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Introduction

A substantial body of evidence, from the initial tagging experiments of
GiLBerT and RicH (1926) through recent extensive studies by the International
North Pacific Fisheries Commission (Canada, Japan and the United States),
demonstrates beyond reasonable doubt that many individuals of the five species
of Pacific salmon (Oncorliynchus) and the steelhead trout Salmo gairdneri,
hatched in a given stream return to the same area as adults for spawning after
variable periods in the open sea. Reviews by HARTT (1960, 1962) and HASLER
(1960) give some indication of the distribution pattern at sea by species as a
' result of tagging studies. The above-mcationed review authors also summarize
- specific data demonstrating that Pacific salmonid fishes may be found in feeding
areas more than 1000 miles from their natal streams. Individuals tagged at
sea in these feeding areas have successfully returned as breeding adults to
their home streams.

It is the object of this paper to present a hypothesis which explains the
observed migratory behaviour or *homing’ phenomenon by means of random
searching combined with a low degree of orientation to an outside stimulus,
This investigation is concerned exclusively with migration in the open sea and
along the coast up to the vicinity of the natal stream and does not include
migration in the streams. The role of olfaction, first postulated by HASLER and
Wisey (1951), and later demonstrated by Wissy and HasLer (1954) in per-
mitting recognition of a given stream when a fish is in its vicinity, is accepted.
For the present purposes, a sea search is considered successful when the

A vicinity of the home stream is encountered because olfactory senses are con-
sidered effectively operative at this point aud retention of fish in this area is

4 assumed.

: Although Pacific salmonid fishes are used as a primary source of empirical

A data for this paper, the hypothesis explicitly discussed may be applied to other

migratory animals by a suitable choice of parameters. It may be seen from
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what follows that the hypothesis is generally compatible with the salmonid
data at hand. It is appreciated that more field experimentation is needed in
order to increase the statistical precision of the parameters used in the model.
Subsequent computation with more comprehensive and/or precise data will
allow further generalization or modification of the hypothesis presented herein.
It seems appropriate at this tinue, however, 1o attempt a synthesis of available
information into a mathematical model in order to understand better the
migration phenomenon. Further elaboration of the numerical probability
model described herein is in progress, and efforts are being made to consider
the same problem from an analytical viewpoint.

Data and Assumptions

Data for the study have been compiled from diverse sources and are used
to demonstrate the plausibility of the hypothesis by providing reasonable
empirical values for the required parameters. In cases where no evidence to
support assumptions 15 available. the more conservative assumption among
reasonable alternatives has been chosen.

Orientation and step length

Evidence indicates that many species of fishes possess an innate mechanism
for direction orientation. Hartt (1961, 1962) has recently indicated that the
results of repeated purse seine sets suzgest that salmon move in definite and
consistent patterns in some arcas at sea. A significantly higher return was
achieved in sets with the seine open toward the west in the vicinity of the
Aleutian Islands, however, an eastward movement in the Bering Sea was also
shown. This suggests castward orientation of some salmon on the high seas.
Itis presumed that these fish arcalestined for the Pacific coast of North America.
A sun compass has becn demonstrated for several species exclusive of salmon
by HasLer. HORRALL, WisBY, and BrRaeMER (1958), HASLER and SCHWASSMANN
(1960), and ScHwassMaxx (1960). HasLer (1960) indicated that «ilver salmon
possess a sun-compass mechanism. BrRagMer (1960) has shown fer coho
salmon, Q. kisurch, that a compass direction can be maintained during the day
as well as at night. Some conflicting evidence, however, is found concerning
night movement of salmon. Jounson (1960) found from sonic tag tracking
experiments that adult salmon either slow down or stop movement at night
in the Columbia River. HasiLer (1960) states that there have been direct
observations of salmon movement at night in the sea, and night gill netting
at sea for adult salmon is common practice.

Other guiding mechanisms in the open sea, such as water currents, have
been postulated by Beverton and Hort (1957). Tair (1952) suggests that
migration may be influenced by water temperature. The changing temperature
and salinity structure over time in the north-east Pacific Ocean, as well as the
irregular distribution of water masses and variable current patterns described
by several authors (DopiMEAD, 1958; DopiMeaD and HOLLISTER, 1958; Dok,
1955; MiscHiMA and Niskizawa, 1955) do not appear to be continuously
effective aids for orientation toward the Pacific coast of North America. The
present model does not make provision for these effects of ocean currents and
can, therefore, be considered a generalized modcl in the sense that it is not
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restricted to any specific geographic area because of current configurations
peculiar to that area.

Celestial navigation, defined by WaLLrAFF (1960) as a form of goal orienta-
tion in which no direct sensory contact with the goal itself or with known
landmarks in its vicinity are used. has not been conclusively demonstrated
in any animal to date (WALLRAFF, 1960). Celestial navigation as defined above
implies that the direction of the goal is indirectly determined from other
stimulus configurations of the environment. This form of goal orientation is
not considered necessary in the hypothesis.

It is suggested that the postulated tendency to swim greater distances in the
direction of *home’ by mature fish may be derived from the influence of the
sun, and that this tendency is retained during the night. It will be assumed
that any given fish may swin. in any direction with equal probability at each
turning poiat. It is also assumed that, at each turning point, the distance
moved in any direction along a straight path is randomly determined within
a sclected range (0-20 miles). This randomly determined distance is multiplied
by a direction sensitive factor which introduces a small and precisely defined
bias toward the direction of the natal stream. Scveral different ranges were
studied but the results presented herein are based on a range of zero to twenty
miles. The geometry of the search pattern will be described in the discussion
of the migration model.

Speed

Some indication of the average speed of migrating salmon is required. From
an empirical formula presented by BansrinGe (1958), with coefficients of 3
and 4 beats per second for tailbeat frequencies and 30 inches (76 cm) for the
average fish size, a calculated mean speed of about 3 miles per hour is obtained.
These frequencies are the lowest values observed by BAaINBRIDGE. The above-
mentioned formula provides an average speed of about twice the value of
1-5 miles per hour for adult salmon directly observed by Jounsox (1960) in
the Columbia River. It is conjectured that the swimming performance of adult
salmon may be higher in salt water than in fresh water inasmuch as GROVES
(1654) indicates a higher pe:formance of juvenile salmon in salt water than in
fresh water. OSBORNE (1961) suggests that the actual performance of adults
in fresh water exceeds the calculated performance and that salmon are cfficient
vehicles in energy transformations.

The calculated value of swimming speed exceeds the average velocities of
salmon obtained by tag recapture data. However, it should be recognized that
tag recapture data give minimal estimates because distance is computed as a
straight line or a great circle distance. Values for the apparent rates of travel
on the high seas have been computed from data presented by the International
North Pacific Fisheries Commission (1958, 1959) and the Fishery Research
Institute, University of Washington (1959). These range from 47 miles per day
for pink salmon to 12 miles per day for chum salmon. It also appears from an
analysis of the above-mentioned data as well as data given by PARKER and
KIRKNESS (1956) that swimming speed may be reduced when sexually mature
salmon move in the vicinity of the coast or when they arrive in the vicinity
of the home stream.

A value of 2-5 miles per hour is assumed to be a reasonable estimate of

10*
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sustained cruising speed on the high seas. Inasmuch as reduction of swimming
speed along the coast has been suggested, a value of 1-25 miles per hour is
assumed for coastwise searching. Other values for swimming speed were also
utilized and will be briefly considered. It is obvious, however, that, for a given
level of endurance, a reduction of average search speed is equivalent to a
proportional reduction in the amount of time avziable to a migrant for
conducting the search.

Endurance

It is difficult to determine exactly how long salmon take to migrate from
some distant area at sea to the home stream. The impulse to migrate by
maturing salmon is presumed to be hormonal. That is, the hormone of the
anterior part of the pituitary gland (the gonadotrophic hormone) ultimately
exerts a strong enough effect on the nervous system to initiate the migratory
instinct. Details of the histo-physiological and experimental studics involved
in the hormonal theory are given by GerpiLsky (1958). Movement in the
feeding area is assumed to be random prior to this gonadotrophic influence.

Migration by salmon is obviously associated with sexual maturity. A max-
imum endurance value of one year is evident because tagged sexually mature
salmon are invariably recovered during the year of tagging (HARTT, 1960).
Empirical values for endurance can also be obtained from tag recapture data.
For example, HasLER (1960) describes the movement of a steelhead trout
reported by the Oregon State Game Commission in which 143 days were
involved in migration to the vicinity of Kodiak Island, Alaska (about 1200
miles) and 153 days were required for return to the home stream after recapture
at sca. Data presented by the International North Pacific Fisheries Commission
(1959) indicate that migration of immature pink salmon to the Kodiak Island
feeding area takes about 175 days (spring to late autumn). From the energy
expenditures of fish in motion reported by WINBERG (1960), it was estimated
that a fish can swim up 10 40 km (22 miles) at the expense of reducing its weight
by 19%. Clearly saimon feed during migration as evidenced by successful troll
fisheries along the Pacific coast of North America. Therefore, loss of weight
is probably insignifican* during this period. Thus endurance is probably not
associated with energy reserves during migration at sea.

For the purpose at hand, 175 days is postulated as the maximum length of
time a given fish will search before dying or giving up. The choice of a time
limit is arbitrary, and the assumption that all fish not reaching the vicinity of
the natal stream within 175 days are lost or dead is artificial. This kind of
constraint on the model, however, helps to insure that the results are more
pessimistic than those which might actually occur in nature. Obviously, if a
finite time Jimit were not imposed, all fish would ultimately reach home by
random search alone!

Distance

A convenient summary of the distance from ‘home’ at which the various
species of Pacific salmonids have bez>n regularly captured is available from
HAsLEr (1960), HARTT (1960), and the International North Pacific Fisheries
Commission (1959). Data from these sources for the various species are listed
below:—
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Distance in miles

Species (Feeding area from natal stream)
Sockeye O.nmerka..... ........ 1200
Pink O. gorbuscha . ......... 1200
Chum (7 Y R 1700
Chinook O. tshawytscha ........ 2500
Coho O. kissrch ;oo ioiivniiian 1200
Steelhead S. gairdneri ........... 1200

In this model, it was assumed that all hypothetical migrants began their
Monte Carlo search from a point on the globe having the same value of latitude
as the mouth of the home stream but longitudinally displaced 1200 miles to
the west.

Random movement

It is assumed for this investigation that individual fish search independently.
However, the results would not be altered substantially if the fish travelled in
schools of limited size. A further assumption is that searching is random in
the sense that a fish is not able to recognize a particular location at sea or on
the coast (exclusive of home) even if it had been previously traversed.

Home stream and coast recognition

As stated previously, the olfactory senses of migrating salmon are presumed
to be sufficiently acute to guide fish when they encounter the vicinity of the
natal stream. A radius of 40 miles from the stream mouth is arbitrarily chosen
as the area within which a successful search at sea is terminated. A small and
practically insignificant handicap is imposed upon the fish at this point because
the 40 mile radius does not extend into the sea. It applies only to the coast.
Hence any individual whose search time expires when he is even one mile
due west of home (not yet impingent upon the coast) is considered lost. This
was done to facilitate programming the computer. Other radii of the same
order of magnitude would not appreciably affect the computed return prob-
ability. Again, the chosen radius is considered a plausible figure for computa-
tions in this first approximation.

The coast in the migration model is idealized into a straight line of infinite
length. This provides a pessimistic return probability when contrasted with the
actual coastwise search which has finite bounds. It is assumed in the model
that fish striking the idealized coast will remain in its vicinity. PARKER and
KIRKNESS (1956) have demonstrated for chinook salmon, O. tshawytscha, that
coastwise migration occurs, and further that there is evidence to indicate some
directional component in migration from north to south, inasmuch as tagged
fish were invariably captured south of the release point.

In order to compare the model with a specific situation, we shall consider
the migration of Pacific salmon to the Pacific coast of North America (for
example, the Columbia River from a point 1200 miles to the west of the river
mouth). It is assumed that completely random searching takes place when
fish encounter the coast south of the natal stream and that random searching
combined with one-half the directional component of movement experienced
at sea takes place when fish strike the coast north of the home stream area.
By this, it is meant that the effects produced by deviations from pure random
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search are only half as great in the northern coastal model as those produced
in the open ocean search. As stated , reviously, search speed is reduced to
one-half its value at sea when the coast is reached. This decrease in speed
proportionately reduces the amount of search distance available to a fish for
coastal searching because a finite time limit is assumed. The restrictions imposed
by the model on coastwise searching are extremely severe. Random searching
south of the ‘home’ area does not include a southern reflecting barrier, such
as increased water temperature. Alse, a random search combined with one-
half the coefficient of directed versus undirected movement means that the
randomly chosen step, if randomly determined te be in the direction of home,
is augmented Ly only a small fraction of the step length. The rate of net
movement toward home is, therefore, very small. An increase in the amount
of directed movement toward home would significantly increase the calculated
return probabilities. Conservative assumptions have again been applied to the
model in this respect.

Migration Model and Results

Migration as defined in this investigation describes a behaviour which involves
leaving a particular area (feeding grounds) by sexually maturing fish and the
gaining of another defined area (the vicinity of the home stream), the two
areas being separated by a considerable distance. This definition is compatible
with GERKING's (1959) use of ‘homing’ which refers to the choice that a fish
makes when returning to a place formerly occupied by that fish instead of going
to other equally probable places. However, ‘*homing’ generally refers to the
return of animals which have been artificially displaced, and it is submitted
that the distinction between artificial displacement and natural movement is
sufficiently impc.tant to demand not only separate terminology but also
separatc assumptions regarding the mechanisms involved. The term migration
as used in this investigation corresponds to WILKINSON's (1952) definition of
anastrophic migration.

From what has been described in the data and assumptions, it is obvious
that the analytic form of model necessary for the calculation of return preb-
abilities could e«-ily become involved with weighted or biassed random walks
on a plane followed by two differently weighted random walk models along a
straight line. A model of this nature would involve some complex calculations.
For the purposes at hand, a numerical probability or Monte Carlo model of
salmon migration has been devised. Monte Carlo methods have been applied
to diverse problems with good results as indicated by MeYeRr (1956).

The pattern of steps (swim lengths) chosen for the migration model is
described by a cardioid where:—

(1) R=P+ Qcos ¥
(2) R= P(1 + Acosf), where A = Q/P

The variation of step vector, R. specified by the parametrics P and Q is
direction sensitive because it is affected by the randomly chosen value of 0.
Figure 1 illustrates a range of values of A, the coefficient of directed versus
undirected movement. When A = 0, the search is completely random and the
geometry of the search pattern is described by a circle (step vector is the same
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R=P+Q cos ©
R=P(1 +A cos 8)
A:=Q/P

=0
A

(B
"N
C

Figure 1. Various movement patterns illustrating ranges of A" values.
Swim length is proportional to the length of a vector drawn
from the origin, U, to any point on the cardioid.

length in any direction). When 4 = 1, the typical cardioid is apparent. When
A = 0-25, as it was for most of the computations, the resulting cardioid is a
very small departure from a pure circle (in Figure 1 a circle is superimposed
upon the 0-3 cardioid for visual comparison). In this case, if we consider the
circle in the figure as having a unit radius, the maximum step length varies
from —0:7 to 1-3. The length of a vector from the origin to any point on the
cardioid is proportional to the distance a fish swims in each step of his random
walk. The conservative *4" values which have been applied to this model
represent very weak orienting influences (postulated as a sun compass).

Explicitly, the following input data have been used for the model. In all
instances where units of measurement in miles are indicated, the specific unit
is a nautical mile. Appropriate conversions of nautical miles to kilometres
are indicated.

Speed {(at SER) . .vvossin ssve s ve e w variable
Speed (along coast) ......iveviianaiaas one-half of speed at sea
Maximum endurance .................. 175 days
Distance (feeding area to home stream) .. 1200 miles (2224 km)
A (directed versus undirectzd movement
IMBN) =ineann sosams Luaenes s s o e variable
Radius of ‘Bome’ 8rea ..o vvcpimesenns 40 miles (74 km)
Maximum step (swim) length before
RUNDIINE 5o ion oo oo s Ta o A L oo AT ST variable
Search mode along coast south of home.. random
Search mode along coast north of home.. A = (one-half of ‘A" on high seas)

It is obvious that testing all possible combinations of the variables incre-
mented over a reasonable range would be prohibitively time consuming in the
model analysis. In spite of limited testing, certain generalizations appear
evident.
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Vnilialize location of fish
1200 due west of home

+
\ generate random value of 6 J<

generate random value of P
such that 0 < P < maximum step length

t
\compute R = P(1 + A cos )
Y

accumulate horizontal component of step,
EX =ZX + Rcosl
accumulate vertical component of step
LY =ZY + Rsinf
accumulate total distance traveled

S =XS+ R
L 2
YES does IS exceed (total search time) (search speed)?
(4200 hours) (2:5 m.p.h.)
|
NO
¥
does ZX equal or exceed
straight line distance between
starting point and home (1200 miles)? J NO
|
YES
YEs—\did fish strike coast within 40 miles of home‘.’]
ful ¥
successfu
o

compute distance available for coastal search
D coast = (4200 hours) (2:5 m.p.h.) — IS

speed is one-half of open ocean speed

3
\reduce D coast by half because coastal searcr/
D’ coast =: D coast/2

¥
NORTH ——— did fish strike coast north or south of home? SOUTH
GO TO NORTHERN MODEL GO TO SOUTHERN MODEL

Figure 2. Programme logic for seach on open ocean.

A programme utilizing a random number generator and the above para-
meters was written for the IBM 709 Data Processing System. Figures 2, 3,
and 4 show the flow diagrams for the three main sections of the computer
programme. In the actual programme the number of individual migrants is
specified and the values of the search parameters are accepted and stored.
The simulation then proceeds by sending each migrant through the logical
flow shown in the diagrams. The performance of each individual is produced
as output by the computer, and, at the end of the run, a final statistical
summary is produced.
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From open ocean model

v
generate random value of P such tant
(—1) (max. step length at sea) < P - (4) (max. step length at sea)
accumulate northward drift
IN=ZIN <+ P
accumulate total distance traveled along coast
ZC = 2C + P,
YES —\is D’ coast — EC < 07
|
L NO
L 4
fish is lost on is Aish within [
coast south of| 40 miles of home? f NO
home I
YES

\successful migrationf

Figure 3. Programme logic for search along southern coast.

Reference to Figure 2 will show how the programme was designed to allow
each hypothetical migratory fish to choose an azimuthal direction of travel
from a point at sea 1200 miles west of the coast. The angle between the randomly
chosen direction and the east-west axis is entered in the parametric form of the
cardioid to produce the step vector: R = P + Q cos 0. This process is repeated
until: (a) the allotted search time for the fish expires, or (b) the accumulated
eastward movement exceeds the specified straight line distance between the
starting point and the north-south zosorbing barrier, the coast line. If the
second possibility actually occurs, the simulation continues in a one dimensional
random walk along the coast. This coastal searching continues until the allotted
search time is completely used or until the animal arrives within-the specified
home region. Reference to Figure 3 will show ihat searching is purely random
on the coast south of home. In Figure 4, one can see how a homeward bias
equal to one half ‘4’ is applied in the northern coastal modei.

A series of computer runs were made to get some indication of the return
probability as a function of the magnitude of A4, the coefficient of directed
versus undirected movement. From Table 1 it is clear that return probability
increases significantly with relatively small changes in ‘4’ holding other para-
meters constant. From this table it is also evident that a return probability
of 0-08 was achieved with a value of 0-20 for ‘A’. This value is very close to
the average of a 109 recovery rate for mature salmon tagged on the high
seas as reported by HARTT (1960). Tag returns up to 229, have been reported
for mature red salmon (Report of Operations ... 1958, Fisheries Research
Institute, University of Washington). An ‘A4’ value of 0-3 gives a return prob-
ability of 0-37 which considerably exceeds the observed return of tagged salmon.
This value of ‘4’ still does not demand precise orientation on the part of the
fish. The values of the other parameters in Table 1 are considered to be con-
servative. Small sample size accounts for the apparent anomaly in return
probability for ‘4’ values of 0-15 and 1-0.
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From open ocean model

: 4

generate random value of P such that
(—1) (max. step length at sea) < P = () (max. step length at sea)

'

YES is P > 07
(positive P is considered a northward step)

|
NO

¥
increase magnitud: of P
by factor of 1 — A4/2 for southward step
P =P + A2)
N

accumulate drift along coast
X drift = Xdrift + P
accumulate toal distance traveled along coast
IC =XC + |P|

¥
YES Ais D' coast — XC < 0)f

1 |
NO
¥

fish is lost is fish within I g
on coast 40 miles of home? f NO

north of home I

YES

\succcssful migratioﬂ

Figure 4. Programme logic for search along northern coast.

It is evident that tag returns provide a biassed estimate (low) of actual
returns of salmon because of immediate tagging mortality and incomplete tag
reporting. Both of these sources of error are probably variable according to
the species and tagging conditions. Natural mortality is unknown for the
period of migration in the sea. Inasmuch as there is at present no way to
estimate these losses, a coefficient of directed versus undirected movement
corresponding to a significantly higher return than is actually observed is
considered most realistic. The ‘4’ value of 0-3 is taken to be the best approxi-
mation of orientation requirements.

It can be argued that a very high degr*e of orientation which is not coupled
with random searching would actually iesult in no returns if the fish were
subject to even a small drift with water movements. Thus the simplest assump-
tions regarding orientation also appear to be most logical. It should also be
reemphasized that these calculations are based on a conservative model as
indicated by the data and assumptions.

The results of the simulated migrations were programmed to permit detailed
analysis of the outcome of each individual hypothetical fish. Oscilloscope traces
showing the actual paths of four hypothetical fishes have been published
(SaiLa and SHapPY, 1962). These details are not considered important except
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Table 1

Return probability as a function of the coefficient of directed versus
undirected movement. Other parameters are as indicated below:

Retern Number of
‘A" value probability hy pothetical fish

0 0 100

01 0 10

015 0-30 10

0-20 0-08 100

0-25 022 100

0-30 0-37 10C

0-50 0-70 10

1-0 0-60 10
Speed (A seh) rnsniE st e R S A 2-5 m.p.h. (46 km/hr)
Speed (AlONg COASL) ... s nvowsns svmon sanssvendvoiaes 1-25 m.p.h. (2-3 km/hr)
MARIROM ENAUTBOCE . o5 mansis s mamaammaia s 175 days
EPBRERIICE: < 5n s oveacovin s vo o6 oiovit o Smas R SR Fe o S 0158 1200 miles (2224 km)
Radiuscf*home' area ..........ccccuennnn Sk wriata e 40 miles (74 km)
Maxinim StEp IEAREE v oo 00 vmin wa e mvae s swies e 20 miles (37 km)
Search mode along coast south of *home™ .......... random
Search mode along coast north of ‘home™ .......... ‘A’ = one-halfl of *A" above

Table 2

Return probability as a function of searching speed.
Other parameters are as indicated below:

Scarching speed

(miles per hr Return Nurmber of
and km per hr} probability hypothetical fish
5 (93 0-60 100
4 (T4 0-54 100
3 (56) 0-36 100
2:5(4:6) 0-22 100
Maximum endurance ......coeivesvssisanasas s 175 days
ERSIHBGCE 5 & o v e i@y il iv R mis e E s AR ek A 1200 miles (2224 km)
Racios: of "RODME" BT  &.s:0i65 0 wie b sy les- S e ma s 40 miles (74 km)
Maximumsieplength....... .. ... ... ... ... 20 miles (37 km)
Search mode along coast south of *home™ .......... random
Search mode along coast north of "home™ .......... A == 0125
Coefficient of directed versus undirecied movement,
A ORI EERE o s e 0:25

to point out some generalizations observed when ‘A’ was assigned values of
0-20, 0-25. and 0-30. (1) About twice as many fish found ‘home’ from the
north than from the south in coastwise searching. As, however, about twice as
many fish made contact with the coast to the north of *home’ than to the south
of *home’, it appears that the superimposed directional component in the
northern coastal model is not strong enough to increase noticeably the prob-
ability of successful search for fishes striking the coast north of home. The
restrictions on the directional element of coastwise searching were previously
stated, and its ineffectiveness is apparent. (2) The number of hypothetical sh
lost at sea from this model is about 40%,. Of the remaining 609, approxi-
mately two-thirds are lost in the coastal search. (3) About 79 of the hypo-
thetical fishes arrive home directly with no coastwise searching.
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Table 3
Return probability as a function of maximum step length.
Other parameters are as indicated below:

Maximum step length Return Number of
(miles and km) probability hypoihetical fish
100 (185) 013 100
75 (139) 0-24 100
50 (93) 0-24 100
40 (74) 0-29 100
30 (56) 0-13 100
DD T SR < oo oo e s R e S 2-5 m.p.h. (4-6 km/hr)
Spoed RloRg COBEE) . vcon s vuv s i v sars R GRS 1-25 m.p.h. (2-3 km/hr)
Manimomn CRERFEROE .. .civsvsesasasssvsessssse 175 da
EMBERMOD o oo siviom ore sinlo v wie o aisla aimin ot v 6 6 o 1200 miles (2224 km)
Radius of ‘Bomie" 8188 ... hvciiisasssvessissae 40 miles (74 km)
Search mode along coast south of ‘home’ .......... random
Search mode along coast north of *home™ .......... A= 0125
Coefficient of directed versus undirected movement,
A R RN BERE: 51 Foawn e Db R s AT 025

Results were obtained from several computer runs by varying the speed of
the fish but holding other parameters constant. It should be remembered that
coastwise search speed is reduced to one-half its value shown in column 1 of
Table 2. It is evident from the results shown in Table 2 that there is an increase
in return probability with increasing speed. The reason for this has been
previously stated.

Similar runs were made in an effort to determine the relationship between
return probability and maximum step length. As stated previously, step lengths
were randomly determined within an arbitiary range. The figures listed in
column 1 of Table 3 are the maximum values for the specified range. It is
evident that the average step length randomly chosen between 0 and the
maximum is about one-half the maximum value. The return probabilities
achieved in Table 3 suggest a complex relationship between the maximum
step length and return probability. It is submitted that this may be due to the
nature of the numerical probability model. However, precise empirical infor-
mation on the movement of individual fish on the high seas by sonic tracking
or other methods is highly desirable at this point.
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Summary

A numerical probability model (Monte Carlo method) of the migration of
salmonid fishes was developed. Empirical values for the model parameters
available from published literature were utilized to demonstrate the plausibility
of the model as an explanation for migration in the sea, and to provide a
quartitative indication of the degree of orientation required to provide a high
return probability. Specifically, a random number generator in a high speed
digital computer was used to allow a hypothetical migratory fish to choose an
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azimuthal direction of travel. The angle between the randomly chosen direction
and the east-west axis was entered into the parametric form of a cardioid to
produce a ‘step vector’ as follows: R = P + Q cos . This was repeated until
(a) the allotted search time for the animal expired, or (b) the accumulated
east-west displacement exceeded the specified straight line distance between
the starting point and a north-south barrier (the coast). A small strip of coast
was designated as ‘home’. If an individual reached the coast, the cardioid
model was dropped and the random walk continued along the coast until the
remaining search time was completely used or the animal arrived ‘home’.
A return probability of 379 (significantly higher than observed returns based
on tag recoveries) was achieved with a model utilizing random movement
combined with only a small amount of orientation. It was concluded that
neither navigation nor precise orientation was necessary to explain the large
scale migration of salmon to the vicinity of their natal streams from distant
feeding areas.

It is submitted that construction and manipulation of a mathematical model
is helpful in achieving a better understanding of any phenomenon. The model
discussed above is admittedly an oversimplification of a complex biological
phenomenon. However, because of the paucity of empirical data regarding the
migrant’s endurance and the unknown nature of the frequency distribution of
lengths of step vectors, a more complex set of assumptions does not appear to
be justified. Nevertheless, the results indicated by this mode! do not suggest
the necessity of navigational ability or even precise directional orientation on
the part of migrating salmonid fishes. We await the finn foundation of diverse
biological data to support or modify our hypothesis.
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