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ABSTRACT

Herring stock abundance in British Columbia waters is assessed using an age structured assessment model for the
magjor stock assessment regions and an escapement mode for the minor stocksin Areas 2W and 27. These
models have been gpplied to assess herring abundance since 1984. Accurate estimates of current and future
stock abundance rdy heavily on consstent and rdliable biologica sampling of the populations. Extensve SCUBA
surveys are conducted throughout the British Columbia coast to enumerate the numbers of fish pawning in esch
area and thisinformation forms an important part of the data for determining tota abundance in the age-structured
model. Additiona data on total harvest, fish Sze and age structure of the spawning runs are used to determine
current abundance levels. Asin recent assessments a fixed spawn conversion or catchability factor is applied for
the dive survey era beginning in 1988 and a free fitted parameter is estimated for the earlier surface survey period.
In addition, ayear specific logidtic function is applied to mode the availability of fish on the spawning grounds.
Forecadts of future stock abundance are developed from estimates of historical recruitment and used to provide
advice on dlowable harvest. The harvesting policy permits a maximum of up to 20% removal of the forecast
pawning biomass provided the abundance is greater than the fishing threshold or Cutoff level established to
conserve biomassin periods of reduced productivity.

RESUME

On évdue |’ abondance du hareng dans les eaux de la Colombie-Britamigue al’ aide d' un modée de la structure
par &ge, pour les principaes zones d’ évauation des stocks, et d’ un modée des échappées, pour les stocks moins
importants des zones 2W et 27. Ces modées sont utilisés pour évauer I'abondance du hareng depuis 1984. La
précision des estimations de I abondance actuelle et future repose fortement sur un échantillonnage biologique
uniforme et fiable des populations. Des plongeurs méenent des relevés exhaudtifsle long de la cte de la
Colombie-Britannique pour dénombrer les poissons qui fraent dans chague zone. L’ information aing recueillie
représente une partie importante des données que I’ on utilise pour déterminer I abondance totale avec le modde
de lagtructure par &ge. On utilise des données supplémentaires sur les pré evements totaux, la taille des poissons
et lastructure par &ge des bancs de reproducteurs pour déterminer les niveaux d’ abondance actuels. Comme
dans les éval uations récentes, on applique un facteur fixe de converson desindices defrai ou de capturabilité
pour les reevés des plongeurs effectués depuis 1988 aing qu’ un parametre gjusté librement desindices issus des
relevés antérieurs effectués depuis la surface. En outre, une fonction logitique annudle est appliquée pour
moddiser la disponibilité des poissons dans les frayéres. On éabore des prévisions de I abondance future a partir
d’ estimations du recrutement antérieur que I’ on utilise ensuite pour formuler un avis sur les préévements
admissbles. La palitique sur les préévements permet des prédévements atteignant 20 % de la biomasse du stock
reproducteur prévue pourvu que I abondance soit supérieure au seuil de péche ou le niveau d’ arrét de la péche
établi pour préserver la biomasse dans les périodes de productivité réduite.






1. INTRODUCTION

Herring have been one of the most important components of the British Columbia commercid
fishery over the past century with catch records dating from 1877. The fishery evolved from adry salted product
in the early 1900s, to areduction fishery in the 1930s that collapsed in the late 1960s as a result of environmentd
change and excessve harvesting. After afour year closure the current roe fishery beganin 1972. Roefisheries
occur just prior to spawning when the fish are highly aggregated and very vulnerable to exploitation. Since 1983,
herring roe fisheries have been managed with afixed harvest rate policy and a quota syssem. Under this system,
harvest levels are determined prior to the season based on afixed percentage (20%) of forecast stock size. In
addition, threshold biomass or Cutoff levels were introduced in 1986 to restrict harvest during periods of reduced
abundance. Stocker (1993) provides a detailed description of the fishery management framework.

Since the mid-1980s stock assessments had been conducted with two anaytica models
developed explicitly for British Columbia herring populations: (1) amodification of the escapement model
described by Schweigert and Stocker (1988); and (2) a modification of the age-structured model described by
Fournier and Archibald (1982). In 2002, the age-structured modd was adopted as the primary assessment tool
for the mgor migratory stocks while the escgpement model estimates are provided for minor socks in Areas 2W
and 27. The assessment framework presented here outlines the data and methods utilized to provide an annud
assessment of current abundance and forecasts of run size for the next fishing season

1.1. STOCK CONSIDERATIONS

The stock concept used for managing the British Columbia herring resource is based on current
knowledge of stock structure that is necessarily incomplete. Given incomplete knowledge of population structure,
it is prudent to manage fisheries to ensure maintenance of the grestest potentia biological diversty in dl regions.
Additionally, stock forecasts for smaler geographic regions than those used in the current assessments are not
accurate enough for fisheries management. Therefore, fisheries should continue to focus on the mgor
aggregaionswithin each assessment region to minimize the potentia over-exploitation of any amdler, spatidly
discrete spawning groups. Recent coded wire tagging and micro-satellite DNA genetic studies support a meta:
population model of stock structure comprised of five major migratory sub-populations targeted by the roe and
other fisheries (Schweigert and Flostrand 2000, Flostrand and Schweigert 2002, 2003, 2004, Beacham et al.
2001, 2002, Ware and Schweigert 2001, 2002).

The stock groupings used for the current assessments are identical to those used since 1993 (Fig.
1.). The Queen Charlotte Idands stock assessment region includes most of Statistical Area 2E, spanning from
Cumshewal Inlet in the north to Louscoone Inlet in the south. The Prince Rupert Digtrict stock assessment region
encompasses Statistical Areas 310 5. The Central Coast assessment region separates the mgjor migratory
stocks from the minor spawning populationsin the mainland inlets. The Central Coast assessment region includes
Stetistical Area 7 plus Kitasu Bay in Area 6, Kwakshua Channel in Area8. The Strait of Georgia stock
assessment region includes al of Statistical Areas 14 to 19, 28, 29, and Degpwater Bay and Okisollo Channel in
Area13. Thewest coast of Vancouver Idand assessment region encompasses Statistical Areas 23 to 25.
Midgley (2003) outlines current geographica stock boundaries.
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Figure 1. The five mgor British Columbia herring stock assessment regions: Prince Rupert Didtrict (PRD),

Queen Charlotte Idands (QCl), Centra Coast (CC), west coast Vancouver Idand (WCVI) and the Strait of
Georgia (SOG).

Abundance estimates are not regularly developed for areas outside of the mgjor assessment regions that may
support additional smdl herring runs, because both the spawn survey and catch data are incomplete for many of
these areas. Therefore, presentation of stock estimates could lead to erroneous conclusions regarding either
absolute abundance or stock trends. Recent attempts to conduct a compl ete age-structured assessment for
Areas 2W and 27 have been unsuccessful because of incomplete data. An escapement mode estimate of current
stock abundance is available for these areas but no rdiable forecast of abundance in the coming year is possble.



1.2. DATA BASE

The primary data sources for the stock assessments are spawn survey data, commercia catch
landings data, and age compaosition data from biological samples of commercid fishery, pre-fishery charter, and
research catches. These data are available in an Access database for the period 1951 to present. Thistime span
includes the reduction fishery period to 1968 and the subsequent roe fishery period that began in 1972.

Of the three data sets, the spawn data contain the largest measurement errors. While the qudity
of spawn surveys has generally improved over the course of the time series, due to increased effort and better
qudity control of the surveys, there are occasond problems with equipment and weether that may hamper data
completeness or accuracy in some years. The consstent observations made during al years of surveys arethe
tota length, the average width, and a measure of egg densty for each spawning Ste. Since 1987 an increasing
number of egg beds have been assessed using SCUBA rather than traditional surface survey methods. We
believe that the SCUBA data provide a relatively more accurate estimate of spawn bed length, width, and egg
dengty than earlier surface surveys. These data have been used in developing the spawn index where available.

Catch information is obtained from landing dips or monitoring of plant offload data. Higtoricdly,
landing dip data were summed by fishery season (seasons run from July 1 to June 30). Beginning in 1997/93
season, roe catch figures are based on verified plant offload weights, aresult of the introduction of the individud
vess quota (‘pooal fishery') system for dl fisheries except the Strait of Georgia and Prince Rupert gillnet fisheries.
Since the 1998/99 season, verified plant offload weights are available for dl food and roe fisheries coast-wide.
Higtorica catch taken in al non-SOK fisheries are shown in Figure 2 and for roe fisheries in each assessment
regionin Appendix Table 1.

The spawn-on-kelp (SOK) fishery currently congists of 46 licensed operators that have been
allocated about 3000 tons (2722 tonnes) of herring in recent years, for use in open and closed pond operations.
For assessment purposes, it is assumed that the 100 tons (91 tonnes) of herring alocated to each closed pond
operator are removed from the population as egg production or mortaity (Shields et a. 1985). A smilar
assumption of 35 tons (32 tonnes) is made for open pond operations. These data are treated as an additiona
seine remova. Allocationsto dl SOK fisheries sinceitsinception in 1975 have been tabulated and are included in
the assessment.

Age gructure data are used in both assessment modeds (Figure 3). The information from
biologica samples of the catch is used for years when there were commercid fisheries. Pre-fishery saine charters
began in 1975 and samples from these surveys are used in addition to samples taken from the catch, particularly
in areas with no fisheries, or when caich samples are few in number or not representative of the entire catch.
Additiond data used in both models are annua estimates of the mean welght-at-age. Higtorically, the target for
biologica sampling was 400 samples collected coastwide. Recent reduction in ageing capacity has limited
biologicd sample collection to fewer than 300 samples annudly.
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Fgure 2. Estimated total catch from dl fisheries except spawn-on-kelp for each assessment region from 1951-
2005.
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Figure 3. Age compostion estimates for five mgor assessment regions from 1951-2005.



2. SPAWN INDEX

2.1 INTRODUCTION

The spawn index estimation was referred to as the escapement modd in earlier assessments. It
provides the auxiliary information for tuning the age-structured modd. It was first developed for the 1984
assessments (Haist et a. 1985; Schwelgert and Stocker 1988), and provides an empirical estimate of the
escapement from the fishery based on egg deposition information. For most stock assessment regions, recent
estimates of escapement are based primarily on SCUBA survey data. SCUBA surveys have been used routingy
on the south coast since 1987 and coast-wide the following year. SCUBA surveys have been found to be
superior to surface surveys for spawn assessment because they provide more accurate estimates of both spawn
bed width and the intengity of egg deposition. A summary of the recent spawn survey coverage for the British
Columbia coast is presented below. Asaresult of reductionsin DFO resources and the consequent contracting
of diving surveysto indudtry, there has been virtually no DFO effort directed to surface surveys since the late
1990s, particularly outside of the assessment regions.

2.2 METHODS

The spawn index provides an estimate of the total egg deposition and by inference an estimate of
the pre-fishery mature biomass in each assessment region. The totd egg deposition is an amagamation of
estimates of the total number of eggs based on surface surveys, dive surveys of the dga and bottom substrate,
and surveys of the giant kelp, Macrocystis sp., and attached eggs. The methods adopted for deriving totd egg
deposition are detailed below.

Surface Surveys

Since the late 1920s, there have been organized efforts to assess the amount of herring eggs
deposited throughout the British Columbia coast as an indicator of sock abundance. The parameters which have
been monitored consistently are total length of each spawning bed measured parale to the shoreline, the average
width of each spawning bed, and an estimate of the intensity of spawn deposition. Prior to 1981, intendty was
estimated subjectively on either a1-5 or 1-9 scae of light to heavy (Hay and Kronlund 1987). Subsequently,
intendty of egg deposition was recorded as the number of egg layers observed on each of severd typesof agd
subgtrate. Dua observations of layers and intensity were available in most areas for a couple of seasons to permit
converson of the higtorical intengty estimatesto layers of eggs. Beginning in 1987 an increasing proportion of the
spawning beds coast-wide have been surveyed using SCUBA techniques as outlined below.

To provide a consistent coast-wide assessment of total egg deposition throughout the time period
from 1951 to present, it was necessary to inter-cdibrate the surface and SCUBA surveys of egg depostion.
Initidly, the inter-calibration took the form of linear equations that converted the surface survey estimates of
spawning bed width and egg layers to comparable SCUBA estimates (Schweigert and Stocker 1988). However,
the data available for thisinter-cdibration were limited in time and pace to particular spawning beds over the
course of afew years. As SCUBA surveys of the spawning beds became widespread, an extensive database of
edimates of the dimengions of herring spawning beds in most areas of the coast became available and anew
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procedure for calibrating the width of herring spawning beds estimated by surface surveys was proposed
(Schweigert et d. 1993). The methodology consisted of defining spawn pools that were a grouping of herring
gpawning locations which were geographicaly adjacent and probably geo-morphologicaly smilar. Hence, diver
width estimates developed for such a'pool’ were felt to be characteristic of dl herring locations within that pool.
For the small number of locations which could not be assgned to a pool, the median width for the herring section
(Haist and Rosenfeld 1988) was used to adjust width estimates for the herring location. The median width was
preferable to the mean because of the non-normd digtribution of the spawn width estimates. Any pools for which
fewer than 25 observations of width existed were dso adjusted using the section median. For the rare instances
where no median estimate was available at the section leve, the median width for the assessment region was
applied to caculate the area of the egg bed. The long term median spawn width for each pool, was then applied
to each surface survey record to estimate a “diver’ width and combined with the estimated surface length, to
determine the total area of egg depostion for each spawning Site.

To esimate egg density, it was assumed that surface and SCUBA survey estimates of the number
of egg layersin a spawning bed were equivaent. The database of 5111 observations of egg dendity per square
meter from laboratory egg counts of SCUBA survey quadrat samples collected between 1976-1987 was used to
develop a predictive modd of egg density from egg layers:

Eggs/ m? = 14.698 + 212.218 Layers

The rdaionship is Satidicaly sgnificant (P<0.001). Total egg deposition for each egg bed is then estimated from
the product of total spawning bed area, and egg density predicted from the average surface egg layer etimate.

At present limited data exigt for adjusting surface survey width information in most aress outside
the mgjor assessment regions except in afew locations such as Johnstone Strait (Statistical Areas 9-13) where
some dive surveys have been conducted. These surveys indicated that no adjustments are required for the spawn
widthsin Johnstone Strait because widths are very narrow and appear to be accurately assessed from the surface
in this area (Schwelgert and Haegele 19883, b).

SCUBA Surveys

For SCUBA surveys, spawning bed lengths are determined by exploratory grabs with a spawn
drag, rake or snorkeling to define the limits of the areas of egg depodition. A systematic sampling regimeis
employed whereby transects are set across the egg bed perpendicular to shore at 350 m intervals. Corresponding
spawning bed widths are estimated as the mean of dl transect lengths within the spawning bed. Estimates of
mean egg density are based on a two-stage sampling design (Schweigert et d. 1985, 1990). Average egg
density for each spawning bed is estimated, as the weighted mean of the means of a series of quadrats located
along each transect, where the weighting is based on the length of each transect. For each quadrat, observations
are made on severa variables. type of aga substrate; proportion of the quadrat covered by each dgd type;
number of layers of eggs on each aga type; proportion of the bottom substrate covered by eggs, and an estimate
of the number of egg layers on the bottom substrate. 1n some areas, assessments are o made of the egg
deposition on the giant kel p as described in afollowing section.



Egg deposition for each sampling quadrat is estimated from the predictive equation described in
the 1989 assessment report (Haist and Schweigert 1990, Schweigert 1993). The parametersis the current
assessment have been re-estimated from the research surveys conducted from the 1981-87 as these data are
most congstent with the present survey methodology. Egg density for each vegetation sub-fraction is estimated as
follows using non-linear regression (r°=.4011, P<0.0001).

EggSJ = 600.567 Lij0'6355 Pij1'4130 Vij q +e.
where
Eggs; = estimated number of eggsin thousands per Nt on vegetation typei in quadrat |

Li; =number of layers of eggson agd substratei in quadrat j,

Pi; = proportion of quadrat covered by agal substratei in quadrt j,
V3 =0.9715 parameter for seagrassesin quadrat j,

V5 = 0.7793 parameter for rockweed in quadrét |,

V3 =0.9119 parameter for flat kelp in quadrat j,

V4 = 1.1766 parameter for other brown agae in quadrat j,

Vs = 0.6553 parameter for leafy red and green algee in quadrat |,
Vg = 1.0000 parameter for stringy red algae in quadrat j,

Q. =0.4271 parameter for 1.00 n quadrats,

Q. = 1.0512 parameter for 0.50 n? quadrats,

Q; = 1.0000 parameter for 0.25 n quadrats,

e =normaly distributed random variable with mean 0 and variance s 2.

Total egg dendity (thousands of eggs per nf) for each quadrat is then estimated by summing the
egg dengity estimates over the vegetation types,

Eggs, = é Egos;-

During the period from 1988-1997, samples of agae and the attached eggs from entire quadrats
were collected and processed to evaluate model predictions of egg dendty rdlative to sample egg counts. Egg
counts from these samples did not differ sgnificantly from mode predictions. Due to funding shortfdls, no
samples have been collected since 1997 and modd predictions of egg numbers per sample quadrat are assumed
to be unbiased estimates of true egg density.

Egos on Bottom and Macrocystis

Eggs on rock are estimated from the product of the proportion of the quadrat covered by eggs,
the number of egg layers, and 340,000 eggs/egg layer/nt (Haegele et al. 1979). Eggs on rock aso includes eggs
on other inorganic substrates as well as egg deposition on very short (1-2 cm) red agae, ca careous encrusting
algae, worm tubes, logs, etc. Totd egg dendity for each quadrat is the sum of eggs on vegetation plus eggson
rock.



In some northerly areas such as the Queen Charlotte Idands and the Prince Rupert Didtrict, a
sgnificant proportion of the total egg deposition can occur on the giant kelp, Macrocystis ., with smdler
amounts in some locdlities on the Central Coast and west coast of Vancouver Iand. The gpproach we have
adopted for routine SCUBA surveys follows that outlined by Haegele and Schweigert (1985). The SCUBA
transects which are used to assess egg density on under-story vegetation are dso used to enumerate Macrocystis
plants and fronds within 1 m on ether sde of the transect line. An egg prediction equation has been developed
(Haegele and Schweigert 1990) to estimate egg numbers for an individua plant (P<0.0001, r’=78.0):

Eggg/Plant = 0.073 Layers™®"® Height®**? Fronds”’®
where

Eggs/Plant = tota number of eggs on the Macrocystis plant in millions
Layers = average number of egg layers on each Macrocystis plant,
Height =totd height of the Macrocystis plant in metres,

Fronds =totd number of fronds per Macrocystis plant.

This equation estimates the number of eggs occurring on aplant of a gpecific height with acertain
number of fronds and egg layers. In practice, the synoptic SCUBA survey estimates only the average number of
egg layers per plant, the average plant height, and the average number of fronds per plant aong each transect.
These quantities are used in the above equation to estimate the total egg numbers per plant for each transect.
These estimates are averaged across transects to obtain an average number of eggs per plant for the entire
Macrocystis bed.

Thisinformation is then combined with the estimate of the density of plants and the estimated area
of the Macrocystis bed to obtain an estimate of the tota number of eggs deposited on the kelp:

Total Eggs on Macrocystis = Eggs Plant™ - Plantsm?- Bed Area
This egg depostion is then added to the estimated eggs on the understory vegetation to determine atota egg

deposition for that spawn pooal.

Spawn Index

The spawn index for each mgor stock is determined by combining the estimates of tota egg
abundance from the various egg surveys.

_ SurfaceEggs+UnderstoryEggs + MacrocystisEggs
100 xEggs/ g x¥Femal e xweight

Index

The index provides an estimate of the spawning biomass for each spawning bed that are summed
over the entire assessment region to obtain the spawn index that is used as the abundance index in the age-
structured mode!.



Biomass Estimates for Minor Stocks

Biologica sampling data and spawn surveys for the minor stocksin Areas 2W and 27 have been
intermittent, making age-sructured andyss difficult. Alternatively, escapement from the fishery from egg
deposition surveys, plustota catch can be used to provide an estimate of the pre-fishery spawning siock biomass
for these areas. Smilarly to the spawn index, the following relationship may be used to estimate pre-fishery
biomass for each area (Schweigert 1993), if dl pertinent data are available:

1
o

P.W.

ijv o]
3

8

B, =C, + Eggs; -

R
a Pij FijSRij

3

D+ O vO O
QO

where

B = total pre-fishery mature biomassin tonnesin year |,

C; =totd catch intonnesin year j,

Eggs = total egg depogtion in billionsin yeer j,

Pi; = proportion of fish a agei in year j in the oawning run,
Fi; = fecundiity of femalesof agei inyear j,

SR = sex rétio or proportion of femalesa agei inyesr |,
Wij = mean weight of fish a agei inyear j in tonnes.

However, estimates of fecundity, age composition, and mean weight a age are usualy not
available each year so asmpler method is used to estimate biomass from the estimate of tota egg deposition.
Tota egg deposition estimates for al spawning beds from al three types of survey (surface, dive, and kelp) are
summed within each area and the total egg deposition is converted to tonnes of spawning fish based on an
estimate of 100 eggs per gram of herring on average (Hay 1985). Thetotd caich is obtained from sdes dip
information or verified plant landed weight data and added to the escapement to determine current biomass.
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3. AGE-STRUCTURED MODEL

3.1. INTRODUCTION

An age-structured model, based on the error structure proposed by Fournier and Archibald
(1982), has been used to assess B.C. herring stocks since 1982. Ongoing revisons to the modd have made it
more condstent with the life history of herring and the associated fisheries that are andyzed. The current version
uses auxiliary information in the form of spawning escapement data, separates catch and age composition data by
gear type, and includes avallability parameters to estimate partia recruitment to the spawning sock. Model
parameters are estimated smultaneoudy using a maximum likelihood method. The mode has used estimates of
spawning stock biomass as the abundance or * spawn index’ for parameter estimation beginning in 1994
(Schweigert and Fort 1994). The modd isimplemented in the C™ programming language using AD modd
builder software (Otter Research Ltd, 2001).

3.2. METHODS

Data Sources
The input data for the age-structured analysis are stored in and summarized from an AccessXP

database that is updated annually with new catch, spawn, and bio-sampling information. The data are summarized
by fishing season, gear, for three periods for each assessment region.

The Population Moded

Purse saines and gillnets are the two types of fishing gear commonly used in B.C. herring fisheries.
Saine nets are cgpable of encircling schools of herring and consequently capture dl available age and size classes
of herring in alocation. Tempora and spatid changesin the digtribution of maturing herring schools can affect the
composition of seine catches. Nevertheless, seine nets are assumed to be non-sdective for herring while gillnets
are Hective for larger, older fish. Herring fisheries have concentrated primarily on fish which are on, or migrating
to the spawning grounds. Therefore, the relative availability of age-classes to non-sdective seine gear should be
equivdent to the partid recruitment of age-classes to the spawning stock. The age-structured modd explicitly
separates availability (partia recruitment) and gear selectivity. Seine and gillnet fisheries are usudly tempordly
separate so catch and age-composition are partitioned into fishing periods, separating data for the different gears.
Three fishing periods are modelled as follows. The first period encompasses al catch prior to the spring roe
herring fisheries. Thisincluded reduction fishery catches prior to 1968 and the winter food and bait fisheries Snce
1970. Most of this catch was taken by seine gear dthough small amounts were caught with trawl nets (which are
also assumed to be non-size sdlective). The second fishing period includes dl seine roe herring catch and the third
period includes dl gillnet roe herring catch. Beginning with the 2002 assessment, the Access database summarizes
catch-at-age data by periods (May-Sept., Oct.-Dec., Jan.-April) that differ dightly from the earlier gpproach
because of a closer correspondence of catch and sampling data during these periods. However, the catch-at-age
dataare il tabulated into reduction and roe fishery periods consstent with the earlier methodology for further
andyss.
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In the population model for each assessment region, let T;; be the total number of fishin age
classj at the beginning of year i, where year is equivalent to season, and | ;; be the proportion of age | fish
which are available to the fishery. Then Nj; , thetota number of age classj fish which are available &t the
dart of period 1 in year i isgiven by

N1 =1 Ty , where 04 i él 31

To modd the fishing process, aform of the catch equations that models fishing and naturd mortality as
continuous processes over time period r, is used:

Fije

ijr r

(l- exp(- Fiir-M r)) Nijr »

and, forr <3
Nijr+1= Nijr eXp(' Fijr - Mr),
where

Cir isthecatch of ageclassj inyeari for periodr,

Fi  isthefishing mortdity of agedassj inyeari for periodr,
M isthe natural mortdity for periodr,

N,  isthenumber of fishin agedassj inyear i for periodr,
i isthe year (i = 1 to current),

j isthe number of ageclasses (j = 2to 10),

r isthe number of fishing periods (r = 1 to 3).

Ni.1j+11 1S defined by equetion 3.1 wherefor j+1 <k

T = NijreXp(' Fij - Mr)+Tij (1' Iijb(pgé.' Mrg 3.2

In the model the last age class, k, accumulates dl fish aged k and older, so for j+1=k equation 3.2 is replaced
by

Foes o]
Tiik = N1, e<p(— Fiir - Mr)+Ti,k-l( i k- 1)e><pga M, E’
Ny exp(- Fyp - M, T, (1- )expga M i

To reduce the number of parameters to be estimated, assumptions are made about the form of the availabilities
and mortalities. The partia recruitment or availability, of fishto the roe fisheries were formulated to increase

12



with age and were set to 1 for age 6" and older. The proportion of age 2" fish which are mature d'so appears
to vary among years (Haist and Stocker 1985) and some reduction fisheries targeted on immature 1 fish. To
account for inter-annud variation in availability amodified logistic equation isfit over dl age classes (17-10™)
and the inflection age for availability is permitted to vary from year to year but the dope is assumed congtant:

| = L
D l+exp(-d(j- )

where d isthe dope a the inflection age, and g; isinflection age in year i. Edtimated availability for ages 1" and
2" are presented in Figure 4. In the forecast year, the availabilities are set to the geometric mean over the last
decade in the time series.

For the sdective gillnet fishery (i.e. fishing period 3), fishing mortdity is separated into age
sdectivity and fishing intensity components. Following Doubleday (1976),

In(F‘i3) =a;; +b, 3.2a

where a , , represents the generd level of fishing mortdity due to the gillnet fishery inyear i, and b, represents
the relative sdlectivity of the gear for age-classj. The p; are parameterized such that age sdlectivity is

modelled as afunction of annud average weights-at-age. A modified logistic equation is used to describe the
level of sdectivity asafunction of weght-at-age,

) 1
S l+exp(r-tg)

bij

where g is log, of the geometric mean weight-at-agej inyeari. The bi; replacethe b in equation 3.2a

For non-sdlective fisheries (i.e. fishing periods 1 and 2) only fishing intengty parameters are
estimated, thet is

In(FiJf):air'

Asin recent assessments, an average naturd mortdity parameter, M, isestimated. It is

assumed that mogt of the natural mortality occurs following spawning and over the course of the summer and
early winter prior to thefirg fishery (period 1). Little or no naturd mortality is assumed during the course of the
roe fisheries (periods 2 and 3) which occur over aroughly 2 week period at the end of the year. Hence,
various proportions of the annud natura mortaity for the three fishing periods is moddled as,

M, = 0.95M.
M, = M, = 0.025M.

13



Additiond gructureis built into the modd through the inclusion of annua spawn data (spavn
index, li). Spawning occurs at the end of the year so the number of spawnersat agej inyeari (G;;) is
estimated by

G, =N, exp(-F,- M, where j>1
and the spawning stock biomass, which is assumed to be proportiona to egg production, in yeer i, (R ) is
R = éj‘ W; Gij,
where wij isthe average weight-at-age | inyear i. The errorsin the spawn index observations (Ii )are
assumed to be multiplicative so that
I = qRexp(x), 33

where g is a gpawn conversion factor and x, isanormaly distributed random variable with mean 0 and
vaiance s 2. Theresiduas from this relaionship are presented in Figures 5 and 6.

For the mode described above the parameters to be estimated are:

T, . forthefirst age classand dll yearsi,

T;, for ageclasses 1" to k in theffirst year,

| i, from the logistic equation for years 1 to n for ages 1" to 107,
a, , for dl fisheriesfor years 1 to n and periods 1 to 3,
d,g,,r,t,w,M anda.

The | j are parameterized to condtrain their values between 0 and 1. The parameter s ? is
not estimated in the reconstructions, but is fixed as discussed later on.

14
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The Objective Function

Datainput to the stock recongtruction are:

Sir » the number of sampled fish aged j inyear i for periodr,
O , the estimated number of fish caught in period r of year i,
l;, the estimated escapement biomass or spawn index in year |,
w; , the mean weight-at-agej inyear i,

g; » the log. of the geometric meen weight-at-agej in year i.

The error structure suggested by Fournier and Archibald (1982) for the observations s, and
Or isused:

1) the S;, are obtained from ageing random samples of fish from the catch (and there are
no ageing errors, i.e. amultinomina sampling digtribution).

2) the error structure for the estimated number of fish caught (O ) islog-normd.
That is,

Oi = Cir exp(xi),
where C;; isthe actua number of fish caught in periodr inyeeri (¢, = 3 cu ) and the X,
are independent normally distributed random variables with mean 0 and vzjari ances 2.
3) therandom variables S;, and Oy are independent.

Given these stochastic assumptions, the log-likelihood function (ignoring the congtant term), for
the pararnae-s Pijr (Pijr = Cijr / Cil’) ;Cir ) md S 123 IS

é. Sir I n( pijr)_ é (In(oir )Z'Slzn(Cir))

ijr ir

35

The assumption of log-norma measurement error in the observed spawn-actua spawn
relationship introduces the following contribution to the log-likdihood function:

g (InCi)-Inq Ri))’ 36
i 2s 1

The w;; and g;; are assumed to be estimated without error.
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The objective function described above (egn. 3.5 & 3.6) incorporates measurement error in
the proportion at age data, the tota catch data and the spawn index data, with the relative magnitude of the
errors related through the varianceterms s £, s 3, and the sample sizes é_ Sir . Becausethereis not enough

r

informetion in the data to estimate the rdative error in these obsarvations, the variance terms are not estimated
but are held at fixed vaues. In recent assessments, the following variances were assumed:

These correspond to approximately a 5% average error in estimates of the total number of fish caught and a
16% average error in spawn index observations. However, it is not possible to estimate the variance directly.
Analyses presented in the 2003 assessment indicated that the model wes relatively insengtive to the variance
assumption and as a result a variance of 0.005 was assumed for boths 3 and s 3 and hasbeen used in
subsequent assessments.

The contribution to the objective function from the lack of fit for the age compostion datafor a
fishery in period r in season i isgiven by:

@
ijr =
Vn=é. Sijrln Pijr'é. Siirlngo N

p r ga Sijrg+

The second term in this equation is a congtant. Inclusion of this term alows comparison of the contribution to

the lack of fit for the age composition data for each fishery. If the predicted and observed proportion at age
data were identica, the \/;; would be zero.

To facilitate an assessment of the lack of modd fit to the age compaosition data the standard
deviates of the observed versus predicted proportions-at-age ( z;;, ) are aso calculated:

o 0
Sir - 83. Sijrg Pijr
Zij = !

® s 0
Sijr gl"cij—r;
é a Sijra

The resduds from the mode fit to the age composition data are presented in Figures 7-11.
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Figure 10. Residuals from the age-structured model fit to the catch-at-age data by year and fishing period
for the Strait of Georgia, 1951-2005.
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W.C. Vancouver Island
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Figure 11. Residuals from the age-structured model fit to the catch-at-age data by year and fishing period
for the west coast of Vancouver Island, 1951-2005.
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4. ABUNDANCE FORECASTSAND POTENTIAL HARVEST

Forecasts of pre-fishery spawning stock abundance are determined only for the five magor
migratory stocks. Abundance forecasts are cdculated in two ways. Firdt, the numbers of fish a age prior to the
roe fisheries are the numbers estimated at the end of the previous year or beginning of the current year
multiplied by survivd for the firgt period and by the estimated availability at age. The estimate of recruitment is
based on the surviva and availability of the age 1" fish for the previous year. This recruitment is added to the
estimated returning adults to project total abundance. Margind likelihoods or Markov Chain Monte Carlo
(MCMC) smulations are used to determine likelihood profiles for the current biomass and for the predicted
total biomass. The second forecast of abundance is determined asin previous assessments for three
recruitment scenarios based on estimated numbers-at-age 2* for the 1951-present time series. Poor, average,
and good recruitment levels are calculated as the mean of the lowest 33%, the mid 33%, and the highest 33%
of the estimates of historic age 2" abundance. These three recruitment estimates are then added to the
projected adult biomass in the coming year to provide abundance forecasts under scenarios of poor, average,
or good recruitment.

Forecasts of abundance for minor stocks are not currently possible. In the absence of
additiond information it is assumed that the abundance of herring in the minor stock areas (Areas 2W and 27)
in the coming year will be equivaent to that estimated in the previous yesar.

Abundance Forecasts

The abundance of short-lived species such as Pacific herring is heavily influenced by annua
fluctuationsin recruitment. As aresult, accurate forecasts of recruitment are critical to accurate forecasts of
total stock abundance. Predicting recruitment for Pacific herring and most other fish speciesis difficult.
Therefore, the scientific advice on the forecast of stock abundance is heavily dependent on the assumption
made about recruitment strength. In the absence of independent information, the scientific advice has been to
assume an average recruitment to minimize forecasting errors. Currently, forecasting methods for two stocks
(west coast Vancouver Idand and Strait of Georgia) have been tested and validated for routine use by
PSARC. Thisforecast relies upon independent, offshore survey data collected during the summer prior to the
recruitment of age-2" fish to the spawning population. Recruitment forecasting methodologies are also being
developed for other herring stocks but none are currently in routine use. Therefore, a decigon on theleved of
recruitment to be used in the forecast must be made in the absence of independent data. The decision about
recruitment strength must be consstent with the precautionary approach to fisheries management while assuring
harvest opportunities are not unduly restricted.

In the absence of dternative recruitment forecasting methods, the following rules have been
adopted in devel oping the abundance forecast:

1. If the pre-fishery biomass was below Cutoff in the previous year, then assume POOR recruitment for
the forecast.

2. If the pre-fishery biomass was above Cutoff in the previous year and recruitment has been GOOD in
the two previous years, then assume GOOD recruitment for the forecast.
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3. If Rulelor Rule2 DO NOT APPLY then assume AVERAGE recruitment for the forecast. The
modified harvest rule may gpply.

These decision rules provide a congstent gpproach to determining the recruitment assumption to be
used in the annud forecadts.

Management Consderations

The Pacific Science Advice Review Committee (PSARC) has reviewed the biologica basisfor
target exploitation rate, considering both the priority of assuring conservation of the resource and alowing
sustainable harvesting opportunities (Schweigert and Ware 1995). The review concluded that 20% isan
gppropriate exploitation rate for those stocks that are well above Cutoff or minimum spawning biomass
threshold levels (Rice et d. 1996). The 20% harvest rate is based on an andlysis of sock dynamics which
indicates this leve will sabilize both catch and spawning biomass while foregoing minimum yield over the long
term (Hall et a. 1988, Zheng et d. 1993). A fixed escgpement policy would theoreticaly produce higher
yields and spawning stock stability but is not reedily attainable at the operationa level. 1n addition to the 20%
harvest rate, a Cutoff level sat a 25% of the estimated unfished biomass level is used to ensure that adequate
spawning biomass to sustain each population during natura reductions in stock productivity, is maintained for
each stock. To increase the probability that spawning biomass will be maintained above the Cutoff leve, for
those stocks which are marginally above Cutoff the following reduced catch leve is recommended:

Catch = Forecast Run - Cutoff.

Thiswill provide for smdler fisheriesin areas where the 20% harvest rate would result in escgpement levels
below the Cutoff.

Cutoff levels have been established through a stock-recruitment curve or bootstrapping of the
observed recrutment time series. Changes in modd structure have historically resulted in apardle changein
Cutoff level. To minimize confusion, in 1995 the Subcommittee recommended that a fixed Cutoff level should
be established for each stock based on the long-term production characterigtics in relation to current
environmenta conditions and that this Cutoff level need not be re-evaluated on an ongoing basis. The Cutoff
levelsfor the five mgor migratory stocks are:

1992/93 Cutoff*  1994/95 Cutoff ~ 1996/97 Cutoff Current Cutoff

Queen Charlotte Islands 11700 10700 10700 10700
Prince Rupert District” 12100 12100 12100 12100
Central Coast 10600 18800 17600 17600
Strait of Georgia 22100 21200 21200 21200
W.C. Vancouver Island 20300 18800 18800 18800

& - Cutoff level based on simulation model with stock-recruitment relationship, and two assessment areas on the WCVI.
P _ Because of the poor performance of the age-structured model in this region in the past the Cutoff has not been recal culated using the
bootgrap approach but is based on a stock-recruitment relationship.
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The chronology of catch forecasts, recommended quotas, and roe fishery harvests since the
introduction of the Cutoff in 1986 is presented in Table 4.2.

It isimportant to note that the current Cutoff represents acommercid fishery fishing threshold
rather than a conservation threshold or reference point. It is areference point intended to maintain the
reproductive capacity of the stock. Thus, even when a stock is near (or below) the stock- specific Cutoff,
consarvation concerns may be unwarranted as this information alone is insufficient to conclude that a scock may
be a risk. The current commercid fishery Cutoff is used to maintain sock productivity or rebuild stock
biomass following years when stock size decreases below the Cutoff.

The harvest of minor stocksis aso conducted in a precautionary manner given that no forecast
of abundance in the upcoming season is currently possble. The harvest rule for minor stocks is that amaximum
of 10% of the estimated abundance in the current season may be harvested in the coming season. The harvest
rule is based on a concensus by the PSARC Subcommittee that this level of removd is sustainable. The harvest
rule is based on the assumption that minor herring stock dynamics are congstent with the mgor migratory
stocks which can sustain substantialy higher rates of harvest (Hall et d. 1988, Zheng et d. 1993).
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Table 4.2. Stock biomass forecast, recommended yield, actual roe fishery quota, and roe catches (tonnes x 1000) since 1986.

1986| 1987| 1988| 1989 1990| 1991| 1992| 1993| 1994| 1995| 1996| 1997| 1998| 1999%| 2000°| 2001Y| 2002%| 2003¢| 2004

QCl © Forecast? 153 121 137 353 232 181 17.7] 124 7.7 6.7] 11.0| 198 282 151 8.7 14.0 72| 127
Rec. Yield® 2.2 0.0 2.7 7.1 46 3.6 35 1.0 0.0 0.0 0.3 4.0 5.6 3.0 0.0 2.8 0.0 2.0

Roe Quota 3.8 1.4 0.0 0.9 5.5 4.7 3.3 3.0 0.0 0.0 0.0 0.0 1.6 3.0 1.4 0.0 0.4 0.0 0.0

Roe Catch® 3.6 2.0 0.3 1.4 9.0 7.0 3.8 4.0 0.3 0.0 0.0 0.0 1.4 3.0 1.8 0.0 0.7 0.0 0.0

PRD Forecast® 32.1| 438| 426 233| 194 305 551| 341 219 212 36.1| 340 244 370 232 341| 317 407
Rec. Yield® 6.4 8.7 8.5 4.7 3.9 6.1 11 6.8 4.4 4.2 7.2 6.8 4.9 7.4 4.6 6.8 6.3 8.1

Roe Quota 6.4 5.4 7.5 7.3 35 2.6 4.2 5.4 4.9 2.3 2.4 55 55 2.0 4.1 25 4.2 35 41

Roe Catch® 8.3 6.1 7.9 8.5 4.9 35 5.0 6.3 4.7 2.1 3.1 55 3.2 2.1 4.3 2.9 45 3.7 4.1

cc Forecast® 23.0| 238 485 432| 382 377 701| 698 544 258 207| 445 434 470 3658 254| 253| 366
Rec. Yield® 4.6 4.8 9.7 8.6 7.6 75| 14.0| 14.0| 1009 5.2 3.1 8.9 8.7 9.4 7.4 5.1 5.0 7.3

Roe Quota 2.3 3.3 3.7 7.8 7.4 6.2 5.3 78| 103 8.5 3.2 1.4 7.8 6.9 6.3 5.2 2.8 2.1 2.3

Roe Catch® 3.3 3.6 45 9.5 8.4 8.9 8.3| 105| 119 9.6 43 3.6 8.6 7.5 7.4 6.1 3.3 2.2 3.0

G Forecast® 53.0/ 46.7| 49.4| 552| 69.8] 59.2| 91.8| 97.4| 695 634 77.2| 727 78.9| 847 826/ 103.1| 130.0| 156.4
Rec. Yield® 10.6 9.3 9.9 11.0| 140 118 183| 195/ 139| 127 155| 145| 158| 16.9| 165| =206 26.0| 313

Roe Quota 0.0 8.0 6.4 7.4 7.1 9.1 9.7 11.0| 14.4| 11.9| 10.8| 13.2| 13.0/ 1.1.5| 13.2| 13.9| 16.2| 16.8| 16.1

Roe Catch® 0.2 9.1 7.5 7.4 79| 106| 125| 131| 167 125| 136| 154| 127 118| 140| 150 17.3| 17.8| 122

WCvl'  Forecast? 48.3| 39.6| 526 359 339 29.1|NA° 36.3| 208 214 241| 401| 39.6] 215 146| 224| 300 337
Rec. Yield® 9.7 79| 105 7.2 6.8 5.8(3.4¢ 7.3 2.0 2.0 4.8 8.0 7.9 2.7 0.0 3.6 6.0 6.7

Roe Quota 0.0 9.4 8.1| 103 7.2 6.7 2.9 2.7 5.0 1.3 0.9 3.7 75 5.1 1.1 0.0 0.4 2.9 43

Roe Catch® 02| 159 9.7 134 9.9 8.6 3.7 5.6 6.0 2.0 0.8 6.7 7.0 4.4 1.6 0.0 0.8 3.0 45

Coast Forecast 171.7| 166.0| 206.8| 192.9| 1845| 174.6| 234.7| 250.0| 174.3| 1385| 169.1 211.1| 2145| 205.3| 165.9] 199.0| 224.2| 280.1
Rec. Yidd 335 307 41.3| 386| 369 348 502| 486| 312 241| 309| 422 429 39.4| 285 389| 433| 554
RoeQuota| 125 275| 257| 33.7| 30.7| 29.3| 254| 299| 346 240| 173| 238| 354 285 26.1| 216 240| 253| 268

Roe Catch 15.6| 36.7| 29.9| 402| 401| 386 333| 395| 396 26.1| 218 31.1| 329 288 29.1| 240| 266| 26.7| 238

o

[

d

e

" Includes Area 27 catch in 1983 & 1984 but excludes it in 1992, 1993, 1994, 1995 following removal from assessment region;
9 No consensus on stock status, recommended that catch not exceed 1992 level.

PSARC stock forecast used to derive recommended yield;

PSARC recommended yield, includes allocations to non-roe fisheries,
Roe catch includes all test fishery catches;
Catch in 1999 through 2004 are the docksde validated catch;

In 1990 to 1993 catch for QCI included both areas 2E and 2W;
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