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Introduction and Summarv

The yellow perch population of Lake Erie has fluctuated widely over the
past forty vears as evidenced by commercial catch statistics and field sur-
vevs taken bv the Ohio and Michigan Departments of Natural Resources and the
U.S. Fish anc Wildlife Service (12,19). Any occurrence of an increased ju-
venile zecruitment rate (due to operation of compensatory factors associated
with reproduction) has been insufficient to offset limiting factors such as
higher Zishing pressure (including pressure on yearlings), increased inter-
specifiz cczoetition, and deterioration of the microhabitat of larvae and ju-
venile Zishes. Field surveys show the occurrence of strong year classes only
at verwv irregular intervals (17,19), between which these strong classes maybe
separatad bv as much as seven years. Strong year classes have repeatedly oc-
curred, howaver, as the result of several interacting population and environ-
mental factors, rendering the assignment of causes to fluctuations in year
class sizes tentative at best. This is not to say that no relationships
exist between reproduction, growth, standing crop, fishing, and natural mort-
ality. It is all too well known that heavy natural predation combined with
heavy fishing pressure will deplete Great Lakes fish stocks even past the
point of no return. Power plants that employ open cycle, once-through cool-
ing watar svstems are also known to cause losses of large numbers of larvae
and young-of-year fishes by entrainment and impingement although their impact
upon t-2 yellow perch fishery of Lake Erie has not been previously investi-

gated. Eigriecen nunicipal and industrial water intakes have been identified



in Michizan-Chio waters of the western basin of Lake Erie alone. Among
these, the 3100 megawatt Detroit Edison power plant located at Monroe, Michi-
gan has the largest water pumping capacity. Operating at 50 percent capacity
for one 24 hour period, the Edison plant can pump approximately &4.32x106
cudic =metars of water through the cooling cycle.

In order to assess the impacts, if any, that the Monroe power plant might
be exer:zing upon the yellow perch population and fisheries of western Lake
Eria, a tnree vear field sampling program was undertaken to provide baseline
data on larval perch abundance and entrainment levelsl. The purposes of
the analsses of the data are the following: 1. estimate production of larval
yellow perch in Michigan-Ohio waters of the western basin; 2. estimate natur-—
al =zortalizy of larval yellow perch prior to their recruitment into the
young-oi-vear stage of development; 3. estimate the number of larval yellow
perch entrained and killed in the cooling water cycle of the Monroe power
plant; 4. 2stinate the percentage of total larval perch production in Michi-
gan waters of the western basin that is lost in the cooling water cycle of
the Monroe power plaPt; 5. estimate the percent loss in young-of-year re-
cruitzTenl at:iributable to entrainment mortality at the Monroe power plant;

6. est:zate the loss to the yellow perch fisheries in western Lake Erie at-
tributasle to impingement and entralnment mortality occurring at the Monroe

power plant.

l?rOﬂ late =oril through July in 1975 and 1976, biologists from the Michigan
Deparz-enc of YNatural Resources (MDNR), the Institute of Water Research of
Michizzn Siate University (MSU), and the Center for Lake Erie Area Research
oi the Chic State University (CLEAR) sampled larval fish densities throughout
U.5. .aters of the western basin. In 1977, the field observational program
=as ¢cmauctaed 3v CLEAR. Results reported in the present paper are based

upon .maivzes of 1975-76 data only.



Estimates of production and natural mortality of yellow perch larvae are
obtained by formulating and solving a materials balance model of larval con-
centration (or abundance) which incorporates two parameters: h-total larval
production in a season per 100 cubic meters of water in the reference volume;
P~Mean daily natural mortality rate. The model describes the time variation
of mean larval concentration throughout the reference volumes (Michigan
waters: 4.976 x 108 M3, and Ohio waters: 9.393 x 109 M3); the model
paranetars are estimated by the method of least squares.

Production of larval yellow perch in U.S. waters of the western basin in
1975 is estimated to have been 2.3x109-3.5x109, of which 7.0x107-
2.3x108 are estimated to have survival for 25 days following hatching.
Production in 1976 in U.S. waters of the western basin is estimated to have

been 1.8x109-2.6%109 of which 5.3x107-1.8x108 are estimated to have

been recruited into the young-of-year stage. Yellow perch larval production
in Michigan waters in 1976 declined from 1975 to approximately 27-29 percent
of the 1975 level while production in Ohio waters declined to an estimated
83-85 percent of the 1975 level. When an estimated 50 percent survival of
young-of-year fishes is combined with the an estimated 2~10 percent survival
of larvae an estimated 1.0-5.0 percent of larvae survive to be recruited
into the yearling stage of development.

The number of larvae estimated to have been lost due to entrainment at
the Monroe power plant in 1975 is approximately 7.4x106. The estimated
number entrained, however, is nearly double that figure. The estimated
yellow perch larval entrainment at the same plant in 1976 calculated by

Detroit Edison personnel using their own pump samples is approximately



650,000. It is estimated that yellow perch larval losses attributable to
th2 power plant in 1976 were between 195,000 and 2,827,000.

The percentage loss of recruitment of yellow perch into the young-of-
year stage due to entrainment mortality at the Monroe plant is estimated to
be 0.83-4.7 percent for 1975 and 0.9-1.5 percent in 1976, considering
Michigan waters only.

It is estimated that the potential long run annual loss to commercial and
sport fisheries 1s approximately 110,000-405,000 pounds. The above value is
the best interval estimate obtainable, and is the result of averaging the
values given in Tables 25-32 for different combinations of population para-
zeters and fishing mortality. The most basic assumption underlying the
analvsis 1s that combined pressures on the vellow perch population will not
be so severe as to exhaust the reproductive stock. The effects of compensa-
torr mechanisas possibly operative in the yellow perch population are un-
«rown, although the compensatory reserve is believed to be slight. It is
suzgested that the differential impact of entrainment and impingement losses
is greatest when the fishery is in a depressed condition, which is the pre-
sent situation. The basic reason for this increased impact is that when the
cozpensatory reserve is zero, low numbers of reproductive stock cannot re-
place incremental losses to that stock at all. Additional increments of loss
in such a situation can drive the population into an irreversible decline.
1f the vellow perch fishery were tightly regulated, and if it rested upon a
large reproductive base, reproductive compensation could conceivably account

for most, if not all, of the losses caused through entrainment and impinge-

| . .
Calculaticns i1n Appendix 8 indicate that annual losses could prove to be
ccasiderably higher.



ment mortality incurred by cooling waters of the Edison power plant at

Monroe.

Objectives

The following analysis of field data collected in 1975-1976 is part of a
program sponsored by the U.S. Environmental Protection Agency to assess the
impacts of electrical power generating plants using open—cycle, once-through
cooling on the aquatic communities of the western basin of Lake Erie.

The particular objectives of the present study are: 1) to estimate pro-
duction of larval yellow perch in U.S. waters of the western basin in 1975-
76; 2) to estimate natural mortality among larval yellow perch for the 20~30
day period following initiation of the pro-larval stage; 3) to estimate the
number of larval yellow perch entrained and killed in cooling water of the
3100 megawatt Edison plant located at Monroe in 1975-76; 4) to estimate the
percentage of total larval perch production in Michigan waters of the west-
ern basin that is lost in the cooling water cycle of the Monroe power plant;
5) to estimate the percent loss in young-of-year recruitment attributable to
entrainment nortalify at the Monroe power plant; 6) to estimate the loss to
the yellow perch fishery in western Lake Erie attributable to impingement and
entrainment mortality occurring at the Monroe power plant. Impacts upon pri-
mary producers and benthic fauna have been previously reported (4) and are

not discussed below.

Difficulties of Estimating the Effect of Water Intake Mortality Upon Larval

Fish Survival

Yellow perch larvae enter U.S. waters of the western basin of Lake Erie

from a variety of sources (Figure 1). Some larvae that are hatched in
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Figure 1. Western Lake Erie inputs and losses of yellow perch larvae.



streams ate carried into the coastal waters of the western basin by stream
flow. Some are hatched in the Detroit River, Lake St. Clair, or along the
Canadian shoreline and are carried into Michigan waters by large scale basin
water circulation (10). Larvae that are spawned in shoreline waters on the
U.S. side (Figure 1) by adults residing in basin waters undoubtedly comprise
by far the largest proportion of the total. The term "total production' is
defined here as '"all pro and post yellow perch larvae entering or hatched in
U.S. waters of the western basin, including Maumee Bay, extending from the
shcreline outward to the international boundary and eastward to the boundary
of Onio Zone E" (Figure 2). Thus, any larvae that are collected at sampling
stztions within the geographic boundary defined above are considered for pur-
poses of the present study to have been produced in the reference volume -
U.S. waters of the western basin. This definition of total production allows
valid comparisons between production and a) natural mortality of larvae, and
b) nuabers of larvae entrained by water intakes since the latter two pro-
cesses make no distinction between larvae due to their source of entry into
thz dasin. Secondly, the above definition of production does not require in-
decendent estimates of larvae that enter the basin from streams, or embay-
ments external to the basin. If such estimates are, in fact, available then
an estimate of the component of production due to basin spawners is possible.
1f a direct approach is taken toward estimating production by basin
spawners, the number of female spawners is multiplied by the number of larvae
produced per female spawner. The resulting estimate of approximately (7.0-
8.0)x109 larvae may be considered an upper limit to larval yellow perch

arcduction in U.S. waters of the western basin. An alternative approach is
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developed below for estimating production and natural mortality which uti-
lizes measurements of larval densities rather than estimates of numbers of
adult spawners and fecundity. Since abundance of larvae at any instant in
time is the cumulative effect of integration of the processes of production,
water intake entrainment, matural mortality, migration, and recruitment into
the young-of-year life stage, all of these factors are taken into consider-
ation below. The method involves specification of a mathematical model that
incorporates a parameter h of production and a parameter p of natural morta-
lity, both of which are estimated numerically from field observations of lar-
val densities. The model makes no assumption about joint behavior of pro-
duction and natural mortality, i.e., the parameters h and p.

Nuzmerous possible sources of larvae sampling error exist. Perch larvae
tend to move about in clumps, inhabiting beach areas, backwaters, and shal-
low embayments. As a result larvae may reach the young-of-year stage without
ever becoming vulnerable to sampling gear. If this occurs, some clumps will
never be sampled during a cruise, a situation that contributes to an under-
estimate of abundance. Perch larvae in the western basin exhibit a highly
skewed daytime distribution in the water column, a high percentage being
clustered on or near bottom (Appendix l). Unless precautions are taken to
sample the bottoa concentrations of larvae both the mean and standard error
of the estinate of mean concentration will be in error. Errors in the esti-
mate of mean concentration propagate errors in estimates of production and
natural mortality which, in turn, give rise to errors in the estimated per-
cent of total production entrained in water intakes and recruitment into the

young-of-year stage.



In addition :o errors in estimates of the parameters h and p of produc-
tion and natural =ortality, modeling errors can also occur which are differ-
ent from parameter estimation errors but which may lead to errors in para-
zeter estimates. Modeling errors occur when incorrect assumptions are made
adout the mathematical reprasentation of biotic or environmental processes
that affect larval abundance and therefore, indirectly, estimates of produc-
tion and natural zortality. In summary, estimates of production and natural
oortality of larval fishes can be in error due to four major causes shown in

Diagraa A below,

Data Collection a-d Disolav

Field survevs of standing crops of larval fishes are reported in (1),
(2), (3), (5), ard (6) and provide the data base for estimates of production
and natural nortality of larval yellow perch in 1975 and 1976. Estimates of
larval fishes entrained and killed in cooling water of the Edison plant at
Monroce (4,6,7,9) provide the data base for estimating entrainment mortality
and percentage of total annual production of 1arv§1 yellow perch lost due to
eatrainment. Estimates of production and natural mortality of larval fishes
are xey requirements for an assessment of the impacts of specific point
sources of larval mortality.

Data on larval perch concentrations shown in graphs and tables below are
based upon measurdments taken at 68 stations in Ohio waters and at 20 sta-
tions in Michigan waters (Figure 2). In addition special sampling studies
were carried out by the Michigan State University Institute of Water Re-
sources. A complete listing of all species concentrations obtained at in-

dividual stations on specific cruises can be obtained from (1), (2), (3),
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(4), (5), and (6). Tables 1-11 summarize data in references (1), (2), (3),

and (4) relative to yellow perch densities in Michigan waters (also in Fi-
gures 3-7). Water circulation in the western end of the basin is such that

a large proportion of water from the Maumee estuary, driven by southwest
winds, moves northeast into the Michigan zone from May to September while
bottom waters from the Detroit River outfall move southwest along the bottom
to replenish surface waters in the Michigan zone. Since larval densities
measurad at individual stations in 1975 were higher in the Maumee estuary and
near the beaches between the Maumee estuary and the Raisin River than in
waters north of the Raisin River, a subdivision of Michigan waters into two
surface zones was tentatively defined. Analysis of 1976 data, however, did
not show significantly higher mean concentrations in waters south of the Rai-
sin River mouth. Also plotted in Figure 3 for comparison are concentrations
of larval perch sampled in lake waters in the immediate vicinity of the river
mouth and in the upper discharge canal (4, Table B-26) of the Detroit Edison
power plant. The lack of data in 1975 on larval perch densities during May
(Figure 7), the earlier part of their period of abundance, created difficulty
in assessing total éroduction and percent natural mortality of larval perch
in Michigan waters for 1975. Mean larval concentrations shown in Figure 7
are obtained as weighted averages of concentrations sampled over all depth

zones for which data are available on a given date:

Mean Concentration _ 1

on a sampling date v (V1 X, + e + Vo X

T 1 5 5)

10
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Figure 3. Larval perch concentration in 0-6 ft. zone
from Raisin River to Maumee Bay (1974-75).
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VI = volune of Michigan waters = 4.976x108 M3.
Vi = voluae of i-th depth zone.
i =1 corresponds to 0'-6' zone: 5.6x106 M3

i =2 corresponds to 6'-12' zone: 5.1x107 M3
i =3 corresponds to 12'-18' zone: 8.2x107 M3
i =4 corresponds to 18'-24' zone: 2.32x108 M3
i =95 corresponds to 24'-30' zone: 1.27x108 M3

X: = mean concentration in i-th depth zone averaged over all

measurements obtained in that zone for the given sampling

date.
2 2
Standard Ercor _ &= (V2 Sl + «er 4 V] 55172 .
of Mean T n, o
where:
si_ = standard deviation of all ny measurements obtained in i-th

depth zone on the given sampling date.

Saaple concentrations obtained in each depth zone are lumped for purposes of
calculating mean concentrations shown in Figure 7. Also plotted in Figure 7
are sample concentrations obtained during night hours by Michigan State Uni-
versity biologists. The latter concentrations were sampled in the 6'-12'
depth zone approximately 1 kilometer offshore from the mouth of the Raisin
River (Tables 2-8). Densities of larval yellow perch obtained at night were
found to be higher than densities obtained during daylight hours and pro-
bable causes are discussed in (4). A subsequent statistical analysis of day-
night differences (Appendix 1) showed that the observed differences were

significant (P < .10 for surface and P < .005 for bottom concentrations),

11



indicating that estimates of yellow perch larval abundance or production
based upon densities observed only during daylight hours are biased low.

Larval perch densities measured in 1976 in Michigan waters are listed in
Table 9 and plotted in Figures 9-14. As would be expected concentrations are
highest in the 0'-6' depth early in the spawning period. An overall mean
concentration for Michigan waters in 1976 is calculated and shown in Table 10
and Figure 13. Before an overall mean concentration for Michigan waters was
calculated, it was determined whether observed differences in mean concentra-
tions by depth zone were statistically significant. Tests of significance
for differences (Appendix 2) by depth zone for Michigan waters in 1976 showed
that concentrations in the 0'-12' zone were significantly higher (P < .025)
during the period of observed peak abundance than concentrations measured in
other depth zones. Further, statistical analysis showed that 0'-12' and
12'-30' zones could be lumped for purposes of computing mean concentrations
and standard errors. Calculations of mean and standard errors for Figure 13
are shown in Appendix 3. Figure 13 presents a typical picture of the
temporal variation in larval abundance: a rapid buildup occurs due to a
high production rate followed by a declining level due to a combination of
factors of natural mortality, migration, and net avoidance. As larvae
increase in age to 20-30 days, they become progressively more capable of
avoiding capture by sampling gear so that eventually no larvae are observed
in samples (also sce Figures 15 and 16 for similar patterns occurring in
Ohio waters in 1975-76).

Concentrations shown in Figure 13 on any given date represent the sum of
pro-larvae, early post larvae, and late post larvae. A dis-aggregation of
these data corresponding to the three stages of larval development (for each

sampling date) is plotted in Figure 14. Approximately 5-7 days elapse be-
pling p 8 PP y y

12
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Figure 9. Larval perch concentration in 0-6 ft. zone
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Data Source: Table 9.
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fore pro-larve develop into an early post larval stage and approximately 10
additional days elapse before the late post larval stage is attained. Yellow
perch larvae are considered for present purposes to be recruited into the
young-of-year stage after 25 days of life (source: R.A. Cole). Figure 14
shows that larval production began approximately on day 102 (April 12, 1976)
and continued at a relatively high rate until approximately 140, a period of
about five weeks. Abundance tapered off, finally terminating between days
190 and 200l.

Mean concentrations of larval perch in Ohio waters of the western basin
for 1975 and 1976 exhibited temporal variations similar to those shown in
Michigan waters (Figures 15 and 16). The mean values shown in Figures 15 and
16 are weighted averages of concentrations in Zones A,B,C,D, and E. The tem-
poral patterns of abundance are similar for both years, although peak produc-
tion occurred approximately three weeks earlier in 1976 and was possibly
lower in 1976 than in 1975. Means and standard errors are calculated by fol-
lowing cquations (1) and (2) and using Tables 12A-12E. In the 1976 plot
standard errors on each date are calculated by pooling estimates of mean con-—
centrations obtained in Zones A-E. Figures 18-30 show estimated mean coancen-
trations in the 0-2 meter and 2-4 meter depth zones for sectors A, C, and D
for 1975-76. The plots do not provide a clear picture of which year produced
the highest larval abundance. Even when all depth zones are accounted for
(Figures 15-16) the picture remains somewhat clouded but it is indicated that
abundance of perch larvae was lower in 1976 than in 1975, based upon

comparison of mean concentrations.

1[n order to 1incorporate observations obtained by the MSU Institute of Water
Research (Table 9) into Figure 14 it is assumed that the proportions of
larvae 1n cach developmental stage obtained from analysis of MDNR observa-
tions holds as well for MSUIWR observations.

13
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Data Source: Ref.(5).
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Figure 19. Larval perch concentration in 2-4 meter zone,
Ohio Area A (1975).
Data Source: Table 12A.
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Figure 20. Larval perch concentratiorn in 0-2 meter zone,
Ohio Area C (1975).
Data Source: Table 12A.
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Figure 21. Larval perch concentration in 2-4 meter zone,
Ohio Area C (1975).
Data Source: Table 12A.
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Figure 22. Larval perch concentration in 0-2 meter zone,
Ohio Area D (1975).
Data Source: Table 12A.
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Figure 23. Larval perch concentration in 0-2 meter zone,
Ohio Area D (1975).
Data Source: Table 12A.
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Figure 24, Larval perch concentration in 0-2 meter zone,
Maumee Bay (1976).
Data Source: Ref.(6).
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Figure 25. Larval perch concentration in 0-2 meter zone,

Ohio Area A (1976).
Data Source: Table 12D.
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Figure 27. Larval perch concentration in 0-2 meter zone,
Ohio Area C (1976).
Data Source: Table 12D.
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Figure 28. Larval perch concentration in 2-4 meter zone,
Ohio Area C (1%876).
Data Source: Table 12D.
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Figure 29. Larval perch concentration in 0-2 meter zone,

Ohio Area D (1976).
Data Source: Table 12D.
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Factors Affecting Larval Abundance

It is not within the scope of the present analysis to elucidate the rela-
tive influences of biotic and environmental factors which determine larval
production and subsequent strength of the year class. For present purposes
it is sufficient to summarize all such influences in terms of production (as
defined above), natural mortality, recruitment into the young-of-year stage,
entrainment by water intakes, and migration due to transport by the water
column. Larval production occurs from hatching of eggs spawned either di-
rectly 1n basin waters or by having first been transported into basin waters
from tributaries, estuaries, and shallow embayments along the shoreline.
Perch larvae are transported initially from spawning beds into deeper waters
by water motions and later by their own locomotion as well. Lateral movement
is passive for the first few days of life, although larvae exhibit very early
a pattern of diurnal vertical migration in the water column which is undoubt-
edly not entirely passive (4). Subsequent to a two to four week period of
relatively intense production, yellow perch spawning activity rapidly drops
to a low level but can occur even into mid-summer. Since Michigan-Ohio
waters of the western basin form an open system, water and biota are ex-
changed with the Canadian portion of the western basin and the central basin
of Lake Erie. Water, biotic, and abiofic materials are fed into Michigan-
Ohio waters from numerous streams and two large rivers. Ninety-five percent
of the stream flow into the western basin is supplied by the Detroit River
and yellow perch larvae are known to be transported into the western basin
by the Detroit River (personal communication, G. Fritz, also see Table 14).

Wwithdrawls for municipal and industrial uses represent losses of both water
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and whatever is suspended in the water, including fish larvae (11). No at-
tempt was made to estimate separately the additions of larvae into the basin
from streams or rivers. Such estimates are not strictly necessary because
larval concentrations measured directly in basin waters at several points in
time will include additions of larvae from streams and rivers provided they
recach the zones in which sampling occurs prior to recruitment into the juve-

nile stage.

Aoproaches to Modeling Larval Production and Abundance

Ichthyoplankton abundance can be described by simulation of the spawning
population or by time variable mathematical functions fitted to abundance
measurements. Functional forms involving polynomials, rational functioas,
or exponentials may be assumed in which one or more parameters in the func-
tion are estimated from the data. One such model is specified by an equation

of the form:

Ale) = éLP(t-x)-s(t,x) dx
where:
A(t) = larval-abundance at time t (t > o),
P(y) = instantaneous larval production rate at time
instant y (y > o)
s(t,x) = fraction of larvae produced in time interval

t-x, t-x + dx) that survive a time interval
of length x.

A variation of the above 1is:

t
A(t) = V.Cofkee0(t=%) (1-0-Bx) 4y
)
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where:

A(t) = 1larval abundance at time t
V = volume of reference basin (number of 100 M3 uynits)
C = Mean total number of larvae per 100 M3 deposited in

reference volume during period of production

& = mortality related parameter
k = normalizing constant.
B = production related parameter

Difficulties of this approach are: a) the parameters may not be interpretable
in terms of biological or environmental processes, b) conservation of larval
numbers need not be guaranteed. The approach followed below is based upon a
materials balance for the net daily rate of change of larvae in a reference
volume. Each source or sink for addition or removal of larvae is represented
by an individual term and after dividing both sides of the equation by the
size of the reference volume a differential equation expressing the net rate
of change in concentration is obtained. The equation contains two para-
meters, representing production and natural mortality of larvae. Concentra-
tions in Michigan and Ohio waters are analyzed separately; therefore, two

different reference volumes are used below.

A Material Balance Model of Larval Abundance

A material balance formulation for the net daily rate of change in larval

abundance for a specified reference volume is:

N(t) = h(t) - v(t) - r(e) - m(t) - L(c) - E(t) (3
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where:

M(t) = net daily instantaneous rate of change in larval abundance
in specified reference volume on day t. (0 <t < 365).

N(t) = number of larvae in reference volume on day t. (0 tx 365).

E(t) = daily rate of loss of larvae from reference volume due to
entrainment by condensor cooling waters of Edison power plant
at Monroe, Michigan.

L(t) = daily rate of loss of larvae in reference volume due to
withdrawal of water by other industrial and municipal water
intakes.

h(t) = daily rate of addition of larvae to reference volume (daily
production rate).

r(t) = daily rate of recruitment of larvae in reference volume into
the first juvenile stage of development (assumed to occur after
25th day of life following hatching).

a(t) = daily rate of loss of larvae in reference volume due to
natural mortality.

v(t) = daily net emigration of larvae across boundary of reference

volume due to water transport or larval locomotion.

Losscs Due to Natural Mortality

Environmental conditions, natural predation and biotic factors which
cause mortality among yellow perch larvae within the reference volumes (Mich-
igan waters and Ohio waters of western basin) are represented by a natural
mortality parameter p:

p = mean daily fractional mortality rate for yellow perch larvae

within the specified reference volume.
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Natural mortality is assumed to be a force operative on all larvae alike where

the chance of a given larva surviving a short interval ¢t of time is p °* At,

t.e., proportional to the length t. This assumption leads to a first order

decay of the surviving population and the exponential survival function e”PL,

Equivalently, natural mortality is assumed to be proportionalto abundance:
n(t) = p-N(t) (4)

from which one deduces, upon solving the equation

ﬁ(t)

- m(t) = - p'N(t),

N(t) N(0)e PE,

Thus, the proportion of larvae surviving t days following hatching on day 0 is:

"

(v) _ e-PF

(0

|4
~

The mortality parameter, p, is estimated by fitting a solution to equation (3)
to field based estimates of mean concentration of larvae in Michigan and Ohio
waters separately. The assumption that p is a constant is interpreted to mean
that the totality of conditions in a given year that produces larval mortality
remains unchanged. On the average, throughout the months May-August, the frac-
tion of remaining iarvae that do not survive from one day to the next fluctu-
ates about a constant p. This is equivalent to the assumption of conditional
independence of the natural mortality rate on larval production within a given
spawning season, but it implies nothing about a possible variation in p from

one year to the next, which may reflect changes in larval production or other

biotic or environmental factors.

Production of Yellow Perch Larvae

Larval production occurs from the hatching of eggs spawned directly in

Michigan-Onhio waters of the basin and by larvae transported into the basin from
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tributaries, estuaries and across the international boundary from Canadian
watersl. Approximately six to twelve days following spawning, eggs hatch and
an individual yolk-sac or "pro'" larvae begins day 1 of its life. It is evident
from examination of field samples (Figure 14) that production builds up to a
peak very rapidly, remains at an elevated level for a period of time, decreases
to a very low level for an additional period, then ceases altogether. Any
mathenatical function h(t) used to describe larval production should distribute
the pro-larval input over approximately the same period that pro-larvae are
observed in the reference volume. The function h(t) should peak at approxi-
mately the same time that peak production is estimated to occur in the refer-
ence volume, and it should exhibit rate of change characteristics suggested by
field data (Figures 13-16). Finally, it should contain a parameter describing

productive intensity which can be estimated from field data. A function which

neets the above criteria 1is:

B 0 (0<t<Ty
— - 0
Beh-(3)+q0 (1-q)m=0 (T, ¢ <14+ d)
B-he(]Veql (1-q)=1 (To+d <t <Ty+ 2d)
n
B+h+(2)-q2 (1-q)m-2 (Ty+ 2d < t < Ty + 3d)
h(t) =< . (5)
m -
Behe(pop) eq™ e (1-g)t (Ty + (m-1)d <t < Ty + md)
n
Behe(p)+qM-(1-q)0 (To +md <t <Ty+ Ty)
8 0 (Ty + Ty < ¢ < 365)

lenxts on annual production are estimated in terms of numbers of female
spawnars, number of eggs deposited, population size of species, and hatching
success. .An upper limit is estimated to be approximately 7-8 billion.
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where:
m + 1 = maximum number of time periods in which production can occur.

d = number of days in each of the m + 1 time periods of larval
production.

q = parameter which determines the time period in which production
function peaks. (0 < q < 1). q and m jointly determine the
spread or skewness of the production function over the period
of larval abundance.

h = production parameter or mean total number of larvae deposited
per 100 cubic meters of water in reference volume. The

parameter h directly influences the amplitude of the production

rate.
To = day on which production begins.
T, = naximum number of days that production occurs.
B = number of 100 M3 unit volumes of water in reference volume.

(= 4.976 x 108 for Michigan waters)

(= 9.393 x 107 for Ohio waters vhen Maumee estuary is
included; 9.351 x 107 if zones A,B,C,D, and E alone are
considered).

(2) = binomial coefficient.

Total larval production for d consecutive days in period x in the reference
volume s therefore:
d’B'h'(le) qx~1l ¢« (1-q)m-x+1

(x = 1,2, +++ , m+ 1)
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Total larval production is distributed over the periods 1,2, ..., m+l) in the

reference volume and sums to:

w1 .
Zl doBlho(x_l) qx-l . (l—q)m_x+1 =
x:

ml
= d.B-.h Zl (x-1) q¥~l.(1-q)m-x+1
xX=

From probability theory:

" Gep a1l =
so that total production in the reference volume during the period of abund-
ance for any given year is:

Total Production = d.B.h (6)

The function h(t) has the shape of a series of stair-steps which can be
"up-stairs', "downstairs" or "up and down stairs', depending upon the values
of m and q. The height of each step is proportional to the value of h. Since
h(t) as defined by equation (5) contains m+l discontinuous steps the particular
solution to equation (3) which incorporates a production function defined by
(5) must reflect these discontinuities by being solved explicitly and sepa-
rately for each of the m+l sub-intervals of time during which production can
occur.

The parameters q and m are determined together on a trial and error basis
(visual inspection aided by computer calculations) by selecting values which

cause h(t) to exhibit a similar production gradient and to peak at approxi-
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mately the same time that larval abundance is estimated to reach a maximum.

The values selected for q and m can indirectly affect the value of the produc-
tion parameter, h, obtained by fitting (by least squares) the solution to
equation (3), containing h and p, to the estimated concentrations in the refer-
ence volumes shown in Figures 7, 13, 15, and 16. As q and m are estimated,
values of d are determined by inspection of Figures 7, 13, 15, and 16 (one
value of d for each case) so that the quantity (m+l).d matches the length of

the period over which larval production is estimated to have occurred.

Production in Ohio Water: 1975

From inspection of field survey data and Figure 15, production is estimated
to have commenced between May 1 and May 10 and continued at a high rate until
approximately May 21 (day 144) followed by a rapid decline. Larval perch are
fully recruited (by assumption) into the young-of-year stage 25 days following
their day of production. Larval abundance peaks approximately on day 144 so
that nearly all production must have occurred on or before that date. Inspec-—
tion of tables of the binomial probability function shows that when m = 5 and
q = 0.10, and setting d = 7, 59% of production occurs in the first seven days
of production, and 33%Z occurs from the seventh to fourteenth day, or a total
of 92% by the fourteenth day of production. If production commences on day
127, the fourteenth day of production occurs on day 144, the day of approxi-
mate peak larval abundance, and the 35th and final day of production occurs on
day 162, twenty {ive days prior to the day on which all larvae are assumed to
have been fully recruited into the young-of-year stage (after inspection of
field sampling records). Therefore, by selecting the binomial probability
function corresponding tom = 5 and q = 0.10 the following production function

is obtained as a special case of equation (5):



0 0 <t< 127 (=To)
0.5905+B*h 127 < £ < 134 (=To + d)
0.3280-B-h 134 < t < 141 (=T _ 4 2q)
h(c) =< 0.0729:B+h 141 < t < 148 (7

0.0081+B+h 148 < t <155
0.0004+B+h 155 < t < 162

L— 0 162 < t 5'365

where:

B = 9.393 x 107
d =7

Other combinations of m and q were tested but none yielded a distribution which
so adequately fit the field observations on the spread and apparent timing of
peak production. That is, equation (7) together with alternatives generated
by varying p, d, and m, were compared by substitution into equation (3). Equa-
tion (7) produced a much superior fit when the resulting solution to equation
(3) was matched to the data shown in Figure 15. (See Figure 36 for optimum
values of p for selected values of h). It is clear, therefore, that numerical
analysis of two or more candidate production functions may be necessary in or-
der to select the function which most adequately describes the actual but un-
known time dependent introduction of larvae into the reference volume. The end
result is a more reliable estimate of total production and the conditional re-
lationship of natural mortality to total larval production.

Analyses following the same lines as the preceding case led to production

functions describing larval perch production for the three remaining cases:
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Production in Ohio Waters: 1976

h() = <

-

Production

0
0.5905+B*h
0.3280+B*h
0.0729+B+h
0.0031-B-h
0.0004 «B+h

0

9.393 x 107

=
1]

d =17

in Michigan Waters: 1975

hit) = <

~

0
0.4437 «B+*h
0.3915:B-h
0.1382.B«h

0.0244.B.h

0.0001.B-h

0
B =4.976 x 100
d =14

24

106
113
120
127
134

141

120
134
148
162
176

190

106

A

t <113
t < 120
t <127
t < 134
t <141

t < 365

120

| A

t <134
t < 148
t <162
t <176
t <190

t <365

(8)

(9)



Production in Michigan Waters: 1976

8 0 0 < t < 106
0.4437+B+h 106 < t < 120
0.3915+B+h 120 < ¢t :_134

h(t) = ﬁ 0.1382¢B*h 134 < t < 148 (10)

0.0244+B*h 148 < t < 162
0.0022+B-h 162 < t < 176
0.0001-B+h 176 < t < 190

- 0 190 < t < 365
B =4.976 x 106
d = 14

Recruitment into the Young-of-Year Stage

Following a period of maturation lasting from 20 to 30 days, the surviving
larvae are rectruited into the first juvenile stage of development or young-of-
vear stage. (The length of the larval stage is defined as D = 25 days for all
caleculations following below). Upon consideration of the effect of natural
mortality upon the number of young-of-year recruits the recruitment rate, r(t),
1s approximately equal to a time translation of the production rate, h(t), re-
duced in amplitude by the factor e~25P which accounts for natural mortality
that occurs during the 25 day period of maturation. Therefore:

r(t) = h(t-25)e25p (11)
By not taking into account in (1l1) the fact that larvae which are killed due
to water intake cntrainment or other point sources of loss will not be re-
crutted into the young-of-year stage the estimate of recruitment provided by

aquation (11) may be slightly exaggerated. Although equation (11) accounts
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for removal of larvae that survive 25 days from the total pool existing at

time t, the actual effect represented by equation (1l1) that is observed in the
field is a reduction in the number of 20-30 day old larvae captured by sampling
gear due to their enhanced ability to avoid capture. The ability of larvae to
avoid capture by sampling gear does not jump from zero to 100 percent effec-
tiveness at the exact age of 25 days so that equation (11) is only an approxi-
mate representation of the process of net avoidance. Since a more accurate
specification of an avoidance function cannot be verified further refinement of
equation (11) taking into account ability of larvae to avoid capture as a func-

tion of their size 1is not attempted.

Enigration

The term v(t) accounts for lateral emigration of larvae across the inter-—
national boundary and between Michigan and Ohio waters. The patterns of cir-
culation of the water mass in the western basin are known and studies of larval
transport using a hydrodynamic model of Lake Erie (10) suggest a net export of
larvae out of Michigan territorial waters. Numerical studies show that larvae
which are produced along the Michigan shoreline can be removed from Michigan
waters in as few as two days. Larvae produced in Maumee Bay are transported
into both Michigzan and Ohio waters but under normal southwest wind conditions
during late spring most are exported into Michigan waters. Larvae which enter
the western basin from the Detroit River are transported into Michigan waters
as well. Thus, both in-and-out migration of larvae occurs in Michigan
waters!. Numerical studies suggest that by ten days after larvae are

hatched within one kilometer of the Michigan shoreline, up to fifty percent

1 )
In-~1511t0n 1s accounted for in the production term h(t).
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could be transported into international waters unless removed by mortality or
unless their own lateral swimming motion counteracts water circulation. It is
estimated that for the case of Michigan waters net out migration of perch lar-
vae occurs but may not be more than 5-10 percent of total production. Large
numbers of larvae are lost through natural mortality by the time they would
otherwise reach the 24'~30' depth zone near international waters after having
been hatched along the Michigan shoreline. A total net loss due to emigration
reduces abundance on any given day and consequently will affect estimates of
the parameter h. Larval concentrations sampled in Ohio waters (5), and in zone
F (Canadian waters) combined with numerical simulation studies of water circul-
ation in the western basin (10) indicate a net loss of larvae from Ohio waters
due to advective transport. Perch larve exercise vertical migration in the
water column (4) soon after hatching and as a result they become vulnerable to
transport by near surface currents which carry them into the midwaters of the
basin. As they settle to the bottom, however, their direction of transport is
reversed and move further into Michigan-Ohio waters. Numerical studies indi-
cate that considerable mixing of larvae from separate spawning areas can
occur. It is difficult to establish with confidence a numerical percentage of
larvae that are transported ocut of Ohio waters due to movement by the water
column but simulation studies (10) suggest that it is less than five percent.

Lateral migration of larvae due to their own locomotion occurs but the
extent to which it influences migration out of or into Ohio-Michigan waters is
unknown.

In the numerical analyses conducted in the present study emigration is
assumed to be zero:

vit) =0 (0 <t < 365) (12)

-
~
-
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The effect of this assumption is to cause any net loss in abundance due to
emigration to be confounded with production and natural mortality. That is,
if emigration causes a reduction in abundance but is assumed to be zero (in
the specification of the term v(t)) the estimated value of the production
parameter h can be biased (low). If an upper limit is placed upon emigration
by assuming that:

v(t)<a-N(t)
where:

® = an assumed maximum mean daily fractional loss in abundance

due to emigration

then, for any fixed estimate of the parameter h, the resulting optimum esti-
mate of the parameter p is the sum of the mean daily natural mortality frac-
tion and the mean daily emigration fraction. Given the latter, the former is
deternined by subtracting off the value of the daily emigration fraction. Un-
fortunately « is unknown but is probably less than 0.005, i.e., one-half per-
cent of dailv abundance.

If emigration is treated as a function independent of abundance, then the

assumption that v(t) = O when in fact v(t) > 0 leads to an underestimate of
total production but may have no effect at all on the estimate of mean daily
natural mortality fraction. The underestimation of emigration has exactly the
same cffect as underestimating water intake entrainment mortality. It is be-
lieved that larval emigration losses are at most 5 to 10 percent of total pro-
duction, so that if the production parameter h can be estimated assuming v(t) =
0, then emigration can be approximately accounted for by adding ten percent to

the value of h.

28



Larval Losses Due to Entrainment in the Monroe Power Plant Cooling Water Intake

Ichthyoplankton concentrations have been sampled at numerous locations in
the immediate vicinity of the cooling water intake of the Detroit Edison power
plant at Monroe (4); also see Figure 8). The number of yellow perch larvae
killed due to entrainmnet effects is estimated by multiplying daily consump-
tion of water by mean concentration of live larvae in the cooling water col-
umn, multiplying that product by the fraction of live larvae killed in the
entrainment cycle, and summing the result over all days in which larvae are

<nown to be present in the water column:

number larvae killed = Z (daily cooling water usage) x
in given year due to days in period (concentration of live larvae) x
cooling water of larval (fraction of live larvae ()
entrainment abundance killed)

Various estimates of total numbers killed in a given year can be obtained, de-
pending upon how the terms on the right hand side of equation (13) are esti-
mated. Appendix 5 illustrates four methods of estimating fraction of live lar-
vae killed due to the entrainment process. Daily cooling water usage is pro-
bably the most accurately known as records are maintained at power plants from
which daily usage rates of cooling water (Figure 31) can be obtained.
Measurement of the concentration of larvae in the cooling water column 1is
most subject to error and depends upon: a) location of the sampling station;
b) frequency of sampling; c) time of day of sample; and, d) sampling gear. Fi-
gures 32 and 34 shows concentrations sampled in 1974, 75, and 76 at stations

located as shown in Figure 8. Mean concentrations for the 0-6' depth zone in

the Raisin River - Maumee Bay area for 1975 and 1976 are also plotted for com-
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parison purposes. The lines shown in Figure 33 represent upper and lower
values of larval concentrations used to estimate the number of larvae en-
trained during the period of abundance in 1975. It might be argued that Sta-
tion 2, located in the upper discharge represents the most uniformly mixed sec-
tion of the water column and, therefore, should provide the most unbiased mea-
surements on concentrations of larvae in the cooling water. However, substan-
tial statistical fluctuations in larval concentrations occur at Station 2 as
well as all other stations (Table 16 and Figure 34) and, therefore to ignore
observations obtained at other stations is to make less than optimum use of the
information contained in the full set of measurements. Based upon the upper
and lower limits of concentration shown in Figure 33 and upon the published re-
cord of daily cooling water usage (Figure 31) lower and upper estimates of num-
bers entrained in 1975 were 2,726,000 and 14,262,000, respectively. Based upon
an estimate that 20 percent of yellow perch larvae entering the cooling cycle
are either dead or dying (4, Table 9) the number of live larvae entrained is
estimated to be between 2,180,800 and 11,409,600. Following methods 3 and %
outlined in Appendix 5 and using larval mortality data published by Cole (4,
Table 9), estimates of the percentage of larvae killed due to the entrainment

process are:

100p = 100 (1 - % . L-’(—S)) = 65 (Method 3) (1975 data)
and
100p = 100 (1 - L. 5—) = 72 (Method 4) (1975 data)
P 3.6 ' 40
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Fijure 31. Daily cooling water pumping rate at Edison Plant,
Monroe, Michigan (May to July, 1975-76).
Data Source: 1975 - Ref.(10); 1976 - Ref.(9).



Therefore, using an estimate of 70 percent mortality of live larvae due to en-
trainment, the lower and upper estimates of live larvae entrained and killed
are 1,526,560 and 7,986,720, respectively. Inspection of perch larval concen-
trations in cooling water published by Detroit Edison (7) in 1975 showed peak
densities to occur on day 156, approximately 25 days after the peak plotted in
Figure 33, suggesting that larval perch concentrations in the cooling water
column may have been substantially higher in the period 130 - 160 than the
values indicated by the solid lines in Figure 33. The mean daily rate of loss

estimated to have occurred in 1975 is:

-

0 (0 < t < 125)
134,000 (125 < £ < 132)
265,764 (132 < t < 141)
E(t) = < 126,500 (141 < t < 148)
66,361 (148 < t < 156)
21,209 (156 < t < 170)
L 0 (170 < t < 365)

Analysis of concentrations of larval yellow perch collected at the same sta-
tions over the same period in 1974 (Table 15) indicates that a larger number of
larval perch may have been entrained in 1974. Entrainment of larval yellow
perch in 1976 was estimated by Detroit Edison personnel using their own pump
samplad data (9) to have been 650,000, a drop of nearly one order of magnitude
from 1975. This estimate was checked in two different ways. First, the daily
estimates of numbers of larvae entrained (that were calculated by Detroit Edi-
son) were divided by daily volume of cooling water (Figure 32) to obtain esti-

mates of mean concentrations of larvae in the cooling water column. These
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Figure 32. Larval perch concentration in vicinity of Monroe
Plant cooling water intake (see Figure 8
for locations of sampling stations).
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Figure 33. Larval perch concentrations estimated in Monroe Plant
cooling water (1975).
Data Source: Ref.(4).



estimates are then compared to measurements of concentrations of larval perch
in the upper discharge obtained by MSU (Figure 34). A statistical test of
significance of the difference in the mean values of the two sets of concen-
trations shows no significant difference. A second method of checking the
plausibility of the estimate of 650,000 perch larvae entrained in 1976 consists
of comparing this figure to Detroit Edison's 1975 estimate, as a percentage of
total production in Michigan waters. In 1975, an estimated total of 2.9x108

- 5.2x108 perch larvae were produced in Michigan waters. Detroit Edison
estimated that 5.0 x 106 perch larvae were entrained in 1975, or 1.0% - 1.7%
of the estimated production in Michigan waters. 1In 1976, production declined
to an estimated 8.4x107 - 1.4x107 so that the percentage of production
estimated to have been entrained (based upon D.E. estimates) is 0.2% - 0.4%,
about 225 of the percentage for 1975. This comparison suggests that Detroit
Edison's estimate of number of larvae entrained in 1976 may be low. If per-
centage of production that is entrained in 1976 were the same as in 1975, the
estimated number entrained in 1976 increases to 8.4x109-2.4x106. Combining
data from Figures 31 and 34, using equation 13, yields an estimate of numbers

killed due to the entrainment cycle of 195,000 - 2,827,000.

Entrainment bv Other Industrial and Municipal Water Intakes

A total of 18 municipal and industrial water intakes have been located in
Michigan-Ohio waters of the western basin of Lake Erie (1l1). Estimates are
published in (11) of numbers of yellow perch larvae entrained by all 18 intakes
in 1975-76 and are reproduced in the present report as Tables 18-21. Com-

Siniag the estimated mean daily pumping rates given in (11) with estimates of
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the respective 0'-5' depth zones, the author estimated total numbers of larval
yellow perch losses attributable to all power plant operations in Michigan-Ohio

waters of the western basin to be the following:

Intake 1975 1976

Michigan
Fermi 48 ,000-1,100,000 261,000-3,300,000
Honroe 1,432,000-9,833,000 195,000-2,827,000
Whiting 827,000~-1,525,000 74,000-1,251,000

Chio
Acme 497,000-1,700,000 520,000-1,363,000
Bayshore 879,000-2,500,000 733,000-1,850,000
Davis-Besse - - 17,000-334,000

TOTAL  3,683,000-16,658,000 1,800,000-10,925,000

Since Tables 18-21 and the above estimates of total losses attributable to all

power plant operations became available after the numerical analysis of pro-

duction was completed, the assumption made for purposes of the analyses is:
L(t) =0

Overall estimates of production can be adjusted by adding estimated losses

due to water intake entrainment mortality.

Analvtical Solution to the Differential Equation of Balance for Larval Concen-

tration
The equation of balance for larval perch assumes the form
N(E) + peN(E) = h(t) - h(£-25)-e~25P - E(t) (16)
upon substituting equations (4), (5), (11), (12) (14) and (15) into equation
(3). The expressions for h(t) and E(t) depend upon the reference volume and
the vear being considered. Solutions to Equation (16) for five cases = Ohio
1975 and 1976, Michigan 1975 with and without entrainment mortality, and Mich-

igan 1976 - are given in Appendix 6. Equations (A6.7), (A6.9), (A6.11),
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(A6.13), and (A6.15) in Appendix 6 were programmed with the parameters h and p
permitted to range over assigned values as shown in Figures 35, 37, 40, and 42.
Specific solutions as illustrated in Figures 36, 38, 41, and 43 are obtained

for each specific (h, p) combination.

Method of Estinating Parameters h and p

The parameters h (number of perch larvae added to every 100 M3 of water

in the reference volume in a given year), and p (mean daily natural mortality
rate of perch larvae in the reference volume in a given year) are estimated by
the method of least squares. For a given combination of h and p, the '"pre-
dicted" value of larval concentration (number of larvae per 100 cubic meters of
water in the reference volume at a given time) given by the solution to Equa-
tion (3) is compared to a mean concentration estimated from field data analysis
(plotted in Figures 7, 13, 15, and 16). The mean square error, M.S.E.(h,p), is
by definition:

1 ¥ 1%

M.5.E.(h,p) = {}ilgl(g N(ti) - estimated mean conc. on day ti){} 17)

Following the least squares criterion the combinations of h and p which mini-
mize the M.S.E. (for a given reference volume and year) are shown in Figures
35, 37, 40, and 42. 1f either h or p is selected in advance the value of the
other that minimizes M.S.E. can be obtained from the appropriate Figure. If g
and p are two values selected by minimizing mean square error in a given case,
then from Equation (6), total larval production and 25-day survival for the
given reference volume and year is estimated as:

~

Total Production = d*B*h (18)
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and:

number of y-o-y recruits =

25 day survival =

d+Beh.e~25+p (19)

Estimation of h and p proceeds for a given reference volume and year by defin-
ing a rectangular network of (h,p) pairs. The prediction error variance is
numerically evaluated for selected (h,p) combinations and recorded as shown in
Figures 35, 37, 40, and 42. The finer the mesh of the grid (the closer to-
gether the (h,p) combinations) the more precisely can the parameter combina-
tions that minimize prediction error variance be estimated. For example, in
Figures 35 and 40 the h-axis is graduated in increments of 0.2 which corres-
ponds to an increase in total larval production in the reference volume of
(0.2) (7) (9.393x107) = 1.31 x 108 larvae. Therefore, any term on the right
hand side of equation (16) that is less than 10 percent of 1.31 x 108 or about
13 million larvae, is not likely to produce any difference in the pair (h,p)
that minimizes M.S.E. The broken lines shown in Figures 35, 37, and 40 give
the values of p that approximately minimize M.S.E. for given values of the pro-
duction parameter h. It was initially anticipated that a unique global optimum
pair (h,p) would be identified for each case analyzed. Such optima are shown
for Ohio waters: h = 1.5, p = 0.04 for Ohio 1975, and h = 1.2, p = 0.02 for
Ohio 1976. However, a value of p = 0.04 corresponds to a 25-day survival
(y-o-y recruitment) of 36.8 percent, a value considered to be too high i.e.,
biologically unrealistic. For the cases of Michigan waters: 1in 1975 the
combination of (h,p) that minimized M.S.E. is located on the boundary of the

grid (h = 9.5, p = .19); for Michigan 1976 the optimum occurs at an interior
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point of the grid (h = 2.0, p = .16). A value of p = .19 corresponds to a
25-day survival of 0.9 percent and p = .16 corresponds to 1.8 percent survival
for 25 days. These survival percentages are probably too low on biological
grounds but in addition they also reflect the lumping of emigration and other
water intake losses, L(t), into natural mortality. Overall 25-day survival is
judged to be ia the 2-10 percent range. It is clear from the analysis that
production in Ohio waters is much greater than in Michigan waters. It also
appears that changes in production from one year to the next which are on the
order of 15-20 percent are detectable. It is reported in (12) that October
1976 trawls in the western basin indicated a seven-fold decline in young-of-
year perch abundance from October 1975. Inspection and comparison of Figures
35 and 40 suggest that larval production may have declined from 1975 to 1976
in Ohio waters (peak mean abundance was lower in 1976) but it is improbable
based upon the present study, that a seven-fold drop in 25 day larval survival
occurred from 1975 to 1976. 1If y-o-y recruitment did, in fact, experience a
seven-fold decrease the hypothesis is therefore suggested that yellow perch
year class strength is heavily influenced during the late post larval phase of
development. The broken lines which mark the M.S.E. estimates of p for fixed
values of h in Figures 35, 37, and 40 should not be interpreted as defining re-
lationships between production and 25 day survival because: a) each line 1is
based upon data collected in a single year only, and b) the slopes are so
steep that net 25 day survival actually decreases as production increases.
Modeling error can affect the locations of (h,p) pairs which minimize
prediction error variance. It was pointed out above that emigration, v(t),

could Ye on the order of five to ten percent of production and that entrain-
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ment mortality, L(t), from water intakes is estimated to be tens of millions.
Both v(t) and L(t) were assumed to be zero for the computer runs described in
the present report. If L(t) and v(t) are programmed as positive functions the
grapn of the rzsulting solution to equation (16) of larval balance will
slightly improve the fit of the model for the case of Ohio 1975 (Figure 36).

It ts not clear by simple inspection of the graphs of the other solutions (Fi-
gures 38, 41, and 43) whether increasing L(t) and v(t) will cause the predicted
concentrations to more closely fit the estimated concentrations. In any case,
a first order correction can be made to estimates of production obtained by as-
susing L(t) = v(t) = 0, by adding the estimates of total water intake morta-
lity and total emigration to the estimates of production for each case. Two
cases were analvzed for Michigan 1975 waters: E(t) = 0 (Figure 38), and E(t)
specified by equation (14). While small differences in the prediction error
variance were observed between the two cases, the numerical values of E(t) were
so small relative to the interval length on the h-axis (Figure 37) that no de-
tectable differences for the locations of M.S.E., values of p were observed. As
before a first order correction to production can be obtained by adding total
estinmated water intake mortality and total estimated emigration to previously
estimated values of total production, The question of correcting estimates of
production for modeling errors committed by assuming L(t) = E(t) = 0 is some-
what academic inasmuch as total larval production can only be estimated to
within tens of millions for Michigan waters and hundreds of millions for Ohio
waters. However, L1f larval emigration out of the reference volume Ls as much
as ton percent of total production, the correction could be as great as 2x108

larvae.
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Estimates of Production and Natural Mortalitv

Single point estimates of production and natural mortality obtained by lo-
cating those (h,p) combinations that minimize prediction error variance can
lead to estimates that are unrealistic due to a combination of errors outlined
in Diagram A above. On the basis of the above method, however, larval sur-
vival over a 25-day period following hatching has been estimated to be between
2 and 10 percent. 1If two million female spawners each deposit nine thousand
egzs and if hatching success is 25 percent a total of 4.5 billion larvae are
hatched. Ten percent survival for 25 days produces an initial young-of-year
population of 450 million. Two percent survival over the same period reduces
the population after 25 days to 90 million. The range of larval production
for wnich a 25-day survival of 2-10 percent is optimum in the M.S.E. sense is
obtained from Figures 35, 37, 40, and 42 and is the following:

Michigan Waters, 1975

% Surviving 25 days: 27 10%
Estimated value of h: 7.5 4.2
Estimated production: 5.2x108 2.9x108

Estimated number surviving

natural mortality 25 days: 1.0x107 2.9x107
%Z (killed due to entrainment

on 5th day of life) esti-

mated to have otherwise

survived 25 days: 5.5 17.7

Michizan Waters, 1976

%Z Surviving 25 days: 2% 10%
Lstimated value of h: 2.0 1.2
Estimated production: 1.4x108 8.4x107
Estimated number surviving

natural mortality 25 days: 2.8x106 8.4x106

2 (xi1lled due to entrainment
on Sth day of life) esti-
mated to have otherwise
survived 25 days: 5.5 17.7

38



Ohio Water. 1975

% Surviving 25 days: 2% 10%
Estimated value of h: 4.5 3.0
Estimated production: 3.0x109 7.0x109
Estimated number surviving

after 25 days: 6.0x107 2.0x108

Ohio Waters. 1976

% Surviving 25 days: 2% 10%
Estimated value of h: 3.8 2.6
Estimated production: 2.5x109 1.7x109
Estimated number surviving

after 25 days: 5.0x107 1.7x108

Estimates of production for other 25~day survival percentages can be obtained
from Figures 39 and 44. 1t is clear from the above that recruitment into the
young-of-year class is morc sensitive to the natural mortality rate than to the
number of eggs that are hatched in a given year. When the M.S.E. criterion is
used to match mortality and production rates, Figures 35, 37, 40, and 42
clearly illustrate this pointl. If larval production is high the M.S.E.
estimate of the mean daily natural mortality rate results in lower recruitment
into the young-of-year class than for cases where larval production is lower.
It mav be argued that a realistic relationship between larval production and
younp-of-vear recruitment requires that marginal recruitment into the y-o-~y
class must be a non-negative function of larval production. It is pointed out
that the present analysis does not deal with this question, but only concerns
the estimation of larval production and natural mortality for the years 1975-
76. The percent loss in recruitment into the young-of-year class attributable
to entrainment mortality at the Monroe power plant is a more realistic measure
of impact than percent loss of larval production because it takes into account

natural mortality of larvae as well as larval production.

\n estimate of mean daily natural mortality rate of 0.13 (3.9 percent survival
tor 15 davs) is obtained from Table 11 by dividing the difference 1n peak con-
centrations of LPL and PROL by 27 days.
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Estimated percent loss in numer of y-o-y recruits =

R R R
100 (22— =100 (1 - (20)
o o
where:
Ro = qnumber of y-o-y recruits in Michigan waters in the
absence of the Monroe power plant operation.
Ry = numder of y-o-y recruits in Michigan waters in the
presence of the Monroe power plant operation.
In 1975:
R, = 1.0x107 - 2.9x107
Ro = Ry + Ry
where:
Rz = number of live larvae killed due to entrainment that

would have survived 25 (days mean age at entrainment =
5 days).
Estimated number killed due to entrainment mortality in 1975 =

= 1.5x10% - 8.0x106

Percent (%i1lled due to entrainment on 5th day of life) estimated
to have otherwise survived 25 days =
= 5.52 - 17.7%
R, = 1.5¢100x.055 - 8.0x106x.177 =
= 8.25x10% - 1.42x106
Therefore, the estimated percent loss in number of y-o-y recruits is:

R R

1
100 (1 - i—) = 100 (1- ) to
(o]

7
1.0x1
i—_:—ﬁ_) = 100 (1 - 70‘ 0 %
1 2 1.0x10° + 8.25x10



2.9x10’

2.9x107 + 1.42x10

100 (1 - ) = 0.8% to 4.7%

6

In 1975:
Rl = 2.78x106 - 8.4x106
Rz = 0,46x106x.055 - 0.7x10%%.177 = 2.53x10% - 1.24x10°

Therefore, the estimated percent loss in number of y-o-y recruits is:

R R 6
100 (1- il) = 100 (1 - ﬁ__%_ﬁ—) = 100 (1 - 2é78X10 4) to
o} 1 2 2.78x10° + 2.53x10
8 41106
100 (1 - .6‘ 5) = 0.9% to 1.5%

8.4x10° + 1.24x%10

Analvsis of Losses to Standing Crop and the Fishery

The equations of balance for a population are composed of terms that mimic
its life processes. Each term reflects assumptions about the dynamic behavior
of a component process. When all processes are coupled through an equation of
balance, temporal fluctuations in population are obtained which can then be
studied by variatiQn of process parameters.

In the following, an equation of balance is defined which incorporates lar-
val production, larval survival, young-of-year survival, natural mortality of
subadults and adults, and fishing mortality. Estimates of population para-
meters are provided which permit a numerical analysis of the impact upon catch
as a result of variations in any of these factors.

Define the following variables and parameters:

N(t) = adult population size (age class II and older fishes)
in year t. [no individuals].
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t:l(C)

~n

net annual instantaneous rate of change in adult popu-
lation size in year t. [no. ° yr.'ll.

mean annual instantaneous mortality rate from commercial
and sport fishing. [yr.~!}.

mean annual instantaneous mortality rate due to causes
other than fishing, entrainment, and impingement.
[yr.”1].

mean annual rate of larvae production per individual
in p?pulation size N. [no. larvae * individual™! -
yr. J.

annual fraction of larvae surviving environmental

forces of mortality for first 25 days to reach young-
of year stage. [y.o.y. * larvae™!].

annual fraction of young-of-year that survive until
December 31 (of year in which they are produced) to be
tecruited into age class I (also referred to as year-
ling or sub-adult stage). [sub-adults . y.o.y.”!].

annual fraction of age class I sub-population that
survives non-fishing causes of mortality to be re-
cruited into adult population. [adults * sub-adults™!].

habitat carrying capacity of adult population
[no. adults].

nmaximum life length of adult fishes.

annual loss of larval fishes due to power plant entrain-
ment. [larvae °* yr. .

annual loss of young-of-year due to power plant entrain-
ment. [y.o.y. * yr. 'l.

annual loss of young-of-year due to power plant impinge-
ment. [y.o.y. * yr. '].

annual loss of age class I fishes due to power plant
1

1apingement. [sub—adults * yr. ' ].

annual loss of adults (age class Il and older fishes)
due to power plant impingement. [adults - yr.”!].
annual larvae production rate. [larvae . yr.”!].

annual loss of fishes in age class T and older due to
power plant impingement. f{adults . yr.”!].
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The verbal statement of population balance can be expressed as:

net annual instantaneous rate of change in population level
equals

annual rate of recruitement of sub-adults into age class II
minus

annual instantaneous rate of loss of stock due to fishing
minus

annual instantaneous rate of loss of stock due to non-fishing mortality
minus

annual rate of loss of adults which have survived the maximum age T.

In equation form:

N=0uR - (m+ £)-N (21)
or:

N=aR- (s )N -1, (21.1)
where:

a=1-=-efm+ £) (T-1)

Equation (21.1) defines a balance of the surviving population and equation (21)
defines a balance on the segment of the population that is lost annually due to
power plant entrainment and impingement mortality, including its reproductive
potential.

The inferences made about impacts of entrainment and impingement mortality
will depend upon how one represents or models R, the recruitment term in
equations (21) and (21.1).

In the following, the hypothetical subpopulation af fishes absent as a re-

sult of entrainment and impingement mortality of larvae, juveniles, sub-adults,
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and adults will be analyzed using equation (21) as the basic expression for

which the following recruitment model is considered:

Model 1:

R = El L€ .5, e™ + (entrained larvae component)
*E,.s .e ™ ¢ (entrained y.o.y. component)
+ Iy . s . e @™ + (impinged y.o0.y. component)
*I,.. e+ (impinged sub-adult component)
I o« (impinged adult component)
+y.Nt) .e.s . e™ (reproductive potential component)

Thus, if:

R = recruitment of individuals into age class II group; recruitment

is expressed by the equation:

- . 2
R=[I,+e™ (I, +s (Iy+Ey+ e(Eg + Y * N(£))))] (22)
Y
L ) S e_m < ’
—> y.o.y. Ve Al N
5 &
/L \ ’
E \ !E y I
( ' \y N
N’ ~

Diagram B: Conceptual Model of Hypothetical Population

A numnerical analysis of the size of the unrealized subpopulation of fishes

follows by substituting equation (22) into (21), solving for N, and calcu-
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lating a steady state population size together with fishing harvest for differ-
ent feasible combinations of population parameters. Diagram B is a flow chart
of the resulting materials balance.

A second model of recruitment was also considered in which equation (21)
represents the net balance for the surviving population rather than the hypo-
thetical subpopulation of fishes not present due to entrainment and impingement
mortality. The analysis of the second model is limited to a small number of
combinations of population parameters, and is included to provide an indication

of the potential compensatory effects within the perch population in Lake Erie.

Model 2:
N(t) . .

R=s +¢ v *Nt) (- —E—_) reproduction and recruitment
prior to adjustment for en-
trainment and impingement.

-5 *€ ER entrained larvae component.
-s(E_+ Iy) entrained and impinged young-

of-year component.

Thus, recruitment is expressed by the equation:

N
R=sle - (v - N0 (- BE) ) - (€ e 1)) (23)

Model 2 incorporates a parameter, K, representing the habitat carrying ca-
pacity for the population. The carrying capacity may change slowly over time
as water quality and interspecific factors of competition change. The carry-
ing capacity represents the upper limit of the attainable size of the popula-
tion. If the population is in a state of dynamic equilibrium, it will always
be at a level below the carrying capacity. As the carrying capacity changes,

the equilibrium level of the population will adjust itself to a new value,
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again below the new value of K. The amount by which the equilibrium value of
the populaticn lies below the carrying capacity depends upon the other popula-
tion parameters, as well as losses to the population represented by the terms

Eg, Iy, E,, and 1,. The dynamics of recruitment in equation (23) are such

y?
that the population increase follows an S-shaped curve, approaching its equil-
ibrium value. The rate of population increase slows down as population den-
sity increases, due to a reduced rate of recruitment of larvae into the ju-
venile stage. Equation (23) is, no doubt, the simplest way to introduce com-
pensation for population density into the dynamics of recruitment . It should
be noted in equation (23) that the product ¢ + y (number of larvae per indivi-
dual surviving to eater young-of-year stage) is multiplied by the compensation
term (1 - %), rather than € or y alone. Thus, the expression € « y + (1 - %)
is used to approximate the actual, but unknown function g(N) « v(N) describing
larval survival at 25 days following hatching of eggs. Further, there is no
attenpt in equation (23) to model changes in entrainment and impingement
mortality brougnt about by fluctuations in larval production from one year to

the next. The terms ER’ Ey, and I_ are constant throughout, but can be varied

y
from one calculation of equilibrium population to the next.

The cffect of entrainment or impingement mortality is analyzed by modeling
the whole population rather than the subpopulation of entrained and impinged
fishes as in the carlier case. Although the quadratic term in equation (23)
creates the S-shaped curve of population change as it approaches equilibrium,
a more important characteristic of the equation for present purposes is the

manner in which the equilibrium value of the population is limited by the

population parameters and by entrainment and impingcment losses.

1Othcr quant:itative expressions for representing compensatory effects of high
larval mortality are currently in use (20). Research and modeling of compen-
satory processes 1S active.
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Solutions to Equations

Substituting equation (22) into (21) and solving for N, one obtains:

N(t) = N(0)e Bt + o /© R(x)e (%) ax (24)
where:
B=m+ £ ~-~qg s gy ed
R(x) = 3 - .
(x) IN(\c) * eI (x) + s(Iy(x) + Ey(x) + e E, ()]
and:
N(0) = initial population size.
I.(x), I ,(x), T (x), E,(x) and E (x) may be constants or functions of the
N Al y L y

time parameter x. As time t increases, the contribution of the initial popu-
lation level N{0) diminishes exponentially. The integral term is an exponen-—
tially weighted moving average of the contributions of successive recruitments
R(x) in year x in which more distant additions R(x) contribute an exponen-

tially decreasing proportion to the total population. If one is interested in
a steady state condition, as t approaches infinity, N(t) approaches, under ap-

propriate conditions on R(x),

N = linat a gt R(X)e-B(t—X)dx

t - ®

This is the steady state value of the size of the hypothetical subpopulation
lost due to entrainment and impingement mortality. In the following, all im-
pingement and entrainment functions are assumed to be constants, and therefore
independent of time. Therefore, R(x) = R = constant.
For this case :

N(t) = [N(0) - %ﬁ]e‘ﬁt + % - R (25)

where R is defined above, and:

L = l - e"'(m + f)'6

1. . -m
Dimensional analvsis verifies that t*eesey* e and (m + f) are comparable
quantities
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where:

Equation (25) shows no steady state unless m + £ > qegesey-e™@, j.e., B > 0,
which must be true on the average in the environment or the population would
explode. When 3 > 0, the steady state population is:

- R

wle

Model 2 of recruitment is exercised by substituting equation (23) into
equation (21.1) and solving the differential equation:

N= aR-(m+§f) -N-1I =

cesegeyeNo(1 - g) - a-s-(Ey + Iy te-E) - I, -

(m + £).N
where:

a:l_e-(m+ f)’7

Collecting coefficients of NO, Nl, N2

. 2

N = aN~ + bN + ¢ (26)
where:

a= - §L§L§Ll’ b = a-scery - (m + f)
and:

c = - (a-s-(Ey + Iy + € Ez) + IA).
Solving:

N(e) = A+ ;2 (27)
1+ ( ‘o) ea(B-A)t
No - A
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where:

N, = initial population size,
Thus:
c
BRI |
A= 37},
and:
L1, e
B = ? ( ) ]
a

The equilibrium value of the population is B, assuming B < A. The value of
the coefficient a indicates rate of recovery of the population from a disturb-
ance. A negative value of b indicates extinction of the population. Such a
condition occurs if the combined natural and fishing mortality rate exceeds
the reproductive potential of the population. The population can also decline
until it reaches zero if the loss terms Eg, Ey’ Iy’ and IA are sufficiently

large.

Estinates of Entrainment and Impingement Mortality

Cole (4) gave the following 95 percent confidence interval estimates of the
nunbers of yellow perch larvae potentially entrained at the Monroe power plant

in 1973, 1974, and 1975 (millions of larvae):

Estimated Number Entrained (millions) Year
(1) 022.225.1 1973
(2) 59.6 < 83.1 < 111.5 1974
(3) 13.7%29.3 3 44.9 1975

Three estimates obtained by the author of numbers of perch larvae entrained in
the power plant cooling waters in 1975 using sampled concentrations of larvae
obtained by Cole in the river channel and in the upper discharge channel, and

using volumes of cooling water published in (7) are:
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Estimated Number Entrained (millions) Location of Measurement Year

(4) 2.72 - 14.26 river channel near mouth 1975
(5) 2.39 - 20.85 upper discharge 1975
(6) 19.4 lake waters near river mouth 1975
(7) 0.94 1976

The Detroit Edison Company reports an estimated 5,029,000 perch larvae en-
trained in 1975 (7) which includes prejuveniles or young-of-year fishes. Since
prejuveniles were not counted separately, it is assumed that combined young-of-
year mortality due to entrainment and impingement is:

I, + &, = 100,000

This assumption is probably conservative in view of the estimated total
number entrained as reported by Detroit Edison. Based upon Cole's estimate of
20 percent of perch larvae either dead or dying prior to entrainment, and using
an estimate of 70 percent mortality of live perch larvae that are entrained,

the estimates of numbers of larvae entrained can be reduced to Ey, an estimate

of live larvae %illed due to entrainment:

E; (millions killed)

(1) 0 - 2.856 (1973)
(2) 33.38 - 62.44 (1974)
(3) 7.672 - 25.14 (1975)
(4) 1.526 - 7.986 (1975)
(5) 1.338 - 11.68 (1975)

(6) 10.86 (1975)
(D.E.) 2.816 (1975)
N 0.53 (1976)
(D.E.) 0.36 (1976)

Table 22, Estimates of Entrainment Caused Larval Mortality
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Estimated Impingement Mortality

Detroit Edison published the following estimates of numbers of fishes

killed due to impingement (7):

(Iy + I51 + I) Year
165,365 (excluding Jan.,

Feb., Mar.) 1972
215,032 1973
152,857 1974
171,641 (excluding April

and May) 1975

Table 23. Estimated Impingement Mortality
It is impossible to estimate the individual terms Iy, Iars Iy from the
data shown above. Therefore, for computational purposes, the quantities IA
and I,, (adult and subadult mortality, respectively) are each permitted to
assume the values 0, 50,000, and 100,000 independently, so that the sum IA +
I,, ranges from O to 200,000. When the sum I, + I,, is combined with the

earlier assumption of I + Ey = 100,000, it is clear that total impingement

y

mortality will range over the values shown above.

.

Estimnates of Ponoulation Parameters

€: annual fraction of larvae surviving natural environmental forces of

mortalitv to reach voung-of-vear stage.

The methodology underlying the estimate of €, the annual fractional rate
of survival of larvae from natural environmental forces of mortality to reach
young-of-yecar stage (25 days after date of hatching), is based upon the
analysis of larval production in U.S. waters of the western basin of Lake Erie

shown above and resulted in an estimate of € in the rangel:.

1 . .

It 1s shown in Appendix 8 that the percentage of entrained larvae that would
have survived for 25 days had they not been entrained increases with age at
entrainment and may reach 257%.
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0.02 £<€<0.10

s: fraction of young-of-year that survives to be recruited into age class

-

Data (7) indicating abundance of young-of-year and yearlings in 4 succes-
sive years (1972, 1973, 1974, 1975) yield estimates of annual young-of-year
survival fractions of 0.12, 0.19, and 0.33, respectively, using the ratio?:

y.0.v. survival yearlings C.P.E. in year (t)
fraction y.o.y. C.P.E. 1n year (t-1)

The monthy instantaneous mortality rates, @, corresponding to annual survival

fractions of 0.12 and 0.33 are, respectively,

w-_ L ln.12=0.177
12
and
_ 1 1an .33 = 0.092
a 12

In turn, the monthly instantaneous rates 0.177 and 0.092 yield six months sur-

vival fractions which are, respectively,

s = e - 177(6) = ¢ 346
and

e=-092(6) = g .575.

N

s
Thus, the fraction of young-of-year that survives (approximately 6 months) to
be recruited into the yearling stage or age class I is?

0.34 < s <0.58.

f: annual instantaneous fishing mortalitv rate from commercial and sport

fishing.
Based upon an estimate that 20 to 40 percent of all perch vulnerable to

fishing gear will be harvested annually by commercial or sport fisherman (A.

1 ca . .
A constant coefficient of catchability is assumed.

ZIt 1s reported in (22) that research on post-larval yellow perch mortality
indicates a si: month survival of approximately 0.49, a value well within
the interval (.34, .58).
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Jensen, personal communication, 1976), the instantaneous annual fishing morta-
lity rate is estimated to be between 0.22 and 0.51. However, it is reported
in (22) that during the period 1968-78, total annual mortality may have risen
to 70%2. If the annual natural mortality fraction holds at 257, the implica-
tion follows that the instantanecus annual fishing mortality rate may have in-
creased to 0.95. Therefore, it is estimated as:

.22 < £<0.95

m: annual instantaneous natural mortality rate of yellow perch.

The Great Lakes Fishery Laboratory, U.S. Fish and Wildlife Service reports
an estimated natural mortality rate lying in the rangel:
0.22 <« m < 0.29

Other data relating to natural mortality of yellow perch are reported in

(14) and (15).

y: nean annual rate of larvae production per individual in the subpopu-

lation.

In model 1, the subpopulation for which y is estimated includes all fishes
in age class Il and older. In model 2, the subpopulation estimated includes
all fishes in age class T and older. By definition:

Y = hatching success ¢ number eggs deposited per sexually mature
female spawner
« number sexually mature female spawners per
individual in subpopulation.
It is reported by Scholl (personal communication, 1977) that hatching

success for yvellow perch in Lake Erie ranges between 25 and 50 percent:

lRe[crcncc (22) and ¥W.L. Hartman, personal communication, 1976.
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.25 < hatching success < .50
The number of eggs deposited per sexually mature female is reported to range
between 10,000 and 30,000.

The number of sexually mature female spawners per individual in the sub-
population is variable and depends upon the mean number of times that a female
spauns during her lifetime, the number of age classes included in the subpopu-
lation, and the mean mortality rates from both natural causes and fishing.
Given equilibrium population conditions and assuming that the subpopulation of
interest consists of all fishes in age class 1I and older, the number of
sexually mature female spawners per individual in the subpopulation can be
calculated.

To do so, No is used to denote the number of individuals entering age
class Il under equilibrium conditions. Based upon information provided by the
Ohio Division of Wildlife (12) on sexual maturation of yellow perch of
different ages, it is assumed that no age class II females are sexually mature
and that all females in age classes IIL and older are sexually mature.
Assuming that a fraetion Pe of any age class are females, that a sexually
mature female spawns in any given year with probability Py, that fishing
mortality commences with age class III individuals, and that the equilibrium
number of age class I individuals is N, the fraction of sexually mature
female spawners in the subpopulation of age class 11 and older fishes may be

calculated from the following:

Number of Individuals Number of Female Spawners Age Class
Nlc-m 0 II
Nle—(?..”l + f) pSDlee—(zm + £) I1I
Nle-(31 + 26) psolee-(Bm + 2f) v
R e-(’.n + 3E) ol pffq' e"'(bm + 3{) \Y

1 N [ 1
Nje~ 51 + 4f) psprle‘(Sm + 4F) LA
Nlc—(()"l + 5f) QSDENle-(()m + 5f) V1L



The fraction of the subpopulation that is sexually mature female spawners may
be defined as:

number of sexually mature female spawners per individual
in subpopulation (age class II - VII) =

-(m + f) -5(m + f)
PPt [© I :
-(n+ ) + + e—S(m + )

[1L + e ]

An important inference that follows is that the fraction of the subpopula-
tion that consists of sexually mature females drops as the fishing and natural
mortality rates increase. For example, if f = m = 0.22, the above fraction

is p - pp X .60 but i1f f = m = .52, the fraction drops to Py * Pg X .35. By

s f

assuning that fifty percent of each age class consists of females, and that
the probability of spawning by any given sexually mature female is .8 - 1.0,
and using the ranges of m and f estimated above, the number of sexually mature
females per individual in the subpopulation consisting of all fishes in age
class II and older is calculated to vary between 0.153 and 0.239:

number of sexually mature female

0.15 < spawners per individual in < 0.2
~ subpopulation (age class II-VII)

4

Therefore, the parameter Y is estimated to lie in the range:
(0.25) (10,000) (0.15) = 375 <y < (0.50) (30,000) (0.24) = 3600.
The estinated mean number of recruits into age class Il per year per
individual in the subpopulation under equilibrium conditions, Y'E's'e-m,
follows:
(375) (0.02) (0.22) (0.75) < Y*e*s*e " < (3600) (.10) (.58) (.80)
namely:

1.23 < yeerste " < 167.5
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In the long run, it is required that the mean rate of addition of recruits

to the subpopulation not exceed the total mean rate of removals.

Impacts of Entrainment and Impingement Mortality

The reduction in yield from age class II and older yellow perch in
Michizan-Ohio waters of the western basin has been estimated by calculating an
equilibriun size of a subpopulation created by using as input the continued
annual losses of larvae, juveniles, and adults incurred from entrainment and
impingement mortality. When the reproductive potential of this population is
taken into consideration, and assuming that such a population is subject to
the same biological processes and environmental pressures as the surviving
population, one can use the parameter estimates given above together with
equation (25) to estimate the size of this hypothetical population. Given its
size, one estimates the annual yield to sport and commercial fishermen by
multiplying the estimated equilibrium value of N by the annual fishing
mortality fraction 1-ef.

A computer program was written and sizes, N, of an equilibrium population

and (l-e-f) N, loss in yield, were calculated:

1

N o= arf [y + e (s(E) €'+ 100,000) + I,,)]
where:
@ =1 - e-(m + f)'6,
€' = fraction of larvae lost to entrainment that is estimated
to have survived to reach young-of-year stage, had they
not been entrained,
and:

P=n+ f - qaes+e™y*e™ (B8 >0 is required for equilibrium)
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e': .08, .13

s: .42, .50
£: .52, .95
m: .29

Y: 15

g 2x106, 10x106, 20108, 40x106
0, 50,000, 100,000
I,,: 0, 50,000, 100,000
Table 24, Values of Population Parameters and Entrainment
and Impingement Mortalities Used in Galculation of

Potential Impact on Population Size

Calculations of potential losses in yield for different combinations shown
in Table 24 above are given in Tables 25-32 below., The parmaters m and Y are
held constant in each case.

The value ¥ = 15 is held constant and recognizes only a modest reproductive
potential of the population of fishes lost due to entrainment and impingement
mortality. The values of €', s, and f form eight combinations each of which
corresponds to one of the tables. In each case a constant loss of young-of-
year due to entrainment and impingement (Iy + Ey) is set equal to 100,000 in-
dividuals. Threa levels of losses of yearlings and adults (Ipj + Iy) are con-
sidered (0, 1x103, 2x103) and in each case the loss is split equally (Iy=
IAl) between those two stages. All losses in yield are expressed in units of
pounds of fish, assuming 3.5 fish per pound. The entries in Tables 25-32 are

calculated from equation 28-35, respectively, each of which is a special case
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of the equation given above for potential reduction in annual yield under
equilibrium conditions. The coefficients of Iy, Ip;, and E¢ in equations 28-35
are the factors that convert annual losses of fishes in each of the three
stages (due to entrainment and impingement) into reductions in yield to the
fisheries.

Thus, for example, an annual loss of 1 million larvae translates into a

potential annual loss to the fisheries of 1x106 x .007 = 7000 pounds.

I + Iy g' = .08; s = .42; £ = .52
200,000 68262 124262 194262 334262
100,000 45262 101262 171262 311262

0 22262 78262 148262 288262
2.0 10.0 20.0 40.0

E,: (millions)

Table 25. Estimated Potential Loss in Yield (pounds)

Loss in yield: 0.263 Iyt 0.197 L, +0.007 Ep+ 8262 (28)
1.0+ Iy g' = .08; s = .42; £ = .95
200,000 52116 93259 144687 247544
100,000 34387 75530 126959 229816
0 16658 57801 109230 212087
2.0 10.0 20.0 40.0

EQ: (millions)

Table 26. Estimated Potential Loss in Yield (pounds)

Loss in yield = 0.203 IV + 0.152 I\ + ,005 EQ + 6373 (29)
I\ I's

1
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Iy1 + Iy €' = 08; s = .50; f = .52

200,000 84643 156643 246643 426643
100,000 57193 129193 219193 399193
0 29743 101743 191743 371743
2.0 10.0 20.0 40.0

Eg: (millions)
Table 27. Estimated Potential Loss in Yield (pounds)

Loss in yield: 0.314 Iy + 0.235 Iy + 0.009 E, + 11743

Iv1 + Iy g' = .08; s = .50; £ = .95
200,000 60865 116865 186865 326865
100,000 41565 97565 167565 307565

0 22265 78265 148265 288265
2.0 10.0 20.0 40.0

Eg: (millions)
Table 28. Estimated Potential Loss in Yield (pounds)

Loss in yield = 0.221 Iy + 0.165 I,y + 0.007 Eg + 8265
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Iy + Iy g' 133 s = 423 £ = .52
200,000 163144 347144 577144 1037144
100,000 113494 297494 527494 987494

0 63844 247844 477844 937844
2.0 10.0 20.0 40.0

Eg: (millions)

Table 29. Estimated Potential Loss in Yield (pounds)

Loss in yield = 0.568 Iy + 0.425 In1 + 0.1923 Ep + 17844

I + Iy e 135 s = 425 £ = .95
200,000 79565 167565 277565 497565
100,000 55165 143165 253165 473165

0 30765 118765 228765 448765
2.0 10.0 20.0 40.0

Eg: (millions)

Tabla 30. Estimated Potential Loss in Yield (pounds)

Loss in yield = 0.279 Iy + 0.209 Iaj + 0.011 Eg + 8765
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Iy + Iy g' = ,13; s = .50; £ = .52
200,000 408068 920068 1560068 2840068
100,000 292718 804718 1444718 2724718

0 177368 689368 1329368 2609368
2.0 10.0 20.0 40.0
Eo: (millions)
Table 31. Estimated Potential Loss in Yield (pounds)

Loss in yield = 1.32 Iy + 0.987 I3

+0.064 Eq + 49368

Iy + Iy €' = 13, s = .50; £ = .95
200,000 106590 242590 412590 752590
100,000 76690 212690 382690 722690

0 46790 182790 352790 692790
2.0 10.0 20.0 40.0
. Eg: (millions)
Table 32. Estimated Potential Loss in Yield (pounds)

Loss in yield = 0.342 Iy + 0.256 I + 0.017 Eg + 12790

Since the annual loss in yield is never constant even under equilibrium

(34)

(35)

conditions, the estimates given in Tables 25-32 are reduced to estimates of a

single weighted mean annual loss for each of the two values of €' that were
selected. In order to carry out this reduction, a probability distribution

must be assigned to th