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Summary

The detailed description of several reference points under a sex-specific model was proposed
and were applied to North Pacific albacore based on the stock assessment in 2014, Commonly
confused settings of reference points which come from sex-specific properties were potnted out.
providing a material for further discussion towards the next stock assessment in 2017. R source

code that was used for this document was attached.

1 Introduction

In the current stock assessment of North Pacific albacore (Thunnus alalimga) (NPALB). a two-
sex growth model was used in order to betier fit the size data showing a different size distribution
between sexes (ISC 2014), Following a conventional assessment, a series of reference points {RPs)
that indicates the state of biomass and fishery intensity was provided. but the definitions of RPs
under a two-sex growth mode} has not been discussed yet. Although the software Stock Synthesis
3 {8831 {Methot and Wetzel 2013), that is used for the stock assessment, can handle these RPs. the
detailed process 1s not clear for the great majority of users.

Recently, introduction of management strategy evaluation (MSE) framework into the assess-
ment of NPALB has been well discussed for several reasons (NC11 2015), resulting in that RPs,
as well as operational objectives and decision rules. would play a central role than before. Thus,
among scientists responsible for the assessment, understanding as to how sex-specific assumptions
affect the RPs becomes important.

In this document, we firstly provide a definition of the RPs under a sex-specific model. Here,
we adopted a more simple approach to calculate RPs for keeping the tractability. Then. we apply
them to NPALB based on the stock assessment in 2014, Finally, we discuss the interpretation of

RPs and provide some caveals related to sex-specific assumptions.

2 Method

Table 1 summarizes all symbols used in this document.

2.1 Overview

Under an age-structured model, the definition of RPs based on fishing mortality (i.e., F-based
RPs) is a bit complex and may not be shared among fishery scientists, Thus, first we provide a way
of calculating them as a generic form. Then, sex-specific issues involved to RPs are descrived.

Fd
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Fundamental assumption of F-based RPs is that selectivity of fishing gear is identical to tha
of target year(s) which are sclected arbitranily (usually current vear(s) and/or reference year(s)
are used). The value of a ratio of Fugea 10 £ that satisfies desired property. such as MSY. 1s
usually referred to as RPs. It should be noted that. depending on regional fisheries management
organizations, the ratio is inversely defined. For explanation. suppose that Foyrem/Frysy = 0.5. This
states: “as long us the current selectivity holds, doubling the intensity of fishery leads to Fasy.”
Here. we call the multiplied value (i.e.. “two™ in this example) F-multiplier. that is denoted by
a scalar f. In practice, given target year(s), the ratio can be numerically obtained by changing
/. This way of calculation allows a variable intensity of fishing but requires a fixed-selectivity.
leading to some problems in a sex-specific model. us explained later. Figure 1 demonstrates these
points by taking NPALB as a example. Detailed description of RPs under standard models 1« well
documented in Caddy and Mahon (1995) and Quinn and Dertso (1999). but their relevance 1o a

sex-specific model is little documented.

2.1.1 Fishing mortality at age, F,

Instantaneous fishing mortality rate at age (denoted by K, yeqr) 1s not supported by the current
version of $83. so we obtained F, ., from catch at age (Cy yeqr). number at age (N yeq) und
natural mortality at age (M,) by numerically solving the Baranov catch equation:

F, xear

mexp[-ﬁu_\'mr - ﬂ]Na‘_\-[,m-. (I )

Cﬂ._‘.’(’ar =

For the purpose of simplicity. quarler-based catch are aggregated into year-based, such as

Cavear = Cayearg=1+ Cayearg=2 + Cayearg=3 + Cayearg=4 in the case that the spawning scason is
assumed in beginning of quarter 1.

If the reference term is multi-year, Firpe o Was obtained by averaging F, yoqr among years,

such as Myjo—sn2. Here, arithmetical average is used.

1 EndYear

Fayear. (2)

vear- StartYear

Fargeta =
EECT Number of target years

2.1.2 'Weight at age, W,

For simplicity, two assumptions are made about the weight at age (denoted by W,). First,
we consider the quarter when the spawning occurs as a representative term for calculating RPs.
although the weigh of fish must vary by quarters and fisheries are operated primartly during several
quarters. Second. increasing of weight us age is assumed to be stopped at a max age and the weight
is considered as that of & plus-group. The latter may be justified that there are little fishes with
extreme old age.
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2.1.3 Sex-specific model

So far. we ignore sex-specific issues. although SS3 can handle sex-specific properties including

sex ratio (ratio of Ny, oto Ny », ) and produce separate estimations by sex (e.g.. catch. number.

a
weight). This brings distinctive fishing mortality by sex. as shown in Fig. 1. In this case. definition
of several variables may be changed. thus we carefully check the treatment of sex-specific proper-
tics. For example. in NPALB. spawning-stock-biomass (SSB) is composed by female individuals.
therefore the stock-recruitment relationship ignores male biomass. This setting would affect the
definition of RPs. We should recognize these treatments especially in applying to MSE (or harvest

control rule) processes.

2.2 Definition of reference points

Table 2 summarizes all RPs noted in this document. R-code that calculates RPs is in Appendix.

2.2.1 YPR (Yield-Per-Recruit) criteria, 7

YPR analysis has been used for maximizing the yield from recruits by avoiding growth over-
fishing. but does not take into account the effect of fishing mortality on the reproductive potential
due to lack of information of maturity and thus $SB. This keeps the relatively small modification
of the definition of YPR under a sex-specific model; YPR contains the information of both female
and male weighted by sex ratio (recruitment does not distinguish sexes). defined by

Amax Qmax

PPRasalf) = (1=1) ¥, [Hoalf) % Agalf) x Wou] +7 ¥ [Her alf) g o) X Wer o] - 3)
a=0 a=0
where
. fﬁnrgc:,@.a ) _

#Q.a(f) = .fEan'get.Q.a+MQ,n(l _exp[_.fﬁargel.Q.a MQ,a]): (4)

a—]
A’Qﬁ(f) = H exp(_fﬁarget‘g,n’ _Mg,a’]: 5

a=0

tharget,o"._a )

Juo’ a(f) fﬁal‘gcl.o”.a . Md‘ B (1 - ehp[_f‘rtargel.o”,a _Mo" ,a])' (6)

a—1
;Ld"'._n(f) = H exp[_mergei,cf‘,a’ - ’wd‘ ,a']' (7

a'=0

i and A means exploitation fraction and cumulative survival, respectively. While 11, shows dome-
shaped curve with f, A, exponentially decreases, thus it is expected that there exists f such that
YPR has maximum.
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From Eq. 3. we can obtain fj | that satisties

YPRhu‘gL'l f 0 IYPRlul'gul /

. 8
df = af 0 @

Jo1 1s the point on the YPR curve where the slope of the curve is [0% of the one at the origin.
as illustrated in Fig. 2. Following our notation. 1/ fj (corresponding to Furger/ Fo.1) is RP ratio of
Foy.

2.2.2 SPR (Spawning-Per-Recruit) criteria, F; pg

In contrast to Fy 1 based on YPR. there are several RPs that consider reproductive potential,
such as Fo spg. Fasy and Fyyp. SPR that is an extension of YPR can incorporate maturity, defined
by

Mmax

SPRurge(f) = (1—=1) Y Q0.0 % Aol f) x Wo ] . 9)

a0
SPR exponentially decreases as f increases. as shown in Fig. 3. In a sex-specific model. there
might be some confusing points. Since SSB does not contain male individuals, SPR is determined
only {rom the female information. By defimition. SSBQ = SPR;4ze R must be satistied. so the term
I - r. female ratio. is required (recruitment contains both sexes). Ii should be noted that SPR is
a mupping from R to SSBg (sce also Fig. 4A).
From Eq. 9, we can obtain f = fgq that satisfies

SPRurget| o o
PRl e = (10)
SPRuurgu | jo 100

and RP ratio of Fyq is 1/ fym(corresponding 10 Furper/Fo). Lefti-hand side of Eq. 10 is scaled
SPR by that with no fishing: when f = 0, the left-hand side equals 1o one.

Fospr 18 a reference fishing mortality that results in a female SSB (or egg production) per
recruitment that is &% of that with no fishing.

2.2.3 MSY (Maximum-Sustainable-Yield) criteria, Fy sy

MSY is a concept that aims to maintain the population size at the point of maximum growth
rate and thus maximum surplus yield. MSY is calculated by assuming equilibrinm, so it must
require a careful interpretation (summarized in Caddy and Mahon 1995)! At equilibrium, female
sustainable yield in a sex-specified model, SYQ, can be defined by.

iy,

SYoll) =R = 1) Y, [Ho.all) % Agq(f) x Wo 4] . (11)
a-=0
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Subscript oq indicates the state variable at equilibrium. Given f. Ry, satisfies

R ~ g(SSBg)SSB;. (12)
SSBy = SPRugzR. (13)

where the right-hand side of Eg. 12 indicates a relationship between female SSB and recruitment.
Figure 4A illustrates (SSBc oq. Req) for various f under the B-H relationship.

From Eq. 11. we can obtain f = fusy that maximizes SYop (shown in Fig. 4B). and RP ratio of
Faisy 18 1/ fagsy (corresponding 10 Ferger/ Fusy).

Alternatively, sustainable yield of both sexes can be defined by,

SYQd (f) = Req(f)YPRtargel(f)- (14)

Despite of this simple expression, the interpretation of SY; » is a bit tricky: the equilibrium point is
independent of males, but YPR of males affects the sustainable yield. possibly leading to different
fusy defined in Eq. 11. This complex definition (Eq. 14) may be confusing. so we adopted the
former one in this document.

2.2.4 RPS (Yield-Per-Recruit) criteria, FrEp

Calculation of MSY requires the S-R relationship (function g(} in Eq. 12). suggesting that
uncertainty of the estimation would be crucial. Without applying S-R model, RPS analysis assumes
a linear-mapping from SSB¢ 1o R through the origin. In the case that. based on a S-R data set. the
RPS-line has 50% of the recruitment above and 50% below. the slope of the line can be defined
as median RPS (denoted by RPSygn) in the history, as shown in Fig. 5A. For a population at
equilibrium, fishing mortality that can achieve RPSypp would keep the population stable at the
median level (Quinn and Deriso 1999}

Following relationships are satisfied at equilibrium.

R(f) = RPSuenSSBo(f). (15)
SSBo(f) = SPRugal(fIR(f). (16)
By removing SSBQ 'R, we obtain
1
SPRuceer(f) = RPSwien 7y

and we can obtain f = fygp that satisfies Eg. 17. Figure 5B illustrates this relationship. RP ratio
of Fvep 15 1/ fvrp(corresponding to Fiarget/ FMED)-
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2.3 Application to North Pacific Albacore

The setting of parameters and assumptions are same as the stock assessment of NPALB in
2014 (ISC 2014). Relevant items of this document are as follows:

e scxranoas 1:F (e, r = 0.5).

e scx-specific growth model,

e SSB is defined by a female spawning-stock-biomass.

e rccruitment is defined by female and male number of fish at age zero.

® SPUWNING season is a second quarter.,

o catch 1s summed from the second quarter to the first quarter in next year.

e 2002-2004 and 2010-2012 are sclected as target years for calculating RPs.

o (o012 =Coamay 2+ Caomag 3+ Caamay- 2 because Cponpay 1 1s not available,

e S-R relationship was B-H type with i = 0.9, as

4hRoSSBY yeuy

R.u .
e SSBoo(1—h) +5SBo oor(Sh—1)

(18)

3 Results and Discussion

3.1 RPsof NPALB

Figure 1 shows Fee 0 of female and male distinctively. Between 2010-2012. the peak of fish-
ing mortality is shifted toward older fishes, especially in males, than between 2002-2004. More-
over, between 2010-2012, the remarkable difference between sexes was found in older ages.

Table 3 shows RP ratios for various RPs which are noted in this document. The value of RP
ratio is an inverse of F-multiplier. f, that satisfies the corresponding property as noted in "Method”
section. When the ratio 1s less than one. the pattern of fishing (i.e.. sclectivety) in target years can
theoretically achicve the corresponding criteria. Due to the realization of the shift towards older

fishes. Fopyn -2z leads to better situations than Fagon . apn4.
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3.2 Caveats

Here. we provide several caveats when using the RPs under a sex-specific model. Male in-
dividuals are almost ignored in determination of RPs except YPR criteria because SSB is usually
defined by females. suggesting that these RPs do not provide the information on fishing of males
if both fishing patterns are independently determined. For example. it is not necessarily that Fysy
(derived from Eq. 11) leads to MSY that includes both sexes.

3.3 Future works

Followings are needed to be checked before applying proposed definitions of RPs to the next

stock assessment:
e consistency with SS outputs,

e accuracy of approximation we used in practical situations, such as the case of NPALB.

Reference

Caddy. J. F. and R. Mahon, 1995. Reference points for fisheries management. volume 374. Food
and Agriculture Organization of the United Nations Rome.

ISC. 2014. Stock asscssment of albacore tuna in the north pacific occan in 2014. In Annex 11 of the
International Scientific Committee for Tuna and Tuna-like Species in the North Pacific Ocean

Plenary Report.

Methot. R. D. and C. R. Wetzel, 2013. Stock synthesis: a biological and statistical framework for
fish stock assessment and fishery management. Fisheries Research 142:86-99.

NC11, 2015. Proposed framework for management strategy evaluation for north pacific albacore
tuna. In I1th Regular Session of the Northern Commirtee.

Quinn, T.J. and R. B. Deriso, 1999. Quantitative fish dynamics. Oxford University Press.


holmesj
Typewriter
ISC/16/ALBWG-02/12


Age-structired variables
M, ..M,
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Coig Cant.

Nooa Ng .,

9.0

State variables
R(=N, ¢
SYo

SSB.

Paramcters
,

/

Ko

S8Bo g

h

Table 1: List of mathematical symbols
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Naturgl mortality at age

Fishing mortahity al age

Arithmetic mean of fishing mortality among target ycars
Weight at age

Cumulative survival

Exploitation fraction

Catch at uge

Number at age

Maturity ot age

Number of recruitments (including both sexes)

female sustainable yicld

Female spawning-stock-biomass

sex ratio at birth {1.e.. NogoNosgo=rill-r))
F-multiplier scarching for RPs

Unfished equilibrium of recruitment (including hoth sexes)
Unfished equilibrium of female spawning-stock-biomass

Steepness

Table 2: Summary of reference points

Involved sex of adults
for derivation

Assuming equilibsium

Required information

for Fasew Fusy (Eq. 1) Ao
ks -{.I ¥ ¥ I
No No Yes Yes
Mo We MoWoQo g fofala. Moo Qo

S-R relationship

9
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Table 3: Reference point ratio

Fa010 2012 F2002-2004

Fy i 0.53 0.63
Fiow 0.32 0.45
Foz 0.48 0.66
Fs 0.66 0.50
Fiw 089 1.20
Fsog, 1.21 1.60
Fusy 0.6 0.63
Faen 106 1.41

10
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(A) (B)
2010-12 Female 2010-12 Male
f=1.5
F F
f=1
f=05
. .
Age Age
(C) (D)
2002-04 Female 2002-04 Male
F F £=15
f=1
=05
4 4] 1 s
Age Age

Figure 1: Female and male fishing mortality of NPALB between 2010 and 2012 (A-B), between
2002 and 2004 (C-D}. RPs are obtained by changing F-multiplier (f). suggesting the selectivity is
fixed in the target years. f = 1.5 and f = 0.5 are shown for the illustrative purpose.

11
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Figure 2: YPR curves of NPALB. Arrows indicate fy ;. Auxiliary dotted lines for getting fo | are
corresponding to the target years 2010-2012. Gray curve is plotted in the range of (0.3.6) because
a larger value of f leads to an extinction of SSBg at equilibrium.

| — 2010-2012
2002-2004

SPRISPR);_g

F-rmuttiplier, f

Figure 3: SPR curves of NPALB (scaled by SPR|; ¢). The position of the intersection between
horizontal axis and lines corresponds to fespr (fso%. fa0%- f50%, fro% and fioz).
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Figurc 4: (A) $-R relationship and SRP lines (2010-2012) of NPALB. Filled circles indicate equi
librium points (SSB: ,4.R.q). Right equilibrium point that is an mtersection to SPR ;- line shows
(SSB¢ o.Rp). Middie und left point is corresponding o faps and fio5. respectively. (B) Female
sustainable yield defined at equilibrium. Arrows indicate fygy.

A) (B)
| L —— 2010-2012
. 2002-2004
2z | o
8%
x
-
s
Eg & .-
=3 o
3
o ]
g | -
[=]
o o 2
T T T T T 1 T T T
0 100000 200000 300000 a 1 2 3 4 5
SSBQ_ F-muttiplier, f

Figure 5. (A)Y RPSpypp line of NPALB. The slope (corresponding to RPSyigp) 18 0.34 and the
inverse 1s 2,94, (B) SPR curve of NPALB. The position of the intersection between horizontal axis
and lines corresponds to faep

13
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R-code 1: Personally uscd source code in this document

mivdir < - "fSeek/Simplicity/But/Distrust/It”
tgivr_start < — 2010

tetyrend < - 2012

nbin_F < — 10000

Maskmult <= 35

setwd{mydir)

library(rdss)

res <— SS_output(dir = mydir. model = “ss3". repfile = "Report.sso” .compfile = *CompReport .ss0”.
covarfile = "covar.sso”. ncols = 330, forec.m = TRUE. warn = TRUE. covar = F. checkcor = TRUE.
cormax = 0.95.cormin = 0.0 printhighcor = 10,printlowcor = 10. verbose = TRUE. printstats = TRUE
. hidewarn = FALSE,NoCempOK = FALSE. aalmaxbinrange = 4}

MaxAge < — res$accuage
Start Year < — resstartyr
EndYear < - res$endyr

ngender <— max(res$morph_indexing$Gender)
cat{"ngender-="ngender.” “n"}

bio <— {}

unp = res$endgrowth [

bio[[1]] = tmp|which{(tmp§Seas==2 i&ﬁtmpchnder' 1)),names(tmp)%infec("M”." Wt_Beg”.” Age.
Mat™i]

bio[[2]] = tmplwhich{{1mp$Seas==2)& (tmp$Gender==2)).names(tmp)Fin%c(” M"." Wt_Beg” )]

rownamesibio||1]]} < — rownames{biol[2]]|} <— imp$Age.Beg[which((tmp$Sens_-—Z}&{tmp&Gender
==] ]l

M1 < — biol[1]J$M
M2 < — bio{[2]]$M
W1 «<— bio[|1]]1$Wt_Beg
W32 <— bio[{2]1$Wt_Beg
(Q <— big|[1]]$Agec Mat

rmi tinp)

SSB < — res$recruit$spawn_bio[res$recruithyear>=Start Year]
REC < - res$recruit$pred_recr[res$recruit$ycar>=Start Year|
RO <~ sumires$timeseries$Recruit_0[res$timeseries$Era == "VIRG" ], na.rm = TRUE)

14


holmesj
Typewriter
ISC/16/ALBWG-02/12


4

ISC/16/ALBWG-02/12

Bl < — sumires$timescries$SpawnBiolres$timeseries$b ra == "VIRG”|. pa.rm = TRUE)
h < — res$paramcters$Value| res$parameters$labelteinti o SR_BH steep” ”"SR_BH_flat st eep” |
cat{"Ri-=".R0." -BO_female- =" .Ri).". h-="h." "n™)

tp < — res$eatage

cati” Nwnber-of fleet-=". maxitnp$Fleer.” “n” |

qY <— (max(imp$Yr) - min(top$Yri +] Vw34 = (2072 — J965 + )i = 48%41
nvear <— YA # =48, 1965 10 2012, first gv and last three gvs are removed
cat(" Start term-of CAA-is-vear:".minitinp$Y i+ 1.7 -season:™. 2."*u"}
cat("End term-of CAA-isyear:".maxitmp$¥1.." -season:”. 1."*n”}

cat(" catch in” .maxitmp$¥7)."is-included-into vear” max{tmp$¥ry 1.7 =n™)
cat(" CA A-hasnrow-=".nyvear.” *n"})

CAALD <= UAAZ <~ matrix((h. nyear. MaxAge+ 1)

# NOTE: last vear (2012 ) is siuned only by three scasons
for (i in bnyveary
# CAA female
CAALLL] <= applyiimplitmp$Yr==(minitimp$Yri+i 1)) & (tmp$Seas'+ in% e 2.3.4)) &itmp$Gender
== ). || names{tmp )% in%r seqi (. Max Age)|. 2. sum)
if(it=nyeur) CAAI1L] <— CAAT[L] + applycunp|itmp$Y r==(minitiup$ ¥ri+i)) & (unp$Scus==1) &i
tp$Gender==1 1. |inamesitmp)'« in% seqi0.MaxAge)|. 2. sum)
# CAA male
CAA2|i] <— applyitmp|ionp$yr-- (min(umpSYr+i 1)) & (tmp$Seasti in% o(2.3.41) &itmp$Gender
==2).]|names(Lup)' in‘e seq((.MuxAge)l. 2, sum)
if(i'=nyear) CAAZLL} <= CAA2[i] + apply(tmp|(tmp$ Y r==minitimp$Y i+ & (tmp$Secus==1) &i
tmp$CGender==2). | names(unup)% in‘ seq(O.Max Age)|. 2, sum)
}
rownames(CAA]) <— rownames(CAA2) < — seq(min(tmp$ Y r).maxitmp$yr))
colnamesi CAA) <— colnamesiCAA2) < — seq({l.MuxAge)
rm{tmp)

# GaN@ A

tmp < — res$natage

tmpl < — tmp}which( (tmp$Seas==2) & (tmp$ BegMid'=="B") & (tmp$¥r == (StartYear— 1 1) & (1np$
Yr < = EndYear) & (imp$Gender==11) .|

tmp2 <— tmp|which{ (tmp$Scas==2) & (1mp$ Beg/Mid =="B") & (tmp$¥r == (StartYear 1)) & (imp$
Yr - = EndYear) & (tmp$Gender==2} ) .|

NAAT <— as.matrix(tmp![names{tmp | }% in% seqi0.Mux Age}|)

NAAZ < — asmatrix(tmp2|names(tmp2 i in% seqi0.Max Agel])

rownamesiNAA1} <— rownames(NAA2) < —dimnames(CAALI|1]]

mitip)

#GetFe A

nage < — ManAge+]
FAAT <— FAAZ < - matrix((). nycar. nage)

15
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for (iin J:nyear}{
for (j in I:nage){
if INAAL[1.1]=0.0000001} {
FO < - CAALJ]F NAATL]
F1 <— CAAij} = (FO+MI[I/ NAAI H (1 -exp{— FU-MI[j]}H
while(abs(FO—F1)>0.0001){
FO <— Fl
Fl «— CAAI[ij] » (FO+ MI[j)}/ NAAI[4)/ (1 exp{—FO-MI[jIh
L
I
FAAI[i.j] <= FI
}
}
}
for iiin l:nyear}
for (j in l:nage){
if INAA2[i,j}=0.0000001) {
FO < — CAA2[i,j]/ NAA2[i]
F1 <— CAA2[ij] » (FO + M2[j]}/ NAA2[ij]/ (1 —exp(— FO- M2{i]))
while(abs{FO- F1)=0.0001}{
FO «<— F]
Fl <— CAA2[ij] # (FO + M2[j]) / NAA2[i ]} / (1 —exp(~ FO-M2[j]})
!
FAAZ[ij] <- Fl
}
}
1

rownamesiFAA1) <— rownames(FAA2) <— dimnames{CAAT}[]]
colnames(FAA |} <— colnames(FAA2) < — dimnames(CAA1}{|2]]

# Lt fareet artiin [Ny
tmp <-— FAA l[{rownames(FAA )% in%seq(tgtyr_start.tgtyr_end). ]
TargetFAA1 <— apply(tmp. 2. function(x) {

GeoMean < — meanix) {x)
D
tmp <~ FAA2[rownames(FAA2)%inSseq(igtyr.start.igtyrend).]
TargetFAA?2 < — apply(tmp. 2. function(x) {

GeoMean < — mean(x)#erp(meanilogin}
by
plot(NULL.pch=NA xlim=¢({0.MaxAge),ylim=¢({0,0.3}.xlab="".y lab="" cex.axis=1.2.cex main=1.0.

main = "F1012,-N:Q2,-Catch:Q2-3-4-1” .xaxp=¢(0, 15, 15} }

grid(NULL)
points(seq(0.MaxAge). TargetFAA L.type = "b” ,col="red")
points(seq(0.MaxAge), TargetFAA2.type = "b" col="blue")
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122 N1 <— NI <— repl LMurnAge+] )
i Froult <= seqiO.Maxkmult.length=nbin_F)
135 SPR <= YPR <~ S8Bumsy <— Rmisy <~ MSY <~ repiillength=nbin.F)

1:7 forivin | :lengthi Fmulut |

a8 FAAmultil <— TurgetkAA T=Fmult]i]
s FAANuG? <— FargetFAA 2=l
EN 71 <— FAAmuhil + M|

14 72 <— FAAmulE2 + M2

152 forijin :MaxAge)d

14 NIjj41) <= NIjjlxexp( Z11jD
144 N2Jj4 1} <= N2jleexp( Z21iD)

NIIMu\AgHI]<—M{Mu\Agc!sexp( ZUMunAgelWil expl  ZHMaxAge+ 1))
1 N2[MaxAged I <= N2IMaxAgel=expt 7Z2IMaxAgelWil expi- Z2[MaxAge+1]h

144 Catchoratiol <— FAAmultil/Z1xi1 exp{ /1)
1561 Catelioratio? <— FAAMuMZZ2+(1 —exp( 72h

151 YPRI] <— 0.5%sumiN W 1 =Catchratiol ) + 0.5 ssumi N 2 W 2sCatchoratio2)
152 SPRIi| <= 0.5+sum(N1+W [£(})

e ifi==11]

145 spri) < — SPR]i|

150 telse] # NOTE: SPR under F=0 is ignored when getting equiliblison S&R
157 spr<— SPR{il

154 f <— function (x} 4#112R0=x / ¢ sprOxRO«( 1 hy+ x=i3+l 11} wfspr
154 # olsein intersection between SR—curve & RPS—line

160) sl <— unirootif. e(0.1. 100«BUH

161 SSBmsy|i] <— sol$root

02 Rmsy|i] < —SSBmsylil/spr

163 I'

tod MSY < — 05ssum N1+ W I=Catchoratiol Rmsy|i]
Fs # MSY[i] <= YPR[i]sRmxv{i] # Equation in 14
166}

168 # YR series

100 plot(Fiul Y PR.tvpe = ™)

170 grad YPR <— (YPR|2:nhin | YPR] Lidnbin_kE  DipyiMasFmolynbin F)
171 Fmax <— Wknuh] grad .YPR-= 0[]

172 prad YPRO < — (L1 +grad YPR] 1]

173 FOI <= IAil'multferad YPR < grad . YPRO| ) [ ]

174 cat” Fmax-=" . Fmax.” -F0.1-=" F0.]." “n"}

170 # SPR series

177 SPRO < — SPRISPR} | # scaling so that SPR with F=i} equals o
s plot(Fmult. SPRO.pe = 7170

170 50 <= IAFmult]SPRO- 05111
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180 F40 < — 1{Fmultj]SPRO=0.47:{1]

181 F30 == 1/iFmult{SPRO< 0.3]1[1]

52 F20 < — f(Fmuli[SPRO=0.21)[ 1]

g2 F10 <~ 1/iFmul{SPRO=-0.11i[1]

184 eat(" F50%-=".F50." F40%-=".F40.” -F30%-="F30." -F20% =" F20.". F10%-=" F10." “n™}
153

186

187 d 5

185 options{scipen=1[

139 plot{ NULL. alim = ¢(0.1.2%B0).yhim = ¢(0.max(REC)). xlab =", vlab = " .cex.axis=0.7 }
190 points{SSB.REC)

191 curvel I/SPR[] |»x.add = T.lwd=2)

192 curvel l/SPR[SPRO=0.4][1]+x .add = T)

193 curvel I/SPR[SPR0<0.1][1]*x .add = T.col="grey”)

19:  curve(4xhsR0sx /{ sprOsRO=(]1—h) + x*(5%h— 1) Ladd = T.Jwd=2}

196 # M5Y

197 ploti Fmult. MSY .iype = "1".ylab = "Yield”)

jan grad_ MSY <— (MSY|[2:nbin.F) MSY|}LiphinF— 1] WiMaxFmult/nbin F)

199 Fmsy <— HiFmult{grad MSY<=0])f1]

300 Bmsy <— (SSBmsy[grad MSY =011 1]

01 msy <— (MSY[grad MSY <0Jy[1]

202 cat(’ Fmsy-=".Fmsy.”,-SSBmsy =" fioor(Bmsy). 7 -MSY-=".floor(msy 17 0"}

205 plot(NULL. xlim = ¢(0.BO}.ylim = ¢(0.max(REC)). xlab = "S5B". ylab = "REC" )
xn  points{SSB.REC)
07 curve(4xh«R0xx / ( sprOxRO#({1—h) + xx(5¢h- 1} ).add = T col="red”}

200 num <— EndYear - StartYear+]1

210 numl0 <= floor{Q.1*xnum)

211 pum30 < — floor(0.5%num)

212 num90 <— floor(0.9+num)

213 g <— function(x) {

214 RPSS <— 8SB=x

215 sum!iREC-RPSS1=0)

26}

217 RPS < — seg(from=0.1.to = 1.by = 0.01}
215 tmp <— sapply(RPS.g)

220 RPSJ <— (RPS[tmp>numlODi1]
221 RPS_m <— (RPS[tmp=num50]i[1]
222 RPS_h <— (RPS[tmp=num90]) 1]

124 curve(RPS_1#x,add = T.lty=2)

125 curve(RPS_msx.add = T.lty=2)
226 curve(RPS_hxx.add = T.liy=2)
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2 plot(FnulSPRspe = 717

F<— Miknmuit|SPR-1/RPSID T

s Fome<— Hilimul|SPR- HRI'S.m i i

21 v <= Al SPR- /RPS_hp| ]

cati”F Jow-="F 1." ‘F anid-="F.. ".-F_high-=" . F.h." "n")
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