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Abstract

Longline fishing for Patagonian toothfisPissostichus eleginoides) has taken place in Falkland Island waters for over 10
years. This species was previously only caught as bycatch ihdtigo gahi and finfish trawl fishery. This paper presents a
preliminary assessment of the Falkland Islands populati@nssbstichus eleginoides using an age-structured production model
(ASPM). Two models were investigated; one using a Beverton—Holt stock recruitment relationship and another using trawler
CPUE based estimates of toothfish abundance to estimate yearly recruitment. A stock recruitment relationship was not includec
within the model that used abundance estimates, as recruitment to the population was estimated directly from the index of
relative recruit abundance calculated from trawler CPUE. The model was fitted to longline standardised CPUE and to the catch-
at-length data. The models produced estimates that provided similar declines in the toothfish population although the start anc
end biomass estimates varied slightly. The models provided estimates of between 13,000 and 26,000 tonnes of current spawnin
stock biomass and showed current biomass to be between 38 and 46% of virgin biomass. The fit to CPUE was poor betweer
1994 and 1996, which we hypothesised could have been due to unreported catches or chpoglss rhis was a time when
there was considerable 1UU fishing in the southwest Atlantic. When the model was allowed to estimate a level of extra catch
the fit was improved and 5000 tonnes of extra catch was estimated. Two further models were briefly examined to investigate the
possibility of changes i/ andg but both required large changes in those parameters in order to fit. Estimates of MSY varied
widely, from 912 to almost 3000 tonnes.
© 2005 Elsevier B.V. All rights reserved.
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notothenid fish, endemic to Antarctic and sub-Antarctic
waters Agnew, 2004. Toothfish mature at over 10

345

Our assessment assumes that the Falkland Islands
stock of toothfish is effectively discrete. Although it

years of age and can attain sizes of 2m or more is possible that populations inhabiting both Falkland

(Everson and Murray, 1999This slow growth and

and Argentine waters are part of the same population

high age at maturation makes the Patagonian toothfish(Shaw et al., 2004 two discrete spawning and juve-

extremely vulnerable to over exploitation and, thus, it
is of utmost importance that an understanding of its

nile areas are known. Within Falkland waters, spawning
animals regularly appear around the Burdwood Bank

population size and dynamics is obtained. Patagonianin July to Septemberdgs Clers et al., 1996with

toothfish are caught between depths of 200 and 2000 mjuveniles appearing around the Falkland Islands. The
on the continental shelf slope around South America second spawning ground is south of Staten Island to the
and the Falkland Islands, and can be found down to south of Argentina (Prenski, personal communication),

almost 4000 mAgnew, 2004; Froese and Pauly, 2005

with juveniles appearing to the east and north of Staten

Toothfish appear to spawn at depths of between 800 andisland. As toothfish appear not to be highly migratory

1000 m Agnew et al., 199Pand have a larval phase of
several monthsKellerman, 1990; North, 2002The

(DeWittetal., 1990; Williams et al., 2002; Mglleretal.,
2003 it may be a reasonable starting assumption that

juveniles settle at a length of 12—-15cm at depths of these latter animals recruit to the Argentine fishery (on
between 150 and 400 m, remaining there until they the shelf and on the southern edge of Burdwood bank)
reach a size of approximately 60—70cm, whereupon and the former recruit to the Falkland Islands fishery.

they move into deeper watdegstman, 1993
Nowadays it is an important and highly valuable

An unsuccessful attempt to assess the Falkland
Islands toothfish population using a DelLury deple-

fish, with a reported global catch between 1995 and tion method on very localised areas was madeléy

2000 of between 28,035 and 44,047 MT annually
(FAO, 2003 and a value of up to US$ 9000 a tonne
(Gonalez and Gaifa, 200). Commercial longline

Clers et al. (1996)At the time there were insufficient
data to undertake an age-based, fishery-wide popula-
tion model; a situation that has since been rectified. A

fishing began around the Falkland Islands in 1994 variety of other assessment methods have been used

(with some experimental fishing in 1992 and 1993)

and has yielded, on average, 1500 tonnes of tooth-

fish a yearFalkland Islands Government, 2Q0®rior

to 1992 toothfish were mainly caught as a bycatch
in the trawl fishery forLoligo gahi and other tar-
geted finfish (e.g. southern blue whitingjcromesis-

tius australis) and yielded on average 400 tonnes per
annum Falkland Islands Government, 2004 Falk-
land Islands longline fishery started to target adults in

for toothfish: mark-recapture (Macquarie Islafidck
et al., 2003 South GeorgiaAgnew and Kirkwood,
2004, forward projection of juvenile biomass (Heard
Island:Khalid and de la Mare, 199&outh Georgia:
Agnew, 2004, and age-structured production models
(Prince Edward IslandsBrandho et al., 2002a An
attempt has also been made to estimate adult densities
using baited camera¥4u et al., 200L

In this study an age-structured production model

deep water (>600m) from 1992 onwards, and large based on that oBrandio et al. (2002b)has been
scale fishing also started in Argentine waters at this used to assess the Falkland Islands toothfish popula-

time.

The trawl fisheries foLoligo gahi squid and other
finfish catch mostly juvenile and some adult toothfish
as bycatch, usually in depths less than 50@-aiKland
Islands Government, 20D4Thus, these catches have
potential as indicators of recruitment by using the

CPUE from the trawler bycatch or swept area measure-
ments of juvenile abundance as indices of recruitment.

tion. The model oBrandao et al. (2002byvas applied

to a similar population of toothfish at Prince Edward
Island. The first model was based on the original model
of Branddo et al. (2002bfhenceforth called ‘formu-
lation 1'). The second used estimates of abundance
from trawler CPUE as an index to estimate annual
recruitment instead of the Beverton—Holt stock recruit-
ment relationship in the original model (formulation

These recruitment estimates could be incorporated into 2). There were some major discrepancies between

a population model as either relative or absolute esti-

mates of the number of toothfish recruits in a given
year.

observed and predicted CPUE in these models and we
examined several different hypotheses for this differ-
ence. The results from the models were compared with
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the results from the original model &rancho et al. where CPUE is the positive toothfish catch in kg/h,

(2002b)and discussed in the context of sustainability 1 the intercepteyeara factor with 13 levels associated

and management of the Patagonian toothfish fishery with the years 1991—200B;nontha factor with 12 levels

around the Falkland Islands. (January to Decembenyareaa factor with four levels
(North east 52 to 475 and 59 to 52W, North west 52
to 47S and 59 to 62W, South east 52 to 5% and 59

2. Method to 52W South west 52 to 55 and 59 to 64W), [ +
Odepth+ wgepﬂ] is the depth at which fish are captured

Data for this study were collected in Falkland Island incorporated as a second order polynomial areh
waters and on the high seas by fisheries observerserrorterm. The probability of recording a positive catch
onboard licensed longliner vessels between 1992 andOf toothfish was given by:

2003, and vessels operating bottom trawls in the fin- _

fish andLoligo gahi fisheries between 1987 and 2003. pltve cateh)= p + ayear Amonth + Yarea

Daily reports from both trawler and longline vessels of +[8 + ndepth+ eéepﬁ] +¢ (2)
total catch, position and effort are made to the Falkland

Islands Fisheries Department daily. These data were The combined estimated CPUE for each year was
analysed for the period 1987—-2003 to estimate tempo- calculated as a product of the probability of obtaining a
ral and spatial variation in activities of both trawl and positive (non-zero) catch of toothfish and the predicted
longline vessels. Only bottom trawl fishery data were CPUE of toothfish in positive trawls. The bold param-
used in conjunction with data from longline vessels. eters are the predicted values from the binomial and
No data collected either from pelagic or semi-pelagic Gaussian GLMs:

::r;’;\;cnr;(e)sd (\;\:.ere utilised in the analysis or construction of ExpectedCPUE= p(+ve catch)  exp(in CPUE,)

For the index of abundance of recruits used in for- 3)
mulation 2 a standardised trawler CPUE series was )
required as this most closely reflected juvenile popula- In order to calculate the a_bundance of recruits from
tion dynamics (as trawlers mainly target smaller indi- the Ex_pectedCPU)Ethe estimate was separa'ged Into
viduals on the shelf). CPUE data from 1991 to 2003 for 2 fraction equal to age three (the age at which most
the trawl fishery were examined along with vessel data fish recrw_t to the trawl fishery) and another fraction
including the area fished, the depth of fishing and the €dual to fish older or younger than three. The num-
month that fishing occurred. The GLM did not include ber of 3-year-olds per hour was estimated by dividing

a nation factor as only data from the Spanish/Falklands the _ExpectedCPQE‘or 3_-year-o|d fish by the weight
of fish at that age. This was then converted to the

fleetwas used. The other nations showed inconsistency e e
in catch rates and their duration within the fishery, For number of individuals per year by multiplying by the
| total annual effort for each year. Finally the number

the trawler series the data formed a delta-lognorma . ) i
distribution (as not all hauls or trawls caught tooth- ©f FECrUits 3 years previously was estimated from the

fish) with many zeros present within the data. This was "umber of 3-year-old fishable J:

modelled as a binomial GLM on the probability of a . ;= 3 3(e3) (4)
trawl encountering toothfish and a lognormal GLMon - N o

abundance for all positive trawls. There were too few Wherer is the number of recruits in yearandM the
data from the areas fished north of Falklands’ waters natural mortality.

around 46S to be included in this analysis. The GLM _ Forthe purpose of both models a standardised long-
used for standardisation of positive trawler CPUE was in€ CPUE series was required as this most closely
given by: reflected adult population dynamics (rather than trawler

CPUE). CPUE data from 1994 to 2003 for the longline
IN(CPUE) = 11 + atyear+ Bmonth+ Varea f|shery were e_xammed alon_g with vessel da_lta_mclud—
ing vessel nationality, area fished, depth of fishing and
+[8 + ndepth+ Gcz,epﬂ] +e 1) the month that fishing occurred. There were too few
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Table 1 mial ande an error term. The probability of recording
Annual catches and index of r_elative recruit abqndance crgated from a positive catch of toothfish was given by:
trawler CPUE abundance estimates and used in formulation 2

Year Catches Abundance index p(+Ve catch)= & (6)

1988 26 652638 y

1989 127 172925 . . .

1990 236 384423 whereP, is the number of positive hauls in yegrand

1991 208 87029 H, the total number of hauls in year The combined

1992 978 53849 estimated CPUE for each year was again calculated

1993 912 137518 as a product of the probability of obtaining a positive

1233 2323 1293%56252 (non-zero) catch of toothfish and the predicted CPUE

1996 2069 2745240 of toothfish in positive hauls (see E®)).

1997 686 1045760 The CPUE-based ASPM assessment and projec-

1998 1195 1281101 tions were implemented as Brandao et al. (2002b)

1999 1539 239914 using the AD Model Builder software package. The

2000 2988 206059 : e .
assessment applied a deterministic ASPM, which

2001 2318 656745 .

2002 1754 656745 assumed that the resource was at its average pre-

2003 1793 656745 exploitation level at the time that exploitation com-

The last 3 years of the index are set as the average of the yearsmenced' The_ orlglnal model @‘rancﬁp e_t al. (20023-')

between 1988 and 2000. involved estimating the pre-exploitation spawning

biomass K®P) by maximising the likelihood of the fit of
data from the areas fished along the North Scotia Ridge the standardised CPUE to the trend in the exploitable
and areas north of Falklands’ waters arountSi® be component of biomass as predicted by the ASPM. The
included in this analysis. However, out of zone catch model ofBrandio et al. (2002bjliffered from the pre-
data close to the edge of Falklands Conservation Zonesvious model ofBranciio et al. (2002ajs it used the
were included within the regional classifications, as catch-at-length data from the fishery when estimating
they were indicative of fishing on stocks within the the parameters of the ASPM in addition to the stan-
zone. Northand southwere distinguished along®3.5  dardised CPUE. The model Bfandio et al. (2002b)
this division separates the Burdwood Bank spawning also estimated the parameters of the logistic selectivity
area from fishing carried out further north. Various curve while all other input parameters were assumed
error models were tested, including a Delta and quasi- (Table 2.
lognormal model. None gave particularly good fits (the Natural mortality on the Patagonian shelf has been

g—q plots were not completely normalised). A lognor-  estimated as 0.06 (Pauly regression method), through
mal Gaussian model was chosen as the simplest, with

the most normaj—g plot. The GLM used for standard-  tapje 2

isation of positive longliner CPUE was given by: Biological parameter values assumed for the assessments
P t Val
IN(CPUE)= 1« + ayear+ Bmonth+ Vregion+ dnation arameter - aue
) Natural mortality 0.165
+ [+ Odeptn+ ¢epird + ¢ ®) Von Bertalanffy growth

where CPUE is the positive toothfish catch in kg per ~ ‘em 209.7

. . Kk (year ™) 0.051
1000 hooks,u the interceptoyear a factor with 10 10 (year) _0.14

levels associated with the years 1994—-2083nth &

factor with 12 levels (January to Decembehggion a Length-weight relationship

. a 2.17x10°°
factor with two levels separated by 53%(North and b 334
South),8nation @ factor with five levels associated with  Age-at-maturity (year) 10
the nations Chile, Falkland Islands, Iceland, Korea and Age-at-first capture (year) 3

Norway, [7 + Odepth+ gogepﬂ] is the depth at which fish  All of the models use these same parameter values and only estimate
are captured incorporated as a second order p0|yn0-KSP, the selectivity curve and illegal catch where appropriate.
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0.1-0.12 (Rikhter and Efanov methodaranowski
et al., 199% and from 0.132 to 0.198 in CCAMLR
Subarea 48.3Moreno and Rubilar, 1992; Bra&d
et al., 2002bAgnew, 2004. Following Brandao et al.
(2002b)a middle value of this range (0.165) was used
in our model.

A stock-recruitment relationship was not included
in the model using trawler CPUE estimates of recruit

A.G. Payne et al. / Fisheries Research 76 (2005) 344-358

Thus, the number of recruits in formulation 2 (replacing
Eq. (7)) was given by:
(8)

S
Nyt10=R(B}\1) = q'ryi10

wherery o is the index for the yeay.

abundance as an index (formulation 2). For this model 3. Results

an additional parameteg; needed to be established
to relate recruit population size to the index. Recruit-
ment was then the number of recruits from the relative
abundance estimate multiplied Y (which was esti-

The results produced by the two models are given in
Table 3and show thatthe models varied widely for most
estimates. For instance formulation 2 estimated higher

mated by the model) to raise the index to an appropriate Ko, virgin and current biomass than formulation 1. For-

level for a recruitment population. The virgin popu-
lation was calculated fronRq (recruitment to virgin
biomass (sedppendix A), which in the abundance
estimate model (formulation 2) was taken as the first
years index number multiplied ky. The population

mulation 2 estimateg to be 3.85, which indicates that
the index needed to be raised by a factor of almost 4 in
order to be able to fit the model. Interestingly the MSY
estimate from the index model was almost triple the
other estimates, which estimated MSY to be between

in each subsequent year was then projected forward 900 and 1000 tonnes. Formulation 1 demonstrated a

from the virgin biomass and the recruitment in each
year calculated from the relevant estimate ahd
Recruitment into the fishery took two different

forms, depending on whether a Beverton—Holt stock
recruitment relationship or trawler abundance esti-
mate of recruits was used. For formulation 1 a
Beverton—Holt stock recruit relationship (assuming
deterministic recruitment) was incorporated:

Sp
spoy aB)y
R(Berl) = ﬂTBip (7)
Table 3

reasonable fit to CPUE but failed to replicate the steep
decline seen between 1994 and 198%g( 1a). This
model showed a shallow decline until 1994 when the
decline became steeper but deviated from the CPUE
trend. Formulation 2 showed a similar trend, although
the decline after 1994 seemed to increase more rapidly
and also showed a slight increase between 2003 and
2004 Fig. 1b).

Both these models produced a reasonable fit to
CPUE in later years, but a poor fit in the earliest
years of the series (1994-1996). In the years 1994 and
1995 there was a large amount of 1UU (illegal, unre-

Result of toothfish assessment from formulations 1-3 including recruitment, biomass estimates and the parameters of the selectiyity vector;
is the mean age at which 50% of the toothfish are retained in the fishingigésathe age at which the selectivity vector changes for older fish,
§ is the steepness of the selectivity curve anid the steepness of the selectivity curve for older fish

Formulation 1 Formulation 2 Formulation 3

g CPUE 1.50x 102 1.05x 102 1.50x 102

Ro 1420850 2510620 1517750

SSk 31904 (S.E.: 2994) 56373 (S.E.: 10857) 34079 (S.E.: 2230)
SSBo3 14056 (S.E.: 2937) 25854 (S.E.: 8163) 13000 (S.E.: 1899)
Ratio (SSB/SSBoo3) (%) 44 46 38

MSY 912 2832 992

Catch 1994 2963 2963 2963

Catch 1995 2069 2069 6488

ac 9.000 9.869 9.051

aq 12 12 12

s 2.23x10°° 1.045 0.042

w 0.186 0.233 0.161
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Fig. 1. Fit of CPUE to exploitable biomass for the (a) formulation 1 and (b) formulation 2. (c)—(d) are formulation 1 modified to estimate (c)
unreported catch in 1994 and 1995 (formulation 3) with diffefgr(d) in 1994 and 1995 and differegt(e) in 1994 and 1995. The complete
line represents the exploitable biomass, the CPUE by the dashed line and the dotted lines are the Hessian based confidence intervals.

ported and unregulated) fishing activity in the south- 1994 and 1995 and called this model formulation 3. The
west Atlantic Agnew, 2000 and increases in catches result produced a much improved fitto the CPUE trend:
taken in Argentine watersFAO, 2002, 200% were a shallow decline before 1994 followed by a sharp and
indicative of an increase in effort. This suggested that extremely rapid decline between 1994 and 1996, with
there might have been some unreported (IUU) catchesa shallower decline following between 1996 and 2004.
of toothfish from the Falkland Islands stock, either This model showed the best fit to the CPUE trend and
taken within the Falkland Islands zone or in adjacent estimated almost 5000 tonnes of extra catch in 1995
high seas waters. To test for this we adjusted formu- thatwas notrecorded in Falkland Island wat&ig(1c,
lation 1 to estimate an unknown additional catch in Tables 1 and 3
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Fig. 2. Toothfish commercial selectivity vectors estimated by formulations 1-3.
Other possibilities were that changegithe catch- two models without reaching a point at which all fish

ability coefficient, and/, natural mortality could have  are caughtin a particular age group. However, after the
caused the rapid decrease in CPUE in 1994 and 1995.age at which selectivity changes was reached (assumed
Two models that estimated separatandM parame- to be 12 years of age) the selectivity vectors for the
ters for 1994 and 1995 were also investigated. Despite original model and formulation 2 became marginally
producing very good fits to CPUEFg. 1d and e) different to each other, with the original model decline
the estimates of both andM were much larger than  being more rapid than that of formulation 3. The result
the estimates used in the models for the remaining of this was that the fit to length frequency data was
years. The estimate produced fpim 1994 increased  pushed slightly to the left in some early years for for-
to 1.61x 1072, compared to 1.2 10~2 estimated mulation 2 Fig. 3) when compared with the original
for the remaining years. In 1995 the estimate for model Fig. 4). In more recent years the selectivity was
was 1.53x 10~2. This suggested that more fish were pushed more to the left and formed a completely dif-
accessible and easier to catch in 1994 and 1995 andferent distribution and it appears that the fits in these
after this period fish became less catchable, for which years are affected by the selectivity vector more than
there is very little evidence. As fa¥/, in order to other years. The fit to length frequency in formulation
fit the CPUE trend the model estimates Mfwere 3 was very similar to that of the original modéii¢. 5),
0.284 and 0.473 for 1994 and 1995, respectively. These despite the small difference after the cryptic age was
values represented increases of 72 and 187%, respecreached.

tively, on the estimate oM used for the remaining Overall the fit to catch-at-length data was reason-
years (0.165) and were outside the bounds normally able, particularly in the years after 1994. This was
assumed foM in toothfish (0.132-0.198TCAMLR, mainly due to the selectivity vector estimated by the
2002. models being for longline fishing rather than as a com-

The selectivity vectors produced by formulations bination of trawl and longline. This was particularly
1 and 3 were almost identicaFig. 2). However, the illustrated by the years 1988-1990 and 1993 where the
selectivity vector of formulation 2 showed a very dif- predictions of catch-at-length were completely differ-
ferent trend. Formulation 2 was slightly more selective ent to the observed catch-at-length. In these years (and
at an earlier age but peaked at a later age than the othei1991) all data were collected by observers on board
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Fig. 3. Observed (solid line) and predicted (dotted line) length frequencies from formulation 2.

trawl vessels and as a result the catch-at-length wasquite remarkable that a simple age-structured produc-
composed mainly of small individuals for which the tion model based on only Falkland Island data appears
selectivity vector cannot account. In 1997 there was a to explain the observed CPUE and length composi-
large peak at smaller sizes, possibly due to a large num-tion data so well. Many fish species found around the
ber of juveniles present in the population or as a result Falklands are shared stocks between Argentina and the
of a recruitment pulse a few years earlier, and again the Falkland IslandsAgnew, 2002. A clue to the appar-
predicted values did not fit to this peak in frequency at entindependence of toothfish in Falkland Island waters
such small sizes. In all other years the predicted catch- is given by the tendency of the species not to move
at-length approached that of the observed. However, very much as adultsMarlow et al., 2003; Williams
despite the addition of estimation of extra catch into et al., 2002, and the fact that two spawning and nurs-
the model improving the fit to CPUE, the fit to length ery areas are known; one around Staten Island (Prenski,
frequency was not improved. personal communication) and one between the north

eastern edge of Burdwood barde§ Clers et al., 1996

and the Falkland Islands themselves. Thus it seems
4. Discussion quite likely that, in general, animals spawning in Falk-

land Island waters recruit in waters around the Islands,

Given the biogeographical relationship of the Falk- moving to deeper water off-shelf rather than along the

land Islands to other areas of the Patagonian shelf it is shelf.
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Fig. 4. Observed (solid line) and predicted (dotted line) length frequencies from formulation 1.

What, then, to make of the improved fit of that they are known (from reports by Falkland Island
exploitable biomass to the CPUE trend by the addi- flagged vessels), they have been included in the total
tion of almost 5000 additional tonnes of catch in 19957 catch figures used in the models. Unfortunately, other
These extra catches may have resulted from IUU fish- than for Falkland licensed vessels it is difficult to esti-
ing in the Falklands zone, but fishery patrols at this mate the level of catch taken from these areas and
time did not detect a sharp rise in lUU longline activ- catches are likely to have been high in the early 1990s
ity despite its presence elsewhere in the SW Atlantic when CPUE was also high.

(Agnew, 2000. A second possibility is that additional Other explanations for the rapid decrease in CPUE
catches taken outside the Falklands zones, but beingmay be due to changes in other parameters in the model
part of that population, contributed to the decline. (such as natural mortality/, and the catchability coef-
When the distribution of recorded toothfish catches ficient, g) but even with further investigation of these
from Falklands Longline vesselBif. 6) is examined it parameters, although producing good fits to CPUE
can be seen that many vessels also operate outside theimilar to those of formulation 2Kig. 1d and e) the
Falklands Conservation Zones on the high seas aroundestimates of andM are unusually high. For exampje
46°S and on the north Scotia Ridge. These catches areis increased by more then 30% in 1994 (to 1:6102
certainly from the same stock as is fished in Falkland compared to 1.2% 10-2in remaining years) and 26%
Island waters $haw et al., 2004and, to the extent  in 1995 (1.53x 10~2) suggesting that animals were
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Fig. 5. Observed (solid line) and predicted (dotted line) length frequencies from formulation 3.

more catchable in the early years of the longline fish- of additional catch in 1995 improves the fit (formula-
ery and were becoming less so as the fishery developedtion 3) it does not alter these estimates greatly. Thus
This suggests that more fish were accessible and easformulation 2 suggests much higher recruitment than
ier to catch in 1994 and 1995 although no additional the basic model (th&q of formulation 2 being over
evidence is available to suggest why this might be so. 1,000,000 individuals greater than formulation 1). This
As for M, in order to produce a radical drop in the suggests thatformulation 2 needs higher recruitmentto
population as seen in the CPUE trend, the values of fit the model than formulation 1 and that recruitment
M were greatly increased beyond the boundaries of must be increased by 3.85 in order to produce a model
0.132-0.198 for CCAMLR Subarea 48Xd¢reno and that fits as well as the previous formulation.
Rubilar, 1992; Brando et al., 2002bAgnew, 2004. Future developments of this assessment will focus
Therefore, itis clear that increasesificannot be used  on understanding toothfish movement and refinement
to explain the rapid decrease in CPUE seen for this of biological and fishery parameters such as growth,
fishery. mortality and selectivity. However, these refinements
Formulation 2 results in the highest virgin biomass are unlikely to change the general picture of a toothfish
and the highest current biomass. Formulation 1, using a stock that is currently between 38 and 46% of its initial
stock—recruitment relationship, results in a lower esti- stock size of between 32,000 and 56,339 tonnes, with
mate of biomass, and although including the estimation a current spawning stock biomass of approximately
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Fig. 6. Distribution of toothfish catches in tonnes from Falkland Island licensed (a) longline (1992—-2003) and (b) trawler vessels (1986—2003)
fishing in the southwest Atlantic. The concentric circles around the Falkland Islands are the Falkland Islands interim conservation zone (FICZ)
and outer conservation zone (FOCZ). The two main islands are East and West Falkland Island.

13,000-26,000tonnes. MSY is estimated to be between Appendix A. The age-structured production
900 and 2831 tonnes with the most likely being the model (ASPM) assessment methodology
former. Current catch rates are between 1500 and 2000

tonnes per annum and are likely to be at the limit of A.1. The basic dynamics

sustainable exploitation to be maintained in the long

term while managing the fishery effectively. The toothfish population dynamics are given by the
following equations:
Nyi10= R(B® Al
Acknowledgements v (Bya) (A1)
Ny+1,a+1 = (Ny,a - Cy,a) e_M (A-Z)

Mr John Barton, Director of the Falkland Islands
Fisheries Department provided access to the data used iy
in this study. The work was undertaken under contract Vy+1m = (Nya = Cy.0) €
tothe Falklanq Islands Government. The Work_ of Falk- +(Nym1— Cym_1) e M (A.3)
land Islands Fisheries Department observers in collect-
ing data from théissostichus eleginoides fishery over where N,, is the number of toothfish of age
the course of the fishery is gratefully acknowledged at the start of yeary, C,, the number of tooth-
as are the comments on the manuscript given by Dr fish of age a taken by the fishery in yeap,
Carl Smith, Dr Alexander Arkhipkin, Dr VladimirLap- ~ R(BSP) the Beverton—Holt stock—recruitment relation-
tikhovsky and Mr John Barton. ship described by E@A.12), BSPthe spawning biomass
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at the start of yeay, M the natural mortality rate of the
fish (assumed to be age independent),aride max-

imum age considered (the plus group of fish aged 21 F, =

plus).
Note that in the interests of simplicity this approxi-

mates to a pulse fishery at the start of the year. Given

that toothfish are relatively long-lived with low natu-
ral mortality, such an approximation would seem ade-
quate.

The number of fish of age a caught in ygads given

by:

Cy.a = NyaSaF)y (A.4)

whereF) is the proportion of the resource above age
harvested in yeay, andsS, the commercial selectivity
at agea (assumed to be logistic) as described in Eqs.
(A.5) and(A.6).

The selectivity for fish younger than 12 years of age
is given by:

. 1
- 1 =+ ef(u*ac)/‘s

wherea is the age of toothfish cauglat, the mean age
at which 50% of toothfish are retained in the fishing
gear,s the steepness of the selectivity curve.

And the selectivity at age for fish of 12 years of age
or older is given by:

1
_ —w(a—ay)
Sa = < 1+ e (a—ac)/s ) €

where g, is the age at which the selectivity vector
changes for older fisly the steepness of the selectivity
curve for older fish.

The mass-at-age is given by the combination of von
Bertalanffy growth equatiof(a) defined by constants
{~, k andzg and a relationship relating length to mass.
Note that¢ refers to standard length.

S, (A.5)

(A.6)

e—K(a—fo)]

0(a) = €ool — (A7)

wa = cl(a)? (A.8)

wherew, is the mass of fish at age
Given knife-edge recruitment to the fishery the total
catch by mass in yearis given by:

m m
Cy = wiCya=Y WaSaFyNya (A.9)
a=0 a=0
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which can be re-written as:
C, Cy

m = m
ZwaSaNy,a ZwaNy,a
a=0

a=ay

(A.10)

A.2. Stock—recruitment relationship

The spawning biomass in yeais given by:

m
E WeNy 4

a=dm

m
B =" "w,fuNya = (A.11)
a=1

wheref, is the proportion of fish at agethat are mature
(assumed to be knife edge at agg.

The number of recruits at the start of yea¥ 1 is
assumed to relate to the spawning biomass at the start
of yeary, By", by a Beverton—Holt stock recruitment
relationship (assuming deterministic recruitment):
R(BY ) = —= (A.12)
The values of the parameterandg can be calculated
given the initial spawning biomag&®® and the steep-
ness of the curvé, using Eqs(A.13}{A.17). If the
initial (and pristine) recruitment i&y=R(KSP), then
steepness is the recruitment (as a fractio®g)f that

results when spawning biomass is 20% of its pristine
level, i.e.:

hRo = R(0.2KSP) (A.13)

from which it can be shown that:

_ 0.2(8+ K*P)

h=_—1" J
B+ 0.2KSP

(A.14)

Rearranging EqA.14) gives:

 0.2KP(1— h)

a3 (A.15)

In the absence of exploitation, the population is
assumed to be in equilibrium. TherefaRg is equal

to the loss in numbers due to natural mortality when
BSP=KSP and hence:

aKSP

KSP = Ry =
vy 0= g K

(A.16)
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where

m—1 —M,
w e m
y= {Zwafa g Moy mIm€ "

-1
A.17
l—eM } (A1D)

a=1
A.2.1. Past stock trajectory

Given a value for the pre-exploitation spawning
biomass K5P) of toothfish, and the assumption that the
initial age structure is at equilibrium, it follows that:

Wi fm e Mn
l1—eM

m—1
KSP = Ro <Zwafa e May

a=1

) (A.18)

which can be solved faRp.

The initial numbers at each age a for the trajectory
calculations, corresponding to the deterministic equi-
librium are given by:

Roe™Ma O<a<m-1
Noa =14 Roe Me (A.19)
1-en ‘7"

Numbers-at-age for subsequent years are then com-

puted by mean of EqgA.1)—(A.4) and(A.9)—(A.12)
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biomass of the resource for yeaiandg the catchabil-
ity coefficient for the standardised commercial longline
CPUE abundance indices, whose maximum likelihood
estimate is given by:
1 .

Ing= = — In B .

g=- > (Inly —In B (A.22)

y

wheren is the number of data points in the standard-
ised CPUE abundance seriegis normally distributed
with mean zero and standard deviatienassuming

homoscedasticity of residuals), whose maximum like-
lihood estimate is given by:

b= \/EZ('”G ~In@By)°
y

The negative log likelihood function (ignoring con-
stants) which is minimised in the fitting procedure is
thus:

(A.23)

—InL=>" [Zé)z(mzy —In(gBy))?| + n(Ino)
’ (A.24)

under the series of annual catches given. In cases wherel N€ estimable parameters of this modela#*" ando

Eqg.(A.10)yields a value of, > 1 for a future year, i.e.

(wherek®Pis the pre-exploitation mature biomass) and

the available biomass is less then the proposed catchth€ parameter, 3, andw within the logistic selectiv-

for that yearF, is restricted to 0.9, and the actual catch

considered to be taken will be less than the proposed

catch.
The model estimate of the exploitable component
of the biomass is given by:

m
E Wq Ny q

a=ay

m
BSP = "wySaNy.q = (A.20)
a=0

A.3. The likelihood function

The age-structured production model (ASPM) is fit-

ted to the GLM standardised CPUE to estimate model
parameters. The likelihood is calculated assuming that Py.a
the observed CPUE abundance index is lognormally

distributed about its expected value:

l,=1,& or g =In{)—In{) (A.21)

wherel, is the standardised longline CPUE series index

for yeary, I, = ¢BY® the corresponding model esti-
mate, whereB} " is the model estimate of exploitable

ity.

Confidence intervals for some ofthe parameters esti-
mated have been evaluated using the likelihood profile
method, or the Hessian-based approximation.

A.4. Extensions to incorporate catch-at-length
information

The above model estimates the catch-at-age, X
in numbers realised by the fishery each year from Eq.
(A.4). These can then be converted into proportions of
the catch of age:

_ G
Zu/c.y,a’

Using the von Bertalanffy growth EqA.7), these

proportions-at-age can be converted to proportions-at-

length under the assumption that the distribution of
length-at-age remains constant over time:

Pyt = Zpy,aAa,Z

a

(A.25)

(A.26)
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whereA, ; is the proportion of fish of age a that fall in
length group?. Not that therefore:

> Ane=1 forallages: (A.27)
¢
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model-predicted values. The associated variance is
taken to be inversely proportional tp,, to down
weight contributions from expected small proportions
which will correspond to small observed sample sizes.
This adjustment is of the form to be expected if a

The A matrix has been calculated here under the Poisson-like sampling variability component makes a

assumption that length-at-age is normally distributed
about a mean given by the von Bertalanffy equation,
i.e.

£(a) N*[Loofl — e @10} 9(0)?] (A.28)

whereN" is the normal distribution truncated ai3
standard deviations (to avoid negative values),nyl
the standard deviation of length-at-agevhich is mod-

major contribution to the overall variance. Given that
overall sample sizes for length distribution data differ
quite appreciably from year to year subsequent refine-
ments of this approach may need to adjust the variance
assumed for EqA.30) to take this into account. The
wien Weighting factor may be set at a value less than 1
to down weight the contribution of the catch-at-length
data to the overall negative log-likelihood compared

elled here to be proportional to the expected length-at- t0 that of the CPUE data in E¢A.24). The reason

age a, i.e..

6(a) = Bloofl — e ¥la—to)y (A.29)

with g a parameter estimated in the model fitting pro-
cess.

Note that since the model of the population’s dynam-
ics is based upon a 1-year time step, the valyearfd
hence th&(a)s estimated will reflect not only the real
variability of length-at-age, but also the “spread” that

arises from the fact that fish in the same annual cohort
are not all spawned at exactly the same time, and that

that this factor is introduced is that tbg’,,b;, data for

a given year frequently show evidence of strong pos-
itive correlation, and so are not as informative as the
independence assumption underlying the form of Eq.
(A.30) would otherwise suggest. In the practical appli-
cation of Eq(A.30), length observations were grouped
by 2 cm intervals, with minus- and plus-groups speci-
fied below 40 and above 220 cm, respectively, to ensure

pgbf, values in excess of about 2% for these cells.

catching takes place throughout the year so that thereReferences

are differences in the age (in terms of fractions of a
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term to the negative log-likelihood of E(A.24):

Olen
—INLien = wlenz {ln [
Pyl

L

Pyt 2
+ ((2(;2 ) [In pcy)’bés_ Inpy. (] }
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(A.30)
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