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lDtroduction

A substantial body of evide nce, from the initial tagging experiments of
GIUlElIl.T 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 fin species
of Pacifi c: salmon (Ollc(lr!lJ'nchus) and the steelhead trout Salmo gaird"eri.
hatched in a given stream return to the same area as adults for srawning after
var iable per iods in the open sea. Reviews by HARTT (1960, 1962) and HASLER
(1960) give some indicat ion of the distributi on pattern at sea by species as a
result of tagging studies. The ebove-mcnncned review authors also summarize
specificdata demon strating that Pacific salmonid fishes may be found in feeding
area s more than 1000 mile~ from their natal streams. Indi\liduals ta!!8ed at
sea in these feeding areas hue successfully returned as breeding adults to
their borne streams.

It is the object of th is paper to present a hypothesis which c:\plains tbe
observed migrat ur)' behaviour or ' homing' phenomenun by means of random
searching combined with a low degree of orientat ion to an outside stimulus.
This in\'cstigation is concer ned e:\d usivd)' with migration in the open sea and
all>ng the coast up to the 'dcin ity of thc natal stream and docs not include
migration in the streams. The role of olfaction. first postulated by B ASLER and
Wl-lOR¥ ( 1951), and later demons trated by WISBY and HASLER. (1954) in per­
mitt ing recognltion 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
vicinity of the home stream is encountered because olfactory senses arc ccn­
sidered effectively operative at this point aud retenti on of fish in this area is
assumed .

Although Pacific salmonid fishes are used as a pr imary source of empirical
data for this paper, the hY5= ( . ~hes i s explicitly discussed may be applied to other
migratory anim31s by a suitable choice of parameters. It may be seen from
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what follo.....s that the hypo thesis is generally compatible with the salrnc nid
da ta at hand . It is a ppreciated tha t more fi eld experimentation is needed in
order to increase the stat ist ical preci..ion of the pa ram eters used in the model.
Subseque nt computat io n with more comprehensive and/o r precise da ta w,11
allow f unhcr generalization or modifica tion of the hypothesis presented here in.
It seems appropr iate 01 1 th is ,i" le, however. to attempt a ..yn thesis o f available
informat ion into a mathema tical model in order 10 understan d bener the
mi~ra lion phenomenon . Furthe r elabo rat ion of the numerical probability
model described herein is in progress, and efforts .IrC being made 10 consider
the same pro blem from an analytica l viewpo int ,

Data and ,\ "5umption'i

0 31;1 for the sludy have been compiled from diverse ..c urccs and arc used
to demonstru-c the pbusibililY of the h}pt'llhesis by providing reason able
empirical value... for the required parameters . In cases where no evidence to
support av.umpti"n\ rs availa ble. the more conservative assum ption amon g
reasonable alte rnat ives !I'IS been cho..en.

Onenrattcn lind ..tep len;:th

Eviden ce indicates that many ..pc...·i.:s o f fish.:s po...<.ciS an innate mechanism
for direction o rientation. IhMTT (1961. 1961) has recently indicated that the
results of repeated puree wine ~a \ Ul g..::st Iha l salmon move in definit e and
co nsistent pat terns in com e areas 301 sea. A sign ifi can lly highcr retu rn Wd S
achieved in !>elS with the seine o pen to ward the west in the ..icinity of the
Aleutian h land... however, an eastward movemen t in the Bering Sea was also
shown. This ~uggcl l s ca..twa rd orienta tio n of l ome ...almon o n the high seas.
h is presumed tha t these fish a rcelestine d for the Pacific C0 3 S1 of North America.
A ..un compass has been demonstrated for severe! species evctu..ivc of salmon
by fh.sU R. HORRALL. WISHY. and BR"n UR (l95K). HASL[ Ra nd SCIIWASSSIASS
(I960J . and Sc Il\\'A~m : (19bO). H"Sl[ R (1960) indicated that ~ i l ver salmon
posscss a vun-compa mechan ism. RM, ,,n TUI. (1960) has sho wn fe r coho
salmon . O. kisutch, that a compa..s d irect ion can be maintained d uring the day
as well 3!> at night. Some co nfli ct ing evidence, however, is found co ncern ing
night movement of salmon. JOH !"SOS (1960) found from sonic ta g tracking
exper imems that adult salmo n either slow de ...'n or slo p movement at night
in the Columbia River. HASl [ lI. (l Cj60) sta les that there ha ve been direct
observancns of salmo n movement at night in the sea, and night gill neuing
at sea for adult salmon i!> common practice,

Other guid ing mechanisms in the c pen sea. such 3S wa ter cu rrents. ha ve
been postu lated by BE\'ElI. TOS and HOLT (1957). TAIT (1952) suggests that
migration m3Ybe infl uenced by water tempe rat ure. The cha nging temperature
and salinity structure over lime in the north-east Pacific Ocea n. as well as the
irregular d istribution of water masses a nd variable cu rrent pa tter ns described
by several autho rs (OoOIMUO. 1958; DoDIMUO a nd HOLLISTER. 1958; DoE,
1955 : MISC'tIIMA a nd SISKIZAWA. 1955) do no t appea r 10 be continuo usly
errecn ve aids for orienta tio n towa rd the Pacific COlaSt o f North America. The
p.esent mod el dOC'S no t make pre vision fo r these drlet~ of ocea n currents a nd
can, therefor e, be considered a generalized model in the sense that it is not



Salm on Migratio n 155

restricted to any specific geo gra phic a rea because o f current confi gurat ion s
peculia r 10 that area .

Celest ia l navigat ion. deli ned by W,'LLRAH (1960) as a fo rm of goal orienta ­
tion in which no direct senso ry contact with th e goal itself or with known
landmarks in its vicinity a re used . has not been co nclusively demonstra ted
in a ny animal to date (WA LLRAFF . 1960). Celestia l na vigation as defined abo ve
im plies that the d irectio n o f the goal is ind irec tly determined from othe r
stimulus configurations o f the environment. T his form of goal or ient at ion is
not considered necessary in the hypothesis.

It is suggested that the post ula ted tendency to swim greater d istances in th e
direction of 'home' by ma ture fish may be derived from the influence of th e
sun. a nd th at th is tendency is reta ined during th e nigh t. It will be assumed
tha t a ny given fish may swin, in a ny d irection with equal pro bability at ea ch
turning point. It is al so assumed that. a t each turning poi nt, the distance
moved in any direct ion alo ng a straight pa th is randomly determined with in
a selected range «(}..20 miles). T his rand omly de termined d istance is multiplied
by a d irection sensi tive factor which introduces a small a nd precisely defi ned
bias toward the d irect ion of the nat al stream , Severa l d ifferen t ra nges were
studied bUI the resu lts prese nted herein a re based on a ra nge of zero 10 twent y
m iles. T he geo metry o f the search pa tt ern will be de scribed in the d iscu ssion
o f the migration model.

S peed

Sorr.e ind ica tion of Ill' a verage sp eed o f m igrat ing salmon is req uired . Fro m
an empir ical formula presen ted by B.' I" RRIOGE ( 1958), with coefficients of 3
a nd 4 bea ts per seco nd fo r ta ilbea t frequen cies a nd 30 inches (76 cm) fo r the
a verage fish size, a ca lculated mean speed o f about 3 miles per hour is obtai ned .
These frequencies are the lowest va lues observed by BAI SRRIDGE. The a bove­
ment ion ed formula p rovides an average speed of about twice the value of
1·5 miles per hour fo r adult sa lmo n d irectly o bse rved by J Oll " SO" ( 1960) in
the Co lum bia River. It is conjectured that the swim ming performance of adult
sa lmon may be higher in salt wa te r th an in fre sh wa ter inas m uch as G ROH S
( 1954) indica tes a higher performa nce o f juvenile sa lmo n in salt water th an in
fre sh wa ter . OSROII"E ( 1961) suggests tha t th e actual performance of ad ults
in fresh wa te r exceeds the ca lcula ted performance an d th at sa lmo n arc efficient
vehicles in energy transformations.

T he calculated val ue of swim ming speed e xceeds the average velocit ies of
sa lmon obta ined by tag recapture data . However. it should be recogn ized that
tag recapture data give m in imal est imates because distance is computed as a
st raight line o r a great circle di stance. Values for the a ppa rent rates of travel
on the high seas have been com puted from data presented by the Intern ational
North Pacific F isher ies Comm ission ( 1958. 1959) a nd th e F ishery Re search
In st it u te, University of Washingto n (1959) . These range from 47 miles per day
for pink salmon 10 12 m iles pe r day for ch um sa lmon. lt also appears from a n
analysis of the above-mentioned data as well as data given by PARKER a nd
KIRKSESS (1956) that swimmi ng speed ma y be red uced when sexually matu re
salmon move in the vici nity o f the coast or when they arrive in the vici nity
of the ho me stream.

A value of 2·5 m ile> per ho ur is assumed to be a reasonable est imate of

'0·
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sustained cru ising speed on the high seas. Inasmuch as reduction of swimming
speed along the coast has been suggested. a value of 1·25 miles per hou r 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 reduct ion of average search speed is equi valent to a
proport ional reduction in the amount of time available to a migrant for
conducting the search.

Endurance

It is difficult to determ ine exactly how long salmon take to migrate from
some distant area at sea to the home stream. The impul se to migrate by
ma turing salmon is presumed to be hormonal. That is, the hormone of the
anterior part of the pituitary gland (the gonadotrophic hormone) ult imately
exerts a strong enough effect on the nervous system to initiate the migrato ry
instinct. Details of the histo-physiological and experimental studies involved
in the hormonal theory are given by GERBI LSKY (1958). Movement in the
feeding area is assumed to be random prior to this gonadotrophic influence.

Migration by salmon is obvio usly associated with sexual matu rit y. A max­
imum endurance value of one year is evident because tagged sexually mature
salmon arc invar iably 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 steclhead trout
report ed by the Oregon Slate Game Commission in which 143 days were
involved in migrat ion to the vicinity of Kodiak Island. Alaska (about 1200
miles) and 153 days were required for return to the home stream after recap ture
at sea. Data presented by the Internat ional Nor th Pacific Fisheries Commission
(1959) indicate that migration of immature pink salmon 10 the Kod iak Island
feeding area takes about 175 days (spring to late autumn). From the energy
expend itures of fish in motion reported by Wt~BERG (1960), it was estimated
that a fish can swim up to 40 km (22 miles) at the expense of reducing its weight
by I %. Clearly sairnon 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 migrat ion at sea.

For the purpose at han d. 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 ar bitrary. and the assump tion that all fish not reaching the vicinity of
the natal stream within 175 days are lost or dead is art ificial. This kind of
const raint 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 t ime limit were not imposed, all fish would ult imately reach horne by
random search alone!

Distance

A convenient summary of the distance from 'home' at which the various
species of Pacific salmonids have been regularly captured is available from
HASLER (1960). HARTI (1960), and the International No rth Pacific Fisheries
Commission (1959). Data from these sources for the vario us species ar e listed
below:-
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Sp.d"
D isilnot ift mllca

( Fecdlft ' ~a from naLlI Stru m)

Sod :eye
Pink
Chum
Chinook
Coho
Steelhead

O. nrrka .
O' l o,blll cha .
O. keta .
O. uIrQ ltI~'l'tj(ha . . . . . •• .
O. k isulclt .
S. gai,dnu i .

1200
1200
1700
zsoo
1200
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 longitud inally displaced 1200 miles to
the west.

Random movement

It is assumed for this investigat ion that individual fish search independently.
However, the results would not be altered substantiall y if the fish travelled in
school s of limited size. A further assumption is that searching is random in
the sense that a fish is not able to recognize a part icular location at sea or on
the coast (exclusive of home) even if it l>ad been previously traversed.

Home stream and coast recog:tition

As stated previously, the olfactory senses of migrat ing 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 arb itrarily chosen
as the area within which a successful search at sea is terminated . A small and
practi cally insignificant handicap is imposed upon the fish at th is point because
the 40 mile radius does not extend into the sea. It ap plies only to the coast.
Hence any individual whose search time expires when he is even one mile
due west of home (not yct impingent upon the coast) is considered lost. Th is
was done to facilitate programming the computer. Other radii of the same
ord er of magn itude would not appreciably affect the computed return prob­
ab ility. Again, the chosen rad ius is considered a plausible figure for computa­
tions in th is first approximation.

The coast in the migration model is idealized into a straight line of infinite
length. Thi s provides a pessimistic return probabil ity when cont rasted with the
actual coastwise search which has fi nite bounds. It is assumed in the mod-I
that fi sh striking the idealized coast will remain in its vicinity. PARKER and
KIRKI'ESS (1956) have demonstrated for chinook salmon. O. tshawytscha, that
coastwise migration occurs, and further that there is evidence to indicate some
directional component in migratio n from north to sout h, inasmuch as tagged
fish were invariably captured south of the release point .

In order to compare the model with a specific situat ion, we shall consider
the migration of Pacific salmon to the Pacific coast of North America (fo r
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
comb ined 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 deviat ions from pure random
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search are only hal f as great in the northern coastal model as those prod uced
in the open ocean search. As stated ,reviously, sea rch speed is reduced to
one-half its value at sea when the coast is reached. This decrease in speed
pr oportionately red uces the am ount of search dis tance ava ilable to a fish for
coa stal sea rching becau se a finite t ime limit is assumed. The restrictions imposed
by the model on coas twise sea rching are extremely severe. Random searching
sout h of the 'home' area does not include a southern reflecting barrier, such
as increased water temperature. Also , a random search com bined with one­
half the coefficient of d irected versus und irected movement means that the
randomly chosen step, if randomly determined t<' be in the d irect ion of home,
is augmented L) only a small frac tio n of the step length. The ra te of net
movement towa rd home is, therefore, very small. An increase in the amount
of di rected movement toward home would significantly increa se the calculated
return probabilities. Con serva tive assumptions have again been applied to the
model in this respect.

:\ li gra t ion :\lodel and Results

Migration as defined in this investigation descr ibes a behaviour which involves
leaving a particular area (feedi ng grounds) by sexually maturing fish and the
gaining of an other defined area (the vicinity of the home stream), the two
areas being separated by a considerable d istance. This definition is com patible
with GERKIl<G'S (1959) use of 'ho ming' which refer. to the choice tha t a fish
makes when ret urning to a place formerly occupied by that fish instead of going
to other equally probable places. However, ' homing' generally refers to the
re tu rn of anima ls which have been art ifi cially displaced, and it is submi tted
that the d istinction between art ificial di splacement and na tural movement is
sufficiently impc.tant to demand not only sepa ra te term inology but also
sepa rate assum ptions regarding the mechanisms invo lved. Th e term migrat ion
as used in this investigation corresponds to WILKIl<SOS'S (1952) definition of
anastrophic migration.

From wha t has been described in the data and assumptio ns, it is obvious
that the analytic form of model necessary for the calc ulation of return pre '>­
abilities coul d e..' ily become invo lved with weighted or biassed ra ndom walk s
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 o r Monte Carlo model of
salmon migration has been devised. Monte Carlo methods have been applied
to diverse problems with good results as ind icated by MEYER (1956).

The pa ttern of steps (swim lengths) chosen for the migration model IS
described by a cardioid where r-«

(I) R = r « Q cos 0
(2) R = P (I ;. A cos 0), where A = Q/P

The variation of step vector, R. specified by the parame tr ics P and Q is
direction sensitive beca use it is affected by the randomly chosen value of O.
Figure I 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 • 0 cos e
R ,P ( l . AcOSe )

A , 0 1 P

A ,Q

A , 1

variabl e
on e-hal f of speed at sea
175 days
1200 miles 1222.1 km!

Figure I. Vario us movement patterns illustra ting ranges of '..c' values.
Swim length is proportional to the length of. vector drawn

from the origin. .... to any po int on the cardioid.

length in any direction). When ,oj = I, the typical ca rdioid is apparent. When
A = 0,25, as it was for most of the computations, the result ing cardioid is a
very small dep arture from a pure circle (in Figure I a circle is superimposed
upon the O'3 cardi oid for visual comparison). In this case, if we con sider the
circle in the figure as having a unit rad ius, the maximum step length varies
from - 1" 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 'A' values which have been appl ied to this model
rep resent very weak orient ing 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 ind icated , the specific unit
is a naut ical mile. Appropriate conversions of nautical miles to kilometres
are indicated.

Speed (at sea) .
Speed ("Io ns coas t) .
M axi mum enduran ce .
Distance (feed ing a rea to home stream) ..
A (directed versus undirect ed move ment

index) va riable
Radius of 'home' a rea 40 miles (74 km}
Maximum step (swim) length before

turning variable
Search mode along coast south of home . . random
Search mode alo ng coast north of home . . A =:II Ion e-hatf o f "A ' on high seas)

It is obv ious that testing all possible combinat ions of the variables incre­
mented over a reasonable range would be proh ibitively time consuming in the
model analysis. In spite of limited testing, cert ain generalizations appear
evident.
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initialize locat ion of fish
1200 due west of home

generate ran dom value of 8

gene rate rando m val ue of P
~uch thai 0 :s P :s maximum step len gth

comput e R - PO + A cos 8

accumula te horizon tal component of step
1:X = 1:X + R eo. S

accumulate veru ca t compon ent of step
L'Y Z:E I Y + R sin 9

accumulate to tal distance trave led
1:5 = 1:5 + R

NO

does ~X equal or exceed
strai ght line distance between

starting point and hom e (1200 miles ) ? ~o

YES

NO

compute distance availab le for coas tal search
D COo " = (4200 hou", (2' S m.p.h. ) - 1:5

reduce D coast by half because coa stal search
speed is o ne-half of open ocean speed

D' coast = D coast/2

GO TO NORTH ERN MODEL

did fish strike coast north or south of home '1NOrTH--~~~~~~~~~~~~;';2J--- SOU~TH

GO TO SOUTHE RN MO DEL

Figure 2. Programme lo gic (or seach o n 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 diagr ams. The performance of each individual is produced
as output by the computer, and , at the end of the run , a fi nal statistical
summary is produced.
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I
From open ocean model

generate random value o ~ ,roo weh t .~ ;u

( -1) (m..... seep lenglh at ~eal -:: P : iU (rna, . slc;l lenglh at Sc:.l )

accumulate nort hward drin
I N ", EX .;. P

accumulate total dista nce trav eled along coast
IX - IX 'Po

NO

YES

Figure J. Programme log ic for search alo ng so uthern coast.
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NO

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 fonn of the
card ioid to produce the step vector: R = P + Q cos O. This process is repeated
until: (a) the allotted search time for the fi sh expires, or (b) the accumulated
eastward movement exceeds the specified stra ight line distance between the
starting point and the north-south s osorbing 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 unt il the animal ar rives within -the specified
home region. Reference to Figure 3 will shov that searching is purely random
on the coast south of home. In Figure 4, one can see how a homeward bias
equal to one half ' A' is applied in the northern coastal model.

A series of computer runs were made to get some indication of the return
probability as a function of the magnitude of A, the coefficient of directed
versus undi rected movement. From Table I it is clear that retu rn probability
increases significantly with relatively small changes in ' A' 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 10% recovery rate for mature salmon tagged on the high
seas as reported by HAR TT (1960). Tag returns up to 22%have been repor ted
for mature red salmon (Report of Operations . . . 1958, Fisheries Research
Institute, University of Washington). An 'A' value of 0·3 gives a return prob­
ability of0·37 which considerably exceeds the observed return of tagged salmon.
This value of 'A' still does not demand precise orientation on the part of the
fish. The values of the other parameters in Table I are considered to be con­
servative. Small sample size accou nts for the apparent anomaly in return
probability for 'A' values of 0·15 and 1·0.
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I
From o pen ocean model

eener ..te random value of P \ u.:h (hill
( - J I (ma\.. u;p Icn ~lh 31 sea) :S P S (1) (m'l:(. step lengt h at s~a )

Y ES is P » O"!
(po\ ili,,~ P is considered a l1orlh "'"ard HcpJ

NO

increase mag mr ud s of P
b)' factor of I -r- .-4i 2 for so ut h wa rd \ I C:P

P = PO + A12)

accumulate dnfl ..long coa st
1.. drift -=- ~: drift + P

'-- - +-\.I ccumul.nc total distance tra veled along coast
1.·C = ~·C + IPi

NO

fish is lost
on coast
north of home

Y ES

1' 0

Figure 4. Programme logic fo r search along northern coast.

It is evident that tag returns provide a biassed estimate (low) of actual
returns of salmon because of immediat e lagging mortality and incomplete tag
reporting. Both of these sources of error are probably variable according to
the species and tagging cond itions. Nat ural mortality is unknown for the

• period of migrat ion 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 mOSI realistic . The 'A' value of 0·3 is taken to be the best ap proxi­
mati on of orientation requirements.

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

The results of the simulated migrat ions were programmed to permit deta iled
ana lysis of the outcome of each individual hypothetical fish. Oscilloscope traces
showing the actual path s of four hypothetical fi shes have been published
(SAtLA and SHAPPY, 1962\. These details are not considered important except
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Table 1
Return probabilit.. as a function orthe coefficient of directed \e"u\

undirec ted movement. Other parameters are as indicated below :
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o
0·1
0-15
0·20
0-15
0-30
0·50
1-0

Rn crn
p",,~t'l , I II )

o
o
0 ·40
0·08
0-2:!
0·37
0·70
0·60

~UI'\"I~r of
tn polMHnl 1""

IlYl
10
10

10('
100
100

10
10

Speed (at sea) ' . , .
Speed (alo ng coast) .
M aximum endurance .
Distance , , .
Rad ius c f 'home' area ' .
Ma ximum step length , ,
Search modc along coa st so uth of 'home' , .
Search mode along coast north of .horne' •. • • .. • • • .

2·5 m.p.h. (4 ,6 km/hr)
1'15 m.p.h. C ·) km/hr)
175 dal'
I:!OO miles (1114 knn
40 miles ( 74 kmJ
10 milcs (37 km }
rando m
' ...t' = one-half of 'A" above

Table 2
Return probability as a function of searching speed.

Oth er parameters are as indicated below:
Scv~lI in ;: \ pe'N

(m lln rer IIr
ami Lm pn' hrl

5 (9·31
4 (7 '4,
3 15-6,
2'514-6 '

Relu rn
pr"b4b1h l ~

0 -60
0-54
0 -36
0 ·22

!'Our.1N r ('(
t1 ~ pul hc'llo;.. 1 flll'I

100
100
100
100

Maximum endurance " " .
Distance .
Radius of "home' area ". "" " . . " . " """ "" . . "
Maximum step length " " " " ,." .
Search mode along coast south of 'home' .
Search mode along coast nor th of 'home' ." ." . " .
Coefficient of di rected versu s undi rect ed movement,

A, o n high seas , , .

171i dan
I:!OO miles (111'; krm
40 miles ( 74 l.. m )
:!O miles 07 krm
rando m
A .~ 0'115

to point out some general izat ions observed when "A" was assigned values of
0-20. 0 '25_ and 0-30. ( I) About twice as ma ny fish found "home from the
north than from the sou th in coastwise searching, As. however. about twice as
many fish made co ntac t with the coast to the north of "home' tha n to the south
of "home', it appears that the superimposed direc tional component in the
no rthern coastal model is not strong eno ugh to increase not iceably the prob­
ability of successful search for fishes striking the coast north of home. T he
restrictions on the di rectional elemen t of coastwise searching were previously
staled" and it, ineffectiveness is apparenl. (2) Th e number of hypothet ical !'sh
lost at sea from this model is about 40 %. Of the remai ning 60 ~~. approxi­
mately two-thi rds are lost in the coastal sea rch . (3) Abo ut 7% of the hypo­
thet ical fishes arrive home d irectly with no coas twise searching.
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Table 3
Return probability as a function of max imum step length,

Other parameters are as indica ted below:
~ .... i ml,l," ~cp kn,tb Refilm !"lumba of

(mlln an.1 Ir.m) rrobabilil7 bypolMtical 1I$b

100 (I8S) 0'13 100
7S (139) 0·24 100
50 (93) 0'24 100
40 (74, 0 ·29 100
)0 (56) 0'1) 100

Speed (at sea) .
Speed (along coast) .
Ma~imum endurance .
Distance .
Radius of 'home' arca .
Search mod e alo ng coast south of ' home' .
Search mode along coast north of 'home' .
Coefficient of directed ven us undirected movement.

A, on high seas .

2·S m.p.h. (4·6 km/h r)
1·2S m.p. h. (~'3 km/hr)
115 days
1200 miles (2224 ko m)
40 miles (74 km)
random
A = 0' 12S

0'2S

Results were obtained from several computer runs by varying the speed of
t l-.- fish but hold ing other parameters consta nt. It should be remembered that
coastwise search speed is red uced 10 o ne-hal f its value shown in col umn I of
Table 2. It is evident fro m the results shown in Table 2 that there is an increase
in return probability with increas ing speed. The reason for this has been
previously sla ted .

Simila r runs were ma de in a n effort 10 determine the relatio nsh ip between
return probab ility and maximum step length. As sta ted pre viou sly, step lengths
were randoml y determ ined with in an arbitrary range. The figures listed in
column I of Table 3 are the maximum values for the specified range. It is
evident that the average step length random ly chosen between 0 and the
ma ximum i! abo ut one-ha lf the ma ximum val ue. The return probabilit ies
achieved in Table 3 suggest a complex relat ionsh ip between the maximum
step length and return probab ility. It is subm itted that this may be due to the
nature of the nu merical probability model. However, preci se empirical info r­
mation o n the movement of individ ual fish on the high seas by sonic tracking
0; other met hods is highly desirable at th is po int .
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Summary

A numerical probability model (Mo nte Carlo mel hod) of the migration of
salmonid fishes was developed . Em pirical values for the model parameters
availab le from published litera ture were util ized 10 demonstrate the plausibility
of the model as an explanati on for m igration in the sea, a nd to provide a
qu antita tive ind ica tio n of thc degree of orientation required 10 provide a high
return probab ility. Specifically, a random number generator in a high speed
d igital computer was used to a llo w a hypothetical migratory fish 10 choose an
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azim uthal direct ion of travel. The angle between the randomly chosen direction
and the cast-west axis was entered into the parametric form of a cardioid to
produce a 's tep vector' as follows: R = P + Q cos O. This was repeated unti l
(a) the allotted search lime for the animal expired, or (b) the accumulated
east-west displacement exceeded the specified straight line distance between
the star ting 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 an imal ar rived 'home' .
A return probability of 37% (significantly higher than observed returns based
on tag recoveries) was achieved with a model utilizing random movement
combined with only a small amount of orienta tion. 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 submined that construction and manipulation of a mathe matical 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 j ustified. Nevertheless, the results indicated by this mode! do not suggest
the necessity of navigational abil ity or even precise directional orientation on
the part of migratin g salmonid fishes. We await the finn foundat ion of diverse
biological data to support or modify our hypothesis.
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