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THE PROBLEM OF FISHWAY CAPACITY

by

Robert H. Lander
U. S. Fish and Wildlife Service

Seattle, Washington

ABSTRACT

The paper gives a rationale for studying the question of whether
or not crowding obstructs the passage of fish through a fishway.

Average time spent in a fishway increases with numbers present if
crowding hinders passage. Average usage time plotted on average number
present (no delay from crowding assumed) yields the model. Capacity is

reached where values of observations exceed those in the model.

Experimental data show, for a stable entry rate, a significcuit
decrease in the relationship of exit rate to numbers present. This is
suggested as one way of detecting delay from crowding in a particular
section; it requires only a single test.

It is difficult to measure the capacity of a large fishway.

INTRODUCTION

How big should a fishway be? A fishway
too small (or otherwise inefficient) may
hinder the spawning migration of anadromous
fish, and thus reduce survival to the next
generation. On the other hand, a fishway
larger than required for efficient passage
is too costly.

No criteria for measuring efficiency of
passage are accepted universally by fishery
and power interests. One might argue that
survival to the next generation is the most
realistic measure. But this kind of surviv-
al data would be both difficult and expen-
sive to obtain.

Fishery scientists, working on runs of
anadromous salmonoids in a laboratory at

Bonneville Dam on the Columbia River, re-
cently have gathered another type of data
in prototype-Scale experiments: The numbers
of fish passing through a fishway per unit
time (filling and Raymond, 1959). These
studies are being fineuiced by the U. S. Army
Corps of Engineers, a major dam-building
agency concerned both with the need to pro-
tect the fish and the cost of doing so.

From the cost standpoint it is realis-
tic to evaluate fishway capacity in terms
of numbers of fish per unit time. The net
efficiency of passage is the result of the

separate efficiencies at two stages: (1)

Attraction into a fishway, and (2) passage
through a fishway. One may apply an empiri-
cal notion of capacity to each stage. For
a given set of conditions, entrance capacity
may be defined as the maximum number enter-
ing a fishway per unit time; internal capa-
city, as the maximum number passing through
a fishway per unit time. If an entrance
can pass some maximum number per unit time,
unnecessary cost may be involved in building
a fishway of internal capacity greater than
required to pass this number.

We propose here a rationale, leading to

a rough model, for evaluating the internal
capacity of a fishway. The need for such a

study arose in connection with the work
reported by Elling and Raymond (1959).

I eun grateful to Dr. D. G. Chapman of
the Department of Mathematics, University of
Washington, Seattle, Washington for suggest-
ing the concept of average usage time. I

wish also to thank Glenn Pedersen and D. D.



Worlund of the Fish and Wildlife Service jfor

their helpful comments.

DEFINITION OF TIME SPENT
IN A FISHWAY

It is difficult to record the time
spent by an individual fish when even a

small group is present in a fishway. How-
ever, under appropriate conditions one can
record the numbers passing two (or more)

points in successive units of time. If one

does this at the entrance and exit (or amy

other locations of interest), he may calcu-
late an average time of entry and an aver-

age time of exit. The difference between
these averages is then a measure of the

average time spent in the fishway by the

individuals of the group.

Two such averages, the mean and the

median elapsed time, have been used by
Elling and Raymond (1959). Of course, both
may be derived without regard to the order
in which particular fish enter and leave.

One may compute the median as soon as half
of the number of fish entering is recorded
at the exit. However, since individual
times of entry and exit are not recorded,
the observed euid true medians will differ
by some unknown amount. The observed mean,
on the other hand, will be identical with
the true mean unless a test is stopped
before all fish have passed through the
fishway.

In practice, some fraction of those
entering usually fail to leave in a reason-
able time. When this fraction is large,
unfavorable conditions exist for fish pas-
sage and such information is essential for
planning new fishway designs. To avoid
waiting for a few fish and thus to permit
reasonable scheduling, Elling juid Raymond
(1959) terminated most tests before all
entering fish had passed through the fish-
way. The fact that their observed means
and medians differed only slightly in tests
not terminated before all fish had left
suggests, at least for the limited scope of
their operation, that this procedure was
reasonable.

In what follows we shall use the term
"average" time. It will make no difference
to the concept of capacity whether this
average is the mean or the median.

DEFINITION OF DELAY

The idea of capacity implies that the
average time spent in a fishway by indivi-
duals is some function of the number of
fish present. For example, Pretious, Kersey
and Contractor (1957) state: "It is known
from experience with the salmon runs on the
Eraser River that the crowding of fish in a
limited area reduces freedom of movement
and slows down the migration of fish. Thus,
if the fishway design capacity (in numbers
of fish) were to be exceeded, it could be
expected that the numbers of fish passing
through the fishway per unit time would
diminish rather than increase during the
time that the fislMay was overcrowded."

The actual relationship between aver-
age time and the number present could be of
various types. For example, average time
might be less at a moderate than at a low
number present.

But for the present let us postulate
the situation of figure 1. Here, the in-

Average Number Present (N)

Figure 1.—Hypothetical relationship between
average time and average number present.

crease in T related to a particular N is

given by the vertical difference between
any T, N coordinate and the dashed line.

For the moment we shall apply the term
"delay" to such differences.



EXPERIMENTAL COMPLICATIONS

The idea of delay is simple to graps,
but delay defined as above is hard to mea-
sure. What, exactly, do we mean by "average
number present"? The computed average time
necessarily applies to all fish passing in

the entire test interval. However, the

relationship of figure 1, derived from a

series of tests, is of most interest during
a central portion of the test interval when
the "average number present" is at a maxi-
mum. The number present, of course, fluctu-
ates widely over the entire interval. But

if one were to average the numbers present
at successive time units in the center of a

test interval, as between time units 2 and
4 in figure 2 when entry and exit rates are

sustained, he would both satisfy the require-
ment of figure 1 and reduce the variation
around the average number present.

We may visualize, from figure 2a, a

large number of test fish available for
entry into an experimental fishway contain-
ing no fish. The available fish begin to
enter at time-unit 0, then maintain a quite
constant entry rate between time-units 1

and 4. By time-unit 5 this entry rate is

decreased because the numbers available are
reduced. Since a time lag is required for
fish to ascend the fishway, the exit rate
does not reach a high level until time-unit
2; then it is sustained through time-unit 5.

It decreases by time-unit 6, since nezurly

all available fish now have passed.

This, briefly, is the type of passage
encountered in practice (filling and Raymond,
1959). The difficulty is in collecting
sufficient numbers of fish to sustain, to-
gether, the entry and exit rates long enough
to yield a reasonable estimate of "maximum"
average number present.

Under this definition of average num-
ber present, the relationship of figure 1

is complicated by the fact that the average
time applies to the entire test interval
while the average number present applies
only to a central portion of this interval.
To estimate the relationship of figure 1 as
precisely as possible, one should terminate
entry as soon as the entry rate begins to
decline.

Factors other than the difficulty of
collecting large numbers of fish make this

Figure 2.—Distribution in time of fish
entering and leaving a test fishway.

type of experimentation difficult. For
example, the fish available for entry at any

time will represent a complex and usually
unknown combination of fatigue and motiva-
tion states. Further, the effects of fa-

tigue and motivation on observed performance
are complicated by the fact that species
composition chcinges from time to time in

most operating fishways. Thus, it will be

difficult to estimate the effects of crowd-
ing asid to consider at the same time the

effects of these other factors. Success in

this type of work will demand rigorous
attention to the principles of experimental
design. Perhaps small-scale studies will

provide data for a statistical separation
of effects where appropriate designs cannot

be adapted to practical demands on the

prototype scale.

The ultimate test, of course, is

whether the experimental approach can be
mcide realistic enough to be useful. In
spite of the difficulties we now shall
attempt a definition of capacity.

DEFINITION OF CAPACITY

To define capacity as a quantity which
can be measured from the performance of
fish, we must combine our notions of average



time and average number present into a

standard against which performance can be

evaluated.

The reader will recall (figure 1) that

we defined delay in terms of a minimum aver-

age time which we assumed would occur at low
numbers present. In practice, of course,

group behaviour effects might well lead to

a lower average time at moderate than at low
numbers present. Thus, it would be unreal-

istic to define capacity in terms of an

untested assumption.

A simple way to avoid this and still to

provide a standard for evaluation is as fol-

lows :

Let T = average time

N = average number present

T/N = average usage time

Now il in fact T is not decreased by in-

creasing N, we have T = k, a constant. Then
if we let y = k/n and x = N, we have the

simple hyperbola

transposing,

xy = k

y= k/x

(equation 1)

(equation 2)

The model given by equation 2 is shown in

figure 3, arbitrarily using T = k = 150 and
some arbitrary values of N.

To use this model one would calculate
an average T from a series of T's observed
over a range of N, use his average T = k in
equation 2, and plot the hyperbola with his
values of N. Then where particular average
times increase with numbers present, his
observed values of average usage time will
be higher than those postulated by the model.

For the average number present at which this
begins to occur we propose the term capacity .

The reader will note that observed
average usage times might also be less than
those given by the model. This would mean
that groups behaviour is decreasing the
average time for the average numbers present
at which this happens.

AN ALTERNATIVE APPROACH

It usually will be very hard to get,
under comparable conditions, enough points
on graphs like figure 3 to tell where capa-
city is reached. But one still may judge

whether crowding hinders passage in a parti-
cular fishway section. Under the hypothesis
of delay due to crowding we would expect,
during an interval of non-declining entry
rate, that the relationship of exit rate to
numbers present would at some point fail to

increase. If we found this to be true over
a widely changing entry rate, we could not
interpret it simply on the basis of numbers
present. A changing entry rate might itself
stimulate movement out of a pool or section.

So let us define this relationship only
for a period of relatively constant entry
rate. From tables 3 and 4 of Elling and

Raymond (1958) we give in table 1 the numbe
bers entering an6 leaving, and the numbers
present in the lowest fishway pool during
each of the first 30 minutes of a test.

During minutes 6-22 the entry rate was
relatively constant; we accordingly plot, in

figure 4, exit rate on numbers present for
minutes 6 to 22.

From the data of figure 4 we reject the

hypothesis that exit rate is independent of
numbers present (_t is about 15, with 15 de-
grees of freedom). Since this decreasing
exit rate occurred when entry rate was quite
stable, we conclude that movement was hin-
dered by crowding.

For one section of a fishway the capa-
city, as defined in the previous section,
could be evaluated from a series of such

2000 4000 6000
Average Number Present (N)

Figure 3. —Relationship between average
usage time and average number present
assuming average time Is independent
of number present.



Table 1. --Numbers of fish entering, leaving, and present

in the lowest fishway pool during each of the

first 30 minutes of a teet interval.

tests. However, one test can yield useful
information.
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