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ABSTRACT

Production models and lenglftequency based methods can be used in situations
where data are limitedrThe West Nordic stock of Greenland halibut (where limited
data are available) was assessed using three different fittings (equilibrium, linear and
nonlinear) with a surplus production model and length based methods for estimating
Z. The data analysed werCPUE indices from (1) the Icelandic bottom trawl fleet
19852006, (2) the Icelandic fall survey 19962006, and (3) the Greenlandic fall
survey 1998 2006 (2001 missing), along with total landings from the fishery and
length frequency data sampledrfrahe commercial fisheryhe three fittings of the
surplus production model produceds ( ~0g64) ~@n@05) that were
Kés and MSYd6és that were different. The reg
of 44,459 t and the nonlinear fittinge least of 28,000 30,000 t estimated by the
Excel and ASPIC model. Indications atteat total fishing mortality is increasing
while average biomass, surplus production and total yield is decreasing. The relative
biomass (B/Rsy) trend is predicted to ke steadily declined. Using length at age
data the growth parameters for the species were estimated =00, K = 0.937

and p = -1.347, and mortality estimates from the length frequency i((012) are

lower than those predicted by the surplus potida model (0.3 0.4).In terms of the
overall outlook for the fishery; at the current rate of fishing mortality, catches will
decline since the biomass is predicted to decline and there is a high probability of
stock collapse if this trend continuedl indications are that fishing mortality needs

to be reduced. Based on the results of forward projection, if fishing mortality is
reduced by approximately 60% of the present fishing mortality. This translates to a
catch of 8100 tonnes in 2007, with incresisn catches in consecutive years as the
stock starts to rebound.
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1 INTRODUCTION

In situations of limited data, fishery scientists often look to production models, which
require less data and are appropriate for limited datasets, for stock assessment.
Production models havéhe advantage of producing an estimate of maximum
sustainable catch (MSC) or maximum sustainable yield (MSY) where only total
landings and an index of abundance (such as catch per unit of effort CPUE) are
available. They also allow for a quick check onrfighing if the MSC is assumed to
occur at onéhalf of the virgin stock level (Natural Resources Consultants, Inc. 2002).
The same rationale accounts for the use of length frequency data collected from the
commercial fisheries (which are often cheaply aadily collected). Length frequency

data together with th&on Bertalanffy growth equation can provide estimates of
population parameters for fish stock assessment.

The information available for the Greenland halilReiqhardtius hippoglossoides

eastGreenland, Iceland, and Faroese watarsbe considered limited, arttetfishery

not well known:
AThe current definition of the Greenl ar
and Faroe waters as one stock, specified by ICES (1976) was "based on a
strongprobability that the spawning grounds [for Greenland halibut in these
waters] are the same". A summary of the current state of knowledge on
Greenland halibut in the aboweentioned waters shows that key information
on the life cycle is lacking (Woll 2000)nformation on the spawning location
and spawning time of the stock is very limited. ltigothesisedbased on
information from one scientific bottom trawl cruise in 1977, that the major
spawning grounds are located on the continental slopes westlahd at
depths around and below 1000 m (Magnusson 1977, Sigurdsson 1977,
Sigurdsson and Magnusson 1980) 0.
Source:ANON. 2004

Data available for analysis are CPUE indices from three sources: (1) the Icelandic
bottom trawl fleet 1982006, (2) the Iceladic fall survey 1996 2006, and (3) the
Greenlandic fall survey 19982006 (2001 missing), along with total landings from
the fishery from 1962006 Length frequency data 19762007 are also available.
Otoliths have been sampled from the Icelandibergand limited length at age data

are available.

Though limited, these data can be analysed by a production model and length
frequency methods.

The aim of this paper therefore is twofold:
(1) To analyse the data available for the Greenland halibut agimgduction
model and length frequency methods.
(2) And to use these analyses to demonstrate the use of these methods

UNU T Fisheries Training Programme 5
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2 RATIONALE

The Caribbean region has many small island developing states where resources are
usually limited, especially for netangibleitems such as the collecting information or
data. However, most of the countries of the Caribbean are surrounded by a marine
environment with resources that they must manage scientifically according to global
standards. The usual accepted process of riesshemanagement is that the
management process should be advised from a number of sources one of which is
stock assessment. To conduct stock assessment, information/data must be collected
and sometimes this can be a costly matter.iBadequater inapprgriate theory or

data will cause stock assessments to be inaccugaten the concern for limited
resources, perhaps fishery scientists of the Caribbean region will have to depend on
length frequency data, and production models for stock assessmenilly, ttieee
principal types of data could be collected, broken down by stock: (1) total catches in
weight for each commercial group, fleet and period, (2) size and species frequencies
within fleet commercial groups, based on sampling and (3) total effdktdtyand by

period (for example number of fishing days/month, then production models could be
used for stock assessment).

The Caribbean should therefore learn nmximise the use of lengtfrequency
methods angroduction modelss this could alleviateome of the burden of the cost

of data collectionPerhaps even more importantly, stock assessments need to become
a commonplace tool for fishery managers at all levels, and also stake holders in the
fishery. Grasping the concepts and principles of tleksassessment process can
seem a daunting task, but it is not impossibishery managers with concerns about
biomass estimates and harvest ratesuld have a basic understanding of the concepts
involved in the process. Since the data available foGtieenland halibut is similar in

type to that available in the Caribbean, its analysis using production models and
length frequency methods should provide insight into how the methods are used and
also add to the knowledge base for Greenland halibut.

3 BACKGROUND
3.1 The Greenland halibut fisheries and stock perception

The Greenland halibuRginhardtius hippoglossoides an @ibenthicspecies Coad

and Reist 2004) witradults preferring bottom temperatures -6f5 1 6.0°C and
generally distributed icumgobal in arctic and temperate waters of the northern
hemisphere(Scott and Scott 1988) (Figure 1Jhe species has a continuous
distribution in the orthwest Atlantic from Smith Sound, between Greenland and
Canada, southward throughout Baffin Bay and D&trsit to the northeast coast of

the U.S.A. and eastward along east Greenland to Iceland and further to the Faroe
Islands(Bowering and Brodie 1995, Smidt 1963underseret al. 2004).Based on
evidence that there ate/o major spawning stockis the norhwestern Atlantic; the
CanadiarGreenland stock complex and the West Nordic stock in east Greenland,
Iceland and the Faroe Islands (ANON. 1999, ICES 1999), the fishery is managed as
these two stocks. The data for this analysis comes from the West Nokkdrseast
Greenland, Iceland and the Faroe Islands.

UNU T Fisheries Training Programme 6
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Based on the distribution of catches in the WNstdic stockfishery 19912006,

(Figure 2)(ANON. 2007a)the highest aggregation of commeregaed Greenland
halibut are found just south of the Gried-Iceland ridge, at depths between 500 and
1000 meters. Other areas of commersiaéd Greenland halibut are along the north

and east coast of Iceland (at depths between 500 and 700 meters), in waters off the
Faroe Islands, as well as along the comiiakeslope off east Greenlan8dje and
Hjorleifsson 2000).

The fishery for Greenland halibut in the waters of Iceland commenced in the early
1960s(Duffy 2007) The development of the fishery can be seen in FigN®N.
2007b) and waas follows:

196171 1973: Exploited by foreign vesselsélandic Ministry of FisherieR007)

1974- 1990: Exploited mainly in Icelandic waters by Icelandic vessels using bottom

trawl: 200 mile EEZ declared, fisheries in EEZ reserved for natioh@asS( 2006,

ICES 2007)

1991:1998: Exploitation of the stock in east Greenland and Faroese waters increased.

|l celandds exploitati on (Hodeifssom20@Bupersonab qu ot a
communication Feb. 2008).

19991 2006: Icelandic catches have decreased by 60% whitglings by other

nations have increased consideralbtelandic Ministry of Fisherie2007).

By 1967 the yield reached 30,000 t, remaining between 20,000 t and 30,000 t for most
of the next 8 years. U the 1990s, the fisheries for Greenland halibut took place
principally in Icelandic waters. The annual average catch in east Greenland (15,000 t)
and Faroese waters (1,000 t) per year, contributed less than 10% of the total annual
yield of the stock. In1992 - 1993 significant fisheries developed in both east
Greenland and Faroese waters with the annual yield increasing to approximately
74,000 t in east Greenland and 3,000 t in Faroese waters over the last 10 yedrs (1997
2006). The yield in Icelandic wers has declined, in part due to national quota
restrictions (ANON. 2007a, ANON. 2007b, Hjorleifsson 2008, personal
communication Feb. 2008).

3.2 The surplus production model

The main objective of fish stock assessment of exploited stocks is to estirpate t
exploitation rate and predict what will happen in terms of future yields, biomass levels
(sustainability) and value of the catch, if the level of fishing effort remains the same
or if it is changed in one way or another (Sparre and Venema 19p8jreand
Venema (1998) discuss two types of models. Firstly, analytical models: usually those
requiring the age composition of catches to be known. For example, Beverton and
Holt Yield Per Recruit Analysis and Thompson and Bell Yield and Biomass
Prediction, asleveloped by Baronov (1914), Thompson and Bell (1934) and Beverton
and Holt (1956). Secondly, holistic models: which usually consider a fish stock as a
homogeneous biomass and do not take into account the length or age structure of the
stock, for examplete Swept Area Method and the Surplus Production Model.

Russell (1931) wrote a simple algebraic expression which describes what induces a

gain or loss in a population of fish where the stock is being fished and emigration and
immigration are irrelevant. Heummarisedtock biomass dynamics as:

UNU T Fisheries Training Programme 7


http://eng.sjavarutvegsraduneyti.is/

Masters

(1) B
tr1 = Bt + A+Gi- - M- G

Where:

Biw+1: is the stock biomass in year t+1

B is the stock biomass in year t

A is the sum of the initial weights of all individuals recruited to the stock each year
Gt is the s of the growth in biomass of individuals already recruited to the stock
M¢: is the sum of the weights of all fish which die of natural causes during the year
C: is the sum of weights of all fish caught

Russell 6s formul ati on saidal methoes by avbiahd at i on
estimates of how many fish are in a particular stock (abundance or biomass) could be
determined. Since in most cases only the <c
1) needs to be simplified, requiring certain assumptions tméee. In the holistic
framework the following simplification is made: The gain terms, recruitment and
growth is generally referred to as production. Surplus production (Pt) is defined as the
difference between production term (recruitment and growth)nawaral mortality.
Russel 6s equation can thus be simplified t

(2) B

w1 = B+ Pi- G

which simply means that the biomass in the next time period is equal to the biomass
in the previous time period plus surplus production minus the .chtch generally
assumed that the surplus production is a function of the biomass at any given time,
ie.
(3) B
w1 =B +f(B) - G

where B; is the stock biomass at the beginning of ykaf(B;) is the production
function of the biomass in yegrandC; is the catches in yearf(Bt) is thus a function
which describes the population dynamic: birth, gain in weight and natural mortality,
as a function of the biomass; i.e. the agglomeration ofRh& and M terms in
Russell ds original formul ati on.

Comma forms of the production model in use today include the original Schaefer
(1954) form, the modified Fox (1970) form and the modified Pella and Tomlinson
(1969) form. These models differ in the assumption made about the response of the
production as a fumion of biomass. In this paper we will use the Schaefer (1954)
form, often referred to as the logistic model, in which the production term is described
as:

4) f

(By) =B (1-B/K)

where r is the intrinsic growth rate and K is the carrying capacity, or ¢h@&mm
biomass that the environment can support. The Schaefer (1954) form of the basic
equation of the production model is thus:
(5) B
t+1 = By + 1B (1-BY/K) - C;

UNU T Fisheries Training Programme 8
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Recognisinghat catch is a product of fishing mortality (F) and biomass the equation
can be witten as:
(6) B
t+1 = By + rB¢ (1-B/K) - F; Bt

This equation is usually referred to as the biological model, where the population
trajectory is simply a function of the initial biomass, the intrinsic growth rate (r), the
carrying capacity (K) and the fislgrmortality (F).

Direct measures of biomass are rarely available in marine populations. Indices of
stock size such as catch rate (CPUE: catch per unit of effort) are however frequently
collected. It is often assumed that these indices are proportiaial stock size, i.e.:
(7) C
PUE = C/E = U= qB

Here q stands for catchability, which acts as a simple scaling factor. The CPUE data
can either be from the commercial fishery or based on survey abundance information.
Equations 6 and 7 form the basis aftack production model, where observations of
catch and stock indices are used to estimate catchalg)itythie intrinsic rate of
growth (r) and the carrying capacity (K). Additionally, the biomass at the start of the
time series available ¢Bneeds to & estimated. These estimated parameters are then
used to calculate fishery performance indicators of maximum sustainable yield
(MSY), biomass at MSY (fsy)) and fishing mortality at MSY (fusy)) as follows:

MSY = rK/4

B =K/2
MSY

FMSY =1/2q

E =r/2
MSY

3.2.1 Fitting surplus production models to observed data

There are three methods used to estimate the parameters of the biomass dynamic
model when only an index of abundance (CPUE, index of abundance from surveys
etc.) is available: (1) the assption of equilibrium conditions, (2) transformation of

the equations into linear forms, and (3) time series fitting. All three methods use the
assumption that the relationship between CPUE and effort is linear.

(1) The assumption of equilibrium conditions
In equilibrium conditions it is assumed that the biomass does not change between two
consecutive time periods, i.e.:

(8) Bi1 =B

The removal in the form of annual yield is thus equivalent to the production, i.e.:
(9) G =rB: (1-B/K)

Since C=qEB,and CPUE= C/E andB = CPUEf, equation 9 can be rewritten as:
(10) C =r(CPUE)f) [1-(CPUENh)/K]

which can be simplified to:

UNU T Fisheries Training Programme 9
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(11) CPUE=ai b K

which is just a simple linear model. The paramedesad b can then be estimated by
minimising the sums of squares:

(12)

Having obtained estimates of a and b, the maximum sustainable yield and the
equivalent effort can then be obtained from:

(13) MSY = (a/2f/b

(14) Evsy = a/(2b)

The equilibrium assumption was matke simplify the process of fitting surplus
production models to data in the days prior to computers. The assumption that
populations are in equilibrium at all exploitation levislshowever in almost all cases
incorrect. The model ignores the differencetanding crop between the two different
biomass levels and the time it takes the system to respond to changed conditions and
this makes the model incorrect and the method is explicitly warned against in the
literature (Pitcher and Hart 1982, Hilborn anddW t er s 1992) . Il tds wuse
Greenland halibut data is just for demonstrative purpose.

(2) Linear regression (transformation of the equations into linear forms)

By substituting the Bterm inequation 6 with Wq (from equation 7) Schnu{@977)
showed that the Schaefer surplus production equation can be transformed into a
multiple linear form:

(15) Ln (Uw/Up) =17 r/kq (U + Ud2) T q B + BE/2

where | = observed CPUEK = carrying capacityg = catchability,r = intrinsic
growth rate, Et =ffort.

Equation (15) conforms to the multiple linear regression model:
(16) Y = by + biXq + bXo

Where X = U; and % = E , where the parametels, b, and b can be fitted by
minimising:
minSS:Z InU,/y-n y,/y

2

(17) =§ In U”l/ut _|:b0+bl UI+1+ Ul /2 +b2 E+1+ E /2:|

Although regression methods are easily applied to solve fisheroelels, it has been
demonstrated that they can give very biased answers (Uhler 1979). They can also
produce obviously wrong answers, such as negative valuesoofq, which are
biologically impossible.

(3) Time series fitting with objective function

The nmethod that is at present considered best, and which is also the most transparent,
for estimating production model parameters is the nonlinear-deries fitting

UNU T Fisheries Training Programme 10
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method.Here theparameters ¢, r, K and the biomass in the first year are (B1) in
equations @nd 7 are estimated directly by minimising:
2

t -

L SS= I —1
(18) min — n u n é

3.3 The use of length frequency distribution in stock assessments
3.3.1 Estimation of population parameters from length frequency distribution

Estimates of population parameters (growth (K) and mortality, i.eralatortality

(M), fishing mortality (F) and total mortality (Z)) afendamental in fisheries because
stock assessment and management rely on these parameters (Wang &@0%llis

For exampleinformation about growth, maturity, and mortality of indivadufish
stocks is used to estimate how many fish can be caught without impacting the future
recruitment of young fish (Witherell and lanelli 1997). In stock assessment growth
means, the determination of the body size of a fish as a function of age. The
matematical model for individual growth by von Bertalanffy (1934), has been shown
to conform to the observed growth of most fish spg@esirre and Venema 1998).

The mathematical model expresses the length, L, as a function of the age of the fish, t:
(19) L(t) = Lo *[1 - exp(K*(t-to))]

Where fish cannot be aged or aging techniques are expensivefieagtancybased
methods are often used to determine the ages of fish and thus growth parameters
which in turn can be used to estimate total mortality (Z). Theatity model used is
usually a linearised catch curve based on length composition data, where the inverse
Von Bertalanffy growth equation is used to convert length into age.

Length measurements from commercial fisheries are susceptible to bias due to a
number of different systematic errors in the sampling proaedsgear selection (the
technical aspects of the gear and the way it is opel@etand and Rosenberg
1992). Systematic errors in sampling occur where the catch is sampled after smaller
or larger fish have been discarded, sampling occurs after the catch has been sorted by
size or nonrandom sample selection on the part of the data collectors. Estimation of
mortality relies on the distribution of the lengths, which is determined by the age
distribution. It stands to reason, therefore, that if an inappropriateleagéh
distribution is generated this could lead to biases in parameter estimates.
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4 METHODOLOGY

4.1 Summary of data used

CPUE indices from (1) the Icelandic bottom trawl fleet 12886, (2) the Icelandic

fall survey 19961 2006, and (3) the Greenlandic fall survey 1992006 (2001
missing) along with total landings from the fishery were obtained from ANON.
(2007a) and ANON. (2007b). In the case of the Icelandic bottom trawl comnerc
fleet.,the CPUE indices were taken from all hauls with Greenland halibut exceeding
50% of the total catch. Indices from the Icelandic fall survey were calculated from
trawl surveys of 300 stations on the continental shelf within the Icelandic EEZ. The
surveys were conducted in October of each year and are fixed station stratified
random surveys. The Greenlandic fall surveys are carried out late June/early July on
the east Greenland main commercial fishing grounds. The data on\easytibtained

from the electronic database at the Marine Research Institute, Iceland.

4.2 Methodology for surplus production model

Modeling was done in Excel andhet nonequilibrium surplus production model
incorporating covariates (ASPIC) (Prager 2005).

The data were fittedbt

(1) Schaefer production model using equilibrium assumptions (only the longest
time series was used; the Icelandic bottom trawl fleet -PO85).

(2) Schaefer (logistic) surplgsroduction norequilibrium model using regression
analysis (only the longest timergs was used; Icelandic bottom trawl fleet
19852006).

(3) The nonrequilibrium surplus production model incorporating covariates
(ASPIC) (Prager 2005).

(4) Time series fitting using nelinear least squares minimisation modeled in
Excel.

The results from the fferent types of fitting were compared to demonstrate both the
process of the method and the pitfalls of the production model. For the equilibrium
model effort was regressed against CPUE to find a and@lhb. logtransformed
observed and predicted catpbreffort values CPUE (uwere then minimised using

the leastsquares method and the routine available in Excel Solver: minimise (in(Ut)
In(Ut))2. The maximum sustainable yield (MSY) and effort needed to achieve MSY
Ewmsy) were estimated using the Schae(@954) model, where MSY = rK/4 and
E(Msy) = r/2q.

For ASPIC, the initial guesses of the parameter r, was 0.3 and K was assumed to be

equal to an initial starting valuesB 400, and given the observed yield (Yt) per year,

a series of expected biomag&d(s) f or each yTeaoutputsafshed e v el oy
model are trajectories of absolute biomass (B), relative biomassuéBBand

relative fishing mortality (F/usy)). ASPIC also allows for forward projections. The

estimated bootstrapped parametersreweised in the PROJECTION mode to

determine bias corrected trajectories 2Q022.
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4.3 Length frequency models

The von Bertalanffy parameters (K, andt,) were estimated using two alternative
methods:
(1) Direct estimates, using age estimates based on ammgiatructures in otolith.
The estimates were obtained by minimising the sums of squares of the
predicted and observed length at age, the algorithm being setup in an Excel
spreadsheet.

(2) Modal progression analysis of length frequency distribution thrairge.
ELEFAN | program (Pauly and David 1981) in FISAT version 1.2.2.
(Gayaniloet al. 2005) was used to determine K ansl The method used by
the programme is to clarify the position of the modes by smoothing. This
program calculates afoint running average and then compares the observed
frequency with this average, values much above the average indicating a
mode. After \arious adjustments to correct for various sources of bias etc., it
gives a set of numbers, the peaks, expressed in a standard form that can be
used in the following stages of the ELEFAN program.

Once the von Bertalanffy parameters have been estimatedbtdle mortality is
estimated by convertingngth to age by using the inverse von Bertalanffy growth
equation:

(20) ty = to) T L/K*Ln(1-L/ Lp).

To take into account that a length distribution contains data where the time unit within
each length interval is not constant we divide the catch with the time duration that it
takes the fish to pass through the length interval.
To give:
(21) CLu,
AtLl,L2

Pseudo ehorts, consisting of the averaged standardised five year length frequency for
the periods 1978982, 19831987, 19881992, 19931997, 1998002, 2003007

were used in the analysis. The assumption is that the recruitment has been relatively
stable over th time period used in the analysis. To estimate Z we take the logarithm
of the catches per time unit and estimate the slope (t(L1+L2)/2 against Ln(N/dt). The
formula in full is:

C
(22) In (—Ll’l'z J =a-— Zto.S(L1+L2)

L.L,

The portion of the plot corresponding to points 10 to 23 was used tonitetethe
slope which was equivalent to Z.
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5 RESULTS
5.1 Results from surplus production models

5.1.1 Estimates of parameters and management reference points determined by
equilibrium, linear and nonlinear methods of fitting SPM

Input data used for the thre#ternative fits of the surplus production model are listed

in Table 1 and the estimatpdrameters and management reference points in Table 2.

The three methods used producéds ( ~0g0 ¢ ~@n@d05) that were s
and MSYds t lerd. tThewegression anetliofl eturned the highest MSY of

44,459 t approximately one third more than the 28,0@D,000 t estimated by the

Excel and ASPIC models.

Figure 4 shows the regression of CPUE on effort for the determination afattneb
parametes of the Schaefer equilibrium assumption model. Bhparameter (the
intercept) = 1.081 and tHeparameter (slope) #.007.The regression indicates that
56% of the variation of the CPUE is explained by the effort. Figure 5 shows the
expected equilibrion catches vsthe observed catches. The figure shows that the
parabolic relationship between effort and catch (c ¥ &E?) is not well described by

the data.

The nonrequilibrium fittings generallyndicated that biomass of tii&reenland halibut

is dedining, although the model does not fully respond to short term fluctuations in
the CPUE measurements (Figuré knear fit, Figure 7- nonlinear fit (Excel)Figure

8 e.g; nonlinear fit (ASPIC))

5.1.2 Model predictions fronequilibrium, linear and nonlineamethods of fitting

Schaefer form using equilibrium assumptions: since equlibrium conditions are most
likely violated, inferences based on those results should not be made. They are only
shown here for demonstrative purposedse parabolic relationship tveeen effort and

catch ( c= ai bE?) is not well described by the data (Figure 5).

The fittings by linear regression give a maximum sustainable yieldl @59 tthat
can be harvested by the standardised effa36¢396.

Time series fittings in Ex¢eand ASPIC gave similar results. ASPIC results (Table 3
and Figure 11) show that total fishing mortality is increasing while average biomass,
surplus production and total yield is decreasing. The relative biomasgs(B/MBend

is predicted to have steddideclined (with only two short periods of increasing
relative biomass (1977 1979 and 1999 2000) and that of the relative fishing
mortality (F/Rusy) trend Eigure 12)to have increased. Relative fishing mortality is
predicted to have increased gradpalver the three periods of increase: (1) 1961
1966 average F{sy = 0.083, (2) 1967 1986 average F{sy = 0.582, and (3) 1987

i 2002 average F{ksy = 1.665, (4) 2003 2006 average F{ksy = 2.489.

Uncertainty in the point estimates of the modelltss(ASPIC fit), was assessed

using the distribution obtainedrom 1,000 bootstrap estimates. Bootstrapping
developed arrays of different parameter values that are used to characterise the
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