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ABSTRACT

The relative abundance of a cohort affected .by power plant entrainment mortality as a fraction (Rc) of the
abundance of that cohort in the absence of power plant impact can be calculated by Rc = exp (-Ejt j ) wheretj

is the duration oflife stage i, andEj is the entrainment mortality rate at stage i. RateE i can be estimated by the
ratio of nonsurviving entrained organisms during a given time interval to the mean standing crop ofstage i
organisms in the source water during that interval. An estimate of adult abundance allows calculation of
equivalent adult losses. When insufficient information is available to determine the long-term effect on the
population, the fishery "potential yield" formula provides an interim estimate. Relative equilibrium abun
dance?f the affected pop~lation (R.) is approximated by R. = 1 - (!:.Ejtj+ Fp + Ff )/2M, where Fp is adult
mortahty rate due to power plant impingement, Ff is adult mortality rate due to fisheries, and M is adult
natural mortality rate. As in the case of the "potential yield" formula, this approximation of long-term
equilibrium impact should be discarded when better estimates can be developed.

In recent years considerable effort has been expended
in evaluating the impact of fish removals by intake
cooling water systems at power plants in the United
States. Methods of impact assessment are as diverse
as the power plant sites at which the studies have
been conducted, but may generally be classified into
those which, according to Hackney eta!. (1980), 1) of
fer an "expert" opinion as to the presence or absence
of impact, or 2) are fish population models in which
the sensitivity of the source water fish populations
are examined under varying impingement rates.
The first category of assessments generally at

tempts to compare losses of organisms owing to
power plant operation with sport and commercial
fishery harvests and/or estimates of standing stock
(DeMartini 1979). For adults, which are subject to
impingement, comparison is fairly straightforward.
However, for eggs and larvae, which are subject to en
trainment, meaningful comparison is less direct.
Goodyear (1978) extended a method proposed by
Horst (1975) for treating entrained larvae in terms of
equivalent adult losses which may then be con
sidered alongside losses because of impingement.
The second category of assessments includes more
complex models using Leslie matrices (Vaughan and
Saila 1976; Horst 1977; Vaughan 1981), differential
equations (Hackney et a1. 1980), or stock-progeny
recruit models (Christensen et a1. 1977).
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Several problems are inherent in many of these
methods. There is an absence of an impact "scale"
which enables the investigator to judge objectively
the significance or insignificance of fish removals
relative to the source water stock and to removals by
fisheries. Additionally, sophisticated methods such
as Leslie matrices and Goodyear's (1978) calculation
of equivalent adult losses require life history pa
rameters (Le., fecundity, survivorship), which are of
ten unknown for the species in question, and require
substantial expenditures of time and money to ob
tain. Finally, these models may be difficult to inter
pret. While the investigator may understand the
subtleties of interpretation, agency reviewers often
lack the technical background to evaluate the results
of complicated models.

The approach presented in this paper will alleviate
many ofthe above problems. The proposed methods
draw on techniques and models used in fishery
management in order to provide a criterion for signifi
cance of impact. Indeed, the objectives of fishery
stock assessment are very similar to those of power
plant impact assessment. In both cases, we wish to
know the effect of removals relative to what the stock
can sustain through its density-dependent or other
compensatory mechanisms. The models we propose
do not require detailed life history information,
and are sufficiently simple that the assumptions are
apparent and results can be interpreted according
ly.

The methods may be separated into two somewhat
independent analyses. The first is short-term assess
ment, which estimates entrainment impact on a
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(1)

life history parameters. The main assumption here is
that there is no compensatory change in the per
capita rate of natural mortality during early life
stages which offsets the added effect of entrain
ment mortality.
Equation (5) is similar in concept and derivation to

recently published methods of calculating impact
rate (e.g., Boreman eta1. 1981; Jensen and Hamilton
1982). Those methods explicitly include water
volumes and are especially appropriate to cases of
highly fluctuating water flows. For the purposes of
the assessment methods discussed in this paper,
either method of calculating impact rate is appli
cable.
The entrainment mortality rates, Ej,are fairly easy

to estimate. Larval mortality may be assumed to con
form to a "Type 2 fishery" in the sense of Ricker
(1975), wherein natural mortality occurs along with
entrainment, and each occurs at a constant per capita
rate during each age interval i. Ifpower plant activity
is fairly constant over the spawning season, eachE j is
constant, and it is unnecessary to distinguish be
tween Ricker's two types of recruitment. According
to Ricker's (1975) equation 1.17, the quantity oflar
vae at stage i removed during a unit time by entrain
ment (L;) is related to the mean abundance of lar
vae at stage i in the source water (r~) by the equa·
tion

single cohort (e.g., year class) in the sense of Good
year's (1978) equivalent adult mortality. The second
analysis estimates the long-tenn equilibrium impact
of combined removals, including entrainment and
impingement by one or more power plants, and all
other nonnatural removals, including fishery har
vests.

SHORT-TERM IMPACT

In the natural state, where no spawning products
are removed by entrainment, the adult abundance of
a cohort, N; (at a reference age T), is given by

N' = Pe -ftIL(x)dx
e

whereP is initial production ofnewly spawned eggs, x
is age, and p.(x) is per capita natural mortality rate at
age x, Le., -dN(x)/Ndx.
A more convenient approximation of Equation (1)

is

where t j is the length of age interval i, and M j is a per
capita natural mortality rate, assumed to be constant
over interval i.

In the presence ofmortality due to entrainment, the
adult abundance ofthe impacted cohort, N e (again at
reference age T) is given by Lj=EjL~ (6)

(3) Therefore, Ej may be estimated by the equation

and after substituting Equations (2) and (3), this sim
plifies to

whereEj is the per capita rate of entrainment mortali
ty during age interval i.
The abundance of an impacted cohort relative to

an unimpacted cohort is denoted Re , and is given
by

(7)

where L; is a direct in-plant sample estimate of the
quantity of stage i larvae entrained per day (or other
convenient short time interval), and L~ is an estimate
of the mean standing crop of stage i larvae over that
same time interval in the source water, which may be
estimated by quantitative plankton net tows. Note
that entrainment rate E j has units of inverse time
according to the time interval used. Care must be
taken to assure that time units are consistent
throughout the analysis. Also note that i now refers to
a stage, as it is generally most convenient to sort sam
ples or planktonic larvae by size or stage categories.
The length of time spent in each size category must
also be determined. The most direct method may be
to examine larval otoliths for daily growth rings (see
Brothers et a1. 1976) in order to ascertain the number
of days (or other time unit employed) spent in stage i.
Lacking this direct information on ti' it may be ne
cessary to assume that the larvae grow at the same

(4)

(5)

which is related to the conditional mortality rate (m)
described by Ricker (1975: equation 1.9; here m = 1
- Re). Note thatTneednot be specified, since we now
need sum over only those age intervals in whichEj is
nonzero. This is convenient since fish often cease be
ing entrained at about the same time they cease being
available to plankton sampling gear. More important
is the fact that Equation (5) requires no knowledge of
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rate as does some better known similar species in a
similar environment.

Equivalent adult loss from a cohort (Ac) may be
defined as

However, a standing stock of adults often consists of
several cohorts. Under the common fishery assump
tion that the age composition of the standing stock is
at equilibrium, overall equivalent adult losses (Ae)

from the stock are given by

where N denotes unimpacted stock abundance, and
N denotes impacted stock abundance, given the
same initial production of eggs. Although this equi
librium assumption is often violated, it is nonetheless
the basis of management of many fish stocks. Since
the quantity Rc describes the ratio for a cohortNJN'.,
under equilibrium it also describes the population
ratio N/N, here denoted R. The latter may be sub
stituted into Equation (9) to give

Whereas short-term impact may be described in
simple terms of adult equivalent losses, long-term
impact is more difficult to quantify. Short-term loss
of adults implies loss of reproductive potential (egg
production), and this loss is compounded over
several generations. If compensatory mechanisms
were not present, the impacted population would
decline exponentially to extinction, given that it was
in equilibrium prior to the impact. Fortunately, there
are many types of compensatory mechanisms that
allow the population to augment its reproductive rate
so that itreaches a new equilibrium in the presence of
an increased mortality rate (see Goodyear 1980). For
example, lowered adult abundance may lead to in
creased per capita fecundity, decreased age of first
reproduction, and/or increased survivorship at var
ious life stages. Unfortunately, the actual mecha
nisms are poorly known and can be seldom quantified
even for well-studied species. Detailed knowledge
cannot be expected in routine impact analyses.
Rather, we need simple approximations that will re
quire a minimum of data

Fishery management has long been concerned with
the effect of removal (harvests) rates on fish abun
dance. Most of the work has been concerned with
long-term equilibrium, and manyfishery models are
directly applicable to impact analysis. In particular,
the "production model" (see Ricker 1975, Chapter
13), by means of simplifying assumptions, requires
minimal knowledge oflife history parameters. One of
the simplest production models is the Graham
Schaefer model, which is constructed on the assump
tion of logistic population growth. The model
assumes that equilibrium stock abundance declines
linearly with an increasing rate of harvest (fraction of
stock removed per unit time). The maximum net pro
ductivity in terms of total harvest by a fishery is
therefore assumed to be achieved at a stock size
which is exactly one-half the virgin level of abun
dance or carrying capacity, K (Fig. 1).
Normally, the production model is useful when a

long time series of catches and fishing efforts (rates of
removal) is available. In such cases, the production
curve can be estimated from the data by statistical
regression. On the other hand, there are many fish
eries for which there is no history of exploitation, or
for which the required data were never collected.
Here, we may draw on the "potential yield" formula,
first proposed by Alverson and Pereyra (1969), pro
mulgated by Gulland (1970, 1971), and critically re
viewed by Francis (1974). This approximation
assumes that net productivity is maximal when abun-

LONG-TERM IMPACT

(8)

(9)

(10)

(11)

Ac=N-N

Ae=N (l-R)

Ac=N (h- 1).
or

Thus equivalent adult losses can be calculated if
adult abundance has been estimated, and this does
not require the extensive knowledge of life history pa
rameters demanded by Goodyear's (1978) approach.

Equations (10) and (11) raise a dilemma with re
spect to short- and long-term impact. Estimation of
short-term impact has been based on the assumption
of a fixed initial production of eggs. However, when
real data are used, preimpact abundance (N') will
usually arise from a larger egg production than does
postimpact abundance (N), for the very reason than
N' is larger thanN, and egg production is itself depen
dent upon adult abundance. For this reason, Equa
tion (10) is misleading, and will tend to overestimate
the amount of adult equivalent losses actually occur
ringfrom an impacted stock at equilibrium. However,
in most cases, preimpact abundance is unknown, and
sampling programs produce estimates ofN, which re
quire application of Equation (11). Moreover, Good
year's (1978) equivalent adult losses are calculated
for an impacted stock making Equation (11) appro
priate. As will be seen below, our method of estimating
long-term equilibrium impact does not require ex
plicit calculation of equivalent adult losses, and
avoids the above complications.
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(13)

(12)

(14)R.= (1-~).

N =N (l- L )
e e 2M

Equation (14) says that we can estimate the impact of
all removals, given the total rate of removals and the
rate of adult natural mortality.

The total rate of removals (F) includes entrainment
(E) and impingement (Fp) by all power plants operat
ing in the area of the stock, and all fisheries (Fr) ex
ploiting the stock:

and according to Equation (12), we have the ap
proximation

to zero when the rate of removals is twice the rate of
adult natural mortality (M). Thus, based on linearity,
we have

which predicts long-term equilibrium abundance in
the presence of removal rate F. In parallel with our
treatment of short-term impact, the long-term equi
librium abundance of a harvested or impacted stock
relative to the abundance of the virgin stock is de
noted R., and is given by

2MM
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The removal rate due to entrainment (E) is estimated
by the method presented in the previous section,
i.e.,

0 M 2M

Intensity of Removal ( F ), I I
K t K 0

Abundance

FiGURE 1.-The Graham-Schaefer production model scaled accord
ing to the "potential yield" formula (K is virgin abundance or carry
ing capacity. M is rate of natural mortality).

(15)

(16)

Impingement (Fp ) and fishing (Fr) mortality rates may
be estimated by a method similar to Equation (7):

where I is the number of adults impinged in a year, C
is the annual fishery harvest, and N* is the mean
abundance of the stock over the year.

The natural mortality rate is a difficult parameter to
estimate. Ricker (1975) reviewed many of the meth
ods. In some cases it may be necessary to assume a
value ofM, based on comparison with better known
species. One useful method, based on comparative
growth and environmental parameters, has been de
scribed by Pauly (1980). If a mortality rate can be es-

dance is at one-half the virgin level, and at this point
the rate of fishery removals (F) is equal to the rate of
nat~ral mortality of adults (M). While many criti
cisms can be leveled at the potential yield formula, in
actual practice it is often the only available basis of
fishery management (e.g., North Pacific Fishery
Management Council 1979a, bi Pacific Fishery
Management Council 1982).
The production model corresponding to the poten

tial yield formula is shown in Figure 1. The assumed
relationship between equilibrium abundance (N.)
and rate of removal (F) is linear, giving the usual
parabolic yield curve. Equilibrium abundance is at
carrying capacity (K, denotedN~ in this paper), when
there are no removals. From inspection of Figure 1,
the model predicts that equilibrium abundance falls

and
Fp = UN·

Fr = CIN·

(17)

(18)
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The natural mortality rate can be obtained from

CRITERIA FOR IMPACT
EVALUATION

timated, for example, based on age frequency, the
estimate will often be the total mortality rate of
adults (Z), where

EXAMPLE APPLICATION

and/or growth less losses due to natural mortality/'
(Gehringer 1976).
While power plants clearly do not directly impact

marine mammals, the principle of optimum sustain
able population size as defined above may be extend
ed to fish and invertebrates as well Since OSP is
defined to fall within a range, impact is unacceptable
when it causes population size to fall below the lower
limit of that range, which is the point of maximum net
productivity. In the logistic model assumed by our
long-term impact assessment, maximum net produc
tivity occurs at one-half the virgin, unimpacted pop
ulation size. This gives a simple criterion for
acceptable impact: Abundance should not be driven
below one-half of its unimpacted level. In terms ofthe
long-term impact model and its assumptions, this
criterion is equivalent to saying that the rate of re
moval should not exceed the adult rate of natural
mortality.

This example is based on data collected during
1978 for the purpose of estimating power plant im
pact on topsmelt, Atherinops affinis, inhabiting a
California estuary.4 Topsmelt is a bay-dwelling
species with demersal eggs and a short (2-3 mo)
spawning period. Topsmelt eggs hatch to produce 6
mm larvae, and larvae >15 mm are not entrained.
Larvae were categorized by two length stages, 6-10
mm and 11-15 mm.-'Based on laboratory growth rate
experiments for a closely related atherinid, the Cali
fornia grunion, Leuresthes tenuis, duration of these
two stages is about 14 d each.

Standing stock and entrainment data (Table 1) are
averages for the 3-mo. spawning period based on
biweekly sampling. Since larvae are concentrate.d
near the surface during daylight hours, larval sta'nd
ing stock estimates are determined based on daytime
surface larval densities sampled by a neuston net.
These density values are extrapolated to the area
of the estuary and a depth of 1 m. The mean entrain
ment rates are adjusted for variation in cooling water
flow during each of the sampling periods. All en
trained larvae are assumed to die. The short-term im
pact of the power plant is estimated to reduce
recruitment strengths to 98% of their unimpacted
value. Based on seine catches, the standing stock of
adult topsmelt in the estuary was 5.4 X 105 fish. Since
the power plant has long been operational, equi-

'Because the power plant impact study has not completed the offi
cial review process, the proprietor wishes not to be identified at this
preliminary stage.

(19)

(20)

Z = M + I:.F'p + I:.F'f.

If fish are being removed from the stock by several
pQwer plants and fisheries, the impact by a single en
tity cannot be considered in isolation. Our proposed
method oflong-term impact assessment allows an in
tegrated assessment of impact, but also allows dis
section into individual contributions to the total
impact. Equation (15) states that the total rate of
removals (F) is the sum of the individual instan
taneous rates of removal. Since Equation (15) is a
linear function, the fraction of the total impact which
is attributable to any particular entity is the ratio of
the sum of its contributions to totalF from all sources
as in Equation (15).

Removal of fish from a stock, whether by a fishery or
by a power plant, will usually lead to lowered equilib
rium abundance. The previous section has presented
a method for estimating the approximate reduction
in abundance which has taken place. We must now
determine whether this impact is "acceptable." In
the case of a fishery where tangible values can be
assigned to the catch and the stock, optimal catch
rates and population sizes can be defined (Roedel
1975; Clark 1976). However, losses to a power plant
produce no direct consumptive benefit, and, in many
cases, the impacted stock is not subject to a fishery
and therefore has no conventional value.

Fortunately, there exists a precedent for evaluating
impacts on nonvalued species. The Marine Mammal
Protection Act, enacted by the United States in
1972, requires that marine mammals be managed for
optimum sustainable population size (OSP). Subse
quently, the term was given a working definition:
"Optimum sustainable population isa population
size which falls within a range from the population
level of a given species or stock which is the largest
supportable within the ecosystem to the population
level that results in maximum net productivity. Max
imum net productivity is the greatest net annual in
crement in population numbers or biomass resulting
from additions to the population due to reproduction
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TABLE I.-Example calculation of short-term impact by entrainment of top
smelt larvae. n.e. indicates not estimated.

Entrainment Standing Entrainment Stage
(L;I stock (Ln rate (Ej ) duration (ti )

Stage larvae/day larvae per day days E;tj

Eggs 0 n.e. n.e. n.e. 0
larvae
6·10mm 4.0X 1()4 5.3 X 10' 7.5 X 10" 14 1.1 X 10"
11·15mm 2.0X 10> 3.0 X 10· 6.7X 10" 14 0.9 X 10"
16+mm 0 n.e. n.8. n.e. 0

Sum 2.0Xl0·'

Equation (5): Rc = a.p (-2.0 X 10 -'I = 0.98.
Equation (l1j:A. = 5.4X 10> (0.98" -1)= 1.1 X 1()4 fish.
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ment and to power plant impact assessment.

1.0 X 10" (Fpl
0.2 X 10" (F,)
2.0 X 10" (:!:El;)

3.2 X 10"

Coefficient of
mortality

Mean
standing

stock
(fishl

5.4 X 10'
5.4 X 10'

Catch
(fish)

5.147
1.000

(s.a Tabl. 1)

Source of
impact

Impingement
Fishery
Entrainment

Sum

Equation (20): M = 1.8 - 1.0 X 10-' -0.2 X 10-' = 1.8.
Equation (14): R. = 1 - (3.2 X 10-'/3.6) = 0.99.

This approximation of long-term impact is not in
tended to be a substitute for proper studies of pop
ulation dynamics. Rather, just as in the case offishery
management, it is intended to be a working approx
imation which should be discarded as more definitive
information and analyses become available. In the
case ofimpact assessment there will always be a suite
of organisms, particularly invertebrates, which un
doubtedly are impacted, but lack sufficient "status"
to justify the expense of close monitoring and study.
For these organisms, approximation is the most that
reasonably can be asked. In this respect the potential
yield approximation is well established in fishery

valent adult losses are estimated by Equation (11)
and are 1.1 X 104 fish.
Estimation of long-term impact requires informa

tion on all sources of mortality. The annual estimate
of adult impingement by the power plant, based on
360 d of sampling, is 5,147 fish. According to Califor
nia Department of Fish and Game records, there
were no commercial landings of topsmelt in 1978,
and recreational fishermen landed <1,000 topsmelt
in this area (we use 1,000 fish for this example). Total
mortality rate was estimated by regressing log abun
dance against age (Ricker 1975), giving an instan
taneous total mortality rate (Z) of 1.8. Nonnatural
mortality rates of adults were negligible (Table 2),
giving a natural mortality rate ofM = 1.8. Application
of the long-term impact approximation (Equation
(14» indicates that topsmelt may be near 99% of
their unimpacted abundance despite impacts by
both power plants and fisheries. The majority of im
pact on the local resource is probably due to power
plant operation, with entrainment impact being
about twice as large as impingement impact. In any
case, this estimated small reduction in long-term
abundance indicates that there is no cause for con
cern with regard to power plant impact on topsmelt
abundance in this estuary.

DISCUSSION
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