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ABSTRACT

For a variety Qf stock-recruitAs'ystelns_ in which environmental varia-
bility is simulated by random nolrmal deviates used as multipliers or divisors,
Ricker (1958) and Larkin: and Ricker (1964) demonstrated thé benefits of com-
plete‘stabilizatibn of escapement as opposed to removal of a fixed propoftion
of the stock each year. Partl is primarily concerned with the response of
these same systems to a pattern of stochastic modification which is more
regular in form, a pattern such as might be-imagined to result from long-
term trends .in environmental conditions. In addition, some mathematical

properties of these systems are discussed.

Part IIv'c‘onsider,sA the stock-recruit ré}.ationship from a more reduc-
tionist or mechanistic point of view. Evidence for differential utilization of
spawning areas i1s presented and spawner dis‘tributbns in three different
environments al.'e compared. These results'are discussed in terms of their
relevance to e_xisfcing stock-recruit theory. Also, observations on egg

retention and social facilitation are presented.
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GENERAL INTRODUCTION

The establishment of levels of exploitation consistent with optimal
utilization of stocks of.commercially impor';an;c species rema.ins as a pri-
ma'ry focus of contemporéry fisheries biology. This problem of maximum
sustained yield is, in 'essénce, a problem‘o'f population ecology, and it is
not surprising therefore that fisheries and populatidn theory have followed
similar, though distiﬁguishable, courses of evoiution. Aside from the féct
- that fisheries biolpgy is concerned with fishes, it is best characterized by
its pragmatic, if perhaps inelegant, nature. Thus, many management pro-
grams are largely concerhed with the collection of catch and escapement
statistics which, when added to previous records, should provide some -
iﬁsight into optimal levels of escapementl Given enough of this type of
information, one has a reasonable expectation of succ.e'ssful management,
provided that the variation in recruitment of a stock of a given size is not
excessive, Unfortunatle'ly, the.stock-reci‘uit data Which is now available
indicates that this variation is consicieré.ble and therefore historical
approaches can onliy meet with limited success. Thus, the development oAf
better management prografns Woﬁld seém dependent on the incorporation of
recruitment variation iﬁto management theory and a corresponding analysis

of the sources of this variation. _

Ricker (1958) showed the initial interest in this problem, and developed
a conceptual framework and numerical model which simulated the behaviour of

stock-recruit systems when exposed to randomly -fluctuating environments.

The basic model was derived earlier (1954) from a consideration of the effects



of predation and cannibalism on numbers, the result of which was the well-
known stock-recruit or ref)roduction curves. Larkin and Ricker (1964) con-
firmed earlier conclusions concerning the behavior of these systems by the

use of computer techniques.

The reproduction éurve is dome—sh‘a‘p‘ed whiéh, in theqry, results
from an increase in the number of predators to a degree such that the abso-
lute numbgr of prey survivors is decreased. Though one may justifiably
‘object to predation as the controlling mechanism for some specific situations,
the dome-shaped curve seems to be a reasonable fit for many fisheries (e.g,
Garrod, 1966), and may be taken as one general form of p.arent—proge.ny

relationships given density dep'e‘ndent mechanisms of regulation.

The bedfaggled débate of derisity ciependent versus density indépendent
mortality which occupied rnﬁgh of the ecologis’cs'l time, -never became a
critical prdblem in fisheries biology. It was clear from the outset that
W(_eather‘ and climate played an important fole in influehcing product‘ion of
most stocks. Cénsequéntly, the addition of stochastic variation to a system
which was basically density dependent in form, was not considered as an

outrageous distortion of reality.

At thié level of investigation one‘further at’cribut‘e of the sybstern‘ was
in need of study, namely, the effects of long term trends in density independent
mortality factors. Many environmental variables; e.g- current patterns,
temperatufes, etc.,, seem to follow a more regular pattern of variation than

a random model would suggest. Thus, it was of interest to determine if the

addition of these long term phenomena would markedly affect previous con-



clusions concerning the gross behavior of these systems. This discussion

comprises Part I of the following thesis?

While the above discussions providg a useful frame\&ork for the
fqrmulaltion of general mahagemeht policy, their value is limited for specific
situations. One cannot, fdr example, determine the carrying capacity of a
given stream and consequently a Stdck unit cannot be defined. Thus, a different
level of investigation is required and a preliminary study consistent §vith this

-approach is described in Part II, which discusses some aspects of the spawning

behavior of sockeye salmon, Oncorhynchus nerka.

At the specific _leve‘l one must investigate those aspects of the population
and eﬁvironme'nt._relevant to_thé definition of carrying c‘apacity. One need ask,
for example, which areas of a stream are suitable for spawning, Whefher
qualitative differences exist in the areas which are utilized, which factors

influence nearest neighbor distances, and others.

The part‘icular problem investigated in Part II is, in reality, pgrtinent
to both levels of investigation. ‘At the general level it considers the effect of
environmental variability' operating in a density dependent maﬁner while, at
the specific level it presents evidence for the mechanism of site selection

and the ability of spawners to distinguish habitats of different quality.

' Part I has been published as ""Some effects of simulated long-term environ-
mental fluctuations on maximum sustained yield'", in the J.Fish.Res.Bd.
Canada, 26:2715-2726. ' '

-



PART I
The Basic Sy stems
The curves used in the present simulations are identical to

those described by Ricker (1958>. ~ Curves A, B and C are members

of the exponential family Z, = we®* (* ™ where

"

Z, production in year t

1

w spawning stock size

"a'' is a parameter determining maximum production and, consequently,
the shape of the reproduction curve. For curves A, B and C the para-

meter "a'' assumes a value of 1.000,2.000, and 2.678 respectively (Fig. 1).

Curve A de scribes.the situation where maximum pfoduction-
occurs at the ¢quilibriurh position w = 1.000 = Z,,,. | Displacements to
the left of equilibrium (w < 1.0)- result in a "cl'imbing" of the ascending
limb of the curve. Displacements to the right-of equilibrium (w > 1.0)

result in an immediate compensation, the stock being depressed

to a level below equilibrium density to which it gradually returns.

Curve B. In this case the maximum production is associated
with a stock density of approximately one-third that of equilibrium
density. Comparing Curve B with A, production per spawner at any

given stock density is grveater in Curve B for 0<w<], and smaller for

lAll values are expressed in stock units, where one stock unit

is the number of individuals associated with the unexploited
equilibrium position. '
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Figure 1. Stock recruitment curves A, B, C 'of Ricker (1958) in
“which z=we2(1-W) for a = 1,000, 2.000, and 2.678
respectively. ' ' -



w > 1. Arbitrary displacement from equilibrium re sults in the produc-
tion of a damped oscillation of abundance which returns the stock to the

equilibrium position.

Curve C is a more extreme ver ‘sio.n of B in that production rates
are greater and compensation is more severe. The system i.s u1f1_s"tab1e
in thé sense that disPIIacefnéﬁtS»fr'érﬁ the équilibrium po sition‘result in
‘the production of permanent osciilations and there‘ is no tendency for the

stock to return to the equilibrium of w = 1.

Curves F,. G and H (Fig. 2) each belong to a different family of
curves. Curve H represents the converted Beverton-Holt relationship

as described in Ricker (1958), while Curves F and G are contrived

equations representative of the remaining types of stock-recruit systems.

Curve F is characterized by an ascending limb which conforms
to Curve B for 0<Z<1, coupled with an asymptotic part which maintains

the stock at the equilibrium density for all other values of. W.

Curve G may‘ be considered as a representative of systems
influenced by depensatory mortality factors, i.e., factors which are
Proportionately more severe at lower stock densities. The curve is
identical to A except for w<0.4, in which case production is calculated

by Z = We.433w.
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Figuré 2. Stock recruiment curves F, G, H of Ricker (1958).
' See text for explanation. : :



Simulation Procedure

The procedure of simulation was as described by Larkin and
Ricker {1964) with modifications for the long-term effects. Répre-
- senting long -term fluctuations by a sin wave, each generation the

value was assessed of
Q=P s_n_l[—r% Zﬁ]

Whe're m is the year in a cycle and £ is the cycle length. Thus, for

6

the second year of a six-year cycle Q is the sin of 2 (2m). This is
scales by the multiplier, P, to define amplitude, augmented by one, and

used as a multiplier or divisor depending on sign.

Depending upon what is envisaged, there. are various \;vays in
which the sin function might be coupled With random normal .deviates in
the simulation of long-term fluctuations with superimposed random
fluétuations. In addition to using either effect separately, two alterna-

tives were provided for combined effects:

(1_) Sin plus random_—; the value ‘o‘f R was added to the value va a
random nofmal deviate,. after each was scaled to a desired
order of magnitude. Then the absolute value. was augmented by
one ana, depending on the sign, used as a multiplier or divisor.
This representation might be appropriate for a situation in
Which'both effects were .vi sualized as occurring in the same

environment.



.(2) ‘ - Sin times random.— the value of R wa s scaled; augmented by
one, ﬁsed as a multiplier or divisor, then \-Vas followed by a
- random normal deviate u‘sed in the same way. This type of
simulation might be taken to represent the situation in which
"the effects were <I>ccur_ring;in different environments -- say,
fqr example," ':1ong—t._éx."m'éf-.f.e:c'ts invthe sea; short-term

random effects in freshwater.

Algebraically, the sin wave modified system may be written

- a(l-wt')< ) thTT)] ) B L. (r_n 2 S
Zt~[wte 1+PS£’(.£) ;o om=1,...5; sin J-—-E ) 0
= [wtea(l—wt)< 1. >] ; mz'&,....ﬂc; sin(Lnﬁ—T-r> =0
l+P\s_1_13mt2ﬂl , "2 —\ 4
) . :
where Zt = production in year ¢t
wy = spawning stock size in year t
m = year in sequence of cycle (i.e., m varies from 1 to 6

in each 6-year cycle)
4 = length of cycle in years

P = scaling factor



For a fixed rate of fishing

Cp = Fzy
Wigp - (FIZ
where Ct' = catch in year t
F = fixed rate of fi__shirigﬁ'

For complete stabilization of escapement:

Cy = Zy -wy ., Zy > wy
=0 ) Zy < Wy
_ a(l-wy)
Zep T Ve © : ’ Zy =Wy > 0
where w, = escapement associated with maximum

equilibrium catch (m.e.c.)

The computer simulations conducted were all run for 200

simulated years for all combinations of:

(1) four long-term cycle lengths: 6, 11, 12, 24 years.

(2) | Six stock recruit curves: A, B, C, F, G, H.

(3) Two levels of random effects.

(4) Two levels of long-term effects.

(5) Three pgtterns of fishing: fixed percentage, partial and

‘complete stabilization of escapement (Ricker 1958).
(6) Three patterns‘ of environmental effects: sin effects only,

sin plus random, sin times random.
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Deterministic Sin Effects

In the simulations using the sin wave modifief and a fixed
percehtage fishery, the catch pattern was initially one of errati»c
..cha'r-lg'evs ‘in ab‘u-n'dance. Within a few generations a repeatable pattern
of catch and escapemeﬁt wa s evident, the values oscillating in phase
with the sin modifier.but at lower amplitudes. (The initial pefiod éf
instability was a result of starting the simulations with the stock at
it>s equilibriurh density (w = 1). Two levels of amplitude (P =.5 P =2.0)
were vu;sed in conjunction with four cycle lengths and the resulting mean
catch and escapement values for two hundred simulated years are
summarized in Table II, which can be compared with the simi)le

deterministic case (Table I).

For curves A, B and C, thé t»abuiated escapement valués differ
only slightly from the deterministic values associated with maximum
equilibriufn catch (m. e. c.)* The differences are attributable to the
initial period of instability and the fixed 200 year period of simulation

which did not always end on a year completing a cycle.

For curve F, the mean catch is slightly less than the deterministic

'~ model and curve G goes to extinction under conditions of fixed percentage

ate

"The deterministic values of m. e.c. in Table I are determined by
setting the fir st derivative of Wte(a 'Wt)—wtequal to zero and solving
for w. ' ' '



TABLE I. Mean catch and escapement in deterministic models °
of six stock-recruit relationships.

. éURVE | CATCH ESCAPEMENT
‘A 0.330 0.433
B 0935 0.361
¢ | | 1.656 0.314
F C 0.760 | 0.210

G - 0.330 0.433

H 0.520 0.240
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TABLE II. Mean catch and escapement in 200 year simulations. of

fixed percentage exploitation for each of six reproductive
curve systems, with long-~term environmental fluctuations,

‘represented by sinmodifiers, at cycle lengths of 6, 11, 12

and 24 years, and at two levels of amplitude. See text for
explanation. ' . ’ .

CYCLE

6 years 11 years 12 years 24 years

Curve Level Catch Escap. Catch Escap. Catch Escap. Catch Escap.

A

1

Nt

ot

.333 436 .333  .436  .336  .440  .340 = .445
338 .442  .338  .442  .346  .453  .358  .469
.937 1360 936 .360 .940 362 949  .365
.948  .365  .945  .364  .956  .368  .981  .377
1.657  .313  1.656  .313 1.660  .314° 1.676  .316
1.673  .316 1.673  .316 1.684  .318 1,723  .325
739 .204 728  .201  .731  .202 = .724  .200
.746 206 1. 0197 742 .205  .750 .208
013 .018  .019  .024  .020  .026 - .037  .049
014  .099 ..026  .034  .028  .037  .057  .075
.543  .250  .550 - .254  .553  .255  .562  .259
686 .317 ~ .752  .347  .766  .354  .823  .380

* Curve G 'goes to extinction in a few generations under conditions of

fixed percentage exploitation.
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exploitation. Curve H is.the: only system which responds favorably to -
the combination of sin modification and fixed percentage exploitation.
Curve H is similar to A in that r'na_xbimum production is associated with
a stock'_si_ze mu.ch larger than the stock size which provides maximum
catch, but.di‘ffers in that there is no cofnpensation at the higher stock
densities». Since the catch is proportional to pfoduétion in the fixedl

percentage fishery, gains are to be expected.

Table III summarizes the results of simulations using the same
amplitude and cycle length modifications but with a stabilized fishery.
Comparing these results with Table I, itis apparent that a stabilized

fishery results in an increased yield in all cases.

The Effect of Cycle Length and Amplitude Modifications

In the previous section it wa s shown that the mean éatches for
curves A, B and C are \inchanged with the combination of sin modifi -
catién and fixed percentage‘exploitation., Nevertheless, the pattern of
the catch responds to both‘ changes in cycle length aﬁd amplitude.
Figure 3 cocmpares, for curve C, the pattern of a 12-year cycle with
that of a 24-year cycle, while Figufe 4 shows the effeét of varying the
amplitude of the sin modifier. For thev fixgd percentage exploitation,
variatioﬁ in cycle length has almost no effect on the standard deviation

of catch (oc ), and serves only to increase the length of the series of .



Catch

4
3
ﬁ 2 yeor cycle
. 24 yeor cycle
2 :
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4 -] 8 9 0 ] 20 2 2

Generation

Figure 3. Catch in deterministic simulation of a fixed percentage fishery on curve C systems

with 12- and 24-year sin wave cycles for amplitude scaling factor P = 2.0.

61
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TABLE III. Mean catch and escapement in 200 year simulations of a
‘ fishery with completely stabilized escapement for each of
six reproductive curve systems, when long-term environ-
mental fluctuations are represented by sin modifiers, at
cycle 1eng1:hs' of 6, 11, 12 and 24 years and at two levels
of amplitude. See text for explanation.

~ CYCLE ' byears 11 years 12 years 24 years

Curve Level Catch Escap. Catch Escap. Catch Escap. Catch Escap.

1 368 .433 367 .433 369 .433  .375 433

A 2 624 .370 643 .35] 649  .348 686 .330

5 1 994  .361 . .994 .361  .996 .361  1.007 .361

2 1422 .361 1436 .361 1442 361 1482 .36l

o 1 1.744 .314  1.744 314  1.748 .314  1.765 .314

' 2 2.392  .314 2.414 314 2.424 .314  2.487 .314

- 1 837  .210  .837 .210 - .839 .210  .847  .210

1,169 .210  1.179 .210  1.184 .210  1.214 .210

G ] 368 .433 367 433 369 .433 375 433

2 394 .322  .312  .250 311 .243 236 .174

- 1 557 240 556 .240 558  .240  .564  .240
2

811 .240 817 - .240 821 .240 .843 .240
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Generation

Catch in deterministic simulation of a fixed percentage fishery on a curve C system
with 12-year sin cycle for amplitude scaling factor at two levels, P = 0.5 and
P=20.

LT



good and poor catches. As might be expected, ¢, responds to amplitude

modifications, increasing as the amplitude becomes larger.

_ For the stabilized fi shery two slightly differenf catch patterns
were evident. -In the systems which had a relatively high production
per spawner at low stock densities (éurves B and C), the pr'o.ducfcic')n
never dropped belov’vfwln and lconic,ez.qﬁ'ently.the stoc1<é always reproduced
at an optimal rate (Fig. 5); In the less responsive systems (Curves A
and G) the catch pattern is typically a series of relatively good catches
followed by a series of zéro catches, the length of the series incréa sing

as a function of the amplitude of the modifiers.

Stochastic Modifications

The determini stic sin modifications described above were
"stochastisized by either additive or multiplicative superimposition of
"random normal deviates. Algebraically, the modifications (R) may be
represented as: |

Additive Effects

R = (1 +Q + RND) for Q + RND >0

- 1 ) .
_(1+Q+RND for Q + RND < 0

18
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Figure 5. Catch in deterministic simulation of a completely stabilized fishery on curve A and
curve B systems with a 12-year sin cycle and amplitude scaling factor P = 2.0.
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Multiplicative Effe cts

= (1 +Q) (1 +RND) ' for Q >0, RND >0

. 1 + RND

) 1 | :

) <1+Q>(1+RND). for Q< 0, RND< 0
(.1 N/ 1 :
- \1+Q/\1.+RND) , for Q <0, RND <0

where Q

11

scaled sin modifier

RND

scaled random modifier

In general, the addition of the stochastic modifiers serves only
to accentuate the basic patterns described for the detel‘minis‘;ié sin
effects, the frequency of zero catches becomihg greater for the stabilized
fishery, and o, becorﬁing 1arger>for fixed percentage exploitation. The
catches fo; the stabili‘zed fishery are larger as a function of g, while no

changes are observed for fixed percentage exploitation.

The Nat_ure of the. Modifications

From the pre.ceding results three géneral conclusions pertaining
to curves A, B and C are evident.
(1) - For a stabilized fishery, an increase in yield over the deterrﬁinistic
maximum ié apparent for all systems subjected to stochastic
fnodifications, and this.increase is commensurate with the

variance of the modifiers.
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(2) The addition of stochastic modifiers to a system undergoing
fixed percentage exploitation has no effect on the mean catch,

its value remaining the same as the deterministic maximum.

(3) The pattern of modification (i.e., .s'i‘noidal, random, etc.) is

unimportant relative to the variance of the modifications.

The increased yields for the stabilized fishery can, in a sénse,
be é.t’cributed to the technique .of stocha stic modification. Augmenting
by one the absolute value of the random variate and subsequently using
it as a multiplier or divi éor, has the effect of multiplying production
by an average modifier WhiCh‘iS gréater than 1. Algébraically, if X
is‘ a sym‘rh'etr‘i.;:ally di svtributed variabie Wii:h mean 0, the frequenéy
of a particular positive variate X, is the same as the frequency of the
corre siaonding negative value. The appropriate mgdifiers would be

1 .
1+ Xi for the former and m for the latter.

It is easily demonstrated that the mean of a pair of these
modifiers is greater than 1, from which it follows that the mean of a
series of these modifiers (_li) is also greater than 1. For example, if

X, =41, thé corresponding multiplier = 2, and for X, = -1, the

appropriate multiplier = 3, Furthermore, since (1 + X) + (—l—_;i—x-\-) is

2

an increasing function of X, and since increasing the standard deviation
(o‘x) results in the more frequent occurrence of large values, it -

follows that the mean modifier R will also ir_lcrease as a function of o,
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Thus, for a stabilized fishery

< [wmea(l-w‘“)] R-w, for Z, 2w,

m
‘where © = mean catch .

wy=escapement associated with m.e.c.

c, then, is a linear increasing function of R.

» T“he case of the fixed percentage fishery. is somewhat less
straightforward.. For curves A, B énd C, average production per
spawner is higher than the deterministic case, for the same reason
‘giver‘l in the preceding paragraph. However, bthe mean catch is virtually

identical to thé_ deterministic maximum.

The sufficient conditions necessary for this result are demonstrable

algebraically. For a fixed percentage fishery

where ¢y catch in generation t, wy spawning stock in generationt, R

stochastic modifier, and F  exploitation rate appropriate for m.e.c. (

~a(l-wy)

(1 -e ). Substituting the expression for F we have
a(l- ' -
cy =[wye (L=we) Wtea(wm Wt)] [R].
Harvesting at the equilibriurﬁ rate implies that wy = Wy . Substituting w, for

-

wy in the expression for catch, the expected catch in a time period becomes

1-
Cy = Rt Wp ea( Wm)_Rt Wp .



i]‘3e'<;‘é.usAe‘A_Rt Wy, is the escapement, the exbeétéd catch in period (t + l)li.i‘s o

o el T Ry Rewee
" and in (t 4 ‘2.) is

ea(l'Rt+lRth)_R Wa

T ReaRe Rewe t+2

B _‘ ‘t+2 4 tt2 t+l

" The successive peruc‘t‘ of Rt-l‘-i (i =1, n)is 1, and ignoring the value of the

last modifier Rt—n’ it is apparent that

€ = wpe -Wn

. which is the deterministic maximum.

Biologi»callly, the :mathematics ifnply i:hat' the ‘production from any
"g-i;/en number of spawnérs expoéed to a varying envﬁronment W‘]'..].]., oﬁ
. average; b_e larger than if conditions were cqnétant gt a mean value. In
:the stabiliéed fishex_'y‘fhis ga’in‘in. production is reflected by increased
' vyielt‘i.s,. whére'a sv in-the“fixe.d pércentage fishery any gain is eliminated by

" the subsequent compensatofy response.

: Becau.sve the standard ‘devi'ation of catch (o.) and mean catch (<)
are both inc‘:reasilx'lg functions of R, 'E‘.arid o, are correlated. This
re.la_.tionshipAprovides a fneans of determinjng, in the aBsence of

' infof'tinatioh concerniﬁg the exact shape of a réproduction curve, whéthe-r
“a particular es‘capementAis 'appropriate for m.e.c. By expfe séing -3 in
stéck units for a s_e.ri.es ;f gescapeme.nts of approximately the ;éme size,:
C it may be assumed that variations in the resultant cafch may b.e “

_ é.ttfibqted to environmental factors acting independently of the density of



-7 ..the stock. Since o, and c.are unique for a given optimal escapement
= -and curve fype, (Fig. >- 6), it is possible to _obtaih a deterministic value

- rof Ma' associated with the pai’ticulai* ¢ and o, considered. Having an

- _estimate of "a'", solving for w, the expression
o L e :
A}

"’;-‘-al-w. 1-
~awge ( n)+ ea( Wa)

-1=0
" zand comparing this value to the a__ctual. escapement, provides the check.

- .4'iIf,they'are,identical, it may be concluded that m.e.é, is being obtained.

‘-Ha.rve'_s;ti'ng.a..t levels other than m.e.c. results in a decrease of T N

~which will cause the theoretical and actual escapement values to differ.

.Discussion
' .The superimposition éf simulated long-term environmental effects on
stock rfecruit systems does not alter the general conclusions of Ricker '(l 958).
Environmental variability, Whe'ther of a random or regular lnature, results
' in benefits from complete stabilization of escapement and, the .gr‘eater the
. —-variability, the greater the benefits. Benefité in yield are obtained frofn the
combination of stochastic variability with completely stabilized escapements,
the size of the benefit being an increa siﬁg function of the variance of the
modifiers.
Thié conclusion in large part hinges on the validit.y of the assumptions
irhplicit in thé plrocedubre of simulating environmental effects by uéing multi-
" pliers or divisors of production. It might be more rea.sonabie to ‘suppose that
.a stgck at hi-gh density would‘be‘ more susceptible to harmful environmental

effects (suéh as low water levels for salmon). In such a situation the scaling
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factor for environmental effects might be made larger at higher densities. A
‘ 'great many techniques might be contrived to approxirhate whafeve;r was en-

' visaged. However, there is relatively little information on the mechanisms

by _wh.iAch e_hvifonmgxgtal fact?rs inflpeﬁcg pr oduction at .vario#s s_tbck levels.
it_ is also not known'that the va_lues'of ;elevant environmental variables are
distributed in the speciai pattern of Ricker's systerﬁ (it ig to Be-Anoted thatr_ ,
‘the .distribution of -ra.ndom n_érh;al deviates augmented by one as multiplié'rs'
and divisors is not log normal). F'u;tl'.ler understanding of stock recruit
systems, as influenced by environme;'ltal fluctuations, probably depends

primarily on more detailed knowledge of the mechanisms by which environ-

mental factors influence production at various stock sizes.




s ParTmo

: '..:Ag.;:j[nt-roduction

In a sér,ies. o;papers—_cc_)r—xc‘:werned—vc;thﬂt};e tegl;;iques of harve s‘ting com-
-mercial stocks subjected to various forms and levelhs of env-ironrr:ental véfié.-

. —bility,. Ricker* (1958), Larkin and Ricker (1964) and Tautz, Larkin_and Ricker
*(1969) have dernonstrated‘rnathématincally the géins in yiéld aséo;iated With |
»=;maintaining a.constant escapement. Tautz, et 3}_';, showed that thé method used
~to introduce stochastic variability had the effect of increasing average produc-
"stion per spawner. This, combined with the laék of severe compensatory mor -

‘tality (because :stocks'were not allowed to reach high density conditions) '
-reéulted in the increased yieids observed_in simulation studies. 'i‘hus, for a

given deterministic relationship, the increase in yield was found to be some

».incréésing function of the variance of the stochastic modifications.

.'These _conclusioné are 'rleéessarily the producf of a model iﬁ which
svpe’cific' assumptions have been'_'rnade ﬁth respect t§ the representation: of
" -density dependeﬁf processés aﬁd the e‘xfer.nal stocha_étic véx;iability associated
with t;hemf Becausé they are of some 'i.rriportanceﬂin the development of
fnénége_ment i)élicy, itv is useful 1:0 consid;ar whether they are génera.l for
: mgchanisms. other fhan' those eﬁvisagedr by Ricker- in his develop@mt of the
‘. model. |

~Data which have Vrecentliy been collected for the Skeena River sockeye

suggest that highesf recruitment rates are associated with intermediate levels



;;ﬁ‘f';sqf.‘es”cape‘meht (I.S. Todd, pers.comm.). . Thu_s, the dorne-shaped reproduction

' fi-c_ﬁri'fe would seem to be a better _avé-rage relationship for salmon than the

Inthe ex15t1ng ‘mo‘d.ei-l,b hoivvever;' the meaningof the determinietie. |

relahonship is ﬁog exp_lii:ifiiy staied; It is geriera,ll;r a:s‘su‘rnec‘i that :theicii:r_i/ve(s)

represent -the.-reiaiioris}iip of etock ’ce Vre:crui.trrieiit‘iri t}ie abs.ence:ef erivirpn_

: ~rmental -w‘/ariability, .and i:his_ in turii'lalroiririe's the Easis for the'éoncepis o.f‘

' ?‘j"iequiliBritim -'_den'sity”- and_"s_’cocit unit” However, by assiirning i;het stocks
.V;-,a-re”bui'fered‘ égainst»de.trirrientaillenvirbiimental_ chainge, the average recruit- |
. ;meni: eiirve in the stqc‘hasticy\fersi'onzbibsi different irorn_ t}i_e deterrriinistié form
(Flg. 7), w1ththe re suli'vc i:iiat avera:ée' e.quili‘b.riuvrri' dens:itir (i.e.., th.e‘iriter se_ci:ien

. of ﬂie.r—ecruii:r.nent curve end the reple.cemenii 1ir1“e) is gr'eeter than orie stoek

- un1t Irz other. words, .elf}iough the determiriistic ciirve may describe the

;;._-be.havior of é stock recruitment systern i'or a -partieule.rv set.ef. environmentdl.
‘coﬁditions; (i.e:, average cendifiene) it‘.‘i“doe-s not rie:cessar'.il.y foilow that the

‘same curve will be evident_When the environment is _eilowed to vary about that

' ‘average condition. | B
.A‘nother‘feature of tiie existing rnodel whic:h‘ma.y rerluire modific.eition,
: 1s the- complete éeparation of ciensity depehdent and density invdependentj
_rncirtavlity. -At. preserit, :the degree .of eompensatory rngrteli’ry is assumed to
be oniy a iiinciion of ch'§ difference bef\&een the. stock size end -equilibrium
R | | a(l-w) |

. .dens_ity', a con'stant.' In other #)ords, theterrh e in Ricker (19_58).,

S Lark_in a-rid.Ricker (1_964) and Tautz, et al., (1969), is'independent'of any
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variable environmental ipfluence, and conéequently no provision would see.rrll.
to be made for environmental changes to operate in a density dependent
manner. Thus, the system now envisaged is one in which the carrying
capacity ié considered to be a random variable; that is, equilibrium density
chéhgés' from year to year and the compensatdry response of the >stock is in

relation to that particular condition rather than to an average value.

Since, for rnpst commercially important species, compensation is '
assumed to occur in the reproductive and early stages of the life history, itA
was felt that the above conditioh could be best demonstrated by examining the
" mechanisms associated with spawning and survival of fry. | This, then, w'c;uld
allow one to hypothesize the nature of the curve relating survivgl of f;‘y
(production) to stock size, and by an understanding of the relevant mechanisms,
. to suggest the nature of the variability about that curve. Furthermore, a stock
recruit curve would be ‘suggested; from this relationship, if one assumes that
the number of recruits is some constaﬁt proportion éf the number of fry, i.e.,
that the density dependent effects are confined to a life history stage for
which the carrying capacity of the associated environment -is small, relative |
to the lake and oceénic life history stages. This is, to some degree, erroneous
and it would be surprising indeed if recruitment was found to be a constant
p.ropoftion of the number of fr"y produced. However, for some situations (e.g.,
Skeena River) it serves as a reasonab.lé approximation. Even if it were shown
that limitation was a propérty of the lake and/or ocean environments, the
above relétionship would reméin as an important management tool since fry

production must still be determined so as to optimize the number of individuals
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entering the limiting life history stage.

Specifically, then, the purpose of this paper is: (1) to describe some of .
the behavioral mechanisms operating during spawning; (2) to develop the
Cvoric_e'pt' of preferred and marginal habitats for spawning fish; and (3) to con-

‘sider how this mechanism would influence the existing stock-recruit model.

Site Selection and Extrapensatory Mortality

During sp‘awning aggressive behévior is maximal, there is obvious com-
~ petition for space, and the eggs, when deposited in the gravel, are sensitive

to environmental change. Flooding, erosion, and drying up of certain areas
often result in severe egg‘mortality (Neave, 1953) and, conse’qliently,

the mechanisms re sponsible for the péttern of nest location are of considerablve

interest.

It is evident that With respect toa given source of mortality, certain
areas of the stream constitute marginal habitates; e.g., shallower afeas are _
more susceptible to drying up than deeper ones. It is also possible that under
different sets of circumstances shallower areas may be considered as optimal
- habitats and deeper areas marginal. Thus, over a large numbér of generations,
the probabilities of survival associated with physically different areas of the
' stream may be ‘similar to one another, andAtherefore the mo‘rtality rafe
-associated with various environmental changes may be density independent in .
the manner described by Ricker (1958). This is no-t the only way that the con-

ditions of the Ricker formulation are fulfilled, however, since it is possible
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that certain are#s of the streai’n aré consistently beéter than.oéhex:'\s.,\;re"cAthe
adult spawners may not have the capacity to differentiat.e between these areas.
This, too, would resuit in a situation whére mortality rate was, on the average,
independent of the density of the stock. Therefore, given either of these two
situations, one might anticipate that the distribution of eggs would be random
with respect to any,‘meésu:_abl:e_’ph'yé'sivcal va.riablé, since there would be no
selective pressure Whi..ch WOL;ld ihﬂueﬁée the choice of é site. An alternative
hypothesis would be one which would predict that the ""optimal' areas of a
stream would bé colonized initially and marginal areés would only be used in
the event of high stock densities. This \&ould suggest that the order of coloni-
zation would correspond to some measura-ble pilysical variable. There-fore,
field studies were conducted in an attempt to determine which patterns

characterized the behavior of natural populations.

The Study Areas

1 vFour Mile Creek

The first study was conducted at Four -Mile Creek, an inlet stream of
the Babiné Lake system, which- has been'desgribed in detail by Hanson (1964).
A series of pools aloﬁg the lengt}; of the creek (depths of up to 1.5 metres)
serve as restiﬁg éreas for the fish during their migration upstream. These
are interspersed with shallower areas suitable for si:awning. A waterfall
1.8km upstream from the lake confines the run to the lower area of the st;eam
and, .under conditions of low discharge, migration is further restricted at 550m

upstream from the lake due to a trifurcation in the creek and resulting shallownes:
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of the flow. The creek is heavily shaded throughout its length and contains a
good representation of the range of conditions in which sockeye are likely to

spawn.

The run in Four-Mile Creek appears to be a distinct stock in the sense
that it is clearly separated in both space and time from other segments of the
Babine run. It is one of the earliest runs to arrive and averages 2300 indivi-

duals per year (Hanson, 1964).

Methods

The 550m section of Ithe creek below the trifurcation was enclosed using
two broom stick fences, the lower fence being equipped with a V trap and a
holding facility to aid in counting, measuri'ng and tagging the salmon. This
particglar area was chosen because most of the, good spawning grounds are
founci belovs; the trifurcation and, if the run were sma.ll, it could easily be
observed. It was also desirable be.cause é natural barrier to migration period-
ically occurs at‘the trifurcafioh.' The conditions, however, were not ideal
sinée it was necessary to have enqugh individtials in the study area to ensure
colonization of the marginal areas, yet not severely damage production
by overcrowding the spawners. This prbyed to be a difficult situation since
neither the total size of the run, nor the temporal distribution, could be esti-
mated in advance. The run was larger than anticipatéd and, conseqﬁently, the
upper fence had to be removed peri odivcally when 1arg; number.s of spé.wners

accumulated at this location.
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Within the lowér section ten fairly uniform areas, .which»differed from
one another, were selected for intensive, observation (Fig. 8). Each area
was approximétely 7m in length and was dividea into lm strips across the
width of the stream; e.g., if the sfreém were .5m wide, five 1>§:7m‘grids WOU.].d‘
be formed. The contours, depths and gradiéhts were determined using ordi-
nary surveying techniques and velocities were takenAusing a Gurley flow
meter. The velocities were measured a standard distance from tl;xe Edttom
(10cm) in order to determine the range of velocities a spawner would be sub-
jected to, rather than determining the average velocity of the stream section.
For each of the 1x7m sections, nine measurements of depth and velocity were
made, three measurements across the top of the sectién, three across the
rﬁiddle, and three across the bottom. Gravel samples in each of the sections
were also taken using a core sampler and aﬁalyzed usiﬁg the volumetric
technique described by McNeil (1964). Samples‘ could.not be obtained in all
areas since the grade was too coarse, but photograpﬁs of all grids were taken
with the aid of a plexiglass-bottomed box and a wide angle lens. Staff gauges
were installed in each of the ten sections and an additional staff gauge was set

up as indicated in Figure 8, which served as a standard metering site.

These measurements were taken in the three-week period prior to the
onset of the run, the velocities being taken last (July 22-23). It is therefore
necessary to assume that the felative differences in depth and velocity
remained constant during the spawning period,‘ which-‘is probably not quite true

for all of the cases considered.. However, this method was more desirable

than the alternative of making daily measurements during the spawning period

|
!
]
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Figui‘e 8. Four Mile Creek showing location of grids A-J and the metering

site, (*).
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t"a:s.“da-ily' _dilstu'rbia.nc.e's ‘onulld_ pbeablf influence tﬁe norfnal pattefn of colorri.iza‘-
tlon and egg sur'vi’\.r.al_'. | . |
-Eac.h da.y dﬁring-the spawr.lir-ng r‘un all of thé fish t;'apped auring the'
’ pfevioué 24 -hour period Werevvcounted‘ and a répl;esentative .sarr;pleb of the
fetﬁaie spa;wners wa;tagged, measu.r'ed:and checked for s'vcaterf mafurity.
" '?..T‘h'e latter pr ocedur'e‘,_il{livol.véc_lugién‘t»l):r squeezing the belly ofr the fen;ale‘s and,
if 'e‘ggsu \;vere expellec-l,v 'th_e f1shes wver;a coﬁsidéred to.‘Abé mat.ure. Prio‘rf fo
t_hié, eéch_ day, ’-c.hei spawners in each of the gfids were counted and théi,r position
recorded oﬁ maps of the arveav's. Thus, éach»day's escapement was given a |

' 15-20 hour period to distribute in the stream without being disturbed by

- observations or 'by new fish éntering-the stream.

N Revs.;ults‘ |
,vPhysical _chara--cterisj‘cic.s of'the sections.
The depths, velbcitié.s, énd an index of éubstratg ‘permeability for each

6:‘; the ten.sec'tiéns described previously, are p‘fesented in ’I;_able IV. The pe;;j
meability index is expresssed as a peljcéptagé of the c01;e sampie passing |
| through a 1.19mm seive. ’I“Iiis was slightly di}vfferent from the techniqﬁve
described .By McNeil :(1964) in'thatA'his calculations are expressed as a per-
centag'e; pass.ing fhrough a -0.88.3rnm s’ei\;e. Thus, the.se calculations ‘probably_
_ underestimai.:e' éctual perméability, but e._venl ignoring this discrépancy, almost
ail -of the a.réas would Ee classified as medium to high in perme;a.bility"

) (co'efficient,of permeability associated with 10 per cent of fine material is



S ;—%TAB LE IV.

a l 19mm sieve.

-Physmal c'haracteristi"(:s of grids A-J with permeability -
ssindex expressed as per cent of sample pas smg through

Depth (cm) | Permeablllty Index (%) Velocity (cfs)
= |Grid|  (max) # samples max  min max  min
A 43.5 (15)  17‘.5 3.0 3.20. 63|
B 69 (6) 0 0 | 416 91
c | a3 (9 13.6 .02 | 3.73 .50
D | 39 () 9.7 1.4 3.36 1.37
B | 47 (9 90 18 5.68  1.37|
F 37 ( 6) '1_0.9 1.4 336 1.04
G| a1 | - 3.89 59
H a8 2.93 08
1 32 4.07 1.49
7 37 3.58 .78
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' approximatély-( 200cm/ min) (McNeil and Ahnell, 1964). These sainpies were taken
shortly after freshet conditions and thgrefore represent maximum "ﬁatural"
permeability. Areas of lower permeability were undoubtedly present in the
vst>r‘ear_nialong the sides and in very shallow areas, but these were not used

as spawning sites.

It was also evident that the spawning material was not a homogeneous
mixture of the gravel sizes; i.e., the beds were stratified, with the finer

material being present in greater concentrations at lower depths.

The spawning run.

The run commenced on 29 July and a few fi.sh were still entering the
stream when the fence prograrﬁ was terminated on 15 A.ugust 1968. Because
of two breaks in the fence, the numbers fbr ‘Augu‘st 3 and 4 are estimates, but
even al.lowing for large errors (in these‘ evstimates) it was apparent that the

run had a distinctly bimodal distribution (Fig. 9).

Each day the number of feﬁales on each of the 1x7m grids was counted
and the mean numb_;er of sightingé per -da'y (over a period of 23 days) was cal-
culated. These values were then used as the dependent variable in a multiple
regression analysié, i._g., mean number of sightings in each grid was regressed
~against the estimated depth and velocity of that grid. .T}.le independent variables,
_depth and velocity, were not correlated (r =.01) and pfodﬁced a significant

regression (p=.01) on the mean number of sightings (Fig. 10).
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Figure 9. Temporal distribution of spawning run and a relative measure
' of changes in discharge. '
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Figure 10. Regression lines fitted to mean number of sightings per grid
' plotted against the depth and velocity of the grid.
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The_fit, though sig-nifi‘cant, still leaves over half of the variability
unexplained (r2 =.36), anci the analysis confounds two effects, time of occu-
pancy and density; e.g., a section with four fish preéent for one day would
'rgceivei the same weight as a section with one fish present over a perio.d of
__’f.our"-days. In order to separate these effects, individual grids were examined
to determine whefher'the preferred areas were also the first-colonized.
Figure 11 shows, for section A, (which is wide and contains a large range of

-

depths) mean depth of the spawners for any given day plotted against day and )
also percentage of maximum density (17 females). It can be seen that the

" deep areas were colonized initially and, as the density increased, shallower

areas were utilized as evidenced by a smaller mean dépth.

» Stream migratory behavior.

The iprevious conclusions are further confounded by the migratory
behavior of‘ spawning salmon upoﬂ entering the stream. The best spawning
grav.el is situated in the lower section of the stieam, but the typical pattern
of migration seémed to be one in which the fish moved past these lower areas
until they‘ were unable to migrate further. In_the étudy area the barrier was
the upper fence, but those fish which were allowed to move past the fence

_ continued their _migratidn upstfeam to natural bar rier's. No quantitative data
were cc')l'leci.:ed on thi.s aspect of their behavior, but days on which large
.numbers Aof fish were counted passing through the lower fence, large schools

of adults were subsequently observed at the upper barrier. Thus, it would .
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seem that mo st éf the fish moved upstream to the fence and 1.8,‘1261‘ travelléd
downstream to select a site. This behavior would have ‘some effect on the
technique used for rﬁeésuring desirability since the probability of physically
identical areas Being colonized is a function of the relative "position of the
siteé and the number of spawners already present in the stream. Thus,
significant differences i’night_be deit.'e'c_.ted solely as a function of the position
in the stream of differ'ent areas vovf‘depth and velocity,v without any behavioral
mechanism. of selection operating. However, were ‘;his to be the case, one
would expect some ordering of selection from the top of the stream to the
bottom. No such position effects are revealed by the datg-—fish were observed
in all of the sections (i.e., A, B. C) on the second day of the run and later
fish tended to fill in‘the remaining sites. It is suggested, therefore, thatv the
physical differences between areas were sufficiently great as to obscure any

effects of position.

Egg retention.

01;1 the basis éf the preceding observations, it may be concluded that
certain combinations of depth and velocity are subject to more intensive use
by spawning fish, and that these aspects of the environment are of greater
importance. than the relative positions of the areas in the stream. This may
be interpreted as evidence.'for the site selection and,r consequently, optimal
and marginal habitats. However, site selection per se, does not account for

the de'scending limb of the reproduction curve; i.e., at high densities total

production is less than at lower densities. Thus, in order to conform to the
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empirical curve, it is necessdry to hypothesize an interference component
such that deposition success and/or survival rate of the‘ eggs is reduced to
a large degree at highAdensity. Sgrvival of eggs already deposited in the
gravel could bevaffected by superimpositién or by mechanical disturbances
resulting from spawners in close proximity, whereas deposition success
could be influenced by fish _n(_)t:_being_ able to obtain territories and also

freq\lently interrupted ,spav{rning beha\iior.'

It was felt fhat the degree of egg retention might’reflect deposition
success and/or the inability to obtain a ferritory and so dead females for
which the date of ehtry, state of maturity on entering, and duration of stay,
were known were examined for retained eggs. A fotal of 231 S].gawners wés
collected throughout the run, but no ci.ear rela‘tionship of egg retention.to
date of entry, duration of stéy, or state of ma.turity, ‘was revealed, (2%
retained over 2000 eggs; 10% retained over 500). However, lvarge numbers.
of dead eggs were observed in pool‘s below areas of inténsiye spawning, indi-
cating that superimposition‘was.of relatively common occurrence in these

areas.

11 - Pinkut and ‘Weaver Creeks

The Four-Mile _Creevk study may be considered as an example of the
colonization behavior of stocks at high densities in a fairly heterogenous
environment. For the purposé of comparison, two other situations were

observed which provided information for conditions of: (1) low stock density,
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~medium environmental heterogeneity (Pinkut Creek); and (2) low stock
density, uﬁiform environment (Weaver Creek spéwning channel). » Pinkut
Creek is an inlet of the Babine system and is situated eleven miles west of
Four-Mile Creek. The major spawning area is much larger than. any found

in f‘ouf-Mile ah‘d' the creek, being fed from a lake, is less subject to rapid

‘ :changes in discharge; The créek is fairly uniform along the length of the
spawning area and, in this sense, it is less diverse, although a greater
range of depth and substrate type fhan was observed at Four-Mile Creek was
apparent in cross section. The‘ run at »Pinkut is often bimodal with an early
peak oééurring in mid-August and a later peak occurfing in September

(Department of Fisheries,. Canada).

Two grids were placed ac.ross the width of the creek (as in Four-Mile),
one near the upstream end of the area, the other .40—150m downstream. Depths
and velocities were recorded and daily coﬁn’cs of individual fish in each of the
areas were again made. The early peak, however, was very small With a
large percentage of this early run spawning in the area around the upstream
grid. Daily counts lfor this grid are presented in Figure 12, and it was
apparenvt fhat a relatively wide range of depth and Avelocity (17.3cm-36.8cm
depth,} 0.8--2.3ft/sec yelocity) was utilized, even though areas of depth and
~velocity similar to the rﬁo st preferred area, were readily availablé in loca-
tions fﬁrther délwnstream. Although this observation may be construed as
being contrary to the situation described for Four-Mile Creek, it is worth

noting that the spawning activity was still confined to a small range of the
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Figui‘e 12. Daily number of fish plotted against a cross section of the upper
~ grid at Pinkut Creek. ' :
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depths and velocities available.

‘T-he fact that the upstream grid was used exclgsivély tends to reinforce
the idea that the proce'ss of site selection does not begin immediately after the
samon enter the stream. Thus, only after they reach some state of physiolo-
g.ica_l maturity do they appear to begin searching and, at this point, two explana-

tions are plausible for their subsequent behaviour:

1) that the proéeSé éftsité‘ sele'ct.ioh is influenced only by the presence
or absence of certain environmental cues and that the range of
~ optimal cues is related to the total range available in the stream;
2) that the presencé of other individuals in a spawning area tends to
take precedence over small relative differences in the environmental

stimuli (i.e., social facilitaﬁon).

Thus, in order to obtain mor.e information én the rolé of social facilitation,
further observations were ﬁade on the sockeye in Weaver Creek (Lower
Mainland, British Columbia). Because the major part of this run is diverted
into a large spawning chanhel, an opportunity_ wa s availablé for the examination
of colonization behavior in a completeiy'uniform environment, Sinée the channel
was designed so as to provide ''good' spawning conditions, in terms of depth,
veAlocity, and substrate type, the> previous speculations concerning the iniﬁation
of spa‘wning behavibr in relation to the presence of appropriate physical and
social stimuli could be tested in a more rigorous manner. This information
was obtained for a small numBer of females (4.2,) by capturing fish as they
entefed‘the fisﬁway, dividing the fish into two groups, tagging‘ the members of

each group with Petersen discs, releasing one of the groups into the channel,
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and holding the other group in pens near the fishway. When members of the
released group were all seen to be defending territories, the penned fish
were allowed to enter the spawning channel and comparison of the distribution

of groups was made.

As.was anticipated, all .of the individu'ais which were released imme-
diately into the spawning channel migrated upstream as far as possible and
virtually all of the spawning activity was confined to the upper five 1egAs of the
26 legs in the chénnel. Because the fish in the péns should be at the same
average s’;ate of maturity as those released, it was felt that, if the only factors
involved in the initiation of spawning activity were appropriate physiological ’
state and envilfon.mgntal cues, i)enned fish, when réleaéed, would occupy areas
in lower legs of the spawning area. This aid not occur and, without ekception,
these fish moved upstream to the areas of intensive activity. Thus, the specu-
lations céncerning the behavior of unripe fish and the role of social facilitation

would seem to be substantiated.

The element of circulari’c.yv involved in defining behavioral responseé
without having an independent measure of physiological state is re'cognized and
the same criticism may be made for the definition of optimal and marginal
habitats. However, in the absence. of lohg term studies of mean survival and
variance of survi§a1 for areas which provide detectably different stimuli for
the spawner, Vthve site selectior; would ‘seem to be sufficiently plausible as to

-

warrant consideration in the development of stock recruit theory.
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IMPLICATIONS OF THE STUDIES

Within the context of the original intention of the study, namely, that
of establishing the mechanisms of density dependent mortality in the stream
environment and their relation to random environmental variability, the

following observations are of importance:

1) the rate of colonization of s‘pawning areas’'in a stream is related to
the depths and velocities of wéter in thpsé areas for conditions of
high spawner density;

2) that the site selgction pfocess does not immediately comrﬁence on
entering the stream-}ratheﬁ some physiological state of maturity
would seem to_be necessary to _initiate spawning activity;

3) social facilitation is likely to be of some consequence in the selec-
tion of a site;

4) that fish spawning early in the run are susceptible fo having their
nests destroyed by the activity of later arrivals;

5) egg retentioﬁ does not serve as a good indicator of deposition s‘uc-

ces' and the number of eggs retained does not relafe to time of
entry, state of maturity (at least for the crude measure of maturity

used here) or time of residence.

Before dealing with these observations in a specific manner, it will be useful
to examine one way in which the existing model may he modified so as to
include the effect of density dependent mortality due to random environmental

changes. The model, ‘as described by Ricker (1958), Larkin and Ricker (1964),



. Tautz, et al.,- (1969), is of the form

2 =”We a(l-w)[R]

- . :where R is a scaled random environmental variable, the value of which is

-AJ».,;-gsé]..ected at fandom and ‘subsec-luently scaled for use as a multiplier .ér_ divisor
-~ win- the manner of Ricker (1958). Tﬁ;s va'riame is _dex{si'ty indevpenaen.t in that
athe propoftiohél_ effec;t':of thé modlflerls thé same, irrespecbtive of t};é'si'ze'o.f‘ 4
b_:the stock, w.‘ ‘R is distributed oxv/er"tih.e -range (0 to =) vﬁth a..vmean gr>eatebr
than 1 as a f‘uﬁctior‘i of tﬁe.variance (Tautz, et al,, 1969). N
. In tlﬁs ‘syst_:em, thé degree of .compensatory mortal'ity is only é. function
" of the terrﬁ ea(1-w), 1e, .the' difference betv?eeﬁ 'si'zé of stock 'and equiiibriu’_m |
’dex‘nASibty or carrying .capacit'}'r. Therefore, if the .cha;nges in the envi.ron'rnént '
~mare to actvor.l or changg thé carry_ing capacity, it seéms reasonable torisuggest

~that the stochastic variable (RND) be added or subtracted to the 1 in the

RND
a

.eprnent, ‘that is, a(l+ -w) where the RND is normally distributed with '_

mean 0 and variance 0°. This formulation would allow for a stock of a

- given size to show different degreés of response, depending upon the difference

r'between the size of the stock and the car rying capacity of the environment for
that particular year. The complete formulation may then be written as

RND
-Z;Weaﬂi_ a - W)

" ‘However, while this may_at'ﬁr’ st seem to be mdre appealing, it is only trivially
- different from the existing model. This is apparent if the equation is re-written

]

‘avé". : RPN 1 AI\ITD
Z=w e .-_—w)[e(R )
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-where the bracketed expression'is a log-normal distribution. This distribution

" has similar pfopertiés of ésyrhmetry to the distribution of [R] but has the slight

advantage of being soluble énalytically for a mean, viz:

RND - - 1 e'xa /20’2 C 04

It can be seen that the expected value of the modifier is an increasing

: : o2
" function of the variance, specifically, e /2 » and also that equilibrium

" density is thained _for w = l +0%/2, since Z =w ea.(1+c>2/2-w) sﬁbstituting

the expectation) reduces to Z=w for w = l1+0°/2,

- A

| Viewed in this Way, the»diffic‘:.ulty in defining a stock unlt and equilibrium
density becomes_ épparent, since one stock unit cannot be related to average
or expécted carrying capécity, g&ven rpulti}p.licbative systems of stochasticA
= .'variation.' Omne mighf.énv%.sage differentvwa.ys in which tﬁé par-ameter a and the
} v_ariance of the environm;ent could be _al’cered to circumvent this difficulty, but
a model whic‘}'.x is 'more reductionist in fofrn could perhai:s more easily over -

. come this difficulty.
.. Although a model of the reductionist type is Beyond the scope of this
paper, itis useful to consider the way in which the field observations described

‘previously, may be of some consequence in the construction of such a model,
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and also to indicate how the phenomenon of site selecfion violates the assump-

tions of the Ricker formulation,

A simplified example of sﬁch a system would be a stream in which the
mortality of egg's and alevins is due solely to nor‘ma.lly distributed random
changes in water level during the time for which Ehe eggs are in the gravel.
In t_»hissituation,' deep areaws of_ the:s].t? eam would be associated 'consi.stently
with high survival ratev‘s, énd;shéil.ow éfeas would be more "'sensitive" to
changes in discharge. Thus, the process of site selection would allow for
deeper areas toAbe colonized initially and shallower afeas to be used only
unaer‘conditions of high density. For a given minimum discharge, the number
-of sites destroyed would be a density dependent phenomenon. This is distinct
from Ricker's formulation in that, in the Ricker model, the number of sites
destroyed would be some constant proportion of the totél number of sites. In
this syste_rh a wide range of stream levels may be completely equivalent in
terms of their effect on a small number of well placed nests, a feature which
is not a property of the existing model. This manner of argﬁment suggests
the use of threshold phenomenon as opposed to continuous functions in the
description of some density dependent processes, and a more reductionist

model would be better suited to this approach.

In such a model, a stream may be considered as a matrix of sites and
each site (over a period of years) is as;sovciated with a different probability
density function of survival rafe, with a different mean and possibly a different

variance. The site selection process enables the spawners to detect these
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. arbeas of h‘igh probabiiity_ survival. | Furthél_'more, in the same way as one may
associate ajfferent probabilities of survival to different locations in the strearﬁ, |
one may also consider this matrix of eiements to change as some function of
ltirne,‘_ and there are many ways in which this temporal variation may be en-
vi'saged.a'.s being impqrtant. For example, early fish entering the stream are
more likely to bbtain .bett‘er areas for spawning, but, at the same time, the
eggs are more susceptible té being disturbed by superimposition, particuiar_ly
if the site selection pro.cess is very accurate. Also, the acéuracy of the sitev
selection process is a variable .which should be considered and is also density
dependent since, at low densities, the effect of making an "'error' in the
~selection of a site is relatively important in terms of inﬂuencin_g total produc-
tion, while at higher densities these errors are '"'corrected" by'ti'le "filling in"

of later spawners.

Several other "compromise' situations may be envisaged as being impor -
tant for describing ''optimal' escapements into different stream environments,
and these considerations can only be viewed in proper pers_pective by the use

of a theoretical system which is more specific than present models.

CON CLUSIONS
The preceding pa’p‘er has presented circumstantial evidence for the process
of site selection and social facilitation in the spawning behavior of sockeye
salmon. The existence of i)referred and marginal habitats and the ability of
the spawners to differentiate between these types of areas, suggest that

Ricker's formulation of stock and recruitment is not a general description of
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this phenomeﬁon. Although the shape of the curve is substantiated by field data;
the assumptions convcerning‘the ';rariance about the curve are probably not
correct for situations in which site selection is opefating in conjunction with
random.environmental changes. The exact nature of the variance is a property
of the situation in question, and is probably defined by the relétive abundance
of marginal and optimal habitats, the degree of temporal variability in arrival
of the spawners, thé accu‘ra”_cy:.of‘ th.él é_electiqn process, and, thle absoigte size

of the spawning run, among others.

A general model incorporavting these variables is now being considered,
but_for specific management situations it is impc;rtant to bear in mind that
~optimal escapements must be related not only to total esc;apement and total
spawning area available, but also to the degree of temporal variafion in 'arriv;al

times and spatial heterogeneity.
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