began to
decline in June. Mean densities in May were from 0 to 420 larvae/1,000 m'. Rain-
bow smelt larvae were scarce after June. During May beach densities were getlerally
higher than densities in the open water because most rainbow smelt spawning took
place in the beach zone (Jude et al. 1979). Beach samples taken in May sometimes
contained low densities of rainbow smelt larvae because sampling was conducted
after most rainbow smelt larvae had dispersed to the open ivater. During June and
July, rainbow smelt larvae were more common in the open water (6 and 9 m) than in
the beach zone but were scarce at 21-m stations. Rainbow smelt larvae occurred
almost uniformly throughout the water column, but they were generally absent from
the surface in the day time.

Rainbow smelt larvae ranged from 3.5 to 8 mm in early May and from 4.5 to
22 mm during early June. Most hatching took place during early May. However, Tin
and Jude (1983) reported substantial hatching of rainbow smelt larvae in eastern
Lake Michigan during late June. Scarcity of newly hatched larvae ((7 mm) during
June or early July suggested little late hatching of rainbow smelt near the Cook
Plant.

Young-of-rhe-> ear- Annual catches of young-of-the-year fluctuated considerably
during 1973-1982 (Fig. 0). Strong year classes„ivere produced in 1973. 1978, and
1980. Distribution divas influenced by bottom temperatures. Young-of-the-year
moved to deeper ivater when ivater temperatures in the inshore zone were high and
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FIGURE 4. Yearly total catch of three age-groups of rainbow smelt. Fish were
caught from Aprilto October by standard series netting in Cook Plant study areas,
southeastern Lake Michigan.
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returned to within the 9-m contour with upivellings of cold water. High catches were
observed in August 1973, 1974, and 1978 ivhen bottom temperatures were from 8 to
18'C. Occasionally, young-of-the-year were collected in the beach zone during sum-
mer. Low young-of-the-year catches in summer were usually associated with high
bottom temperatures (>18'C). In September, young-of-the-year began to migrate
offshore; a substantial portion of their -population remained inshore until Novem-
ber.

Young-of-the-year had mean lengths'of 32 to 44 mm in August. They grew
approximately 0.28 mm per day during the summer, and at the end of the first
growing season they attained mean lengths from 46 to 64 mm.

Yearlings- Yearlings accounted for 54 percent oi the total catch of rainbow smelt
in standard-series gear. The>'ere most abundant during 1980, 1981, and 1982 (Fig.
4). Yearlings migrated inshore during spring. They concentrated from the beach
zone to 9 m in May. Most yearlings moved to water deeper than 9 m in June in
response to warming in the inshore area. Yearling catches peaked in May and began
to decline in June. In summer, yearlings sometimes followed upwelled cold water to
the 6- and 9-m contours. Offshore migration of yearlings took place in September.

Yearlings reached mean lengths of 63 to 69 mm in April. Growth was slow (0.10
mm/day) from April,io.June, but it became more rapid (0.39 mm/day) during July
and August. This increased growth rate may be related to increased inshore tempera-
tures or food during summer. Mean lengths of yearlings were 122 to 142 mm in
November.

Adults-Annual Catch of rainbow smelt was highest in 1973 (Fig. 4).,Rainbow
smelt populations were at the lowest levels during 1975, 1976. and 1977. An increase
in abundance was observed during 1978-1982. Adult rainbow smelt migrated to
shallow N ater during spring spawning. Most were caught in April and May. They
returned to deep water in'une. During summer, substantial numbers of adults
returned to the 6- and 9-m contours during,upwelling of cold water. Rainbow smelt
spaivning seasori lasts only 2 weeks (Scott and Crossman 1973). Annual catches of
adult rainboiv smelt. near ihe Cook Plant werc generally low because our sampling
period rarely coincided with major spawning runs. High catches were observed in
1973 when sampling coincided with peak spawning activity.

Rainbow smelt mature;at age 2 (Baldwin 1950, Bailey 1964). XIodal lengths of
April-caught adults were 140 to 180 mm. Because age-I individuals attained lengths
of 122 to 142 mm by.fall, most rainbow smelt in the 140- to 180-mm size range in
April were age-2,and older fish. Rainbow smelt showed an increase in our catches
during 1980-82, presumably in response to the decline in alewife populations.

a

Temperature-Catch Relationship-

The majority'of rainbow smelt were collected in ivater temperatures from 6 to
16'C. Young-of-the-year most often occurred in water temperatures of 15!o 17'C,
yearlings predominated in water with temperatures of 10 to 13'C, and adults were

, generally caught in ivater 10'C or less. These data agreed ivith those of ~Veils (1968)
who found rainbow smelt at temperatures of 6 to 14'C. Ferguson (1965) reported a
temperature preference ol'6.1'C for rainbow smelt in Lake Erie. ~IacCallum and
Regier (1970) pointed out that rainbow smelt can be I'ound in a divide temperature
range.
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Other Considerations-

Of forage fish consumed by the five salmonid species inhabiting Lake Michigan,
rainbow smelt ranked second. As the alewife population continues to decline, diet
diversity of salmonids has increased, with rainbow smelt, yellow perch, bloater, and
sculpins making up a larger proportion of the fish eaten (Hagar 1984). Stomach
fullness has decreased and percentage of empty stomachs has increased, suggesting
the species now being fed on are less available, particularly to salmon. However,
growth data compiled by Hansen (1986) shows that among the salmonids, only large
chinook salmon are showing a decline in growth, and only in the southern basin of
Lake Michigan. The artificiality of the present Lake Michigan ecosystem, with its
marine exotic forage fish and almost totally stocked salmonid predators, will fluctu-
ate and continue to be unstable as the present fish fauna reaches some equilibrium
level.

Rainbow smelt were susceptible to a fungal infection on parts of their bodies. This
species was the only one which was consistently affected by this malady.

Sporrail Shiner

Distribution and Growth by Age-Group-

Larvae-Spottail shiner spawning is concentrated in nearshore waters (Jude et al.
1979, Wells and House 1974), thus distribution of larvae is primarily nearshore. Few
samples from open water stations comained spottail shiner larvae, whereas, spottail
shiner larvae were consistently found in beach station samples during summer. More
spottail shiner larvae were found at 6-mwtations than 9-m stations, and very few
were collected at 21 m (Noguchi et al. 1985). Spottail shiner larvae tend to be
demersal, as demonstrated by their abundance in bottom sled tow samples at the
Cook plant in 1974 (Jude et al. 1979) and at the J. H. Campbell Plant near Grand
Haven, Michigan, during 1977-1981 (Jude et al. 1982, ~fadenjian and Jude 1985).
Spottail shiner larvae were usually present from June through August. Newly
hatched larvae were present in nearly all August samples, showing that some hatch-
ing continued into August of most years. Mean lengths of larvae for each month
also gave an indication of continued hatching; some years mean length remained
about the same or decreased during June to August. Growth from larvae to young-
of-the-year was calculated using mean lengths of larvae in beach samples during
months of peak abundance (generally June or July) and maximum mean lengths
attained by young-of-the-year during fall. Calculated growth rates ranged from 0.31
mm/day in 1974 to 0.58 mm/day in 1982, and they averaged 0.40 mm/day for
1973-1982.

Young-of-the-year-Distribution of young-of-the-year spottail shiners was not as
strongly nearshore as for larvae. Young-of-the-year at modal length intervals of 30
to 50 mm were usually recruited to our sampling gear in July or August and were
more abundant in shallow than deep water during July to September (Fig. 5).
Despite the fact that four or five stations were trawled from April through Novem-
ber while only three were seined, and each trawl haul fished a larger area than a seine
haul, seine catches of young-of-the-year exceeded trawl catches in all but 2 years. In
addition, total seine catches for the year were often more than double total trawl
catches of young-of-the-year. More young-of-the-year were trawled at 6-m stations
than at 9-m stations. During fall, young-of-the-year dispersed offshore, as shown by
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sharp decreases in seine and trawl catches and increases in impingement at the 7.3-m
deep plant intake (Tesar et al. 1985; Thurber and Jude 1984, 1985). Young-of-the-
year generally grew to lengths of 45 and 64 mm before moving offshore beyond
sampling stations. Wells and House (1974) found spottail shiners attained a mean
length of 62 mm during their first year in southeastern Lake Michigan. Growth rates
of young-of-the-year from samples collected during late summer to early fall were
between 0.15 and 0.35 mm/day. Calculated young-of-the-year growth was slower
than larvae to young-of-the-year growth, and it did not follow the same yearly
pattern. Growth rates of young-of-the-year from samples collected during late sum-
mer to early fall were between 0.15 and 0.35 mm/day. Calculated young-of-the-year
growth was slower than larvae to young-of-the-year growth, and it did not follow
the same yearly pattern. Growth rates of young-of-the-year appeared to be related to
water temperature. The 2 years of slowest young-of-the-year growth, 1974 and 1978,
were associated with below average water temperatures, while most rapid growth in
1973 occurred during above average temperatures (Tesar et al. 1985).

Yearlings-Spottail shiner yearlings, like young-of-the-year, were more abundant
in shallow water than open water. Seine catches often exceeded trawl catches by
orders of magnitude, particularly during summer. Numbers of yearlings in trawls (6
and 9 m) increased during spring, and then decreased as seine catches from the
beach zone increased during June or July. The reverse migration pattern occurred
during fall, indicating yearlings moved during spring from deeper water through the
6- to 9-m zone to the beach zone for summer, then back offshore in fall. Yearling
spottail shiners collected in April ranged in length from 28 to 84 mm and grew to
approximately 100 mm by the end of their second year. Similarly, Wells and House
(1974) found spottail shiners attained a mean length of 96 mm by the end of their
second year. Yearlings from the Cook Plant area during June to August grew 0.2 to
0.5 mm/day. Growth rates of young-of-the-year were a poor predictor of yearling
growth; faster growing young-of-the-year cohorts (1973, 1977) tended to show
slower growth rates as yearlings. The 1973 and 1977 year classes were more abun-
dant as yearlings than any other year class; density-dependent factors, e.g.,
increased competition, may have inhibited growth. The 1978 year class exhibited
slow growth as both young-of-the-year and yearlings, probably because of cool
temperatures and competition from the larger 1977 year class (Tesar et al. 1985).

Adults (Age 2+)-Lake Michigan spottail shiners overwinter in moderately deep
water (9-37 m) (Wells 1968). Spottail shiner adults were sometimes impinged during
winter, particularly when water temperatures were above 3'C, but these occastons
were somewhat exceptional (Thurber and Jude 1984, 1985). Shoreward migration
began in March. As for yearlings, catches at 6- and 9-m stations increased during
spring, then seine catches increased and peaked from May to July. After spav ning,
spottail shiner adults dispersed to deeper waters as shown by trawl and gill net
catches in August and fall months (Tesar et al. 1985). Most spottail shiners we
collected did not exceed !25 mm; however, a few in 1982 were 165-174 mm. Most
()90%'o) female spottail shiners matured by 87 mm, and most ()90~io) males
matured by 89 mm. Both sexes probably first spawned at age 2, but yearlings were
sometimes collected along with adults during spawning. Wells and House (1974)
found that spottail shiners matured between 65 and 84 mm, and about half the
yearlings were mature.
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Gonad Conditions and Spawning Times-

Spottail shiners spawned during June through July or August. Fish with ripe
gonads were most abundant during June but also were abundant some years in May
or July. Spent fish usually first appeared in June, but were more abundant in July.
Peak spawning time varies from year to year (4Vells and House 1974). Generally,
rapidly increasing'water temperatures induce early spawning, which may then occur
over an extended period. Newly hatched larvae occurred from June through August,
coinciding with the spaivning season demonstrated by observed gonad condition of
adults.

Temperature-Catch Relationship-

Spottail shiners ivere collected during mid-winter in the beach zone at water
temperatures near freezing and during late summer at temperatures over 28'C.
However,,most spottail shiners were taken at water temperatures between 8 and
24'C (Tesar et al. 1985). %lean temperature at ivhich spottail shiners were collected
decreased with increasing size, from 23-25'C for 15-44-mm fish to 15-18'C for
adult fish 95-144 mm. This relationship was a result of differential use of nearshore
areas by different age-groups. Adult fish usually composed a large percentage of the
catch in spring and early summer when inshore water temperatures were in the mid-
teens and optimal for spawning. Young-of-the-year v,ere most abundant and suscep-
.tible to our gear in late summer to early fall ivhen water temperatures ivere at annual
maxima. 5'elis and House (1974) also found larger spottail shiners in deeper water,
ivhether or not temperatures were substantially different.

Other Considerations-

XIyxosporidian parasitism affected a small number of spot tail shiners, usually less
than 4~io of the catch. Parasitized females outnumbered males by more than a 2:I
ratio. Numbers of parasitized fish usually peaked in June. Parasitism may be spread
by the aggregation of spottail shiners for spawning and exacerbated by spawning
stress and increasing ivater temperatures in June.

Trophic relationships of spottail shiners were unclear from our data. Although
they can be important forage for sport fish (~Yells and House 1974), feiv spottail
shiners v ere eaten by salmonids and yellow perch. However, with the increased
yellow perch population, brought about presumably by the alewife decline, more
predation on spot tail shiner can be expected (Jude and Tesar 1985). Total combined
spottail shiner catches did decline noticeably in 1982 (Fig. 6) because of a large
decrease in yearlings. This could be due to increased predation by the expanding
yellow perch population in the lake. Spottail shiners, unlike emerald shiners,
appeared to be unaffected by changes in the alewife populations. Spottai! shiners
have demersal larvae ivhich are not vulnerable to alewife predation, ivhile the pelagic
larvae of emerald shiners are.
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FIGURE 6. Yearly total catch of three age-groups of spottail shiners. Fish ii'ere
caught from Aprilto October by standard series, netting in Cook Plant study areas,
southeastern Lake,ltichigan.



GLRD Publ. No. 22/Cook Nuclear Sans Serif (9b-6)

ECOLOGY OF FISH 377

Trout-Perch

Distribution and Growth by Age-Group-

Larvae- Trout-perch larvae (4 to 8 mm) occurred from May to October; suggest-
ing that trout-perch had the longest spawning season of any species collected in the
study area. Although adult and juvenile trout-perch were common near the Cook
Plant, we caught only a small number of larvae. Larval trout-perch were collected in
only a few samples each year. Sample densities ranged from 15 to 149 larvae/
1,000 m'. Trout-perch larvae were found from the beach zone to 9 m. Most were
caught at night.

Young-of-the-year-Young-of-the-year were caught sporadically by standard-
series fishing from August to November. Scarcity of young-of-the-year may have
been due to their preference for water deeper than 9 m'. Magnuson and Smith (1963)
reported young-of-the-year moved offshore as summer progressed. Many young-of-
the-year were probably too small to be retained in trawls during summer and fall.
However, a few young-of-the-year from 17 to 33 mm were caught during August
and September. Shorter young-of-the-year mean lengths (14 to 32 mm) were
observed in October due to the presence of a younger cohort that hatched during the
latter part of the spawning season. House and Wells (1973) reported young-of-the-
year trout-perch reached a mean length of 49 mm at the end of the first summer of
life.

Yearlings- Yearlings occurred in the study area from April to October, with peak
abundance in July. High catches of yearlings were sometimes observed in June or
August. Yearlings were scarce in the beach zone; most N ere caught at 6 and 9 m.
Yearling catches were low in September and October due to offshore migration. At
the end of the second summer of life, yearlings attained a mean length of 83 mm
both in southeastern Lake Michigan (House and Wells 1973) and in Lower Red
Lake, XIinnesota (Magnuson and Smith 1963). Trout-perch appeared to grow more
slowly in our study area. Yearling trout-perch we collected averaged 29 to 49 mm in
XIay and 61 to 83 mm in October. Growth rates of yearlings during summer and fail
were 0.17 to 0.32 mm/day (Tesar and Jude 1985).

Adults-Adults were generally more abundant than young-of-the-year and year-
lings (Fig. 7), 'accounting for 67 percent of trout-perch catches during the study.
Adults migrated inshore in April. They were common at 6 and 9 m from June to
August. As gas found with yearlings, adult trout-perch were seldom caught in the
beach zone. Catches substantially declined in November due to offshore migration.
~Ioda! lengths of adults ranged from 80 to 120 mm in April. Because yearlings were
61 to 83 mm in mean length at the end of the growing season, fish 80 mm to 120 mm
in April were age 2 and older.

Temperature-Catch Relationship-

Trout-perch prefer water temperatures from 10 to 16'C in southeastern Lake
Michigan (Wells 1968). In our study area, trout-perch were caught most frequently
in 14.6 to 20.5'C water. Jude et al. (1982) reported finding trout-perch in a wider
temperature range (4 to 24'C) near the Campbell Plant, eastern Lake XIichigan. All

.age-groups of trout-perch exhibited similar temperature preference.
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FIGURE 7. Yearly total catch of three age-groups of trout-perch. Fish were
caught from Aprilto October by standard series netting in Cook Plant study areas,
southeastern Lake .Viichigan.



GLRD Publ. No. 22/Cook Nuclear Sans Serif (9b-6)

ECOLOGY OF FISH 379

Other Considerations-

Ripe adults were found from April to October. Higher numbers of trout-perch in
spawning condition were observed in June, July, and August than during April,
ivlay, September, and October, suggesting that spawning took place mainly during
summer.

Trout-perch were reported to move shoreward at night and retreat to deep water
during the day (Magnuson and Smith 1963, Emery 1973). Similar trout-perch behav-
ior was observed in our study area. More trout-perch were caught at night than
during the day, indicating that the majority of trout-perch remained in water deeper
than 9 m during daytime. However, lower day catches also may have been due to net
avoidance during'daylight. Inshore-offshore migration may be affected by water
temperature. During the day trout-perch appeared to reside farther offshore when
the water was warm. In cooler water, trout-perch were less inclined to make diel
inshore or offshore movements.

Trout-perch populations, like spottail shiners, appeared to be unaffected by
changes in the alewife populations as numbers of trout-perch collected were stable
over the 10-year study period (Fig. 7). However, there was a noticeable decline in
19S2, which may be increased predation on trout-perch by the burgeoning yellow
perch population (Jude and Tesar 1985).

Ye//o» Perch

Distribution and Growth by Age-Group-

Larvae- Yellow perch larvae ivere collected from April to July. Because adult
yellow'perch in the study area ivere not ready to spaivn until Xiay, larvae collected in
April and early May probably entered Lake ~fichigan from inland lakes where
spawning begins sooner than in Lake Michigan (see Dorr 1982, Perrone et al. 19S3,
Jude et al. 1981a). Yellow perch larvae abundance was generally low during April
and May, suggesting that only a small portion of yellow perch populations in the
study area originated from tributary waters. Peak densities (0.9 to 205 larvae/
1,000 m') occurred during June. Yellow perch larvae were scarce in July and
August, presumably due to net avoidance (Noble 1970, IVong 1972).

Most yellow perch larvae were found at 6- and 9-m stations. Densities ivere
generally low in the beach zone or at 21-m stations. Yellow perch larvae became
pelagic shortly after hatching. They were distributed throughout the water column,
except they were absent from the deepest strata. Night catches were generally higher
than day catches due to more effective net avoidance during daylight.

Yellow perch larvae collected ranged from 3.5 to 10.5 mm, most being 7.5 mm or
less. Peak hatching took place in early June. Newly hatched larvae ivere generally
scarce after June. Occasionally, substantial hatching occurred in early July as
observed in 1979 and 19SO. Increased net avoidance oy large larvae (Noble 1970)
contributed to the complete absence of larvae larger than 10.5 mm.

)'oung-of-rhe-!ear-Young-of-the-year were collected in standard. series gear
from July to November. Peak catches sometimes occurred from August to Novem-
ber but inhere observed most commonly in September. During August and Septem-
ber, young-of-the-year ivere,distributed from the beach zone to 9 m during both day
and night. Beach catches generally deere sed at night due to movement of young-of-
the-year to deep ivater at dusk. Young-of-the-year migrated offshore in October.
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occasionally returning to the 6- and 9-m stations at night in fall. Large catches of
young-of-the-year were observed in 1977 and 1982 (Fig. 8).

At the end of the first groiving season, young-of-the-year reached lengths between
approximately 65 and 105 mm and averaged 8! mm. From June to August, growth
rate varied between 0.6 and 0.9 mm/day. These rates were about average for grovvth
of young-of-the-year yellow perch in North America (Jude et al. 1979). From
August to October, a slower growth rate (0.5 mm/day) was observed. Yearly growth
of young-of-the-year divas completed between October and November.

Yearlings-During winter and spring, most yearlings inhabited water deeper than .

9 m. Shoreward migration began in June. Yearlings were concentrated in inshore
water in July and large catches were obtained in the beach zone. Yearlings began to
move away from the beach zone in August, and by December most were in water,",
deeper than 9 m.

During April, yearlings had a mean length of 82 mm. Growth vvas most rapid in
June, July, and August. and appeared to be complete by October or November..
Mean lengths of yearlings during fall ranged from 123 to 171 mm, and overall
average divas 152 mm. Growth of yearlings in the study areas divas similar to yearling
growth in southern Lake Xiichigan (Koch 1972), Oneida Lake, New York (Vashro
1975), and Lake Erie (Jobes 1952), but it was less than in northern Lake Wiichigan
(Brazo et al. 1975).

Adults-During fall, winter, and spring, most adult yellow perch were in water
deeper than 9 m. Adult catches were low during March, April, and iMay. ~Veils
(1968) found a similar distribution for adult perch in southeastern Lake Michigan.
Adults migrated to inshore areas in June and remained there until September. Large
catches of adults in the beach zone were observed in June and July. Migration to
deep water took place in October.

Yellow perch spaivning occurred from late May to early June over rough substrate
along the eastern and southeastern shore of Lake Wiichigan (9'elis 1977, Dorr 1982).
Gonad and fish larvae data indicated that yellow perch spawning took place during
late May in the vicinity of the Cook Plant. Dorr (1982) indicated that yellow perch
spawning divas concentrated in an area of rough substrate approximately 3 km north
of the Cook Plant. Rock riprap around the intake structure divas probably utilized by
some yellow perch for spaivning. Yellow perch ivere reported to spaivn on similar
rock riprap near the Campbell Plant (Jude et al. 1982).

Yellow perch populations, as indicated by annual catches of young-of-the-year,
yearlings, and adults from 1973 to 1979 (1,600 to 4,600 fish), remained steady (Fig.
8). Yellow perch abundance substantially increased during 1980, 1981, and 1982,
with respective annual catches of 13,000, 26,000, and 18,500 (Fig. 8). There was a
concomitant decline in the alewife population, hypothesized to have occurred
because of increased salmonine predation (Jude and Tesar 1985). 6'e believe yellow
perch larvae, which were preyed on less heavily by alewife, experienced higher
survival with the decline in the alewife population.

Temperature-Catch Relationship-

Most (60%o) yellow perch were caught at water temperatures between 18 and
24'C. Ferguson (1958) reported yellow perch in Lake Erie preferred ivater tempera-
tures from 19 to 21'C. The temperature preferences for yellow perch detertnined
from laboratory studies ivere 21 to 24'C (Scott and Crossman 1973). Laboratory
experiments showed that young yellow perch select ivarmer temperatures than adults
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FIGURE 8. Yearly total catch of three age-groups ofye/laic'erch. Fish i~ere
caught from Aprilto October bi standard series netting in Coo/ Plartt study areas,
southeastern Lal;e,Ut'chigan.
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(Barans and Tubb 1973, McCauley and Read 1973). In our study areas, larger yellow
perch tended to be found in cooler water than smaller individuals.

LESS ABUNDAiNTSPECIES

Less abundant species were arbitrarily defined as any fish whose average catch
was >20 but ( l,000 fish/yr. In this section, noteworthy species in this category are
discussed alphabetically; the pertinent data can be found in Table 3.

Brown Trout

Brown trout were collected from March to November; most were found in spring
and early summer. Individuals 300 mm and larger migrated inshore during spring,
probably following the shoreward migration of alewives. They were most common
in inshore water from March to June. Juvenile brown trout 100 to 280 mm inhabited
water from the beach to 9 m during May, June, and July. Brown trout moved to
deep water during late summer due to high temperatures in shallow areas. In fall,
brown trout catches were usually loiv because adults were migrating upstream for
spawning, and juveniles remained in deep water.

Brown trout collected were between the 120- to 770-mm length intervals. Based on
age-length data reported by Merron (1982), brown trout 100 to 270 mm caught in
spring and early summer were yearlings; whereas, those 300 mm and larger were 2-
years old or older. Yearling brown trout in the study area may have originated from
planting or natural reproduction. Brown trout smaller than 100 mm have never been
caught in the study area. Frost and Brown (1967) reported that offspring of lake
resident brown trout migrated downstream at an age of about I year. Yearling
abundance fluctuated widely, with largest catches observed in 1973, 1976, 1978, and
1980. Year class strength of brown trout is dependent upon success of natural
reproduction and level of plantings in tributary streams. Brown trout 300 mm and
larger were most common in the study area during 1978 and 1979.

Brown trout spawn in streams in the fall (Brynildson et al. 1973); in our study
area, ripe and spent adults were caught from August to November. Most brown
trout were caught in water temperatures of 7 to 17'C. These data agreed with the
temperature preferenda of 12.4 to 17.6'C reported for brown trout by Ferguson
(1958). Several brown trout were also collected near the Cook Plant at water temper-
atures from 19 to 24'C, indicating that this species can tolerate relatively warm
water.

Coho Salmon

Coho salmon catches were relatively high during spring and declined during sum-
mer and fall. Adult coho salmon migrated inshore during April, ivIay, and June.
During summer as inshore water temperatures increased, they resided in deeper
water outside the study area. Low catches in fall may have been related to upstream
migration for spawning. Juvenile coho salmon from planting and natural reproduc-
tion migrated. downstream to Lake Michigan in spring. In the study area, they were
found from the beach zone to 9 m during April, May, and June. Juvenile coho were
offshore during summer and fall.

Coho salmon collected were in the 60- to 880-mm Iength intervals. Juveniles
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250 mm and smaller represented 6510 of the total coho salmon catch. Coho salmon
grow rapidly in Lake Michigan, and most growth takes place during the second
summer of life (Stephenson 1968). At planting time, yearlings were 100 to 152 mm
(Parsons 1973). During spring of the third year of life, coho salmon collected were
400 to 550 mm. During summer and fall, most 3-year-old coho salmon were 500 mm
and larger. This size range was comparable to that of adults from other areas of
Lake Michigan v;here coho salmon over 506 mm were collected during the fall
spawning runs of 1978 and 1979 (Patriarche 1980).

The majority of coho salmon were caught in water temperatures of 8 to 17'C.
Engel and Magnuson (1971) found coho salmon in comparable water temperatures
(8 to 16'C) during summer in a small lake. Final temperature preferendum for coho
salmon was 11.4'C during spring (Reutter and Herdendorf 1974). Adults were
caught over a divider temperature range than juveniles. Juvenile coho salmon 60 to
240 mm occurred in water temperatures of 12 to 20'C, whereas adults were caught
in 5 to 25'C water.

Common Carp

Entrainment and field data indicated that common carp larvae occurred in the
study area every year during 1975 to 1982 but were found in only a few samples each
year. Larval common carp were collected from June to August, but were most
confmon in July. Larval fish abundance varied greatly from 17 to 11,800/1,000 m'.
Common carp larvae were more common in the beach zone than in open water,
indicating that spawning took place in shallow water. Larval common carp in the
vicinity of the Cook Plant.

Adult common carp occurred in the study area from April to November and
showed no definite patterns in seasonal abundance. Peak monthly catches occurred
during April to October, except July. Low July catches may have been related to
increased spawning activities by common carp in areas not sampled by standard-
series fishing. Common carp were found from the beach zone to 9 m. More com-
mon carp were, however, caught at 6 m than at 9 m or in the beach zone. Common
carp generally preferred warm water, and larger catches were made at the Cook
Plant than at IVarren Dunes (Fig. 9). These larger catches were probably due to the
presence of the thermal discharge and currents due to plant operation. Common
carp occurred over a range of temperatures, but greatest catches were observed in
water temperatures of 15 to 23'C.

Ripe adult common carp were caught from May through October, indicating an
extended spawning season for this species. Larval fish data revealed that peak
spawning in the study area took place in July. Very few immature individuals were
collected, and the majority of common carp caught every year were between 500 and
750 mm.

Chinook Salmon

Chinook salmon were collected from April to November, with monthly catches
generally higher during spring than summer or fall. Larger chinook salmon
() 300 mm) moved inshore during April, May, and June; they were caught mostly at
6 and 9 m. Planted and naturally produced chinook smolt migrated downstream to
Lake Michigan in spring..Juveniles occurred at all depths sampled, most being
I'ound in the beach zone. Catches were low.during July and August because juveniles
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FIGURE 9. Annual catches of common carp in gill nets and seines in the study
areas ofsoutheastern Lal'e Michigan, 1973-1982. The Coo/ Plant began operation
in I975.

and adults avoided warmer inshore water. During fall, few adults were caught; most
were probably migrating upstream for spawning. Juveniles appeared to remain in
deep water outside the study area in fall.

Chinook salmon collected were between the 60- and 980-mm length intervals; the
majority were juveniles 60 to 300 mm. Young-of-the-year were 51 to 76 mm when
planted in spring (Parsons 1973). Juveniles collected in our study area grew to 60 to
170 mm during April to July and to 150 to 300 mm during August to November.
Growh was very rapid during the second summer of life. Age-I fish were 220 to
330 mm during February, %larch, and April, and 410 to 500 mm in fall. In Lake
Superior, chinook salmon attained smaller size at the end of the second year of life
(Berg 1978).

Chinook salmon in the Great Lakes spawn in the fall (Berg 1978). The majority of
adult citlnook collected in September were ripe-running, indicating that spawning
took place during this month in southeastern Lake Michigan. Most adults were
caught at water temperatures of 5 to 17'C: whereas juveniles 70 to 280 mm were
found at water temperatures of 9 to 20'C. Preferred temperatures of young-of-the-
year were 12 to 13'C (Brett 1952).
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Gizzard Shad

Adult and yearling gizzard shad v ere found from April to November. Highest
catches were observed from August to November. Scarcity of adults during spring
and early summer may have been related to spawning activities outside the study
area. Young-of-the-year vere caught from September to November. Nearly all
adults collected were taken at 6 and 9 m. Yearlings and young-of-the-year occurred
from the beach zone to 9 m but were most common near the beach.

Most adults were 320 to 470 mm. Based on age-length data reported by Bodola
(1966), fish this size were 2 to 4 years old. The largest adult collected was 520 mm.
Yearlings were 85 to 164 mm during March, April, and May, and 115 to 195 mm
during July and August. Young-of-the-year were 55 to 104 mm during September,
October, and November.

Gizzard shad spawn in spring and summer (Scott and Crossman 1973) in lakes and
rivers (Miller 1960). No fish in spawning condition were observed in our study area.
Only one larva was collected during the 10-year period. These data suggested no
gizzard shad spawning took place in the vicinity of the Cook Plant. However, the
Grand River (unpublished data, Great Lakes Research Division) and, presumably,
the St. Joseph River were utilized for spawning and a nursery by gizzard shad.

Gizzard shad prefer warm water. Reutter and Herdendorf (1974) reported a tem-
perature preferendum of 20.5'C for Lal'e Erie fish. In our study area, most fish
occurred in relatively cool water, 13 to 21'C. Gizzard shad less than 300 mm were
generally found, in cooler water than larger individuals.

Johnny Daner

Larval johnny darters (4 to S mm) were occasionally collected in the study area
during June, July, and August. They occurred mainly in open water, suggesting that
spawning took place outside the beach zone. Adults and yearlings moved inshore in
April, and abundance peaked in May or June. Smaller catches were observed in
summer due to offshore migration. Some adults and yearlings returned to inshore
water in the fall. Relatively large johnny darter catches in fall resulted in the trawl.
Johnny darters were caught mostly at 6 and 9 m; some were seined in the beach
zone.

Ripe adults were collected from May to September. The spawning peak, however,
took place during June and July. Eggs were found on the plant's riprap during May
and June (Dorr and Jude 19SO). A similar spawning season was reported near the
Campbell Plant (Jude et al. 19Slb). %lost fish collected were within the 40- to 60-
mm length intervals. Published data on length-at-age (Raney and Lachner 1943,
Karr 1963, Brazo and Liston 1979) indicate most darters we collected were 1-, 2-,
and 3-year-olds. Larger fish in the 70- and 80-mm intervals were possibly 4 years
old. Young-of-the-year attained'a modal length of 20 mm in July and August, and
grew to modal lengths of 40 or 50 mm in October and November. Brazo and Liston
(1979) collected young-of-the-year 20 to 25 mm near Ludington in August. Johnny
darters were collected in a divide temperature range, with most found in 9 to 21'C
water. Young fish were collected in w'armer water than older fish.
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Lake Trour

During spring and summer, lake trout resided in water deeper than Cook Plant
sampling stations; they migrated inshore only during upwelling. Catches were gener-
ally low from April to August. Adult fish moved inshore as early as September if
water was cool. Peak catches generally occurred in November. Most fish were
caught at 6 and 9 m, but a few were also taken in the beach zone.

Lake trout collected ranged up to 874 mm: most were 605 to 755 mm. Length-
frequency distributions did not change noticeably from year to year. Immature fish
apparently did not move inshore with spawners, as we collected very few young
individuals. Yearlings, 122 to 180 mm, were occasionally trawled during summer.

Spawning took place in early November, as indicated by the number of spent fish
observed in November catches. At more northerly Lake Michigan sites, Ludington
(Brazo and Liston 1979) and the Campbell Plant (Jude et al. 1982), lake trout
spawned up to a month earlier, probably because water cooled sooner. Larvae and
juveniles were collected near the riprap at the Campbell Plant (Jude et al. 1981a,
1982), yet we found no evidence of successful reproduction in the Cook Plant
vicinity. However, in November 1976, large numbers of eggs were washed up on the
beaches at the Cook Plant. No larvae have been collected in our study area. About
2%0 of lake trout collected at the Cook Plant had no fin clips. All non-clipped fish
were adults ) 550 mm.

Most lake trout were collected at water temperatures 6 to 16'C. This is similar to
temperature preferenda of 10 to 11.8'C reported by McCauley and Tait (1970),
Scott and Crossman (1973), and Spigarelli (1975). About 14.4'f the lake trout
caught near the Cook Plant had lamprey scars, a lower rate than found by McCom-
ish and Miller (1975) or Jude et al. (1982), 251o and 17-3610, respectively. In our
study area, lake trout with sea lamprey scars decreased in frequency from 1973 to
1978, then increased again in 1979. Most scars were healed, and few fish had
multiple scars. Acanthocephala were rarely noted in the intestines of either adult or
immature fish.

Longnose Dace

Longnose dace caught in standard sampling ranged from 20 to 120 mm. Young-
of-the-year collected in October and November were in the 20- to 40-mm length
intervals. Yearlings (50 to 70 mm) and adults () 75 mm) occurred from April to
November but were most common in fall. Longnose dace occurred at all depths
sampled; highest catches were observed in the beach zone.

Longnose dace spawn on rocky substrate in shallow water (Gee and Machniak
1972). In eastern Lake XIichigan, spawning takes place from May to late July (Brazo
et al. 1978). There was a lack of both ripe adults and larvae during the spawning
season which suggests that spawning took place outside the study area. Longnose
dace were caught in water temperatures from 2 to 27'C, with over 50% being
collected in water of 11 to 15'C. These data agree with those of Brazo et al. (1978)
who found a substantial increase in catches when spring water temperatures reached
8 to 14'C.
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FIGURE 10. Annual catches of longnose suckers in gill nets and seines in the
studv areas'of southeastern Lake Michigan, 1973-1982. 7he Cool'lant began
operation in 1975.

Longnose Sue/ er

During most years, longnose suckers were slightly more abundant in spring and
early summer than late summer and fall. This species may avoid inshore water
during the warmest months. Most longnose suckers were caught in gill nets at 6 and
9 m. More were caught at Warren Dunes than at the Cook Plant (Fig. 10), a pattern
of avoidance also observed for white suckers. Catches were higher at night than
during the day, due to nocturnal inshore movements. During daylight, adults may be
able to avoid nets or they remain in water deeper than 9 m.

Most longnose suckers collected were adults 400 to 570 mm; very few.juveniles
were caught. Young-of-the-year reached modal lengths of 90 to 110 mm in August.
Yearlings were 170 to 240 mm in the fall. They spawned in April, probably in
tributary streams rather than in the study area. Four sucker larvae (species undeter-
mined) were collected in the study area during May 1978, but we presume that they
were, river-spawned fish ivhich drifted into the lake from the St. Joseph River which
is about 17 km north of the plant.

The majority of longnose suckers were caught in water from 7 to IS'C. Smaller
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fish usually occurred in warmer water than larger individuals. Longnose suckers
with neoplastic lesions (unnatural tissue growths, possibly cancerous) on lips and
heads were occasionally found in the study area. However, there were no trends
observed over the 10 years of the study.

Rainbow Trout

Rainbow trout were collected from April to November. They showed no distinct
pattern of seasonal abundance, except that catches tended to be lower in summer
than fall or spring. More rainbow trout were caught in the beach zone than in the
open water. Rainbow trout collected ranged from 50 to 770 mm, most being from
120 to 270 mm. Great Lakes young-of-the-year rainbow trout grew to approxi-
mately 82 mm at the end of the first year of life (MacCrimmon and Gots 1972). In
our study area, young-of-the-year reached lengths of 50 to 110 mm in October and
November; yearlings ranged from 130 to 280 mm in spring. Rainbow trout larger
than 300 mm were relatively uncommon in the study area. In the Great Lakes
region, rainbow trout spawn from late December to late April (Dodge and Mac-
Crimmon 1970). Ripe and spent adults were collected during April and May, sug-
gesting that spawning took place during early spring in the vicinity of the Cook
Plant.

Most rainbow trout were caught in water from 7 to 17'C. Juveniles were found in
water of 10 to 20'C, whereas, individuals larger than 250 mm were caught in water
of 3 to 18'C. Spigarelli and Thommes (1979) also found an inverse relationship
between preferred temperatures and size of rainbow trout.

Slimy Sculpin

Slimy sculpins migrated inshore in spring and were most common in the study
area during Apriland May. They were distributed at all depths sampled, but greatest
catches occurred at 6 and 9 m. After June, catches became more sporadic as most
adults returned to deeper waters. Wells (1968) also observed that sculpins aban-
doned shallow areas during summer and fall. Slimy sculpins collected were within
the 20- to 120-mm length intervals; most were 60 to 90 mm. Spawning took place
during Apriland ivlay, probably in the rock riprap near the intake structures. Divers
observed sculpin eggs on riprap in May (Dorr and Jude 1980). Larval slimy sculpins
(6 to 9.3 mm) were commonly found in June during 1973-1982. They occurred only
at open water stations.

Slimy sculpins are typically inhabitants of cooler areas in lakes and streams with
rocky substrate (Scott and Crossman 1973). In southeastern Lake Michigan, Wells
(1968) caught most sculpins in water from 4 to 6'C. The highest catches in our study
area were observed in water from 4 to 7.9'C. Migration of sculpins to deeper water
in the summer may be related to Increasing inshore temperature. Sculpins were
occasionally found in water 14 to 17.9'C.

Slimy sculpins were infected with acanthocephalan parasites during all opera-
tional years. Incidence of parasitism at Cook Plant stations ranged from 17% in
1975 to 63% in 1979. Higher frequency of occurrence of acanthocephalan parasites
in slimy sculpins was observed near the Campbell Plant (Heufelder and Sch-
neeberger 1980).
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IVhire Sucker

White suckers live in deep water in winter and migrate up streams to spawn in
spring. In the study area, catches were generally lower in spring than in summer or
early fall. Fish occurred at all depths sampled. Most juveniles were caught in the
beach zone, whereas most adults were found at 6 and 9 m. More white suckers were
collected at Warren Dunes than at the Cook Plant (Fig. 10), apparently due to
avoidance of the Cook Plant area.

Spawning usually took place in April and May but extended into March or June
during some years. No white sucker spawning was observed near the Cook Plant.
Four sucker larvae (species undetermined) were collected in the study area during
May 1978, but we presume that they were river-spawned larvae that moved into the
lake. Most fish collected were adults 400 to 550 mm. Young-of-the-year, usually
collected in summer and fall, were typically at modal lengths of 50 to 60 mm in July,
but occasionally they were 70 to 80 mm. By October-December, young-of-the-year
had grown to modal lengths of 120 to 130 mm. Yearlings were rarely collected.

, White suckers were collected over a wide temperature range. Most occurred in
water temperatures between 13 and 23'C. Smaller fish tended to be caught in
warmer water than larger fish. Neoplastic lesions on the lips and heads of white
suckers, first observed in 1974, were also found during operational years. No trends
were discernible in the datset. White sucker and longnose sucker were the only two
species which were afflicted with this condition.

RARE SPECIES

Forty-two species of fish were classified as rare in the study area (Table 4). Of
these, only four species, burbot, channel catfish, lake whitefish, and ninespine
stickleback, were caught during every year of the 10-year period. Mean annual
catches ranged from 0.1 to 17 fish per year. For 10 species, only one specimen was
collected during the 10-year period.

SUMMARY

Fish populations were monitored in the vicinityof the D. C. Cook Nuclear Plant,
southeastern Lake Michigan, during 1973-1982 using seines, trawls, and gill nets.
Nets were deployed from April to November, during the day and night, once per
month. Larval fish were collected on a similar schedule using 363-Itm-mesh nets.
These data, along with ancillary data from entrainment and impingement monitor-
ing, were compiled to describe the spatial and temporal distribution of all life stages
of fish frequenting the inshore ((9 m deep) zone of Lake Michigan. We also
documented which species of fish spawned inshore and which used the plant vicinity
as a nursery area. Results v ere also used to determine if plant operation had any
impact on fish populations by contrasting catch indices between the Cook Plant and
a reference site (see Plant impact on Fish chapter). We also drew on the data set
generated, here to assist in interpreting the entrainment and impingement trends that
we observed.

.A brief discussion of historical changes in Lake XIichigan fish populations will
help put'our results in historical perspective. The Lake Michigan fish community
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TABLE 4. Total catch of rare species and number ofyears during 1973-1982 in
tihich thesespecies were collected at least oncein Cook Plant study areas, southeast-
ern Lake iMichigan.

Species
Total Number of
Catch Years Species

Total Number of
Catch Years

Burbot
Ninespine stickleback
Channel catfish
Lake whitefish
Sand shiner
Bluegill
Emerald shiner
Silver redhorse
Northern pike
Golden shiner
Largemouth bass
!iiottied sculpin
Fathead minnow
Quillback
Shorthead redhorse
Black bullhead
Bluntnose minnow
Lake sturgeon
Brook silverside
Golden redhorse

77
113
100
53

168
76

148
15

60
9
8

«7

7

14

18

8

5

3

13

10
10
9
9
9
8
8

8
7
6
6
6
5

5

5

4
3

3

Lake herring
Rock bass
Round whitefish
Central mudminnow
Common shiner
Freshwater drum
Green sunfish
Smallmouth bass
Spotfin shiner
White crappie
Banded killifish
Blackchin shiner
Black crappie
Blacknose dace-
Blacknose shiner
Creek chub
Grass pickerel
Lake chub
Logperch
Pumpkinseed
Walleye

3

8
3

3

19
7
1

5
6
I
I
I
I

I

I

I
I
2
I
I

3

3

3
1

2
2
2
1

2
4

I
I
I
I
I
I
I
I
I
I
I

has undergone some of the most dramatic upheavals of any large body of water in
the world. It is important to be aware of these changes to understand our results.
Prior to the 1900s, the Lake Michigan fish community was dominated by coregonine
fish, which occupied all parts of the lake from the deep abyss to the nearshore
shallows. Lake trout and burbot were the only top predators. Deepwater sculpin
were abundant in the deepest parts of the lake while emerald shiner, yellow perch,
and trout-perch were common near shore. Overfishing began to impact the large
species, lake whitefish, blackfin cisco, and lake sturgeon, in the 1900s. By the 1920s,
some stocks were severely depleted which reduced their capacity to resist any further
stresses, Thus, when sea lampreys entered the lake, they also preyed on the largest
species, and along with overfishing caused the decimation of six of the seven deep-
water ciscoes plus lake trout.

This major loss of predators and coregonines set up the lake for invasion by
marine species, such as the alewife and rainbow smelt, which do not proliferate in
the presence of an established predator population (Christie 1974). Alewife popula-
tions peaked in 1966, when massive quantities of these fish died and littered the
beaches. This was the same year the Michigan Department of Natural Resources
first stocked salmonids, which have produced a spectacular sport fishery. IVith the
proliferation of alewife populations, we have seen the once abundant emerald shiner
populations all but disappear. Yellow perch populations also declined from pre-
alewife days. Predation by alewife on eggs and larvae on these and other species is
the suspected mechanism causing thc declines. In the late 1970s and early 1980s, we
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have seen the reversal of these trends as alewife populations declined due to salmo-
nid predation and cold winters. Yellow perch, bloaters, and rainbow smelt popula-
tions rebounded as a result. Most recently, emerald shiner populations also appear
to be making a comeback.

In summary, our studies during 1973-1982 covered the period in Lake Michigan
when alewives were very abundant, however they began to decline as cold winters
and excessive salmonid predation began to impact their numbers substantially. Rain-
bow smelt were very common, along with trout-perch, spottail shiner, and yellow
perch. Stocked salmonids were common to abundant in the study area during
spring, fall, and upwellings when inshore temperatures were optimal. Toward the
end of the study, as the alewife population declined, yellow perch populations,
rainbow smelt, and bloater populations rebounded in our catches and these species
were also impinged in larger quantities.

Three physical factors, all related to temperature, appeared to have substantial
impacts on year-class strength or distribution of fish, and hence our catch rates for
those species. The duration and intensity of inshore heating in a given year, espe-
cially during the spring spawning period, had a positive effect on survival of eggs
and larval fish of several species, especially spottail shiner. Growth of most species
that resided nearshore, such as spottail shiner, alewife, rainbow smelt, and yellow
perch, was also generally positively correlated, but not always statistically, with «,

years of consistemly higher than average water temperatures. Timing of warming
and cooling of Lake Michigan in spring and fall also had an impact on the numbers
and species of fish that were collected during these volatile periods of the year.
Mixed catches confounded statistical comparisons during these times (see Plant
Impact on Fish chapter).

The second major factor influencing our catches was upwellings during periods of
stratification. Our catches during upwellings would be mostly cold water species,
such as lake trout and bloaters, while areas not affected would yield catches of
predominantly warm water species. Several years of data and statistical manipula-
tions were necessary to overcome the variability introduced into data sets because of
these occurrences.

The third factor influencing the congregation of fish divas the thermal bar which
formed in the spring. Alewife and many other species N ere collected in unusually
large numbers in this warmer, nutrient-enriched water along shore; large quantities
of fish were also impinged.

Over the 10 years of the study, we collected 59 species of fish; six were considered
abundant and included alewife, spottail shiner, rainbow smelt, trout-perch, yellow
perch, and bloater. From 1973 to 1982, over 1,100,000 fish were collected; the
largest catch occurred in 1973 (almost 200,000 fish) while the lowest occurred in
1982 (just under 50,000 fish). Seines produced 681o of all fish collected, while trawls
(24~io) and gill nets (8 "o) contributed the remainder.

Alewife adults first appeared inshore in spring, seeking the warmest water avail-
able. They spawned nearshore at night from June through August; larvae were
abundant during these months, with highest densities generally in the 3-m depth
zone.

Larval alewives were common from surface to bottom out to the 9-m depth
contour and, depending on epilimnion depth, sometimes were present in substantial
numbers out to 21 m. Because they were so widely distributed, especially in the
vicinity of the plant intakes, they were entrained in large numbers. Young-of-the-
year fish remained inshore until they reached a threshold size, around 50 mm, then
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began migrating offshore. All young-of-the-year departed by late November or
earlier depending on the thermal regime. Salmonids that we examined over the 10-

year study were eating from 62-9010 by weight alewife, an indication of how essen-

tial this forage fish is to the current Lake Michigan predator-prey system. The
alewife population began to decline in the early 1980s and predators are now adjust-
ing to changing abundances of prey species in the lake.

Bloaters spawn in deep water offshore in winter; unidentified coregonine larvae
were only collected once in our sampling year during the study period. Young-of-
the-year (35-117 mm) were collected in fall. Of all life stages, yearlings were caught
most often in our study area; most were taken during upwellings in summer. We
collected a few adults from 145 to 314 mm in summer and also during upwellings.
Populations increased substantially from 1979 to 1982, which was linked to banning
of commercial gillnetting and to the alewife decline in Lake Michigan.

Rainbow smelt spawn in April or May in the beach zone when water temperature
there reaches about 10'C. Peak abundance of fish larvae was in May when densities
to 420/1,000 m'ere reached. They move offshore soon thereafter. Young-of-the-
year stayed within the 9-m contour when bottom temperatures were 8-18'C, but
moved offshore when temperatures warmed. They began migrating offshore in
September and completed their migration by November. Yearlings were most abun-
dant in our adult fish catches, particularly in 1980-1982. They migrated inshore in
spring, then moved offshore when water temperatures exceeded about 18'C. Many
were collected during upwellings.

Catches of adult rainbow smelt were highest in 1973 and low during the middle
1970s with an increase in 1978-1982 concomitant with the alewife decline. Most
adults were caught during the spring inshore spawning migration; they moved off-
shore soon after and were only collected during summer upwellings. Rainbow smelt
was the second-most important fish by weight consumed by salmonids. They were
also one of the few species we found which was infected with fungus.

Spottail shiner spawning occurs in s m water usually during June but some
continue until August. Larvae are demersal like the eggs and, because both life
stages are less vulnerable to being eaten by the alewife, spottail shiner populations
have not responded to increases or decreases in alewife abundance. Larvae were
seldom entrained because of their nearshore distribution. Growth rates of young-of-
the-year ranged from 0.31 to 0.58 mm/day during 1973-1982. Young-of-the-year
moved offshore during fail and attained lengths of 45-64 mm. The year of highest
growth was associated with highest water temperatures.

Yearling spottail shiners moved to nearshore areas in spring, then offshore in fail.
Adults overwintered in 9-37-m water, and migrated inshore in March. They
spawned, then dispersed to deeper waters starting in August. Myxosporidian para-
sitism was found consistently in this species ((4<fo incidence), usually in June,
presumably associated with spawning and increasing water temperatures. Few spot-
tail shiners were eaten by salmonids. We did observe a slight decline in spottail
shiner populations in 1982 which may have been related to increased yellow perch
predation.

Trout-perch spawned over a prolonged period, May to October; few larvae were
ever collected. We did not catch many young-of-the-year in the inshore zone. Peak
abundance of yearlings was in July in 6-9-m depths. Adults made up the highest
proportion of our catches (67<io). They moved inshore in April, stayed at 6-9 m
during June-August, and migrated offshore by November.

Yellow perch spawn in June, with maximum densities of larvae in late June-July.
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Another cohort of yellow perch was collected in April, which we believe entered
from connecting water bodies. Young-of-the-year were recruited to our gear in
August-November; they ivere abundant from the beach zone to 9 m. Yearlings
migrated inshore in June with large catches in the beach zone in July; they moved
offshore starting in August. Adult yellow perch were at depths ) 9 m during fall,
winter, and spring. They moved inshore in June and remained steady, although
repressed by the alewife. from 1973 to 1979. Abundance increased dramatically in
1980-1982, which we attributed to slackened predation by alewife on larval yellow
perch. Hagar (1984) has seen increased predation on yellow perch by salmonids.

Twelve species of fish were designated as common and included the five salmo-
nids, white and longnose suckers, common carp, gizzard shad, johnny darter,
longnose dace, and slimy sculpin. The small salmonids we collected were generally
stocked and remained in beach zone water throughout the summer months. Adults
were captured nearshore in spring, fall, and during upwellings. Large numbers of
lake trout were captured inshore during their spav ning season in November. Com-
mon carp were abundant throughout the summer'in the vicinity of the heated
discharge which had apparently attracted them. Spawning was also documented for
this species in the plant vicinity, but not at the reference site. Gizzard shad were
usually collected in fail, sometimes in large numbers. They were suspected to have
come from the St. Joseph River north of the plant ivhere they were abundant.
Johnny darters and longnose dace were collected in the study area in limited num-
bers. ~Ve also collected the larvae of johnny darters, documenting spawning by this
species in the area. The two sucker species were absent from the study area during
April and May, probably spawning in nearby rivers. Their catches were stable over
the study period and these fish were year-long residents of area. We did establish
that these species had an aversion to the plant site since we collected fewer at the
Cook Plant site than at the reference site. Slimy sculpins spaivned near shore during
April and May, then moved offshore with increasing water temperatures. This
species was attracted to the plant's riprap where spawning occurred. They also
resided there during most of the year, living among the crevices of the riprap cover-
ing the intake and discharge structures.

An additional 41 species ivere considered rare in the study area. Some of these
species included burbot, lake sturgeon, lake herring, and round whitefish which
historically were important members of the fish community. Other species appeared
to be strays from rivers and lakes connected to Lake Michigan, and included such
species as bluegill, fathead minnow, northern pike, rock bass, and central mud-
minnow. IVe also collected one walleye.
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LAKEAND SHORE ICE CONDITIONS ON
SOUTHEASTERN LAKEMICHIGAN

Erwin Seibel

INTRODUCTION

As part of the environmental studies relative to the Donald C. Cook Nuclear
Plant located on the southeastern shore of Lake Michigan (Fig. I), the ice conditions
on the lake were monitored to understand the effects of the Cook Plant on the
nearshore ice complex. The monitoring consisted of: regular observation of the ice
using a high.oblique time lapse photographic system, regular field observation of the
ice to correlate ground truth with the photographic observations, and regular over-
flights during the ice period on southeastern Lake Michigan.

Ice on the Great Lakes has been a popular topic for investigation. This particular
study attempted to ascertain the mechanics of the ice complex using a regular
systematic monitoring program over a sufficiently long period of time to observe the
ice. Earlier investigators vvere often hampered by the short term or irregular nature
of the observations and hence were usually restricted to qualitative investigations of
morphology or process. Some investigations (Heap 1963, Heap and Noble 1966)
were dependent on the expertise of various shore-based observers at numerous
stations over a large geographica! area, while others (Marshall 1966, 1978) based
their observations on aerial photographic reconnaissance. Such data were gathered
for the gross evaluation of Great Lakes ice distribution and provided a significantly
better understanding of the distribution and duration of the Great Lakes ice field.

The relationship between nearshore ice and nearshore morphology has been
examined by Evenson (1973), Evenson and Cohn (1979), Seibel et al. (1975, 1976),
Marsh et al. (1973), Fahnestock et al. (1973), and Ayers and Yocum (1972), while the
genesis of shore ice in response to various climatological, geomorphological, and
hydraulic parameters has been addressed by Evenson and Cohn (1979), Seibel et al.
(1975, 1976), O'ara and Ayers (1972), and Bryan and Marcus (1972). These last
three research teams proposed that there was a correlation between the location of
the ice ridges and the offshore sand bars. Seibel et al. (1975, 1976) demonstrated
that relationship with measurements from the shoreline to the position of the
breaker zone and that of the ice ridges and concluded that the position of the
breaker zone and that of the ice ridges was coincidental.

In this paper, the author presents a summary of the information gathered over a
10-year period about the ice complex: the meteorological conditions that produce
the nearshore ice complex as well as some observations about the interrelationship
of the ice complex with the offshore breaker zone and off-shore bars. An analysis of
the relationship between the climatological'conditions causative to the formation
and breakup of the nearshore ice complex is made. The ice complex study at the
Cook Plant site also imended to ascertain whether the melthole produced by dis-
charge water in the, vicinity of the nuclear power plant impacted the nearshore ice
complex. whether the melting of the ice ivould be of a magnitude sufficient to
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INTRODUCTION

As part of the environmental studies relative to the Donald C. Cook Nuclear
Plant located on the southeastern shore of Lake Michigan (Fig. I), the ice conditions
on the lake were monitored to understand the effects of the Cook Plant on the
nearshore ice complex. The monitoring consisted of: regular observation of the ice
using a high oblique time lapse photographic system, regular field observation of the
ice to correlate ground truth with the photographic observations, and regular over-
flights during the ice period on southeastern Lake Michigan.

Ice on the Great Lakes has been a popular topic for investigation. This particular
study attempted to ascertain the mechanics of the ice complex using a regular
systematic monitoring program over a sufficiently long period of time to observe the
ice. Earlier investigators were often hampered by the short term or irregular nature
of the observations and hence were usually restricted to qualitative investigations of
morphology or process. Some investigations (Heap 1963, Heap and Noble 1966)
were dependent on the expertise of various shore-based observers at numerous
stations over a large geographical area, while others (Marshall 1966, 1978) based
their observations on aerial photographic reconnaissance. Such data were gathered
for the gross evaluation of Great Lakes ice distribution and provided a significantly
better understanding of the distribution and duration of the Great Lakes ice field.

The relationship between nearshore ice and nearshore morphology has been
examined by Evenson (1973), Evenson arrd Cohn (1979), Seibel et al. (1975, 1976),
Marsh et al.,(1973), Fahnestock et al. (1973), and Ayers and Yocum (1972), while the
genesis of shore ice in response to various climatological, geomorphological, and
hydraulic parameters has been addressed by Evenson and Cohn (1979), Seibel et al.
(1975, 1976), O'ara and Ayers (1972), and Bryan and Marcus (1972). These last
three research teams proposed that there was a correlation between the location of
the ice ridges and the offshore sand bars. Seibel et al. (1975, 1976) demonstrated
that relationship with measurements from the shoreline to the position of the
breaker zone and that of the ice ridges and concluded that the position of the
breaker zone and that of the ice ridges was coincidental. ~

In this paper, the author presents a summary of the ittformation gathered over a
10-year period about the ice complex: the meteorological conditions that produce
the nearshore ice complex as well as some observations about the interrelationship
of the ice complex with the offshore breaker zone and off-shore bars. An analysis of
the relationship between the climatological conditions causative to the formation
and breakup of the nearshor» ice complex is made. The ice complex study at the
Cook Plant site also intended to ascertain whether the melthole produced by dis-
charge water in the vicinity of the nuclear poner plant impacted the nearshore ice
complex. whether the melting of the ice would be of a magnitude sufficient to
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LAKEAND SHORE ICE CONDITIONS ON
SOUTHEASTERN LAKE MICHIGAN

Erwin Seibel

INTRODVCTION

As part of the environmental studies relative to the Donald C. Cook Nuclear
Plant located on the southeastern shore of Lake Michigan (Fig. I), the ice conditions
on the lake were monitored to understand the effects of the Cook Plant on the
nearshore ice complex. The monitoring consisted of: regular observation of the ice
using a high oblique time lapse photographic system, regular field observation of the
ice to correlate ground truth with the photographic observations, and regular over-
flights during the ice period on southeastern Lake Michigan.

Ice on the Great Lakes has been a popular topic for investigation. This particular
study attempted to ascertain the mechanics of the ice complex using a regular
systematic monitoring program over a sufficiently long period of t'ime to observe the
ice. Earlier investigators were often hampered by the short term or irregular nature
of the observations and hence were usually restricted to qualitative investigations of
morphology or process. Some investigations (Heap 1963, Heap and Noble 1966)
were dependent on the expertise of various shore-based observers at numerous
stations over a large geographical area, while others (Marshall 1966, 1978) based
their observations on aerial photographic reconnaissance. Such data were gathered
for the gross evaluation of Great Lakes ice distribution and provided a significantly
better understanding of the distribution and duration of the Great Lakes ice field.

The relationship between nearshore ice and nearshore morphology has been
examined by Evenson (1973), Evenson and Cohn (1979), Seibel et al. (1975, 1976),
Marsh et al. (1973), Fahnestock et al. (1973), and Ayers and Yocum (1972), while the
genesis of shore ice in response to various climatological, geomorphological, and
hydraulic parameters has been addressed by Evenson and Cohn (1979), Seibel et al.
(1975, 1976), O'ara and Ayers (1972), and Bryan and Marcus (1972). These last
three research teams proposed that there was a correlation between the location of
the ice ridges and the offshore sand bars. Seibel et al. (1975, 1976) demonstrated
that relationship with measurements from the shoreline to the position of the
breaker zone and that of the ice ridges and concluded that the position of the
breaker zone and that 'of the ice ridges was coincidental.

In this paper, the author presents a summary of the information gathered over a
10-year period about the ice complex: the meteorological conditions that produce
the nearshore ice complex as well as some observations about the interrelationship
of the ice complex with the offshore breaker zone and off-shore bars. An analysis of
the relationship between the climatological conditions causative to the formation
and breakup of the nearshore ice complex is made. The ice complex study at the
Cook Plant site also intended to ascertain whether the melthole produced by dis-
charge water in the vicinity of the, nuclear power plant impacted the ncarshore ice
complex. whether the melting,.of. the ice,would be of a magnitude sufficient to
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SOUTHEASTERN LAKEMICHIGAN

Erwin Seibel

1NTRODUCTION

As part of the environmental studies relative to the Donald C. Cook Nuclear
Plant located on the southeastern shore of Lake Michigan (Fig. 1), the ice conditions
on the lake were monitored to understand the effects of the Cook Plant on the
nearshore ice complex. The monitoring consisted of:"regular observation of the ice
using a high oblique time lapse photographic system, regular field observation of the
ice to correlate ground truth with the photographic observations, and regular over-
flights during the ice period on southeastern Lake lvlichigan.

Ice on the Great Lakes has been a popular topic for investigation. This particular
study attempted to ascertain the mechanics of the ice complex using a regular
systematic monitoring program over a sufficiently long period of time to observe the
ice. Earlier investigators were often hampered by the short term or irregular nature
of the observations and hence were usually restricted to qualitative investigations of
morphology or process. Some investigations (Heap 1963, Heap and Noble 1966)
were dependent on the expertise of various shore-based observers at numerous
stations over a large geographical area, while''others (Marshall 1966, 1978) based
their observations on aerial photographic reconnaissance. Such data were gathered
for the gross evaluation of Great Lakes ice dist'ribution and provided a significantly
better understanding of the distribution and duration of the Great Lakes ice field.

The relationship between nearshore ice a'nd ne'arshore morphology has been
examined by Evenson (1973), Evenson and Cohn (1979), Seibel et al. (1975, 1976),
Marsh et al. (1973), Fahnestock et al. (1973), and Ay'ers and Yocum (1972), while the
genesis of shore ice in response to various climatological, geomorphological, and
hydraulic parameters has been addressed by Evenson and Cohn (1979), Seibel et al.
(1975, 1976), O'ara and Ayers (1972);.and Bryan and Marcus (1972). These last
three research teams proposed that there was a cor'relation between the location of
the ice ridges and the offshore sand bars..'Seibel et al. (1975, 1976) demonstrated
that relationship with measurements from the shoreline to the position of the
breaker zone and that of the ice ridges and concluded that the position of the
breaker zone and that of the ice ridges was coincidental.

ln this paper, the author presents a summary of the irformation gathered over a
10-year period about the ice complex: the meteorological conditions that produce
the nearshore ice complex as well as some observations about the interrelationship
of the ice complex with the offshore breaker zone and off-shore bars. An analysis of
the relationship between the climatological conditions causative to the formation

. and breakup of the nearshore,ice complex is made.. The ice complex study at the
Cook Plant site also intended to ascertain whether the melthole produced by dis- .

charge water in the vicinity of the nuclear power plant impacted the nearshore ice
complex. ~whether the melting of the ice would be of a magnitude sufficient to
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remove ice in front of the plant from the shoreline on outward divas also of interest
and is reported upon in this paper. Both quantitative and qualitative data are pre-
sented.

METHODOLOGY

ice conditions were studied for a period of 10 years using field observations,
airplane overflights, and a time-lapse photographic system installed at the site. The
field observations were made on a regular basis and provided field truth for the
time-lapse photographic system. The overflights provided a larger geographical
overview of the shoreline ice so that comparisons between the ice conditions at the
study site and other locations along southeastern Lake Michigan could be made. The
main source of data on the formation and breakup of the ice at the study site was the
time-lapse photographic system developed specifically for this study.

~ High oblique photographs were obtained for analysis with Canon F-I single lens
reflex 35 mm cameras with Canon 50 mm fl.g lens. Two cameras with Canon EE
Servo Finder and timing units were mounted indoors facing in a NNW direction.
They automatically provided an average of five photographs daily from early morn-
ing to late afternoon. Because it was not possible to determine the exact time of
exposure for each slide, a relative time was assigned to each photo: early am, late
am, noon, early pm, and late pm. The positions of a sheet pile seawall and a range
pole, evident in each photograph, were determined by standard field survey methods
and were used as reference points.

The camera location permitted observation of isolated ice blocks as well as cross-
sectional ice ridge profiles visible through wave-breached portions of the ridge
system. In each slide the horizon was evident. Reflected glare from the lake surface,
ice, or window glass did not interfere significantly with the quality of the photo-
graphs.

Slides were selected, instead of prints, for use in the analysis for two reasons.
First, slides are less expensive to process than prints; and secondly, analysis required
that the images of variables in the oblique photographs be marked on a tracing
paper overlay. Slides were easily enlarged with a slide projector to minimize human
error in selecting points from the image.

Analysis of the slides was divided into three steps. First, points were marked
locating the positions of variable features in the projected oblique representation,
and their coordinates were determined relative to an (x, y) coordinate system v ith
origin at the principal point of the oblique photograph. Secondly, the positions of
these points were calculated for the equivalent vertical photograph with coordinate
system origin at its isocenter. Finally, the real ground coordinate positions of the
points were determined relative to a coordinate system ivith origin at the camera.
The geometry basic to this method of oblique photo analysis is discussed under
Geometrv of oblique photographs.

A fixed reference system was requisite for slide-to-slide comparisons. Establish-
ment of such a coordinate system with origin at the principal point of the projected
oblique photograph necessitated the remoyal of the color transpar'ency from the
developer.'s cardboard mount and remounting on a 2.0-inch plexiglass square as
suggested by Xlaresca () 97<). Inscribed on the plastic mount was a series of lines
parallel to its borders to aid in placement of the positive. Also etched on the mount
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were the fiducial axes whose origins would be located at the principal point of the
remounted color transparency.

The remounted slide was projected by a Kodak Ektagraphic slide projector onto a
avail covered with a tracing paper overlay. The projected image of the fiducial
coordinate axes, now superimposed on the projected photograph, was located on
the overlay. To minimize error due to remounting, the location of the projected
principal point was checked and adjusted when necessary.

The perpendicular distance was measured between two of the inscribed horizontal
lines on the plastic mount, one at the top and one at the bottom of the mount. The
distance between the projected images of these same two lines was measured on the
screen, and these values were used in the computer program for calculation of the
focal length of the projector. The positions of the reference points common to all
slides were marked on the overlay, and subsequently the projected positions of the
variables unique in each slide were located. These variables included the horizon,
breaker zones, ice ridges and interridge ice lagoons, zones of brash ice accumula-
tions ~ heights of the icefoot, ice blocks. and ice ridges and the waterline when
visible.

The computer program utilizes the mean still vvater level (!i(SWL) as the datum
for ground coordinate calculations, thus requiring that the selected data points be
located at this elevation. Points defining variable positions vvere therefore marked
on the tracing paper overlay vvhere their intersection with the water surface was
evident in the projected picture. The points marking the location of breaker zones
ivere placed at the base of the breaking ivaves. Points marked along the crest of an
ice ridge, above the MSlVL datum, would represent only an estimate of the ridge's
position. Consequently, vvhen determining ice ridge location, it was frequently nec-
essary to use a later slide ivhich depicted the breaching of or breakup of that ice ridge
ivhen its intersection with the vvater surface at midridge was visible. Points defining
the outline of brash ice areas on the edges of the interridge ice lagoons ivere in most
cases considered to be at the!~$ S~VL. The calculation of the height of a variable
required two points of definition: one at the object's base where intersection vvith the
water divas apparent and the other marking its vertical extent. For the reference
points. which vvere not located at the still water level, surveyed heights vvere speci-
fied in the program for determination of their ground coordinate location.

The distance from the principal point of the oblique photograph to the apparent
horizon is utilized in the program for calculation of distances on the principal plane
diagram; hence, the position of a poorly defined horizon may introduce errors. The
quality of the horizon vvas evaluated as excellent, good, fair, or poor, thus offering
one possible explanation of error in poor computer output values.

The determination of the (x, y) coordinates for the points locating the positions of
variables on the projected oblique photograph required a coordinate grid. Coordi-
nate values were read to the third decimal place from a cartesian coordinate grid
ivith a scale of twenty divisions to the inch placed under the tracing paper overlay.

The computer program converts the oblique (x, y) coordinate points to coordi-
nates for an equivalent vertical photograph and then calculates the real ground
coordinates for each ordered pair. Printer plot subroutines, called in the main
program, construct a ground coordinate grid v ith origin at the camera. The com-
puted ground coordinates of each data point ivere scaled and plotted within the grid.
A unique plotted character divas used for each monitored variable. Characters repre-
senting the location of each variable were positioned in linear arrays on the printer
plots and ivere approximated by straight lines to facilitate distance measurements.
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The distances to all variable positions were calculated perpendicular to a baseline
alpng the shore. The sheet pile seawall was chosen as the baseline because the
waterline is subject to frequent changes in position and is usually not visible during
periods of ice cover. The computer program does not calculate the distances from
the baseline to the various variable positions. A reference point along the baseline
was established and all distance measurements were made perpendicular to the
baseline from that point. A normal to the baseline was constructed of sufficient
length to intersect the lines defining the variable positions. This normal formed the
hypotenuse of a right triangle. Determination of the x and y components of the
baseline normal and application of the plotting scale factor and the Pythagorean
Theorem yielded distance to the location of the variable. This technique was used to
calculate the distances from the baseline to monitored variables.

GEOMETRY OF OBLIQUE PHOTOGRAPHS

The analysis of an oblique representation can be obtained in any standard refer-
ence or text but is presented here briefly so that the correction for the projection of
the image through a slide projector can be included. The geometry of the principal,
plane diagram (Fig. 2) was used to derive the fundamental equations required to
solve the oblique photograph problem. The distance, PT, is measured on the screen
from the apparent horizon to the principal point of the photograph. Because this
distance is projected onto a screen from 'a slider projector, the image distance must
be corrected for the focal length of the slide projector. A constant, C, is used to
make this correction. The constant, C, is defined as

C = I/O

where I is the image distance and 0 is the object distance. The image distance, I. is
calculated from the lens maker's formula

I =Ox f„„/0-f„„ (2)

where f„„ is the focal length of the projector. The distances on the principal plane
positive can now be defined. The angle of depression, 6', is defined as

tan 6' PT/ f,,„

where
PT= PT„, x C

(4)

and f,, is the focal length of the camera. The distance PT and the angle 6'as
,calculated to the apparent horizon. A small correction can be made'to determine

6'o

the true horizon by adding

46' 0.98 x<@ (5)
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in minutes to e'here H is the difference in elevation between the water surface and
the camera elevation. Because e = e + ~e, the distance PT must be re-
calculated. The geometry of the principal plane diagram (Fig. 2) may be used "to
derive the distance Pl using

Pl = (tan t/2) x f,. (6)

where t equals 90 - e. The remaining distances in the principal plane diagram are
given in equations 7, 8, and 9.
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PN = f... x (tan t)

Tl = PT+ Pl

(7)

TN = PT+ PN (9)

Using this information, all points in the oblique representation can be rotated into
an equivalent vertical photograph and real ground distances can be obtained.

Individual ordered pairs, (X„,„, Y„.,„), are picked off the oblique photographic
projection on the screen relative to a rectangular coordinate system with an origin at
the principal point. The coordinates (X p Y p) of the equivalent vertical photo-
graphs are calculated as

X,„= X„.„x C x (TI / (TI - K)) '10),

Y,„= K x (Tl / (TI —K))

where
K = (Y „ x C) + PI (12)

The real ground coordinates (X„„Y„,)can be calculated from a simple proportion
between the equivalent vertical photograph and the ground relative to a rectangular
coordinate with the origin at the camera. The (X„„Y„,)is calculated as

X„,= H xX„/f„.
Y„,= H x(PI+ Y„)/f...

(13)

(14)

The fundamental assumption basic to the analysis is that all points lie within the
datum plane. Ifa point lies outside the datum, as for example a point on the beach,
then a different elevation, H, must be used.

Vertical elevations or vertical heights were calculated from the formula

h=Hx —,x-d'Nr'S (15)

where d's the height of the object on the screen, r's the distance from the principal
point to the top of the object in the oblique view, TN is the distance from point T to
point N, and TS is the distance from the point T to the point S which is the base of
the object.

Using the above formulae, a comprehensive computer program, ICESTUDY, was
written to convert from the oblique to the real ground distances. The information in
regard to the relationship between the nearshore ice ridges, the offshore breaker
zone, and the offshore bars was determined using the above-outlined procedure.

A third camera used in this study was mounted looking in a westerly direction.
The west-looking camera was established to monitor conditions in the vicinityof the
melthole resulting from the plant's discharges of waste heat..Because of its orienta-
tion, some of the late afternoon photographs were of a reduced quality due to
sunlight entering the lens.
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STAGES OF ICE AT THE STUDY SITE

The terminology that has been applied thorughout this study is that of O'ara
and Ayers (1972), which follows that recommended by Kivisild (l970). The initial
stage of the shore ice development is the formation of a frozen beach. This is usually
followed by the buildup of a small ridge, or icefoot, at or near the water's edge. The
icefoot is the result of spray produced by small amplitude waves lapping against the
frozen beach face and the accumulation of brash ice fragments. Subsequent to the
development of the icefoot is the formation of a tabular ice lagoon which terminates
at the first ice ridge. Numerous small, irregularly spaced undulations may be
observed on the ice lagoon and are normally oriented roughly parallel to the lake-
svard edge of the accreting ice mass. Each undulation marks a short hiatus in the
lakeward ice advance when freezing spray and minor amounts of wave-tossed brash
ice accumulate on the advancing icefront. The first ice ridge is generally the smallest
of the lake ice ridges. Like its more lakeward counterparts it has a steep, nearly
vertical lakeward face and a more gently sloping landward surface. ~Vhen the ridges
deteriorate during the period of ice breakup it is not uncommon to observe
grounded remnant ice blocks linearly oriented at the position previously occupied by
the ice ridge. The ice complex at the study site can be defined by the patterned
combination of these three features: the icefoot, the ice lagoon, and the ice ridge. A
schematic representation of these features is shown in Figure 3.

Seibel et al. (1975) categorized the ice formation and breakup into distinct stages

CCNfRESSIDN RIDGE

TNIRD ICE RIDGE SECOND ICE RIDGE flRST ICE RIDGE ICEfOOT
SNCREI.INE

TNIRD
ICE

I.AGCO N

SECOND
ICE I.AGOGN

ICE
I

lvOCCANCES I

fINST
ICE I.AGOON

/xy//7y

FIGURE 3. Schematic representation of the tvpical nearshore ice complex at the
studv site.
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of accretion, stasis, deterioration, and breakup. Accretion is a visible addition of ice
from the previous observation while deterioration and breakup are a reduction in
the ice mass. Deterioration is a gradual reduction of the ice mass while breakup is a

rapid destruction of the nearshore ice complex and is usually exemplified by the
landward displacement of the ice complex under severe weather conditions. Static
ice conditions imply that no changes were visible from the previous observation.

SUMMARYOF ICE AND ASSOCIATED METEOROLOGICAL
CONDITIONS

One aspect of this study from its onset was to attempt to establish relationships
between the ice stages and existing meteorological conditions. The stages of ice
development were related to wind direction, wind speed, and air temperature. The
meteorological parameters were collected at the St. Joseph harbor entrance. The
data used in the plots were an average condition for the day. It was recognized that
an average condition may introduce some error in the correlations but it was consid-
ered the best approach to take in the analysis intended. Seibel et al. (1975) looked at
the surface water temperature and concluded that this parameter had the "least
influence on the stages of ice development." To provide insights into the relation-
ships between the wind direction, wind speed, and air temperature and stages of ice
development at the study site, 2 years of data are presemed and interpreted. The
winters of 1978-79 and 1979-80 are used in the discussion that follows. Figures 4-14
are plots of the meteorological parameters against the ice development stages for
December 1978 through March 1979, while Figures 15-26 are the plots for December
1979 through March 1980.

AIR TEiIPERATURE AND ICE DEVELOPMENT

Seibel et al. (1975) found no relationship between ice development and surface
water temperature, but the same was not true of air temperature. It was clear in their
limited sample that accretion occurred when the air temperature dropped and the
wind shifted to the west. Figure 4 provides an interesting example of hov'he ice
complex at the study site on southeastern Lake Michigan appears to be initiated. The
air temperature prior to 24 December was hovering around O'C when it began to
drop below O'C and remained there for 4 days. Before 24 December there was no ice
present, but an accretionary sequence occurred starting on 24 December and contin-
ued for 4 days. As the air temperature rose, there was a deterioration of the ice
complex. Perhaps an even more explicit example of the relationship between ice
development and air temperature is that of January 1979 (Fig. 6). Air temperature
during January was extremely low and remained belov O'C for 20 consecutive days.
During that period the ice either accreted or remained static, with the exception of 1

day when the ice showed deterioration even though the air temperature decreased, a

peculiarity that will be explained below. After 20 January, the air temperature rise
was accompanied by a parallel deterioration of the ice. It was observed that the ice
response generally lagged behind the increasing air temperature by about 1 day. The
trend just described appears to hold true for February "1979 (Fig. 9) as well.
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The period of ice deterioration and breakup at the end of the vvinter is illustrated
by llarch 1979 data (Fig. 12). It is evident, as one ivould expect, that as the air
temperature increased the nearshore ice complex began to deteriorate. A variable
that was qualitatively assessed but not quantified, and perhaps should be in future
studies, is the impact of ice-bound sediment in relation to solar heat absorbed by the
ice as the air temperature increases.

In general, the nearshore ice complex is initiated by a sustained lowering of air
temperature below O'C over the Great Lakes area. ~@hen air temperatures increase
markedly, the ice complex responds accordingly with the onset of deterioration; if
the increase in the air temperature is sustained, breakup of the ice complex occurs.

Applying this notion to the winter of 1979-1980, one observes that indeed the
general pattern repeats itself. Yearshore ice is not present during the month of
December (Fig. 15) ivhen air temperature remained above O'C, but as the tempera-
tures at the end of December began to decrease, and those in January (Fig. 18) fell
below O'C, the ice complex quickly formed and established itself. As the air temper-
ature fluctuated during January the ice complex responded either by deterioration
or additional accretion. A comparison of March 1980 (Fig. 24) with March 1979
(Fig. 12) again shoivs that as air temperatures rises, deterioration or breakup was
initiated. The relationship between ice conditions and air temperature vvhich was
observed throughout the study is considered a significant outcome. It identifies a
necessary condition for the initiation and breakup of the nearshore ice complex.
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IVIND DIRECTION, iVINDSPEED, AND ICE DEVELOPI4IENT

The subzero air temperature and the resulting heat exchange that occurs at the air-
water interface are a necessary condition for changes in the ice complex at the study
site. The data for the study site further substantiated the observations reported by
Seibel et al. (1975) that the ice conditions were markedly influenced by the change in
wind direction and impacted to a lesser degree by the wind speed. To illustrate how
wind direction played a role in ice complex changes, some typical sequences of
accretion and deterioration that occurred during two winters iviilbe used. The wind
direction is plotted by day and against the ice complex change over that same day
(Fig. 5). «Vind directions above the horizontal axis are easterly, and those below the
axis are westerly. Deterioration and breakup conditions are plotted above the hori-
zontal axis, and the static and accretional conditions are plotted below the axis. A
point plotted directly on the axis indicates that no ice was observed.

It was previously suggested that the intiation of the nearshore ice complex on 24
December l97S (see Figs. 4 and 5) was directly related to the sudden change in air
temperature and resulting reduction in the surface ivater temperature, which in turn
allowed ice to form. It is revealing, hoivever, to observe that, coincidental to the air
temperature falling beloiv O'C, the ivind direction shifted from easterly to v esterly.
Three days later there divas a gradual increase in the air temperature and accompany-
ing shift of the wind from ivesterly to easterly, which ivere followed by breakup of
the ice complex. It should be noted that the breakup of the nearshore ice complex
does not necessarily imply that the lake proper in the vicinity of the study site was
devoid of ice. During the study period, we observed that ivhen the winds were
easterly, lake ice moved lakeward (offshore), v bile when the ivinds were ivesterly it
moved in the shoreward direction and impacted the nearshore ice complex by attach-
ing itself to it. From these observations it ivas concluded that the lake ice complex.
as well as the nearshore ice complex, was linked to the predominant wind directions
at the study site.

The above scenario was repeated throughout our observations of the nearshore ice
complex at this study site. The final breakup of the ice complex, as is illustrated in
the ilarch 1979 and 1980 plots (Figs. 12-14 and 24-26), is more complex than its
initiation phase. There was a relationship among the stage of development of the ice,
the air temperature, and the wind direction. It was observed that easterly flow of
wind was more often associated with deterioration and breakup than was westerly
flow, which was predominantly associated with accreting ice conditions. Air temper-
atures for most of March 1979 were above zero, and changes in the ice complex were
in part linked to the changes in air temperature. An examination of Figure 13

provides information on the wind direction for that same time period. There is a
good correlation of ivind offshore and deterioration. It is clear when one examines
the data that no one meteorological variable controls the process of ice complex
formation and breakup.

THE NEARSHORE ICE RIDGE

The nearshore ice complex is composed of the icefoot, lagoons, and ice ridges
(Fig. 3). Ayers et al. (1973) suggested that the location ot'he ice ridges at offshore
bars v as coincidental. O'ara and Ayers (1972) observed from diving operations
that remnant blocks of a deteriorating ice ridge ivere embedded in the lake bot tom,
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and Bryan and Marcus (1972) observed during an aerial reconnaissance that rem-
nant ice blocks were grounded along offshore bars.

These qualitative observations were taken by Seibel et al. (1975) and tested. The
time lapse high oblique photographs provided the basis for quantitative analysis of
the hypothesis of coincidence of location of the offshore ice ridges, offshore breaker
zone, and offshore bars. The data presented by Seibel et al. (1975, 1976) showed
that the three characteristic shore features were indeed coincident. Additional data
are provided in Figure 27, wherein are shown the ice ridge and breaker zone loca-
tions for the winter of 1974-75 at the study location. As was illustrated by Seibel et
al. (1975) in their later report at the same study site, the data presented in Figure 27
clearly show the coincident nature of the offshore breaker zone and the offshore ice
ridges. Seibel et al. (1975) found the mean location of the three breaker zones and
three ice ridges to be at about 50, 115, and 215 meters from the shoreline. Figure 27
reveals close concordance with the above findings. Total concordance should not be
expected because the position of the breaker zones are a function of the deep water
wave heights, which in turn are a function of the storms generating them. Hence, the
features produced by the breaking waves, namely the offshore bars and the near-
shore ice ridge, will vary with changing storm conditions and deep water wave
heights.

The significance of the nearshore ice ridge lies in its role in the modification of
offshore topography and in shoreline erosion. Seibel (1972) noted that the ice ridge
played a role in both offshore topography modification and shoreline erosion.
Seibel et al. (1975) speculated that a storm immediately following breakup could
cause greater shoreline change than a storm of equal magnitude several weeks after
the breakup, wlten offshore bars have had sufficient time to reform. During the
winter months, a time when storm activity on the Great Lakes can be intense, the
presence of the offshore and nearshore ice complexes plays a role in reducing the
impact of wave attack on the shoreline. Thus the presence of the nearshore ice ridges
prevents oncoming waves from direct access to the beaches and coastal bluffs.

THE XIELTHOLDAiND THE iNEARSHORE ICE CO~IPLEX

The nearshore ice complex was impacted by the plant's discharge of waste heat
into the nearshore waters of Lake Michigan. In order to evaluate the role of this
discharge on the nearshore ice complex a west-facing camera installed at the plant
site was used to monitor conditions in the melthole (the point ofdischarge, under the
ice, of the warm effluent) and the adjacent nearshore ice complex. Because of the
camera's orientation some of the late afternoon photographs were of a reduced
quality due to sunlight entering its lens. This camera, like those used in the high
oblique photographic work, was connected to a timer that provided five shots on a
daily basis: early morning, mid morning, noon, early afternoon, late afternoon, and
midnight. The midnight photograph provided for daily separation of photographs
as a check of the system. Photographing the site during periodic overf lights pro-
vided panoramic vistas of ice conditions north and south of the plant as well as
westward in the direction of the lake. The configuration of the melthole during the
tN'o comparison winters is shown in Figures 28 through 33.

The meltholes were generally longer than they were wide. The major axis of the
meltholes was in the. offshore direction, with the minor axis being in the longshore
direction. ~With the exception of the ice conditions on 12 starch I9SO (Figs. 32 and
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FIGURE 27. Plot of the locations of breaker:ones and ice ridges for the winters
of l974 and l975.

33), the melthole divas surrounded by lake ice. This is an important observation,
because in the early debates concerning the possible effects ot the heated discharge
on lake ice it divas suggested that the size of the melthole ivould be larger and ivould



GLRD Publ. No. 22/Cook Nuclear Sans Serif (10a-3)

ICE 425

FIGURE 28. Trio photographs ofmelthole, 1 February 1979.
Top photograph looks east and bottom photographs looks
north.

impact a greater portion of the lake ice in the vicinity of the plant than was subse-
quently shoivn to be true. It was anticipated that the melthole would break through
all of the ice ridges and effectively result in the shoreline being exposed to wave
action from winter storms for a significant distance north and south of the plant
site. This condition divas not observed..Instead, the offshore ice ridges nearest the
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FIGURE 29. Two photographs oj melthole, 17 February
1979. Top photograph looks south and bottom photograph
looks east.

discharges were shown to be impacted, but those closer to the shoreline were not
normally breached by the plume of'the discharge waters.

Figures 28, 30,.3l,.and 32 reveal that there vvas open ivater present along the
shoreline in front of the plant. Figure 28 reveals tivo linear features oriented in the
offshore direction connecting the, melthole proper ivith the ivater in. front of the
plant. These tivo linear features, which indicate water leaking from the discharge
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FIGURE 30. Photograph of melthole, l2 March l979, look-
ing southeast.

pipes, resulted in the melting of the nearshore ice complex including the ice ridges
closest to the shoreline along the path of the pipes. Once that warm water discharge
along the pipes divas corrected, the effect was no longer observed (Fig. 30). The open
ivater along the shoreline was observed almost from the commencement of the
study, and prior to the discharge of heated water from the plant. Figure 28 provides
a clue to the presence of this open water. A small channel of vvater was observed
flowing across the beach face into the lake. This water was coming from land
runoff, in particular a nearby parking lot. Because the nearshore ice complex'closest
to the shoreline is relatively thin, this land runoff was sufficient to cause the melting
of ice closest to the source of that water.

Figures 28 through 33 show the extent of the meltholes as ascertained through
aerial photography. Melthole size estimates determined by scaling the aerial photo-
graphs indicate that the average melthole is approximately 0.25 square miles (Table
I).

Visual observation of the ice ridges during deterioration revealed noticeable
amounts of sediment incorporated in them. The presence of sediment in the near-
shore ice structure may be an additional factor influencing the deterioration and
breakup of the nearshore ice complex. Figures 28 and 31 illustrate that the ice ridges
are darker in contrast to the adjacent lake ice. This contrast is a result of the
sediment incorporated at the ridge crest. Although this phenomenon was observed
visually throughout the study, no attempt was made to quantify the amount of
sediment that was incorporated along the ridges. It is known that when waves break,
nearshore bottom sedimeni.is moved'either as bed load or suspended load. That the
sediment iias,present predominantly in the ice ridges suggests that the mechanism of
'breaking waves~esponsible for the formation of ice ridges is also the likely reason
for sediment accumulation along their crests.
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FIGURE 3l. Trio photographs of melthole, I8 February
I980. Top photograph looks southeast. Bottom photograph
looks north. li
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FIGURE 32. TN o photographs of melthole, 12 March 1980.
Top photograph looks nonheast. Bottotn photograph looks
north and shotvs closeup ofice complex near shore. Discolored
ice ridgeis clearly visible in bottom left portion ofphotograph.

Although the plant's ivaste heat produces a large melthole in the ice complex
during the ivinter months, the extent of the melthole is limited for the most part to
the area directly in front of the plant in the proximity of the discharge pipes. Xlelting
of the first lagoon n'ps observed and attributed to runoff, containing road salt. from
the plant's parking lots. Except for the area directly in front of the plant, the melted
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1

FIGURE 33. Plrotograph of melthole, 12 A(arch 1980,'ooi'-
ing east.
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T'ABLE10. Percent daily tnortalitycalculated from ntean alewife densities ov'er.'all:
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used time intervals corresponding to peak occurence offish larvae in doch length.
interval in our samples. Design ll time intervals were calculated from laborato'ry-
derived alewife growth rates (Heinrich 1981 J. YOY = young-of the-year,'XC = n'ot
calculated.
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first lagoon and bared beach ivere protected from shoreline erosion by presence of
the ice ridges. The intact condition of the adjacent ice ridges protected the shoreline
from erosion by direct wave action.

CONCLUSIONS

Several pertinent conclusions appear to be evidem from the monitoring of the
nearshore ice complex on this portion of Lake XIichigan:

//
1. The data presented here and by others reveal that the offshore ice ridges,

offshore bars, and breaker zones, three characteristic features found along this
shoreline, are indeed coincident.

Ice ridges appear to be grounded features of the nearshore ice complex and they
serve a dual role. They protect the beaches from incoming wave energy when
present, and during the breakup of the ice complex may modify the topography in
the vicinity of offshore bars.

2. The stages of ice development appear not to be controlled by any single mete-
orological variable but by a complex interrelationship between ice development and
meteorologic conditions. Air temperatures helot freezing were found to be a neces-
sary condition for initiation of the ice foot. Accretion of the ice complex was
associated with a westerly wind, and deterioration with an easterly wind.

3. The plant's waste heat produced a melthole that ranged in size from 0.10 to
0.50 square miles in the ice complex. The melthole divas restricted to the vicinity of
the discharge area. The ice ridges closest to the shoreline were minimally affected by
the melthole, and the effectiveness of the "ice ridge" complex as a ivave energy
dissipator to protect the coast was not significantly altered.

4. North and south of the melthole there was no noticeable change in the normal
ice complex of ridges and lagoons and the nearshore ice complex was not discernibly
altered due to the presence of the waste heat produced by the plant in that area.
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