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v ABSTRACT -

i

BF: Mbnte Carlo simulation modeliof'the,pommerciai gillnet

fskeena River, British Columbia, is used to evaluate the - benefits

7of forecasts of, annual returns of sockeye salmon based on test
'Efishery and commercial fishery data The test fishery is
‘_Aeconomically efficient, its net annual benefitsis between

- $234 ,000 and $S44 000. In the sen51t1v1ty analySLS of the

results, benefit decreased to equal cost only when the current

variance of the pré-season forecast of returns was reduced by

Q
75%. -'The benefit of test fishery 1nf0rmat10n would be diffftult

"to detect»using actual data because the 1mprovement in mean
S

annual catch is small relative to the variability in annual

H ;catch.' This problem of detectabrlity could lead to terminatlon
. a i ok p
of fishery managemerit- initiatives that are, on-average,

v Vi,

_'economically'efficient.

?ﬁ%.h_‘ LAY In the analysis of the dynami::\pf the .commercial gillnet

fleet in'Area'd (Skeena River) from 1966 through 1980;,I'found

that.the fleet exhibited an adgregation response to changes in
‘lstock abundance and that the catchability coefficient of the
,_gillnet fleet (proportion of \the fish stock caught per unit of

il Tl .

e £ effort - This dependence could lead to overharvest of fish

'stocks at low levels of stock abundance.

‘e

:;‘y;fishery for sockeye salﬁbn (Oncorhynchus nerka) returning to the -

: fishing effort) was dependent on stock abundance and/or fishing
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.»I. General Introduction

e 5 o / ) k
Pearse (1982) recommended|{ establishing test fisheries on the
coast of British Golumbia to improve within-season management

: 3andfutiliaatiqn of Pacific salmon (Oncorhynchus spp.J stocks.

~ He reconmended:test fiSheries Because decisions on'daiiy
.openings or flosures for coMmerc1al fishing are made for most
*salmon stocks on the basis of pre season forecasts of ‘return
,.*abundance or catch per unit effort (C/f) in the comnerczaL
ffishery, both of whlchvhave 1nherent problens. Because ofrlarqe
interannual variation iﬁ narine survival-rates,apre-season
forecasts are typxcally 1mprec1se (Eggers et al 1983) éor~tne
commercial fishery to provide C/f data on wthh to base an- in-
"season forecast of abundance o% returns, the frshery must bel
open and once closed for conservation reasons; will not reopen
_in the absence of otner in- season forecasts of return abundance .
Thus, a large but late- arriving salmon run could go
underharVested. Also, the kéy assumption in using'CommerciaI. |
fisneru C/f as an index of abundance of returns is that the
' catchability coefficient (q) is.constant. However, this
assumption is potentially,violated‘by a>number of factors.
Catchability may‘vary due to changes inlstock abundance and
spatial distribution (Paloheimo and bickie 1964, Peterman and
Steer 1981; Crecco'and*Savoy 1985, Winters and Wheeler 1985), to
changes in Eishino power (Gulland 1964, Ledbetter 1983) as

fishermen seek to increase q and maximize C/f, or to changes in




e

fishinqleffort (Rothschild 1977, Ledqé'tér*19sé)' The
;assumption 18 also expﬁic1tly§v101ated by regulations,:such ‘as’
'subarea closures or gear restrictions that decrease q, aimed at -
.controlling exp101tation rates despite exce551ve numbers, of g
Vfishing vessels The combination ofuthese sources of var1ation
in q reduces the prec151on of abundance estimates calculated y.'
from commercial C/f and thereby reduces the chance that | ke -

-~

'Wmanagement goalsAw1ll'be met, 1£ management actions are taken on

N

the basis of C/f alone, as detailed below. | g d b P8 o ©

An alternative ‘to using commerc1al C/f as an 1n season 1ndexﬂ
of stock abundance is a test fishery (Sprout and Kadowaki 1987
inard and Meacham 198?).E Unllke a1commerc1al fishery, a ftest
fishery'takes.only a smalllproportion of the salmon'run} sorit:
-can operate continuously throughout the run without danger of
;overharvesting the stock. It usually con51sts of a. serles of
5 standafdized dillnet.gambles deSigned to maximize precision of
abundance estimates - These samples are usually taken by ; boat
‘not involved in the commerCia% fishery. They produce a standard!
C/f that is not confounded by the harvester s objective of
;revenue maximization or by the flshery manager’s ob]ective of
rcontrolling the rate of exploitation. \?his standard C/f is
-combined with a relationship between abundance and C/f derived
'from previous years' dath be BRbinats daily or weekly abundance
n_oflescapement{hif,the_test fishery occu;\ upriver of the
commercial fishery, st Shanddncs of returns, if it occurs
'dOWnriVérl Estimates of escapement from the test fishery are

'combined with catch data to produce estimates. of return

2




kS - B S s = £ B

“fabundance These'estimates of return abundance cag\then be

g‘combined w1th histofical run timing data to produce a forecast

B

jof annual abundance of returns (Walters and . Buckingham 1975)

f:Given that- test fisheriee incur a, cost, this study addresses the

ﬂquestion- Does the additional economic benefit that arises from

~ u51ng test fishery data outweigh the cost of having the test

3

ififishery? "L :.‘ ‘ Y |

: ’ = ‘ ¢
= Management of Pac1f1c salmon fisheries is a- problem of

3allocat1ng returns to catch or escapement by indirectly -

controlling a predator A prey system Imprecise information on

.“1e1ther the catch or escapement can lead to allocations which do

:fnot meet management objectives and thus reduce benefits The
.-harvest component is indirectly controlled by regulating the
timing and length of weekly fishery openings by gear type and
“-area. Since the fishery manager must set these regulations in
advance of the weekly fishery opéning, he must estimate the
numberlof vessels that will»fish during the opening and also
predict their efficiency. During‘the fishing season, forecasts
of annual_abundance of returns are derived from both pre—season
’and in-season forecasts (ﬁﬁgure 1). Pre-season forecasts are
made in advance of the'fishery and are based on 1) number of
- spawners in each brood-year, a stock-recruitment function, and
"*ageéat—return data, 2) numher of emigrating juveniles, a marine
survival function, and age-at-return data, or 3) relationJhips
.between retprns at successive’ages (Peterman 1982, Minard and .
i_Meacham 1987, Sprout and Kadowaki 1987, Henderson et al. 1987).

In-season forecasts are based on cumulative returns to date and

3
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hiétorical run tim;gz data (wWalters and Buckingham 1975,
Hgnde;soh ég als 1987,'anafd'aqd Meacham 1587, Sprout and
Kadowaki 1987, Steer and Hyatt 1987, Fried and Hilborn 1988).
The pre;season and in-season forecasts are combined to produce
oﬁe forecast which ierhen'applged to an average historical run
* timing curve to forecast weekly abundancé of returns. Pref
season'fprecasts'may not be very precise (Eggers et el. 1983,
Henderson4ét al. 1987, Minard and Meacham 1987, Sprout and
'Kadowaki 1987) 5o there is a critical requirement for in-season
management information with which to reforecast abundance of
retqrhs:and then mé&ify fishing plans to meet escapement
objectives. Test fiéhery or éommercial fishery C/f pravide

these in-season estimates of_abundance.

~The overall objective of the fishei& management effort is to
'maqgﬂe, conserve, and enhance the anadromous fi;h stocks for the
- greatest possible benefit from the renewable fishery resource
(Andq; 1984). * This involves alldcating returns to catch, taken
in the current year;s fishery,'and to escapement, which results
=in fqtureWCatches.' catch is allocated aﬁong gear types, user
i grbups, and across the sub-stocks that comprise the run. Goals
are expressed as ;arget escapements or exploitation rates, and
'imperfect informétion about expioitation rate and abundance of
_geturds reSﬁlts in deviations from these goals. Since the catch
iisid large proportion of annual returns, smallépercentage
'deviations from énnuél catch objectives produce large deviations

s'rfrbm annual escapement targets. Alsd, larger runs generally
) { S .
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lead to larger deviations from escapement targets (Bocking and
- = / . ] \

A

Peterman.léee). -

More and better information will improve the chance of

; meeting these objectives by reducing the magnttugs\if\ieviations
from escapement and allocation targets. However, .the fishery
; ' : BN

?

manager has limited .resources to use for acquisition of
information and is faced with an afray of information typgs from.
which Eo choose, each with vafious lévels df ptéFision and cost.
The‘ﬁanéger qontfols the precision of .the information by*
altering the experiﬁehtal_design or the level of éampling effort
.bgt is interested in how Ehis change in cost celateg to
decreased deviations.from'objectives. Benefit—coét analysis
provides a quantitative framework thaf can be used for the
evaluation of these alternatives. One bﬁjective that can be
used inAa‘benefit-csst analysis is to ﬁaximize-n;t revenue from
the fishery (Figure 2). The optimal level of precision of
forecasts of abundance of salmon returns is the levél where the
marginél cost of acquisition of information equqls the marginal
beﬁefitAof that information td the fishery. For example, the
optimal level of sampling-effort i; the level where the
'aaditional benefit due to théﬁimpfovement in précision
'asso;@ated with t;king.one morg_sample is just' less than the
_coéf of taking that aéditiona; sample. , Costs associated with
;,éach dlterq&tive-type of informaﬁion andllevél of sampling
effort are reiatively easy to measure but benefits té ﬁHe
fishery are @oré difficult to assess due to the complex

inﬁéraction of management, harvesters, and prey.

6
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Figurez.' Theoretical relationships between (a) total cost,
_tstal»benefit; and.precision of in-season forecast of return
'abundahce, and (b) marginal'cost, marginal benefit,:and
precision of in-season forecast of‘feturn adbundance. The
~optimal leYel of precision (OPT) corresponds to the ;evel where
margin&l'cost equals marginal geneﬁit (b), which maximizes the

: . : ., §
qifference between total benefit and total cost (a).
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Several authors have studied the salmon f1shery management

problem but thef have not quantlfied the benefxts ‘and costs of
improved in-season return forecasts from a,test fishery. Pau11k

aand Greenough (1966) conceptualized the_salmon management
problem‘but did-not apply their .analysis to a spedific fishery.
“Walters and Bucklngham (1975) formulated a stochastlc s1mu1atlon.
model of the Skeena‘R1ver sockeye salmon (O. ger&a) and pink .
salmon (0. gorbuschal‘fishery and found that although perfect
pre-season forecasts of ‘return abundance reduced the variance in
annual expluitatlon rates, perfect forecastlng did not elimjnate

itt Mathews (1971) presented a 51mulat1on analysis Qf the

- Bristol Bay salmon flshery and quantified the benefits to the
processing sector associated with two levelstof precision in
pre-season return forécasts. He found that although fenefits to
the fish processdrs increased with an improvement in the 5
precislon of pre-season forecasts from a current‘error level of

{+/— 50% to an-error level of +/- 10% he contended'that the

increased beneflt was exceeded by the 1ncreased cost of reduc1ng
forecasting error to that level. Neither Walters and Bucklngham
(1975) nor Mathews (1971) determined the benef1ts and costs of
lmproved in-season . forecasts of returns. Lord (1976) oresented

an analytxc model of in-season salmon management that calculated
av%rage deyiations from maxlmum sustalned yield associated with

an optimal schedule of flshery openings. He 51mu1ated the =
management of the Wood River sockeye salmon flshery using data

from Mathews and found that more precise in-season estimates of

returp abundance decreased the expected loss in catch, i.e. the



~average reduction in catch from maximum sustainable yield. For
~ analytic tractability, his®* model greatly simplified the fishery

manégempnt,problem. For example, he reports that there can be

5 3 g : s - \ ‘\\__ ~
, - : considerable between-year variation in return timing, which’A

affects the precision of in-season forecasts of retu}n
abundance, but hig model assumed that run timing was constant‘
“and known}.-Aiso, the onlyrmdnagement action in his model was t§
opeﬁ,or close the fishery eac week. In reality, fishery V
Jranagers regulate the timing énd lenéth of fishery,og&nings to .
.meet weekly objectives for catch or exploitation rate. ' He noted
that captdrin@.the fishery haﬁagement problem with greater 7

realism would likely require the use of Monte Carlo simulation.

7

The purpose of this work is to use Monte carlo, simulation to s
by ;,,fi' determine the benefits and costs associated with a test fishery,
incorporating interannual va;iabil{ty in timing of salmon runs

and variable du:ation of fishery openihgs. .Stochastic

, simulation can model the complex relationship'between fishery
peff§rmance and improved forecasts of abundapce of returns. It
provides an estimate of the mean change in a variable resulting
from a change in managément information and an esiimate of the
variancéﬁof the mean'change. Both are c?iticéi for evaluating
tﬁe detectability of the expected result, i.e. determining the
hsample size required to qetect a change of the expected

magnitude given the inherent level of masking variation in the
: <& p -

obsefvations. The stochastic model simulates the weeklj‘.
B behaviour.pf a commercial gillnet fishery for sockeye salmon (O.

nerka) and consists of four components: 1) sockeye salmon

9 .




vpopulation dynamics, 2) fishing fleet dynamics, 3)-fishery
;management, and 4) economic evaluation The sockeye salmon

# hfipopulation submodel consists of a stock recruitment function,
viage—at-return;data, and in-season.timing data to calculate
iﬁieweekly returns to ‘the fishery Therfleet submodel'simulates the
"??i;numerical and functional responses of a gillnet fleet to weekly
“’changes in sockeye talmon " abundance The fishery management
'°»fsubmodel calculates the number of days of fishing required to -
fachieve its escapement target, given the fleet 51se and a
":forecast'OE return‘abundance~' To calculate the additional g i"
benefit potentially derivable from hav1ng a test flshery,
'management is simulated in different scenarios w1th and without-
;escapement information from the test flshery. The economic

“'isubmodel calculates benefits and costs.

Both the mean value. ($) of the annual catch and the mean net

b’present discounted value of the annual catch, calculated from

r100 simulations of 50 years duration, are used as the criteria

for the benefit to the fishery of 1mproved in-season return
,;';forecasts from a test fishery. The beneflt of the test fishery
-."sﬁisvcalculated By subtracting the value of the catch at the level
.'55jof—orecisionrof in—season forecagsts corresponding to tne next
sybest alternative from that at the level of precision associated
viwith the test fishery (Figure 3) The next best alternative is”

;either management based on pre-season forecasts or management

”jbybased on’ commercial fishery catch per unit effort, whichever

i;produces greatest catch benefit Net value of thej)nnualcatch

-

:7yis the- Ianded wholesale value less costs of harvest. The




ngigure 3.] Theoretical frequency distribution of total benefit_

:*f;to the fishery with and w1thout test f1shery 1nfotmat1on

'~*Benefit due to test fishery is difference between mean values
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:Figure 3. Theoretical frequency distribution of total benefit
: " to the fishery with and without test fishery infot‘m%:ion.
Benefit due to test fishery is difference between mean values.
B
5 N -
: N
S ' <
% N g
2 g -
* Y
g AR A L 11a \




NUMBER OF CASES
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sensitivity of these estimates of benefits and costs to

uncertainty in parameter estimates and model structure is

determined implicitly by the stochastic inputs (Fedra 1980) and
explicitly by altering the form of the model’s functional

relationships between variables.

= . v
gf- This study consists of two sections. The first section

focuses on identifying the submodel for the dynamics of the
gillnet fleet in thé fishing area chosen for this study, Pacific
Fishery Management Area 4. This fleet harvests sockeye salmon
.bound for the Skeena River, British Columbia. In this section,
I analyze the numerical and functional responses 6f the
éommercial gillnet‘fishery to changes in stock abundance. The
second sectiqn adds the fleet dynamics submodel to the stock
dynamics and fishery management submodels. This section also
includes an analysié of sockeye salmon recruitment, age at
return, and return timing, which constitute the stock dynamics
submodel. The final part of the second section describes the
éomplete model, and its use in addressing the question of the

economic benefit of a test fishery.
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I1. Catchability Céefficienté~hk the Gillnet EBQETGSt
Fisheries for Sockeye Salmon (Oncorhynchue”n rka) in Area

4, Skeena River.

o !

Introduction

Two fundamental problems for managers of Pacific salmon

(Oncorhynchus spp.) fisﬁeries are (1) what is the annual

abﬁndahce of fish that are subject to harvest this year? and (2)
- . 4 [ . : 5

" How long should the fishery be open to harvest the desired

‘catch? Salmon fisheries are classified as "gauntlet" fisheries

(Paulik andiSféenough 1966), where the fishing gear.intercepts
_ i e
g

through the fishing area en route to the spawning

grounds. Fish thaf are not caught "escape" the fishery. The

managet requi;es’a forecast of anﬁual abundance, of retﬁrns (Ny)

to the fishing area in order to calculate the ,annual catch (Cy)

to be harvested, i.e. the excess of abundance over the annual

escapement objective (Ey):

(1) N cy = Ny - Ey o 'C

The annual catch object&ve is composed of weekly catches which

the fishery manager indirectly allows by regulating the du;atioﬁ
" :

and stérting date of weekly commercial fishery openings, based

on estimates of vessel numbers and stock abundance.
\

The solutions to both of‘thesé problems require precise

estimation of the components of the catch equation. Catch (C)

13




is related to stock abundance (N), nominal fishing effort such

"as boat-days (£), and the catchability coefficient (q) as

¥

follows (Ricker 1975): : ' - .
(2) ~ C= qu

'Annual stock abundance may be estimated during the.fishing
season from historical patterns‘of run timing and data on weekly’
,stock abuhaanCe & Weekly :tOCk abundance may be estimated using
catch per effort data from (1) the commercial fishery, or (2) a
test flshery which uses standardlzed gear and procedures to
produce standardized data. The desired duration of the next
commercial fishery can then be estimated from the weekly catch
objeqtive, the number of:fishing vessels, their expected
catchabillty coeff1c1ent and the predicted weekly'abundance of
the stock. The catchablllty coefficient is the proportion of

thev§tock caught per unit effort g=(C/N)/f. "

Knowledge of\ the dynamics of the salmon gillnet fishing fleet
218 1mportant to fishery .managers in order to increase the
likelihood of taking the correct weekly catch and meeting annual
eecapement goals. In this chapter, I test several hypotheses
‘ aboht factors that affect g in a test fishery and affect both g

and f in a commercial gillnet fishery. These fisheries harvest

‘sockeye salmon (Oncorhynchus nerka) in Pacific Fishery

Management Area,4, located on the north'coast of British
: o~ § =
Columbia (Figure 4). This area has-the second largest mean

1See In-season Forecasts of Annual Abundance of Returns in the
“next chapter

o
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Figure 4. Pacific Salmon Fishq;y'Management Area {4 aﬁa\gﬂi/
.5'Skeena'River. Sockeye returns (N) are harvested in Area 4 by a
icommercial gillnet and seine fishery (CCF) and by three Indian

food fisheries (Cypnyy CIFFZ’VCIFF3)’ in Area 4 and along the

sockeyéAmigration route. Sockeye that escape Area 4 (E) are
éhdmeratéd by a test fishery ;{ Tyee. Catch per effort data
‘from this fishery is used with catch data to forecast abundance
ofAteturns. Spawding-(sl, Sz) occurs beiow and above the
 '~enﬁmeration7fence at the outlet of Babine Lake. Abundance of
,spawn§rs’above the fence (SZ) is much greater than that below -

the fence (5,). |

15a
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,cateh of gsockeye on the Britiah Columbia coast and an upstream
: test fishery has operated there since 1955 for in-season
estimation of escapement abundance§> These data prov1ded the

basis for an empirical analy51s of the components of the catch

“equation (2). In the next chapter, I use these relationshipsiin;\\

A~

a computer s1mu1at10n to.assess the value of ‘test fishery »

-information in the management of salmon fisheries.

Below,.I reQiew7evidence about sources of variatien in
'catchabilityrand effort frbm'other fisheries. This revrew shows
Vthat eatchability has beenvrelated to stock’apundance and | -
fisﬁing effortrand that investment in technology may increase
”catchability over time (Figure 5) Environmenta% and biologrcal

factors, sueh as water clarity and‘fish behaviour, ﬁay also

affect q. Fishing effort has been found to respond to catch and

'“catchqper unit effort.

Effect of Abundanee of Fish on g

| The catchability‘cpefficientﬁmay vary with stock abundance.
Paioheimo“and Dickie (1964) used‘a theoretical model to predict.
that’ndn-random searching by fishermed:for schools of fish would
result in den51ty dependent g unless the within-school den51ty

of fish changed 5] proportlon to the overall denslty Peterman

and Steer (1981) fitted a power modell

(3) . c/f = ay x NP3

1Throughout the rest of this paper, parametefrs are subscripted -
~with the equation number in which they f1rst appear.

16
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Figure 5. Sources of ‘variatioryiﬁ catchability and fishing

effort that have been ‘documented. 1
3
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b3 and found that q in a sport fishery for

where q = ay * N
chinook .salmon (0. tsawytscha) in the willametge,RiveF, Oregon .
was.dependeﬁt on séqcﬁ abundance,.i.e. thé,eprnent (b3+1) was
significanﬁly less than l.' Other authors have also found |
..evidénqe fOr.density—dependent/q in oﬁﬁer speciés; sée Petermaq
and Steef (1981) for a review. More recently, Winters ané_

Wheeler (1985) argued that the density-dependent q in a.

commercial purse-seine fishery for herring (Clupea harengus’

harenqus) in Fa}tﬁnerBay, Newfoundland resulted from a posi£ive3
nonlinear rg&atioqshié,between area occupied by fish schools and
stock abundance,iand a negative nonlinear relationship between g
and spatial gist;ibution of the stock. Cr;Eco and Savoy -(1985)

found that the catchability'coefficient of a commercial gillnet

fishery for American shad (Algsa sapidissima) in the Connecticut
River was inversely related to the abundance of- female
escapement and attributed this to‘nonfandom-explo;tation of

patches'of female shad.

I tested for density-dependent q in the commercial gillnet
fishery for sockeye salmon feturning to the Skeena River.
WQItepgrand Buckingham (1975) fitted data on weekly harvesf rate
and gillnet effort in 4971-73 for the same system but did not.f
' tesg,theirrhypothgsized réiationship for statisticgl
§ignif1cance, - 1 P(b3+l)=1 in equapiéd‘B. Howevern they
~ comment thét a given level of effort produced a greater harvest

rate at low stock sizes than at high stock sizes, suggesting

density-dependent g. « Brannian (1982) calculated daily q in a

4
[y
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1
éillnét fishery»for socﬁeye salmon in Togiak Bay, Alégka bu£ )
also did not test for density dependence.

] e a
i

ort on g . ' .. m

J Effedt-of Eishing Eff
_.I'alsoftested whefher q depended on néminalffishing effort
(e.g. bqat—dafs), as_mightvresult from facilitative or
cémpetitive'interactions among fishing wvessels 6r from changes
in fleet'composition,~ Harvest rate, defined“here as C/N, may
increasedisprop;rti#;ately with increésing nominal effort if ,
fishing vessels coop;iate in searching for prey or may deécrease
&isptoportionately with increas}ng'nqunal.effort if they
iﬁterfere w%th one another, é.g: in limited areas for fishing
(Rothséhild 1977). Avgrage éﬁgéhabi}ity'will also decrease with
i;creaSes in nominal gffort if the additioﬁal units of effort
are less proficient at catc¢hing fish. Hilborn (1985a) argues
that there are two‘suecesgfgl fiihing stfategies employed by
fisﬁefmgn to maximize catéﬁ?:?ﬁ).area spebialization, where q is
mgximized for one area, and 2) movement séecfalization, where a
fishing area is seiectéﬁﬁgg maximize the abundance of fish
available to be caught,ng ‘Thus, the re}atiQely high average g
of .the area speciali§ts at low effort le;els.would be diluted by

éhqrattraction of_the relatively less proficient movement

specialists at high effort levels.

These theoretical effects of changes in -effort on q hayé been
‘documented or implied by several studies. The exchange of
information among fishermen on fish distribution is one form of

=

cbqpetation‘that decreases search time a9d it may be deliberate




,:or}inadQerteﬂt,,in the case wﬁere information transmitted via
'rdhib'is interceptéd (Ledbetter 1983). ;he effects of |

: compétitiqn for liﬁitedxfgshing locations were documented Sy
Ledbetter (1983) who found that ﬁhg'length of qheues of seine
'vessels for,sglmon‘fishing locatiOQS‘in Joﬁnstone.Strait,
British Columbia increased with catch per set at those locations
»and’respited in strong ip%erference compet{tionf E;tchability
may decrease diéproporgionaéely with increésing effort if the
"additiéhal énits of effort are less effective and cﬁange the
composition of the fleet.- Walters and Buckingham (1975) fitted
ag aSymptotfc.équation to gillnet harvest rate and effort datf
from the Skeena River in 1971-73 but again did not test the

~ hypothesis that g decreased with increasing effort. Brannian
'(19%2) reported a decrease in q with increasihg gillnet effort

but her hypothesis tests were confounded by the mutual

- dégendence of q and f£.

Effect of Time on g

%iCatchabiliﬁy of the gillnet fleet may change over the years
due td‘the net .effect of changes £n fishery regulatioﬁs that ]
' fedqée q over time and changes in technology and fleet
composition that increase q over time. For example, g can be
;edu;ga fhfgugh régulation by closing areas to fishing where
figh‘aré concéntrated (Hyatt and Steer 1557). Peérse and Wilen
- (1979) found.that Canada’s Pacific salmon fleet rationalization
program limited‘théxnumber of fishing vessels but dig not -

'pfevent investment in fishing technology that could improve q.

+ The seine drum, bow thruster, and running lrnébigqgggggquﬁshing

- 20
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power of the B.C. purse seine fleet in the 1960s and 1970s by

reducing the amount of time required to make a set (Ledbetter

v1983) "In the'Brltish Columbia glllnet fleet between 1965 and

1977, average engine horsepower 1ncreased by 47%, average vessel

“length increased by 6%, and average net tonnage increased by 24%

(Fraser 1979). I tested for time trends in the q of the gillnet

.fleet by using the test fishery as a control for other .

environmental and biological factors, such as water clarity and

g

jfish behaviour, that may affect g. The test fishery is a

-control in the sense that it has used rigorously standardized

-

-procedures and*geargto fish for Skeena sockeye since 1966.

BN

Effect of Abundance of Fish on Fishing Effort fg \

‘I1f fishermen behave as predators, I would expect an

~

'aggregatlon response to changes in true abundance of prey, 1i.e.

more boats would be attracted to fishing areas Wlth high stock
abundance Frshing effort has been related to indices of
abundance such as catch (Botsford et al. 1983, Hyatt and Steer
1987) and catch per unit effort (Walters and Buckingham 1975,

Hilbogn and Ledbetter 1979, Peterman et al. 1979, Argue et al.

1983, Millington'l984). For example, Hyatt and Steer (1987)

found a correlation bétween the maximum number of gillnet

: Veséels fishing and annual returns of sockeye in Barkley Sound,

British Columbia. I explicitly tested for a within-season

”aggregation response by the Area 4 gillnet fleet to changes in

.abundance of sockeye salmon because weekly fleet size affects

therduratlon of fishery required to take the weekly catch

objective.
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General Methods : \

‘ N &

\Aﬁalysié of tbe_cémponeﬁts of the catch equation (Equation 2)

‘requires gstim?tes EF:catch{ nomihgl fishing effort, and stock
: abundance 6 an apprqpriate time scale. ?he basic ﬁnit of time
~5.for my ‘in-season calcuiétions of fishing effort and stock
abundaqqe wés one week. "A time step of one week_reduées data
requirements from those of a daily time sEep and is consistent
with manageﬂent objebfives made on a weekly basis. -Models @
requirlng datg}on a daily basis are aften £orced to calculate
daily'esyimates ffbm'Weekly déta.: For example, Schnute and’
ﬂSibert,(i%fS) distributed data éoflected on a weekly basis into
. ‘daily eétfﬁéées using linear interpolation. - Since véssel; may
accumulate qatch &urihg multi-day openings, it\is~difficult to
detefminé actual dhtes of catch from data on‘lanéings. Also,
Pa;ific saimon management objectives‘in British Columbia are set
on a weekly basis ke.g. weekly tafget catch or harvest'rate) to

o - T

"meet annual objectives.

Test Fishery Hypotheses 2

2

Adalysisron é weekly basis requires estimates of weekly
escapement._'Therefore, I first analyzed sources of variation in
test fishery g (Fiéure 6) because I  used weekly C/f in the test
fgghefy to calculate these estimates of escapement. Ié this
caiculatiog, test fisheryrcatch per effort is implicitiy'assumed

togpe density independént. This assumption isﬁqeasonable

S 22
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Figure 6. Sources of variation in test fishery q and in

commercial gillnet fishery g and f£. The number of the working

hypothesis is indicated on each arrow.
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because 1) set length is short to reduce the potential for net
satunat;on,,Z) ﬁheré is no searching for fish schools, and 3)
ﬁhere is no competition with other £fishing vessels. Since I do
not have independent estimates of weekly abundance at the test
fishery site, I dsed annual data to test the following working
hypotheses on ;he effects on test fishery g of:
~ Hla: net material

Hlb: socke;e abundance ) - *

Hlc: year

b

Commercial Fishery Hypotheses

T

I then combined the estimates of weekly escapement with
weekly catcg datavto calculate weekly abundance of sqgkéye in
Area 4 which I used to test working hypotheses concerning
sources’of variaﬁion in weekly q and f in the commercia&‘gillnet

fishery (Figure 6). I used weekly data to test the effects on

commercial gillnet g of:

H2a: sockeye abundance

H2b: fishing effort
and annual data to test the effect of:
H2c: year

I used annual data to test for time trends#in q because the
- mechanisms of change, investment and gear'iegulation, operate on

an annual time scale and because thé‘control,_test fishery q, is

24



" Finally, I tested for a correlation-between annual q in the test

fishery and annual q in the commercial gillnet fishery:

»

'?frop 1966 through 1980 were supplied by S. Bepoit (Department of

Commercial Fishery - -

only available on an annual basis. I used weekly data to test

the effect on weekly fishing effort-of:
A ‘ _ .
H3: sockeye abundance

H4: Correlation between qTF and dgN

where qTF is test f1shery q and AN is commerc1al gillnet

=2

flshery q.
Data Sources

Sockeye reﬁurning to Area 4 aré primarily hafvested'by a
cémmercial gillnet and seine fishéry i; Area 4 (Figure 4).
Escapement from Area 4 is enumerated by a test fishefy at Tyee.
and spawnérs entering Babine Lake are counted at a fence at the
lake outlet. 1Indian food fisheries for salman occur in th%eé

locatlons (1) downstream’ from the test fishery s1te, (2)

between the test fishery and the Bablne River cOuntlng fence,

and’(3) above the Babine fence.

Weekly catch data from sales slipsfof salmon landings by the

Area 4 commercial fishery and daily estimates of gillnet effort

Fisheries and Oceans (DFO), Vancouver, B.C., personal

communication). Daily estimates of effort were summed to yield

.
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iescimates of weekly gillaef.effort. Effort on the first day of
an openihg was estimated »y DFO management biologists leing

over Area 4 in a chartered aircraft who enumerated all fishing
vessels. Effort on subsequent days was calculated by adjusting
ﬁhis figure for vessel immigration and emigration as estimated

by Fisheries Officers on patrol vessels.

For weekly functional and-numerical response a;éﬁyses, I used
data-from con{inuous openings whose first day was at least one
day removed from the previous openinc”s closure (Table 1). . The
_objective of this criterion was to minimize misallocation of
catch between weeks. AOpenings associated with strikes aud those
for which I could not positively assign catch to a week werev

alsp omitted from the weekly analyses

River, Fisheries andsEscapement

/ In the Skeena River, Indian food fisheries for salmon occur
\

at three locations: (1) downstream from the test fishery site,

(2) between the test fishery and the Babine River counting

" hY

fence, and (3) above the Babine fence. Estimates of annual
catches in thesg three fisheries and of annual abundance of
sockeye spawners in Area 4 for teturn years 1966 thgough 1980
‘were provided by C. West (DFO Vancouver, B.C., personal
.communication). The three Indian food fisheries harvested about
‘aiO% of the Area 4 escapement so measu;ement errors inherent in

_ : b . .
those data should not seriously affect the analysis. The

.. presence of the Babine River counting fence, which allows

iicomplete'enumeration of escapement, throughout the study period.
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Table 1.. Data_usgd_in annual and weekly analyséS-bf‘the Area {
éillnét and test fisheries for sockéye, 1966—80.. Start aﬁé )
finish dates—are indicated for the test fishery. First and last -
commercial fishery weeks indicate period for which corresponding
escapement.estimates from the test fi§5ery}are pvailable.' Only
ﬁishery ogenings which were open continuously and opened at

. least 1 day removed from the previous closure were used.

Commercial fishery‘bpenings are designated as month and week -

number, e}g. 7-1"is the first week 'in July.

Test Fishery. Com Fish - Commercial fisheries

Year Start  Finish 1st Last wused in this analysis
1966, 14 Jun 28 Aug . 6-4 8-4  7-1, 7-2, 7-5, B-3, 8-4
- 1967 14 Jun 29 Aug 6-4 8-4 7-1, 7-2, 8-1, 8-2, 8-4
© 1968 15 Jun 25 Aug®* 6-3 8-4 7-1, 7-2, 8-1, 8-3
1969 13 Jun 30 Aug 6-3 8-3 6-4, 7-1, 7-2, 71-3, 7-4,
5o Pf
1970 14 Jun 26 Aug 6-3 8-3  6-4, 7-1, 7-2
1971 14 Jun = 27 Aug 6-3 8-3 7-1, 7-3, 7-5, 8-1, 8-2,
; 8_3 '
1972 15 Jun 25 Aug 6-4 8-3 7-2, 7-3, 8-2, B8-3
1973 14 Jun 28 Aag - 6-3 8-3 6-d, 8-1, 8-2
1974 17 Jun 28 Aug 6-3 8-3 7-1, 7-2, 7-5, 8-1, 8-3
1975 16 Jun ~ 26 Aug 6-3 8-3 7-1, 7-2 ~
1976 13 Jun 27 Aug 6-3 8-3 |
1977, 13 Jun 26 Aug 6-3 8-3  7-2, 7-3, 8-1, 8-2, 8-3
1978° 13 Jun 27 Aug 6-4 8-4 7-2, 7-3, 7-4, 7-5, 8-2,
8-3, 8-4 |
1919 11 Jun 26 Aug 6-2 8-3 7-2, 7-3, 7-4, 7-5, 8-1,
~ ’ , 8-2
1980 12 Jun 27 Aug 6-3 8-3 7-3, 7-4, 7-5

Data Omissions :

1972 - Week 6-4 : vessel count but no reported catch
1973 - Weeks 7-1 & 7-2 : strike
1975 - Weeks 7-3, 7-5,:'8-1, 8-2 & 8-3 : strike
1976 - Whole year : Difficulty in assigning catch to opening
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reduced the proﬁlig of measurerient errpr.normally associated
with escapement data (e.g. Walters and Ludwig 1981) because

sockeye-migrating through the Babine River comprised 96% of the

total Area 4 spawners.

Test Fishery
B oo Catch and .effort -data for the Skeena River test fishery were
- supplied by R. Kadowaki (DFO, Prince Rupert, B.C., personal

’

communication). Tﬁe test fishery operates from mia-June, the
Sl start of the sockeye run, through late August (Tabié 1), well
_aftg;'the end of the sockeye run, using procedures and gear that
have been rigorously standardized since 1966‘except,for a change :
in net material in 1969 (Kadowaki, unpublished MS). The test
fishery uses an undyed* fibrous nylonI;illnet, 200 fathoms (36%
m) long by 20 feet (6 m): deep, consisting of ten equal length
p;nels of mesh sizes 3.5 in (8.9 cm) to 8 in (20.3 cm) to
- minimize size selectipn, and hung in a ratiofof webbing to
‘finished leng;hjof 2.5:1, to reduce net efficiency and minimize
saturation. In 1969, the net material changed from twisted 7- o
‘ply twins o 2 limper, untwisted material?ngﬁ%sequent analysis

e o - showed that this change had no effect on Cétchability.l TwWO Or

“three one-hour sets per day are made during daylight on the high
‘and'low water slack tides. During each set, the net drifts in a
Sl channel, 2 to 5 km long by 0.8 km wide, running parallel to the

northern shore of the Skeena River near Tyee. Sets made at low

~ tide catch approximately twice as many fish as those at high

e B . V »

1See below for Effect of Change in ‘Net Material on gq.
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tide. The low tide set covers twice the distance of the high
4tide;set, samples a larger proportion of the cross-sectional
areardf“the river and is made closer to the north shore, a

migration route preferred by sockeye. The test fishery has been
1 .

contracted to the same skipper and vessel since 1966, an

‘important factor that minimizes year-to-year variation in the

catchability of the test fishery.

Daily test fishery index (C/f, number of fish caught per
hour) is the average of the catches per hour for the two or
3 & )
three sets made each day, which runs for 24 h starting at 1700 h.

Pacific Daylight Savings Time.
Estimation of Weekly Abundance of Sockeye

To test the effects of weekly abundance on commercial‘fishery
g and f, I required estimates of weekly escapementTfrom Area {4
and estimates of their measurement error. Weekly escapement
(EWS'Was addéé to weekly coﬁmercial catch (Cw) to yield weekfy
stock qbundance (Nw) available ‘for harvest in Area 4 (Figure 4);
I assumed that ghe}e is no pooling of sockeye in the commercial
" fishing area. 1If pooling occurs, it will tend to bias upward
the'estimatés of harvest rate but should not bias the hypothesis.
tests (Appendix A). I did not include the Indian food fish
catéh from the commercial fishing area in N because I did not
have eét}mates of the weekly catches by this fishery; However,
this fishery harvests on gierage/lesseﬁhan 1% of the annual

abundance of sockeye in the commercial fishing area so I do not
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iexpeCt the results. to be compromised by the omission. Weekly .
escapement was calculated from annuSX escapement and test

‘fishery catch per effort data. The test fishery ié located
immediatelf up#fteam of the Area‘4 fishing area so there is no
migration‘lag\from'the fishin§ area to the tesé fishéry

(Appendii B). I assumed thgzzthe estimation error of the weekly
catches is much smaller than that of the’&eekly escapements.

Thug, the measurement error of weekly stock abundance (GZNW) is

simply equal to that of weekly escapement (cZEw).

?

Weekly Escapement : , g o

‘fi;b_ s I calculated the‘wegﬁly escapement from the Area 4 fisherf

: (Ew) using‘data from 1966-80 on the annual escapement of sbckeye‘
vfc - from Area 4 (Ey)’ cumulative annual catch per effort in the test E
fishery (C/fyj, and weekly c?tch pef effort in che test fishery

;'4’ . .(C/fw)'; I -assumed’'that the ratio of weekly escapements (Ew) to

a

weekly catch per éffort (C/f,) is the same as the ratio of those

——

annual variables. Hence; to estimate weekly escapement:

(4) B, = (C/E,) * B,/ (C/E)

Annual abundance of sockeye spawners in Area 4 and catches in

Indian food fisheries between the test fishery and the Babine

counting fence were summed to calculate the annual escapement of
= ) ’

sockeye from Area 4.

Measurement Error of Weekly Escapement

The analyses below of sources of variation in commercial
' (

<

3

~

gillnet catcha%jlity and fishing effort uée linear regression to
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estimate parameters and determine their significance.
Regression ‘is sugject té bias when the independent variate is
measured w}th error (Draper and Smith 1981)- Estimaté; of the
.:; 2 " measurement error of weeklybstbck abundance can be usegd to h
- iby, cofrect-the bias in'linear regression, whep weekly stock
 abundance {s the 1ndebenden£ variate. Sincg,}'do‘not have
independent é;timaﬁesaof weekly abpndance of sockeye at the test
fishery si;é, I could notvdirectly estimate the megsurement
, error of the weekly egcapements calcﬁiaged from the test fishery

i 3 ' data. Instead,'I(e;timated this measurement -error from the
relationship between annual escapement of sockeye from Area 4
(Ey) and cumulative annual c;tch per effort in the t?st fishery

(C/fy) as follows.  First, let | .

(5) Ey = 1/qg * (C/fy) + Vg

’

I : i whgre'l/q5 is determined by linear regression of Ey on C/f
constfained through\the origin, and Vg is a normally distributed
{aqgom error term with variance °2v5' Note that in the catch
equation for thé”fest fishery, stock aShndance is actually
escapement from the cbgpercial fishing area, which gives the
aﬁﬁndance of sockeye at the test fishery site. I will show in
the next section, in my aﬁalysis of the effect of sockeye

“ébundaﬁce on test fishery g, that the .-form of this equation is

reasonable.

1
i

Assuming that l/q5 is constant within and between years, then
the weekly escapement (EQ) calculated from weekly C/f in the

test fishery (C/f ) is

. 31



W‘ 02 = g 02
il v5 v6'

= 1l/qg * (c/f,) + v, and

n . , n-
= L 1/qg*(C/£,) = 1/qg * L (C/£)
w-l w=1 =

= 1/qg%(c/E) = By,

where Ve is a normally distributed random error h*;m with

variance °2v6 and n is the duration of the sockeye run in weeks..

Assuming that the error variances of the weekly escapement
estimates are identical and independent of each other, then the
error variance of the annual escapement estimate (°2v5) is the

sum of the error variances of the weekly escapement estimates,

w=1 : "

v

and an estimate of the error variance of the estimate of weekly

escapement calculated from the'test‘fisherQ data is
, : : ’ - ¥

2 2 :
ST L TR -

>

Regressions of the log-transformed variates imply lognormally
distributed, multiplicative measurement error. I estimated the-fL

{
A

variance of the multiplicative error term by regressing loge(Ey)

on\ldgeLC/fy),

x

Statistical Issues

. Testing the significance of parameters estimated by linear

regression is confounded by errors in the independent-variéte
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_whiéh bias the slope toward zero (Draper and Smith 1981), i.e.

2

downward for’ppsitive slopes and upward fer negative slopes, and

bias the intercept upward for positive slgpes. I do not have
indepgndent, repeaﬁed estimates of theadéta values with which to

S

VéaICuléte the ratio of errors in meésuring the indep;ndent and
.deﬁendeht variates és rquired for the correction method of
Richards and Schnute (1986) but I dealt with thegpfoblem of
ey 'erfo:sri lvariables in thfee.ways. First, I usedvthe geometric
. - mean funcﬁibnél.}egrgssion to estimate parameters since this
method is less iikely to réjéct the nuii hypotheses than
ordinary least squares regression and At implicitly éccount§“for
some unspecified méasurement error (Ricker 1973). Second, I

-

determined the variagnce of the measurement error in the

. " \
independent variate above which the tests would incorrectly

reject the null hypotheses (Peterman et al. 1985). Third, in
'7; those analyses where tﬁe indepenéent variate is weekly stock
. — abundance, I used my estimate of the meésurement error variance
of thg;;econstruchd weekly stock abundance to 'correct'the
parameter estimates and their variances (Appendix C).
, ;; ) A( .
'Specific Methods and Results |

Test Fishery

~

~Hla: Effect of Change -in Net Material on g

To,test thexhypothesis that test fishery g changed-in 1969
due to a chén@é in net material, I used a t-test to test for
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differences in mean annual q before 1969 (qbarl, 1966-68) and
"from 1969 on (gbar,, 1969-1980). I found no significant change
in the mean annual test fishery q associated with the change in

‘net_material in 1969 (n;=3, gbar;=0.023, n,=12, gbar,=0.025,

 P(qbai1éqbar2)-0.7).

Hlb:foiect'ofxééckeye Abundance on gq

I used annual data to test the hypothesis- that test fishery gq

¥
]

is density &ependeﬁtfby fitting

L3

" - b10
(10) - c/fy = ajp *Ey

'ﬁw,with linear regression 6ffldge(C/fy) on f&%e(Ey), where C/fy is

' emean annual cétch per effort, and tes
that'blo-l. If b10 is not significan
implies that C/f is linearly related

q is'densit&g&ndependept. Equation 1
3 with escapement from the commercial

N at the test fishery site and q=a;*

q=hy g

Regressigﬁs of the log-transformed variates (Equation 10) by-

bothvordinary least squares (OLS) and geometric mean functional

density independent'catchability was

(P(b;4=1)>0.8). Tau b tests for heterésgedasticity of residuals
were not sjgnificant (0Ls: Tb=0.22, P(tb=Q)=0.3, GMF: 1b=0.12,

.P(Tb-O)-O.S). Modified Anderson—Dariing tests (Stephens 1974) -

34

fishing area (Ey) equal to

‘regression (GMF) were significant (n=15, OLS: b10=0.80{ GMF:

e

ting the null hypothesis
tly difféfent from 1, this
to séock abundance and that
0 is equivalent to equation

NblO—l.

If b,,=1, then

10

¥

but the null hypothesis of

not rejected




&

showed that the distr{BUtions of ;he-residﬁals from the °

-~ regressions were not significantly different from normality

(OLS:'mod A2é0.50, p(N)>0.15, GMF: mod A2-0?89, p(N)>0.15).
Theréfore,'the assumption that test fishery C/f is linearly
related to sockeye abundance ié reasonable. |

] >

in order t0‘calculate estimates qE'weekly escap;ment, I
fegfesség annual escapement from Af;a 4 (Ey) on_Eumulativé
' apnual test fish index (C/fy). The intercept (a) of this linear
: regression was not significant (nfls, a-io3,000, P(a=0)=0.5) so
1 constrained-the érdinary least squares regression through fhe
; A:\ : .otigin; 1 found the slope (b) to be 589 (P(b=0)=0.0001) and the

mean square error to be 1.7X1010

(Figure 7). These results
éonfifm the form of equation 5, i.e. linear with no intercept.
Siﬁbe the test fishery operates for approximately 11 weeks each
season dﬁring which 99% of the adult sockeye migrate, I
estiméted tgé additive measurement error (°2v6) of the weekly

escapement estimate to be 1.55X109 (Equation 9). I calculated

‘Ehe‘ngnbrmally distributed, multipligative measurement error of

loge(Ey) for use with power models by regressing loge(Ey) on

logg(C/f,) (-n=15/’,7,3;p(b=,0)=o.0004) and found it to be 0.027.

[

" . § ., = _
° Commercial Gillnet Fishery - s

H2a: Effect of Sockeye Abundance on g

 To test for density deééndedce in the weekly q of the gilinet
fleet, I fittéd a power model to data on weekly gillnet catch

gpef,effott (C/fw)'and weekly stock agpndance (Nw),

-

s
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. Figure 7. Annual abundance of sockeye at the site of the test

fishery and annual sum of daily test fishery index (catch per

hour) .
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b1l
w

(11) C/fw = a1, * N

and tested the gsignificance of the slope, i.e,/P(b11=1).,To test
for possible interception by the gillnet fishery of-sockeye
bouna_for other areas, I also fitted a linear ‘model to the

L functional response data

(12) . ~C/fw = a;, + b12'* Nw

and tested the éithficaﬁce of the intercept, i.e.EP(a12=0). % o
_ the gillnet fishery intercepts sockeye bound for other areas, I .
would expect a positiﬂe intercept, reflecting the mean C/f of

the intercepted stocks.

Regression of loge(C/fw) on loge(Nw), the log-transformation
of the power model (Equation 11, Figure 8), by OLS, GMF, and

ordinary least squares corrected for measurement error (OLSc)

were all Significant (n=65, OLS: b11=0.67, GMF: b11=0.77, OLSc:

bll-0.68, OLS, GMF, OLSc: P(bi1=0)<0.001). All three fitting

methods rejected the null hYpothesis.of density indépendent'q
5

" (OLS, GMF, OLSc: P(b

11=1)<0.001). catchability remained
significantly density dependent even after I ran trials of the
correction procedure with values of the measurement error of the-
estimated weékly abundance\above the value I estimated from the

test fishery data. The par%ﬁeter estimates of the nonlinear

. functional” response did_hot(change significantly when data were

stratified by length of fishery opening (Appendix D).




v%igure 8. Weekly functional response of the Aréa 4 gillnet
fishery, for 1966 - 1980. Power and linear models fitted by

GMF regression. Catch per effort is catch per boat-day.

4
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Regressions of the linear model (Equation 12, Figure 8) using

‘the three fitting techniques were also all significant {n=65,

Y = £ _30 =7 -30 - —30
OLS b12—0.20X10 i GMF b12_0.25310 ; OLSc b12 0.22X10 ~;

. OLS,GMF;OLSc: P(b12=0)<0.001) with significant intercepts (OLS

=30; GMF a,,=22; OLSc a,,=27; OLS,GMF,OLSc: P(a,,=0)<0.001).

Hq5 12

The intercept remained significédtly diffekent from zefo even

-when I tried?balues*of the measurement error in the correction
procedure above the'level I estimated from the test fishery
data. - These‘intercepts‘correspond to intercepted stock -

abundances of 150,000 fish, 86,000 fish, and 127,000 fish for

OLS, GMF, and OLSc, respectively.

¥

I analyzed the residuals of log (C/f,) from the log-
transformed power model for time trends by regressing them first

on year and then on week number'(week 1 = F1E week in June,

fishery week 6-1). Although I found no signi icant between-

_ season t;meqtrend (b=—0.0033, P(b=0)f0.76), glhlpet residuals
decreased acrOsd weeks-within seasons (b--0.049,_E(b-O)-O.bOS),
i.e. the power model underestimates C/f early in the.bea 6; and
overestimates C/f late in the séqson. This within—seaf n time
trénd in the residuals may result from fish pooling in &hg
commercial fishing area (Appendix A). However, a linear model
fit to these residuals explained onf¥512%—of their variance.
The power model explained 83% of the vq}ianpe in_the original
relétionship between the log-transformed variates; c/f and

5 "_ Y 4
abundance. Therefore, I conclude that the effect on g of tfme

is 'less important than the effect of sockeye abundance}
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H2b: Effect'of.Fishing Effort on g

- catchabillity (q = a;3 * f

To test for the relative effecté on weeklyucatchabilityrqf
facilitation, énd compétifion or attraction of less proficieﬂt
fiéhermen, I fitted a é%yer model to data on weekly harvest rate
by the commercial Qillnet fleet (Cw/Nw)aand weekly gillnet

fishing effort‘(fw):

) bl3
(13) VCw/Nw = a3 * f

by regéession of loge(cw/Nw) on loge(f) and tested the
hypothesié that q is dependent "on nominal effort, i.e. P(b13=1).
I£f it is gfeater than one, facilitation ihcreases catﬁﬁ;bility
and if the slopé is less ;REthne, competition at high gffbrt
levels of attraction of less proficient fishermen reduces
b13-1). . .
. OLS amd GMF regressions of the log—trqnsfqrmed form of the
relationship (Equation 13) between gillnet harvest rate and

nominal effort (Figure 9) were significant (n=65, OLS: bl3=0.33,'

P(b13-0)<0.001, GMF: bl3=0.56, P(b13=0)<0.001) and significantly

;nonlinear (OLS, GMF: P(b13=1)<0.001). The critical level of

measurement error (se) in the estimate of effort above which the
null hypothesis (HO: b13=1) would be falsely rejected was'0.58.

To .put this in,éontext, I calculated a 95% confidence interval

‘on the geometric mean weekly gilfﬁet effort (916 boat-days) as

kpge(916)+/—l.96*sé which, when exponentiated, produced lower

.'ahd upper confidence bounds of 293 boat-days (-68% of the mean)

and,2864vboat-days'(312% of the mean), respectively. Although I

"do not have independent estimates of the measurement error of

40
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+* weekly gillnet effort, it seems unlikely that the error was
large enough to cause the true value to be outside of the 95%
confidence interval, 293 to 2864 boat-days. Hence, it is

- - unlikely that I falsely rejected the null hypothesis.

H3: Effect of Sockeye Abundance on Fishing Effort

Although I expect a rélationship between average numbef of
gillnet vessels fishing each week (fw) and weekly sockeyé
. abundance (Nw), I am not certain of its form. Therefore, %5

fitted both a power model

. y bl4

R fv =214 " Ny

g

- ,using linear regression on the log-transformed variates and a

linear model .

(15) fw =“”als + b15 * Nw

t

using linear regression. The presence of stationary and mobile
components in the Area 4 gillnet fleet, the latter component

responding to changes in stock abundance, would be reflected in

a significant intercept in the linear model.

The gillnet fleet exhibits an-aggregation response to weekly

changes in sockeye abundance (Figure 10). Regressions of the
E ,“gz}ural log-transformed power model (Equation 14) using OLS,

=

GMF,.- and OLS cor%g@tgd‘fg;hmgasurementrerror were all

2 e =t >

=0.30; -

significant (n=65;.0LS: b, ,=0.29; GMF: b, 4=0.43; OLSc: by,

OLS, GMF, OLSc: P(bl4=0)<0.001) and significantly ,nonlinear,

. i.e. by ,<1 (OLS, GMF, OLSc: P(b;,=1)<0.001). The response

v -/

Q




Figure 10. Weekly numerical response of the Area 4 gillnet

'fishery to changes in sockeye abundance. Power and linear
models fitted by GMF regression. Boats is the average number\'
-0of gillnet vessels fishing in each weekly fishery opening. :

Ved
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?éﬁained significantly density dependent when I ran trials with
the measurement error of the estimated weekly abundance above

"‘the level I estimated from the test fishery data.

<

Regtessiohs of the linear model (Equation 15) using the three
fitting methods were all significant (P<0.001) with significant,
positive intercepts (OLS: a15=278, GMF : a15=217, OLSc:,515=269;

OLS, GMF, OLSc: P(a;5=0)<0.001). A positive intercept could

- * indicate ‘a group of resident gillnet vessels that do not respond

to Eﬁanges in sockeye abundénce buﬁ fish anyway. The intercept
remained significant at levels of measurement error of stock
: abuﬁdance above the level I determined for the test fisheryd
Tﬁe coryglation coefficient of the power model (r=0.67) was

similar to that of the linear model (r=0.66).

‘To distinguish whether the linear or power model was most

N 4

appropriate, I examined their residuals. Tests of residuals
from the: power model.fitted by OLS showed significant 7
hetetoscedasticity (rb;-o.za, P(Tb=9)=0.02) and deviations from
~ the normal distribution (mod A%=2.03, P(N)<0.01). Residggls'
from the linear model were homoscedastic (Tb=—0.62, P(1,=0)=0.8)
and’nofmally distributed (mod A%=0.031, P(N)»>0.15). To test for

‘time trends in the residuals from the power ana linear models, I

regressed their residuals first -on week number and t
1 found’significént within-season time trends for residuais from
the OLS fit.(b-QJOS, P(b=0)=0.005) to the power model indica£ing
that this model tends to undefestimate efforg;lagé in the

- season. The linear model exhibited no within-'season time trends/
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. g S
Tests Fishery and Commercial- Gillnet Fishery

(bé6.7;:P(b—0)-0.3). Therg}wefe no significant between-season
time trends in residuals from the power model (OLS: b=-0.015,

P(b=0)=0.2) or in those from the linear model (b=-6.1,

P(b=0)=.08). ]Thetefqte, I conclude that the linear model is

better than the power model for describing the in-season

——

aggredation response of the gillnet flée;.

by

'Hlc: Effect of.Time on Test Fishery g

H2c: Effect of Time on Commercial Gillnet g
To test fqr~timeitrendé in the catchability coefficient of

the Area 4 commercial gillnet fléet, I used analysis‘dff

,covariance to test the hypothesis that the slope of the

1

rqgression of annual gillnet g on yea: was significantly
different E?Qs the slope of_the regression of annﬁal test

fishery q on year. I used annual data because I did not have

‘indépéndent estimates of weekly escapement from Area 4 with

which to calculate weekly catchability coefficieéts for both the

P

gillnet and test fisheries.

-Regressions of annual test fishery q on year (n=15,

—b

‘the test fishery (P(b

=0.0004, P(b,..=0)=0.1) and annual gillnet fishery q dn'year

TF F

© (n=15, bgy=0.0008, P(bg,=0)=0.3) were not significant.  The

GN
slope of the regression betwe%n annual gillnet catchability and

o

year (Figure 11) was not sﬁgdificantly different from that for -

Te~PgN
w

.K - | . 5 48 ;
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Figure 11. Time trends in annual gillnet g and in annual test

fishery q. .

46a




ANNUAL TIME TRENDS

0.087,

o ’
:
< 0.06- -
5 COMMERCIAL GILLNET
fr
(

s L

e
© 6.04-
>
t )
_l 5
= TEST FISHERY

< < '

& O
'-_.
<<
O

0.00 , I 1
1965 1970 1975 1980

YEAR

46b




LY

Y
-

analysis of a time trend in gillnet catchabflity is supported by

my finding above that residuals from the regression analysis of

the weekly gillnet functional response did not exhibit anﬁénnual

time trend.

H4: Correlation of Test Fishery q and Commefcial Gillhet q

I correlated annual glllnet g with annual. test flshery q to
test the relative importance of the effects on q of
environmental and biological factors, &uch as fish behaviour,

common to both fisheries, versus factors such as fishery

~reqgulations, changes in fishermen behaviour or changes in gear,

that affect only the gillnet fishery. If common environmental
and biolo%ical factors are important, I would expect £hé
catchability coefficients to be significant}y correlated:

Annual gillnet catchability and annual test fishery catchability

were not significantly correlated (n=15, r=0.37, P(r=0)=0.2).
Discussion
I found in my analysis of variations in fishing effort, £,

that during the fishing season, the number of commercial gillnet

vessels f1sh1ng in Area 4 was correlated with-sockeye abundance,

N. This result is not unexpected given that others have found

relationships between fishing effort and indices of abundance
such as catch (Botsford et al. 1983, Hyatt and Seeer 1987) or
catch per effort (Walters and Buckingham 1975, Hilborn and
Ledbetter 1979, Peterman et al. 1979, Argue et al. 1983,

Millington 1984). The relationship between vessel abundance and
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N -also did noﬁ ghaﬁge over the .study period, 1966 to 1580;
residuals fr;ﬁ either the linear model or the power model did
Vnot exhibit trends'over yearse This last result is due to the

limitéd entry program in 1969 which attempted to limit the
ﬁumber of fishing vessels on the B.C. coast (Pearse and Wilen

1979).

.The form of the aggregafion response of the Area 4 gillnet
fleet appears to be linear with a positive intercept rather than
nonlinear, suggésting a group of fisﬁermen that do not respond
‘to changes ;n stock abundance but always fish Area 4. The 2
intercept‘indicates that 217 to 22@ vessels will fish Area {4

- when the abundance o£ the stock is zero. This number is not due
sqlely to the presence of a group of fishermen who only fish
Area 4. From 1979 to 1581, ;n}y 51 vessels on ave;age'fished

““solely in Area 4 (Millington 1984). The additional 200 vessels
‘likely fished Area 4 on’the expectation of harvestable

quantities of sockeye based on their previous experience‘in the

area (Walters and Buckingham 1975) and also implied by the

opening of the fishery by the fishery managers._

g found%ih my analysis of sources of variation in the
catcﬁ;bility coefficient of the commercial gillnet fleet that
’ harvest'rate of sockeye (C/N) was nonlinearly related to nominal
fishing effort.- This result is similar to the findings of ;)7
others. Brannian (1582) found that the same p;wer model gave
the best fit touq and f data fgom the.sockeye fish;ry in Togiak

- Bay, Alaska. Walters and Buckingham\(l975)_fitted an asymptotic

#

»n
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curve to harvest rate and fishing effort data from the 1971-73

sockeye fisheries on the Skeena River.

I alﬁo found that either (1) q was density dependent or (2) g

was density'indqpendent and the fishery intercépted significant

numbers of sockeye bound forﬁothef areas. However, since I -
found a nonlingar relationship;between harvest rate and‘effort
and a linear relationship between vessel abundance/;nd stock
abundance, g cannot be density independent as 1mp11ed by the
interceptlon model The forms of the relatlonshlps are

inconsistent (Figure 12a). This finding is explained as

follows. From the analysis of vessel abundance and sockeye
‘abundance, I found that between 217 and 278 vVessels would fish

. when the reconstructed abundance of sockeye was zero. From the

analysis of catchability and sockeye abundance, I found that the

linear model predicted between 22 and 30 fish would be caught

per boat-day at very low abundance levels. Thérfisneries were

'open for one or two days at these low levels of stock abundance,

so these two relafionships imply that apparent-hérvest rate
would approach 100% near a level of nominal flshlng effort equal
to 217 to 278 boat-days (1 day open) or 434 to 556 boat- days (ZJ

days open). However, apparent harvest rate does not increase at

- low effort levels (Figure 9). The €£orms of the harvest rate

" .response and the aggregation response are consistent with

density-dependent q (Figurq,IZbi so I concludé that § is density

dependent.
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Figure 12. Form of relationship befween-harvest rate and
fishing effort that would result from é linear relationship
betwgen'number of gillnet vessels and stock abundance
(aggregation response) and,
a. linear rélatiohsﬁip bétween catch per effort and

sockeYe abundance (1}neaf functional respoﬁse), or
b. nonlinéar relationship between catch-per effort

and sockeye-abundancé (nonlinear functional response).
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The presence of an aggregation response results in three

possible meéhanisms_for the apparent density dependence in q-

- In the first mechanism, all gillnet vessels have the same

catchability coefficient but q depends on stock abundance,
possibly bécéuse vessels are more efficient at finding schools
of fish when the stock is less abundant }PaloheiMO‘and Dickie

1964, Peterman and Steer 1981, Winters and Wheeler 1985, Crecco

and Savoy 1985). In the second mechanism, q is again the same

for all vessels but it depends on effort, possibly because

vessels interfere with each other at high effort levels (Walters

* and Buckingham 1975, Rothschild.1977, Brannian 1982, Ledbetter

)
1983f,}which are associated with high stock abundance. 1In the

< third methanism, gillnet vessels have different catchability

T

coefficients, The "area specialists" (Hilborn 1985a) fishing at
low stock abundance have a higher catchability than the*'ﬁ

"movement specialists" attracted by increases in stock

" abundance. Unfortunately, I was unable to distinguish among

these three mechanisms because to do so .requires catch_and

effort data for individual vessels.

3

Fishery managers often assume that there is no long term time _

. trend in the average efficiency of commercial fishing vessels.

- Analysis of the-annual catchability coefficient of the Area 4

gillnet fleet and of the residuals from thz weekly functional

response of this fleet from 1966 - 1980 support this assumption

~.on average; there was no trend to increased efficiency with

time. Capital growtﬁ) which occurred at an annual rate of 5.7%

~ from 1957 to 1968 and 3.7% from 1969 to 1977 (Pearse and Wilen

b -
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,;1979) ind.résulted in more powerful and larger gillnetrvesséls
7:;/ (Fraser 197§), did not increaée gillnet catchability;_which is”®
Eﬁéiproﬁortionyg?\fhe'socke&e population caught per gillnet
bOat-dAQ; Either the investments were not effective or their
effectivenéss‘qu counteracted by ﬁisheries Eegulationg. In
either case, these'investﬁents simply increased costs and did

not increase the number of sockeye caught per boat-day.

-

Thése results have imporéént imﬁlications for fishery.
management. If the fish;ry manager assumes éonstant g. in the
7catch eqﬁ;tion (C=qfN), then the apparent dependénce of
commercial gillnet g on nominal effort or stock abundance can
result in overharvest at low levels of effort or stocﬁ4
abundance. The manager will overesfimate the length of fishery
opening required to harvest the desired catch and will |
overestimate the annual abundance of fish that are subject to °

‘harvest. 'Bécaﬁée q increases at <low abundance, the fishéry will .

harvééf'more fish than pred