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Abstract

We examine the fundamental limitations to withstand overexploitation im-
posed by the reproductive biology of marine and anadromous fish. We de-
rive sitnple mathematical models based on the siinplest possible age strucural
model lor fish populations in which the maximum sustainable lishing mortal-
ity can be estimated. The model is applied to estimate the biolegical limits
of fishing for 146 fish populations.

Introduction

I'or many of the world’s major fish stocks, exploitation rates have climbed
well above the limits of economically optimal harvesting and are approaching
or exceeding the biological limits of sustained harvest (c.g., Ludwig et al.
1993, Rosenbarg et al. 1993, Hutchings and Myers 1994). Surpassing the
Ficlogical fimit for exploitation bnplies that the population growth rate is
negative util fishing pressure s celaxed {Hulehings and Myers {9943 T
this paper we will Tormulate, explicitly, the fundamental limitations of Jish
populations. to withstand overexploitation.

Our approach is different from previous attempts to estimate biological
reference points based on somatic growth (Beverton and Holt 1957, Gulland
and Borema 1973) or from spawner recruitment data (Ricker 1954, Sissenwine
and Shepherd 1987, Thompson 1993, Mace and Sissenwine 1993, Mace 1994,
Myers et al. 1994) in ihat we seck to estimate the maximum possible bio-
togical limit. Brander (1981) has shown using methods similar to ours that
overfishing probably caused the extinciion of the commeon skate, Raia batis,
from Trish Sea.

Many stocks can apparently withstand extreme harvest rales indefinitely,
while others are observed Lo collapse to the point of connnercial extinction.
H s our idention 1o clicidate the reasons Tor these disparate responses 1o
overhishing., The evident resilience of some fish populations is readily under-
stood: for a species such as cod, at low population densities, each spawning
produces 10 to 30 spawners (after a lag equal to the age at maturity) for
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each spawner in the population (Myers et al. 1995). Thus, if harvesting is
confined to mature (ish, survival alter fisking and natural mortality need only
be 3% to 10% in order to sustain the stock, albeit at an extremely reduced
abundance.

It has long been appreciated thal intense harvesting leads Lo a compres-
sion of the age structure of the stock (Larkin 1977), prompting a tendency
to land younger, immature lish. We will demonstrate that mnch more strin-
gent limits on fishing are necessary when juveniles of slowly maturing fish
are harvested. The vesults of this simple analysis will be apphed to the 146
lish populations described in Myers el al. (1995},

The Model

For fish populations reproduction is generally expressed as recruitment, the
number of juvenile fish reaching, in a given year, the age of vulnerability to
fishing gear. ‘I'hus, the reproduction curve (Royama 1992) for fish is displayed
as a spawner-recruitiment curve (Ricker 1954). From the reproduction curve
we will estimale 1he slope of this curve near the origin {low population).
Juvenile fish become vulnerable Lo fishing gear, that is, they recruit, at an
age designaied as ar... We consider the Ricker spawner-recruitiment meddels
which describe the number of recruits at age j in year t + trec, Mita, .o wrecs
resulting from a spawning stock biomass (55B) of 5. We fellow the usual

convention in fisheries of assuming the number of eggs produced is propor-
tional to the hiomass of spawners. The Ricker model has the form

FE{Nitarnre. ) = mg“-e—ﬂ»‘f:’ (r

where o is the slope al the origin (measured, pechaps, in recruits per kilogram
of spawners), Density-dependent mortality is assumed to he the product of
# times the recruitment. The parameters were fit using maximum likelihood
estimation assuming lognormal variability (Hilborn and Walters 1992; Myers
et al. 1995).

The standardized initial slope, &, is obtained by scaling the initiai slope
a by SPRe_y, i.e. '

& = a SPRyg (2)
where 8PRr—, is the spawning biomass resulting from each recrvit in the
limit of no fishing mortality (# = 0). This quantity & iay be interpreted
as follows: at jow population density each spawner will produce & spawners
mar years later, where ap,, is the age at maturity.

We now consider a simple mode! that incorporates age-structure with
overlapping generations inlroduced by Clark {1976), and cxtended by Bots-
ford (1992) and Mertz and Myers (1995). The model makes the assumption
that the proportion of spawners thal survive each year in the absence of fish-
ing is ™™ and it is reasonable to ignore somatic growth once maturity has
been achieved. In this ease the Clark model under the assumption of Ricker
recruitment in the absence of fishing becomes

Si= e84 @S, e S (3)

lor low population sizes we can approximate the dynamics of a fish popula:
tion with no exploitation as :

Sp= eSS g (1)

We will cansider various types ol lishing mortality on the above dynamics.

The disadvantage of using the Ricker model, or any olher slock recruit-
ment model, is that the slope at 'the origin is inAuenced by abservations far
from the origin (Fig. 1). We investigated an alternative approach: we re-
gressed recruitment versus spawner hiomass using only the 6§ observations
with the lowest spawner biomass, forcing the regression line through the
origin. This simple procedure should be reasonable because almost all the
stocks have heen reduced 1o very low lovels.

Fig. | near here



Data

The data we used are estimates ohlained ltom assessments of the populations
cormplied by Myers et al. (1995). For marine fish we used population numbers
and fishing mortalily estimated using sequential population analysis (SPA)
of commercial catch at age data for most marine stocks. SPA techniques
include virtual population analysis (VPA; Guliand 1965), colort analysis
(Pope 1972), and related methods which reconstruct population size from
catch at age data (Hithorn and Walters (1992). The population dynamics
model assumed for these methods once a fish has entered the fishery is

P —M.—F )
Nt+1,u+l:Nt,uc “ "a: (5)

where N, , is the numbers al the beginning of year { at age a, M, is nat-
ural mortality at age a and Fy, is the fishing mortality at age « in year
t. See Hilborn and Walters (1992, chapters I and 11} for a description of
the methods used to reconstruct the population history. Bricfly, the com-
mercial catch at age s combined with estimates from research surveys and
commercial cateh rales to estimale the numbers at age in the final year,
and to reconstruch previous nembers al age and fishing inortalities under the
asswnplion thal commercial cateh at age is known wilthout error and that
natural mortality at age is kuown and constant. .

The Ricker model was fit using a translormation recormmended by Hilborn
and Walters (1992): log( Ny /50 = logé — 85, + ¢, where ¢ is a normally
distributed with mean zero and variance o2 (Fig. 1). The estimate of & from

the above equation is exp{log & + %02), %02 I1s a bias correction term that

occurs because the nonlinear iransformation that was used after estimation

{Cox and Hinkley 1974).

Results

Estimation of the slope at the origin

The Ricker mordel and the robust median estimate of the stope at the origin
was estimated lor 146 spawner recruil time series {Table 1, Table 2).  We
first compare the results for the Ricker model with the robust procedure,
The slope at the origin for the Ricker modei is generally higher than that
calculated for the median slope {rom the 6 observations with the lowest 55B
(IFig. 2a,b). The allernative estimates for sockeye salmon are fairly similar
for all stocks, with only a shglt Lendeney for the robust method to prodoee
lower slopes. The Ricker model estimates are almost always higher for the
other Pacific salmons e.g., Pink salmon (Fig. 2a). :
The iteroparous species show that the estimates are not as robust at
higher & values (Fig. 2b). The hakes and pollocks approximately follow
the one-to-one line, whereas some sole and cod stocks generally have lower
estimates using the Ricker model that the median of the 6 observations with
the lowest spawner abundance.

Semelparous Species

[l the annual survival fraction for spawners (¢7™) was wero, the population
ol spawners, 5y, would obey the following equation al very low density:
Sttame = @50 ‘ 4 (6)
The maximun finite exploitation rate of a fishery that occurred just before
spawning would sinply be: .
e bim = | /6, (n
Thus, the maximum proportion of fish that can be harvested is Hyux =
| — C—Fum_ .
The maximun harvest rate lor the Pacific salmons is generally 80% ns-
ing the Ricker model, except for Chinook, which is higher (Fig. 3a). The

Table 1 near here

Table 2 near hiere

Fig. 2 near here

IFig. 3 near here



estimated maximum harvest, rate s reduced using the robust method (Fig.
3h). The reduction is small lor Sockeye salinon, but significant. for the other
species. ‘

Iteroparous Species

Fxploitation lor iteroparous reproduction can be divided into two compo-
nents: fishing mortality that occurs before reproduction and mortality that
occurs only on the sexually mature component of the population.

We (itst consider exploitation that ouly occurs on the sexnally mature
cornponent of the lishery. The dynamics of such a population would be

St - ckf‘l(cimgt—l + C35!70.—,—.“)' . (8)

The traditional fishery on Atlantic cod off of Norway was a fishery of this
type. In this case the maximum rate of exploitation £, that occurred just
hefore spawning would be:

J 1

o fim — e

AN_
e~ ™ 4+ o ¥

; 9)

we have used the fact that & is generally large relative to ™™ to show that

(&) is approximately equivalent to (6).

If a fishery on adults occues only alter spawning then the dynamics would

be - ’
Si=e P bG8 (10}

The population would increase al very low population abundance as long as
Sy > e Mimem S |k &Sy, (11

This condition would be met at very low population abundance if
1 — e flimg ™ 5 . (12)

Thal. is, the population could nol be eliminated as long as & is groater than
L, which it would have Lo be,

A [shery on the juvenile component is assurmed to begin al the age of
recruittent to the fishery (eq..) and the fishing mortality is assumed to apply
1o adults as well. The dynamics would be '

St - eA(Fer}St_l + 6—(amaz~aru)FJd,S!_umm1 (13)

where F} is the fishing mortality on juveniles. We have assumed that the har-
vesting of adults oceurs after spawning; if harvesting occurred before spawn-
ing, & would be reduced by a factor of ¢, Because we are interested in the
maximuin possible value for Fj, we cmphasize the latter case. With these
stipulations, we find that 7 is given by

1

o= @rnar=ree) I _ -
e ; =G Ta {14)

e ™! & by then
L

P N DV : {(15)
0

wlere we have now written I as M, to emphasize that equation (14) de-

lines the maximmm possible lishing mortality on a stock which is subject, to

harvesting ol juvenile lish.

How good of an approximation is Eq. (15) to Eq. (14)? There are two
parameters that determinc how good an approximation Bg. 1% is: natural
mortality and the difference between the age of reproduction and age of re-
cruitinent (e — tree). The second of these two factors is the dominant one
(Fig. 4). I {dogar — tpee) > 1, then Bq. (14) will be a good approximation.
This is fortunate, because it is these populations that are most in danger of
overexploitalion. The natural mortality determines how much of an under-
estimate Eq. (14) 3% 10 Fg. (15) at a fixed level of (4,0 — o)) but m is
only important for small (e, — «...) (Fig. 4). :

Equation (14) should be compared to (8): when juveniles are exploited,

Fig. 4 near here



the fishing mortality is compounded over the duration from age at recruit-
ment to age al malurity, making the stock more vuluerable to overexploita-
tion. It is clear enough that the susceptibility to overex ploitation increases as
the period between recruitiment and maturity G — @, increases. Consider
the [ollowing example: for a cod stock with a typical & of approximately 15,
and for which the fish recruil al 3 and mature at 7, il ouly mature fish are
harvested after spawning, a lishing mortality of about 3.0 {from (8)) can he
sustained. In conirast, if juveniles are harvested, the maximum sustainable
fishing mortality (from (1)) is abowt 0.75. The first, case corresponds to
a harvest rate of 95% (per annum), while the latter example gives & much
lower maximm harvest rate of 53%. In the former case, overexploitation
is likely 1o become sell-limiting as the lishing fleet experience greater and
greater difficulty in finding fish once the Larvest, rate exceeds (say) 80%. In
contrast, a 53% harvest rale is easily achieved, and will see in the data to be
presented that fishing mortalities well in excess of 0.75 are not unusual.

The ability of a population to withstand fishing is defermined by both the
nurnber of years thal a coliort can be exploited belore reproduction {ama: —
@) and the slope al the origin (Fig. 5 and 6).

We repeated the analysis of limits of fishing and found similar results
to those using the Median model (Table 1, Fig, 6). We conclude that our
results are robust to the method used 1o estimate é.

We have limited our analysis to deterministic models. Real fish popula-
tions are sulyject to high levels of fluctuations in recruiltment primarily be-
cause of environmental variability. Siochastic models of harvesting demon-

strate that stochastic recrnitments reduce the maximum expected harvest
helow the maximum sustained yield expected under a deterministic model
(Beddington and May 1977, Reed 1974, Clark 1976). The same mecha-
nism would reduce the deterministic biclogical limits we have calculated here,
However, by examining the slépe at the origin of the obscrvations with the
six lowest spawner abundance our approach should be conservative.

Prediction of the collapse of fish stocks

We can compare the estimated [, with the maximuwn observed fishing
mortality for the itcroparous popuiations (Fig. 7). Except for those stocks in
which the difference helween the age of reproduction and age of recruitment
(€mat — @re) 15 one year, almost all populations have been fished at levels
approximalcly equal to their biological limit.

The populations that appear 1o he most resistant to overfishing are the
ones with (e, — @) = 1. The sole and the plaice populations are prime
examples of these. These slocks often have maintained high catch levels
despite greal overfishing.

Does this method correspond to the commercial extinction? For cod, the
8 most sensitive stocks have been overexploited to the extent that complete
moratoriums have been imposed. .

The most sensitive herring stock, the Ieelandic spring spawning stock, is
the only population that has been overexploited to the point of commercial
extinction. I has not recovered from the high levels of fishing mortality in
the 170s. . .

Herriug represents a special case. i the 1960°s most of the exploitation
of herring was lor commercial meal reduction. [n such cases, the exploitation
was ouly any concentrations that could be detected, no matter how young.

In the 19807, some of the fisheries changed into fisheries for spawning adults,

particufarly in British Columbia.

Discussion

We have demonstrated that the hiological limits of exploitation can be cal-
culated from data that is readily available. The analysis ernphasizes the
hazards of harvesting juvenile fish, a practise which tends to atise when the
age structure of a stock is compressed by fishing. The valnerability of slowly
maturing fish populations to overcxploitation is underscored by the analysis
presented. For example, the biological limits for exploitation for Atlantic cod

Fig. 5 and 6 near

here

Fig. 7 near here



range from & fishing mortality around 0.5 (age of maturity = 7) to 2 (age at
maturily = 3). The populations that are predicted to have the lowest Yimits
L averexploitalion are the more northern populations, e.g. leeland, Barents
sea, and the Canadian stocks. These populations all Imw. u,ldtlvely long pe-
rinds hetween recruitmens to the fishery and sexual maturity {at least 3 years
with the single exception of 4X cod), although some have relatively large &'s.
Lach of these populations have been exploiled to the point that in the late
1980°s or early 1990’ there has been a partial or complete moratorivm on
fishing. Although the other cod populations have been overexploited, none
has reached the very low stock levels the slow growing populations have. The
late maturing rock fish of the genus Sebustes, which may not mature until
age 15, and deep water species such as turhot, Reinhardtivs hippoglossoides,
which may not mature to age 12, are possibly the species which have the
lowest Hmit to overexploitation. Such specics should be managed with great
care, and fishing mortality on juveniles eliminated.

Our analysis has revealed that for many fish stocks there are stringent
biological limits to fishing mortality. If the limit is cxceeded, the abundance
will decline until fishing mortality is reduced. This invites the guestion of
what limits fishing mortality at low stock sizes. Two important factors are
discussed in the following two paragraplhs.

Declining economic returns may promote withdrawal from the ﬁahery be-
fore the biological threshold of overfishing is surpassed. However, as discussed
by Caddy and Gulland (1983) ‘and Ludwig et al. (1993), a ratchet effect in
management policy may delay or prevent withdrawal from the fishery when
abundance slumps. The deployment of additional calch capacity during good
years 18 not matched by a reduction in poor years since direct or indirect sub-
sidies are often provided by concerned governments. In consequence, when
fishing mortality exceeds the biological limit, the decline in abundance with
time does not necessarily lead to elimination of catch capacity, which could
serve to reduce fishing mortality. Of course, even if fishing effort does not
abate, limitations in availability may prevent a prolonged exceedance of the
biological limit, a point dealt with in the next paragraph.

As a stock declines in abundance, the availability of fish must corre-
spondingly {all. The extent to which this will limit fishing mortality at a
given level of effort is easily evaluated. The instantaneous fishing mortality
is [ ={(dC/dt}{N where dC/dt is the catch per unit time and N represents
abundance. It is now easily shown (sec Hilborn and Walters 1992 Chapter
5} that f = E{CPUE/N) where E represenis fishing effort, and CPUE is
the catch per unit effort, which 19 a couvenieni index of availability. In the
simplest case, Lermed propoctionality by Hilborn and Walters (1992), the
ratio of CPUL to N does not change as N diminishes. Thus, at constant ef-
fort, there wili be no reduction in fishing mortality as the abundance shrinks.
A biolegically unsustainable fishing mortality can be maintained even until
the stock reaches comnercial extinction. The condition of hyperdepletion -
{Hilborn and Walters 1992) is more forgiving since CPUR/N decreases as
abundance declines. However, a condition of hyperstability (Milborn and
Walters 1992) may prevail in which case the CPUE/N increases as the stock
shrinks, so that at a constant effort, the fishing mortality will actually in-
crease as abundance dectines. In summary, violakion of the bialogical s
W fishing are Tikely Lo-oceur wheo ellort i nol reduced as abundance slumps
{perhaps due 1o subsidization) and when the ageregation characteristics of
the stock produce a condition of proportionality or hyperstability.

To conclude, the biological Timits of of the exploitation of a fish stock
are likely to be violated in populations which mature slowly, particularly
when harvesting has removed the older fish in a population, so that cately
yuotas are el through the landing of immature fish. The biological limits
to fishing mortality are surprisingly low in many cases, no doubt accounting
for a number of recent stock collapses.
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TABLE 1. Summary statistics for each stock, listed in the standard order (i.e. sorted by order, family, scientific
name, and [1}). Id gives the id number of each stock shown in the figures. a,,4; gives the age of maturity of each stock.
arec glves the age of recruitment of each stock. m gives the natural mortality of each stock. &(R) gives the slope at
the origin for the Ricker Stock-Recruitment (SR) function. Fi;m(R) gives the maximum rate of fishing mortality for
the Ricker SR function. &(M) gives the slope at the origin for the Median Stock-Recruitment (SR) function. Fiin (M)
gives the maximum rate of fishing mortality for the Median SR function. MaxF(obs) gives the maximum rate of

observed fishing mortality.

Stock Id @mar @ree m  &(R)  Fum(R) &M) Fun(M) MazF(obs)
CLUPEIFORMES
Clupeidae

Clupea harengus (Herring)

Baltic areas 22 and 24 40 2.5 1.0 0.3 42.5 26 11.7 1.9 1.0
NAFO 4-5 41 3.5 1.0 0.2 27.7 1.4 34.0 1.4 1.5
Central Coast B.C. 42 4.0 2.0 0.4 14.3 1.4 9.5 1.2

Gulf of Finland 43 2.0 1.0 0.2 277 5.0 6.2 3.5 0.5
Gulf of Maine 44 3.5 1.0 0.2 421 1.5 16.9 1.2 1.6
Gulf of Riga 45 2.0 1.0 0.2 9.9 4.0 3.9 31 1.1
Iceland (Spring spawners) 46 40 1.0 0.1 4.3 0.6 1.2 0.3 1.9
Iceland (Summer spawners) 47 3.5 - .20 0.1 8.6 1.8 10.2 1.9 1.5
Norway (Spring spawners) 48 4.5 3.0 01 2.0 1.8 10.1 1.8 1.7
North Strait of Georgia 49 . 4.0 3.0 0.7 9.4 2.9 7.2 2.7

North West Coast Vancouver Island 50 4.0 3.0 0.7 74 2.7 7.3 2.7

Prince Rupert District 51 4.0 3.0 0.4 23.4 4.3 16.6 4.0

Queen Charlotte Islands 52 40 3.0 0.4 20.0 4.0 : 9.1 3.3

Southern Strait of Georgia 53 4.0 3.0 0.7 8.7 2.9 4.8 2.3

South West Coast Vancouver Island 54 4.0 3.0 0.3 22.0 4.5 29.0 4.7

Sardinops sagazr (Sardine) ’

California ) 71 2.0 1.5 0.4 2.8 1.8 ' 2.4

Spratius spratius (Sprat) . :
Baltic Areas 22-32 82 2.0 1.9 0.3 476 5.3 15.3 4.2 0.4
Baltic Areas 26 and 28 83 2.0 1.9 0.4 8.3 3.3 7.9 3.2 0.8

Engraulidae - ’

Engrarlis mordaz {Northern anchovy) . .

California 1 2.0 0.5 0:6 4.4 1.2 2.1 - (L8
GADIFORMES
Gadidae o ]

Gadus morhze (Cod) : : ' o
NAFO 1 6 6.0 3.0 0.2 204 1.0 12.6 0.9 1.0
NAFQG 2J3KL 7 7.0 3.0 0.2 11.4 0.6 181 0.8 2.4
NAFO 3NO ) 8 6.0 3.0 02 169 1.0 16.8 1.0 i1
NAFO 3Pn4RS . 9 70 30 02 - 145 07 6.4 0.5 ‘ 1.4
NAFO 3Ps 10 6.0 3.0 0.2 22.9 1.1 16.6 1.0 ‘ 1.2
NAFO 4TVn . 11 7.0 3.0 0.2 9.3 0.6 12.9 0.7 1.1
NAFO 4VsW 12 6.0 1.0 0.2 48.7 0.8 259 0.7 1.4
NAFO 4X 13 3.5 1.0 0.2 12.4 1.1 5.7 0.8 1.4
NAFO 5Y 14 3.0 1.0 4.2 1019 2.4 13.2 1.4 - 1.1
NAFO 57 15 2.0 1.0 0.2 10.7 4.1 5.8 3.5 0.8
Baltic Areas 22 and 24 16 3.0 1.0 0.2 40.9 1.9 21.4 1.6 1.7
Baltic Areas 25-32 17 3.0 2.0 0.2 15.3 4.4 14.8 4.4 1.4
Celtic Sea : 18 3.0 1.0 0.2 25.5 1.7 18.2 1.6 1.0
Faroe Plateau 19 4.0 2.0 0.2 208 1.6 © 118 14 0.8
Iceland 20 7.0 3.0 6.2 21.6 0.8 15.8 0.7 : 1.0
Irish Sea pal 3.0 1.0 0.2 114.7 2.4 39.8 1.9 1.2
Kattegat 22 3.0 1.0 0.2 189 1.8 " 15.9 1.5 . 1.4
North East Arctic 23 80 3.0 0.2 513 0.8 30.8 0.7 1.0
North East Arctic 24 7.5 3.0 0.2 32.5 0.8 229 0.7 1.0
North Sea 25 4.0 1.0 0.2 44.7 - 1.3 24.6 1.1 1.0
Skagerrak 26 3.0 1.0 0.2 55.4 2.1 19.0 1.6 . 1.4
ICES VIId - 27 3.0 1.0 0.1 19.5 1.8 7.6 1.2 28

ICES qu 28 2.5 1.0 0.2. 31,5 2.5 13.2 2.0 1.0
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Stock Id amae @ree m  &(R) Fum(R) &(M) Fum(M) MazF(ob:
Melanogrammus aeglefinus (Haddock)
NAFQO 4TVW 32 4.5 1.0 0.2 18.5 0.8 37.9 1.1
NAFO 52 33 2.0 1.0 0.2 7.7 3.8 7.6 3.7 0.6
Faroe Plateau 34 3.5 2.0 0.2 12.6 1.9 3.5 1.2 1.0
Iceland 35 55 2.0 02 151 08 13.3 0.8 1.1
North East Arctic 36 6.0 3.0 0.2 13.8 0.9 12.8 0.9 0.9
North Sea 37 2.5 0.5 0.2 29.2 1.8 27.0 1.7 1.1
1ICES Vla 38 .3.0 0.5 0.2 187 1.2 3.0 0.9 11
Merlangius merlengus {(Whiting)
Celtic Sea 84 2.0 1.0 0.2 34.1 5.2 10.2 4.0 1.5
Irish Sea 85 2.0 0.5 0.2 90.0 31 33.6 2.5 16
North Sea 86 2.0 0.5 0.2 7.6 1.6 2.8 1.1 1.4
ICES Vild 87 3.0 1.0 0.2 9.6 1.3 6.4 1.1 1.4
ICES Via 88 2.0 1.0 0.2 11.7 4.2 5.1 3.3 1.3
Micromesistivs poutesson (Blue whiting) ‘
Northern ICES .3 3.0 0.5 0.2 11.7 1.1 3.5 0.7 0.4
Southern ICES 4 30 05 02 129 11 13.2 1.1 08
Pollachius virens (Pollock or saithe) : . i : o
Farae 65 5.0 3.0 0.2 334 1.8 5.4 1.0 0T
Iceland 66 5.0 3.0 0.2 231 1.6 12.0 1.4 0.5
North East Arctic 67 6.0 1.0 0.2 25.4 0.7 16.4 0.6 0.7
North Sea 68 4.5 1.0 Q0.2 170 08 12.8 08 0.9
ICES VI 69 5.0 1.0. 0.2 16.4 0.7 5.7 0.5 0.7
Theragra chalcogramma (Walleye pollock) ‘
E. Bering Sea - 89 6.0 3.0 0.3 6.2 0.7 2.9 0.5 0.5
Gulf of Alaska 9 5.0 3.0 0.3 6.7 1.1 3.8 0.8
Merlucciidae :
Merluccius bilinearis (Silver hake)
NAFO 4VWX 72 3.0 1.0 0.4 5.5 1.0 2.8 0.7 1.2
NAFO 5Ze 73 2.0 1.0 0.4 2.1 1.9 2.4 2.0 1.1
Mid Atlantic Bight 74 2.0 1.0 0.4 3.9 2.5 3.1 2.2 1.6
Merluceius capensis (S.A. Hake)
South Africa 1.6 70 3.0 1.0 0.3 13.0 1.4 9.6 | 1.2
Merluecius merluceius (Hake) .
ICES VIllc and IXa 39 4.0 0.5 0.2 8.1 0.7 84 0.7 0.4
Merluccius productus (Pacific hake) :
W. US. 4+ Canada 56 4.0 2.0 0.2 3.5 08 0.5 0.2 0.6
PERCIFORMES ‘
Scombridae
Scomber jeponicus (Chub mackerel) : : :
Southern California 5 2.0 1.0 0.5 6.2 2.8 8.7 31
Scomber scombrus (Mackerel)
NAFO 2to 8 55 3.0 1.0 0.2 76.8 2.2 42.6 1.9 1.1
Thunnus thynnus (Atlantic bluefin tuna) o ‘
West Atlantic 2 8.0 1.0 0.1 6.2 0.3 8.7 0.3 0.3
PLEURONECTIFORMES ' :
Pleurconectidae
Pleuronectes platessa (Plaice) .
ICES VIId 57 3.0 1.0 0.1 35.5 1.9 14.9 1.5 0.6
ICES VIle 58, 3.0 1.0 0.1 21.1 1.6 10.6 1.3 0.8
Celtic Sea 59 3.0 1.0 0.1 34.3 1.8 17.5 1.5 0.9
ICES Il1a 60 3.0 20 0.1 47.0 6.2 10.4 4.7 1.1
Irish Sea 61 3.0 1.0 0.1 25.2 1.7 15.3 1.5 0.9
Kattegat 62 3.0 1.0 0.1 12.7 1.4 4.5 1.0 0.8
North Sea 63 3.0 1.0 0.1 31.9 1.8 6.4 1.1 0.5
Skagerrak . 64 3.0 2.0 0.1 22.6 5.5 7.7 4.4 1.1
Reinhardtius hippoglossoides (Greenland halibut) ] .
North East Arctic 29 9.0 3.0 0.1 7.1 0.3 5.0 0.3 0.4
Northwest Atlantic 30  14.0 5.0 0.1 30.7 0.4 11.2° 0.3
ICES V and XIV 3 10.5 5.0 0.1 42.8 0.7 7.2 0.4 0.5
Soleidae
Solea vulgaris (Sole)
Celtic Sea 75 3.0 2.0 0.1 83.5 6.8 6.9 4.3 0.9
ICES IlIa 76 3.0 2.0 01 20.7 5.4 0.5
Irish Sea 77 3.0 2.0 Q.1 731 6.6 7.3 4.3 08
North Sea 78 3.0 1.0 0.1 176 1.5 11.1 1.3 0.5
Bay of Biscay (VIII} 79 3.0 0.5 0.1 361 1.5 12.6 1.1 0.5
ICES VIId 80 3.0 1.0 .1 16.1 1.5 5.1 1.0 0.6
ICES Vile 81 3.0 1.0 0.1 5.5 1.0 3.6 0.9 0.5

3




TABLE 2. Summary statistics for each salmon stock, listed in the standard order (i.e. sorted by order, famuly, scientific
name, and ID). &(Ricker) gives the slope at the origin for the Ricker Stock-Recruitment (SR) function. Flim(Ricker)
gives the maximum rate of fishing mortality for the Ricker SR function &(Median) gives the slope at the origin for the
Median Stock-Recruitment (SR} function. Fijm(Median) gives the maximum rate of fishing mortality for the Median

SR function.

Stock : _ &(Ricker)  Fim(Ricker) @&(Median).  Fim(Median)
SALMONIFORMES
Salmonidae s
Oncorhynchus gordusche (Pink salmon) ‘
Prince William Sound, Alaska © 5.2 1.64 , 5.6 1.72
Brown's Peak Creek, Lower Cook Inlet, Alaska 5.2 1.65 3.3 1.20
Bruin Bay, Lower Cook Inlet, Alaska 8.9 2.19 5.3 1.67
Central Alaska 5.2 1.65 3.0 1.10 -
Central B.C., Canada ’ 7.7 2.05 4.7 1.55
Desire Lake, Lower Cook Inlet, Alaska - 163 . - 2.79 4.4 1.49
Fraser River, B.C., Canada 9.8 . 2.29 9.3 2.23
Humpy Creek, Lower Cook Iulet, Alaska 8.2 1.83 4.9 1.59
Island Creek, Lower Cook Inlet, Alaska 51.6 3.94 15.9 ©2.76
James Lagoon, Lower Cook Inlet, Alaska - 9.6 2.26 3.8 1.28
Kodiak Area, Alaska 10.1 2.31 6.1 1.81
Northern section of Southeastern Alaska ‘ 4.3 1.45 3.0 1.11
Port Chatham, Lower Cook Inlet, Alaska 4.7 1.55 4.2 : 1.44
Port Dick, Lower Cook Inlet, Alaska 9.5 : 2.25 6.3 1.84
Port Graham, Lower Cook Inlet, Alaska 5.5 1.71° N 3.6 1.29
Rocky River, Lower Cook Inlet, Alaska 3.1, 112 1.8 0.59
Seldovia, Lower Cook Inlet, Alaska 4.5 1.51 2.6 ) 0.95
Southern section of Southeastern Alaska 4.8 1.53 : 3.0 o111
Sunday Creek, Lower Cook Inlet, Alaska 9.2 2.22 2.0 0.69
Windy Left, Lower Cook Inlet, Alaska 3.9 1.37 1.8 0.57
Windy Right, Lower Cook Inlet, Alaska 27 1.00 : 1.8 0.56
Oncorhynchus kets (Chum salmion) ' .
Central Alaska ) ‘ 8.0 2.08 5.0 1.60
Central Coast, B.C., Canada . 4.0 1.38 3.3 1.20
Fraser River, B.C., Canada 2.2 0.79 1.7 0.53
Johnstone Strait 2.2, 0.80 2.3 0.84
North Coast, B.C., Canada 10.6 2.36 7.3 1.99
Queen Charlotte Islands, B.C., Canada . 3.9 : 1.37 1.9 .65
West Coast Vancouver Island, B.C., Canada 2.9 1.07 1.6 0.45
Oncorhynchus nerka (Sockeye salmon) .
Adams Complex,B.C., Canada ' 9.3 2.23 14.2 2.65
Birkenhead River, B.C., Canada 11.2 2.41 9.1 Do
Black Lake, Alaska 6.0 1.80 -4.7 1.54
Branch River, Alaska 3.3 1.20 2.9 - 1.05
Bristol Bay, Alaska 2.8 1.03 4.2 1.44
Chignik Lake, Alaska 5.0 - 1.61 2.7 1.00
Chilke River, B.C., Canada 8.8 2.17 4.4 1.49
Columbia River, Washington 16.8 2.82 11.3 2.43
Egegik, Alaska 2.7 0.98 2.6 0.97
Egegik River, Alaska . 4.9 1.59 5.4 1.68
Horsefly River, B.C., Canada 103 2.33 9.9 _ 2.29
igushik River, Alaska 10.1 2.31 ) 8.1 2.09
Karluk River, Alaska 4.6 1.52 5.2 1.65
Kvichak River, Alaska 2.6 0.95 2.5 ' 0.90
Naknek-Kvichak, Alaska Lo 6.0 1.79 5.5 1.70
Naknek River, Alaska 6.9 1.93 S 4.9 1.59
Nushagak, Alaska 6.4 1.86 - © 6.3 1.67
Nuyakuk River, Alaska 4.9 1.59 38 1.34
Rivers Inlet, B.C., Canada ' 6.7 1.91 _ 6.5 1.87
Skeena River, B.C., Canada 4.2 1.43 3.6 1.28
Skeena River, B.C., Canada 3.8 ' 1.34 3.4 1.21
Stellako River, B.C., Canada 8.3 2.12 8.2 2.11
Early Stuart Complex, B.C., Canada 7.1 1.96 8.6 - 215
Togiak River, Alaska 4.7 1.54 4.3 1.46
Ugashik, Alaska 4.9 1.58 4.0 1.38
Ugashik River, Alaska 2.5 0.93 2.2 0.77
Wood River, Alaska 4.1 1.41 " 3.0 1.08

Oncorhynchus ishawyischa (Chinook salmon}
Wild Canadian Coastwide 20.4 3.01 8.4 212
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Fig. 1. Recruitment versus Spawning Stock Biomass (S5B) for several rep-
resentative stocks. The solid lince is the maximani likelihood estimate |
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