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ABSTRACT

The management of abalone stocks worldwide is coated by factors such as poaching
combined with the difficulties of assessing a s¢aign(but not immobile) resource that is
often patchily distributed. The South African abddlaliotis midae fishery is faced with an
additional problem in the form of a movement ofkdabstersJasus lalandii into much of
the range of the abalone. The lobsters have dreafigtireduced sea urchiRarechinus
angulosus populations, thereby indirectly negatively impagtijuvenile abalone, which rely
on the urchins for shelter. The model developedaf@ione is an extension of more standard
age-structured assessment models because it dyptakes spatial effects into account,
incorporates the ecosystem change effect descabede and formally estimates illegal
catches using a novel index, the ConfiscationsUfPétr Policing Effort (CPUPE). The model
is simultaneously fitted to CPUE and Fishery-Indefmnt Abalone Survey (FIAS)
abundance data as well as several years of cattpeafcohort-sliced from catch-at-length)
data for the various components of the fishery e as for different strata. A basic tenet of
fisheries modelling is to not go beyond the infotima content of the data. The model
developed involves the efficient use of data tovala model of greater complexity (as was
essential in this instance) than usual. It has igeal/the basis for management advice over
recent years by projecting abundance trends urdidenative future catch levels.

INTRODUCTION

Benthic shell-fisheries world-wide encompass sorh¢he greatest challenges to fisheries
managers in that they are relatively sedentaryadwast spawners and often exhibit a
complicated spatial structure (Orensastzal. 2004, Dowling et al. 2004a,b). Their high
commercial value renders them particularly vulnkrdab overexploitation, with the collapse
of several stocks being attributed either to ogérfig or environmental factors (Shephetrd
al. 2001, Tegneet al. 2001). The South African abalohkaliotis midae fishery is currently
declining precipitously due to a combination ofgbéwo factors: it has recently been subject
to phenomenally high levels of illegal fishing aisdat the centre of an intricate ecosystem
change in the form of a movement of rock lobsfassis lalandii into a major part (Zones C
and D — Fig. 1) of the range of the abalone (‘Baal. 1996). Predation of urchins by rock
lobsters is blamed for the collapse of urchin papahs (Mayfield and Branch 2000). As sea
urchin abundance declined, so too did the numbérgienile abalone. Such abalone
(individuals 3-35 mm in length) depend heavily omanmensal association with urchins
Parechinus angulosus, because the urchins provide protection againstigiors and may
supplement the diet of juvenile abalone (Day arehBh 2002).
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The South African abalone fishery dates back t09184dd is one of the oldest commercial
abalone fisheries in the world, with 55-yr recood€£ommercial catch data (Tarr 1992). Four
main fishery Zones A-D on the south coast (Fighdye typically yielded some 80 - 90% of
the total annual Total Allowable Catch (TAC). Theugh African abalone fishery (i.e.
excluding farmed animals) ranks as one of the t@p Biggest abalone fisheries in the world,
but is nevertheless substantially smaller thanabalone fisheries of Australia and Japan
(Gordon and Cook 2001, Tarbadhal. 2002).

This paper summarises the development of a modél.foidae that is an extension of more
standard age-structured assessment models bedausesi a novel approach to formally
estimate illegal catches, it incorporates the estesy change effect described above and it
explicitly takes spatial effects into account. Thedel is simultaneously fitted to CPUE and
Fishery-Independent Abalone Survey (FIAS) abundasteta as well as several years of
catch-at-age (cohort-sliced from catch-at-lengthjadfor the various components of the
fishery as well as for different strata. Prior kastapproach, recommendations on TACs for
H. midae were based solely on a set of decision rules tised data on trends in the
commercial CPUE (catch per unit effort), the averampd modal sizes of abalone in the
commercial catches, and the proportion of the cagphesented by the smallest legal sizes.

A basic tenet of fisheries modelling is to not ggyénd the information content of the data.
The model we developed involves the efficient usedata to allow a model of greater
complexity (as was essential in this instance) thsual. Age-structured production models
(ASPM) (e.g. Hilborn 1990) have previously been tiyospplied to marine fish species other
than shell-fish which are generally assessed usingpler methods. The methodology
described here is essentially an adaptation ofapplied for management purposes for many
key South African and Namibian fishery resourcesluding for the major fisheries for hake
(Merluccius Spp.) in this region (e.g. Butterworth and Geromd@ti0l, Butterworth and
Rademeyer, in press). The ASPM approach has atsodggplied to a number of international
stocks such as southern bluefin tuna (e.g. Buttehaand Plaganyi 2000).

An ASPM approach was specifically chosen in prefeegto, for example, Virtual Population
Analysis (VPA). VPA necessitates catch-at-age tlatall years and essentially reconstructs
the history of each cohort, assuming that the aoeskeinformation is known without error. In
contrast the ASPM methodology is more flexiblethat it does not require catch-at-age data
for all the years considered, and it can accomneolilkly errors in such data, by making
assumptions about the selectivity-at-age of thehcéButterworthet al. 2003a). An ASPM
assessment involves constructing an age-structmadel of the population dynamics and
fitting it to all available abundance indices byximaising the likelihood function. Available
catch and survey abundance index data can thumialfy incorporated in the analysis.

One of the greatest impediments to the applicabbetock assessment models to abalone
fisheries has been that such models usually relgoommercial catch per unit effort (CPUE)
data as an index of abundance. Several authors dteegsed that in areas such as South
Australia and Tasmania the spatial variation insitgnis such that, coupled with the added
complexities of diver behaviour, CPUE cannot bestigred a reliable indicator of stock
abundance in these areas (Breen 1986, Prince S9@phercet al. 1992, Keesing & Baker
1998, Worthington & Andrew 1998, Dowling 2004 a,PJagényiet al. (2001) argue that
CPUE data have utility in the South African contéxtit not necessarily elsewhere in the
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world) becausanter alia, the major South African abalone fishery is lodateshallow kelp
bed areas, relatively close inshore, along a x&tishort stretch of coastline and with
relatively easy access to most of the areas. Aggsexd by Dichmondt al. (2000) one option
available to resource managers with some confiden@PUE as an index of abundance for
their fishery, is to use a dynamic model tuneddthilCPUE data and a survey index.

This paper describes the spatial and age-strucagsessment model that is currently applied
to the management of the commercially valuatlemidae resource in Zones A-D (Fig. 1).
The model estimates the reduction in juvenile abalsurvival due to the ecosystem change
extent and estimates the illegal take using a nfisteéries index — the confiscations per unit
of policing effort (CPUPE).

METHODS

The South African abalone fishery is reliant onirggle gastropod speciebBlaliotis midae,
locally termedperlemoen, which is restricted to shallow habitats in bedkelp, Ecklonia
maxima (Tarr 1993). Abalone are patchily distributed betw Cape Columbine on the west
coast, and the Transkei region of the Eastern Gapeince on the east coast (Fig. 1). A
second species]. spadicea, is not as abundant, and is taken by recreatitstadrs only.

The commercial fishery occurs only within the westpart of the overall range of abalone,
from Cape Columbine to Quoin Point (near Cape Aagih(Tarr 2002) (Fig. 1). The
commercially fished area has been divided into séighing zones, with TACs set separately
for each zone since 1986 (see also Discussion)nTdie fishing areas are Zones A-D (Fig.
1). This section of coastline is naturally dividetb zones because a series of sandy beach
areas serve as partitions for areas containingitsarbl rocky seabed and hence suitable
habitat for abalone (Tarr 1993).

Biology

Abalone are broadcast spawners and the planktaniaé typically drift with the currents for
about a week (McShane 1992). They settle mostshallow inshore waters (< 5 m), where
they seek shelter under boulders or under the smpheea urchin®arechinus angulosus
(Tarret al. 1996). They are slow growing, requiring a periodabbut 7 years to attain 100%
sexual maturity, and 8-9 years to attain the mimmiegal size limit of 114 mm shell breadth
(Tarr 1995). They become emergent only once thex ltadtained a sufficiently large size
(~100mm shell length (SL)) to be afforded some gutovn from predation (Tarr 1993). With
increasing size, animals gradually disperse inepdewater.

Benthic invertebrates typically have fairly limitedispersal potential (Bradbury and
Snelgrove 2001). Strong correlations between thenddnces of adult and newly recruited
abalone at several sites in South Australia suggtsit abalone larvae are not widely
dispersed (Princet al. 1988, McShane 1992). For black abalbhecracherodii in southern
California, average dispersal ranges are thougbeton the order of only 1- 5 km (Tegner
1993). Studies of genetic structure (e.g. ShepaeddBrown 1993) and simulations of larval
transport for southern Australian abalone (Blacl3)9provide additional support for the
notion of dispersal over spatial scales of a felerketers only. Although it is presently not
known to what extent larval mixing occurs throughtiie main fishing area in South Africa,
larval and post-larval stages are most likely regdiin areas close to the parental population,
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with some larval interchange between adjacent anéas considered unlikely that much
inter-change occurs between adjacent fishery zamgsh each have a long-shore extent of
some 30 km. Nonetheless, larval dispersal of Sédfitican abalone is likely wider (5 — 30
km) than reported for other species (BENEFIT 2003sed on the observation during
recruitment surveys of consistent levels of juverf® — 40 mm) abundance in the Betty's
Bay Reserve and the neighbouring Zone D commegralinds (R. Tarr, MCM, South
Africa, pers. commn).

Data

A large amount of data are available for each efrttain abalone fishery Zones A-D and are
presented in full in Plaganyi (2004). For assessraad management purposes, Zone C has
been split into two subareas, a “poached” suba@®) to the west and a “nonpoached”
subarea (CNP) to the east, because of substaiffialedces in the extent of poaching in
these subareas. The two areas are approximatelyagent in terms of available habitat for
abalone based on kelp bed area estimates (Tar).1993

All available data have been reworked in terms staadard Model yearthat is taken to run
from October of yeay-1 to September of yegr Commercial catch data (in terms of tonnes)
are available from 1953 (Fig. 2). Total allowab&ahes (TACs) for the commercial fishery
were set individually for each of seven fishing e to G from the 1986/7 season onwards
(Tarr 1992). Moreover, data on the commercial catichbalone in Zones A-D are available
for the period 1977 to 1985. However, prior to 1€&ch data are available only for all
Zones (A-G) combined, and hence zonal catch estsnfar the period 1953 to 1976 are
assumed to be a fixed proportipn of this total annual catch, whepe is taken to be the
average of a Zone’s proportional contribution takgcatch over the period 1977 to 1981. The
same approach is used to apportion the Zone C estanates for the period 1953 to 1976
between the two subareas CP and CNP.

Recreational catch estimates (in terms of numbérgbalone caught) are estimated from
telephonic surveys, conducted since 1992, of sadlecicreational permit-holders. In contrast
to the commercial fishery, where a law in forceceirl966 prohibits commercial abalone
fishing operations within 185m of the high-waterrknéDichmontet al. 2000), the recreational
fishery is essentially a shallow-water fishery wdiliers accessing the resource mostly from the
shore. The recreational fishery was closed indefiynin 2003 (DEAT 2003).

Available indices of abundance for each Zone inelad GLM-standardised commercial
CPUE series (from 1980 to present) and a Fishedgdandent Abalone Survey (FIAS)
conducted since 1995. These surveys were desigmepravide an index of relative
abundance with a CV of some 25% (which is substtiptmore precise than that achieved in
earlier surveys) (Dichmoret al. 2000). Only animals larger than 100mm SL are neb in
these surveys so as to reduce uncertainty in ttimatses due to the non-emergent/cryptic
behaviour of juveniles. The data for Zone C (theowrcial CPUE data in particular) exhibit
more contrast than the data for the other Zoneggesiing better potential for precise
parameter estimation. For Zones such as Zone Ag dantrast is insufficient to allow
independent estimation of parameters such as hanogality with great reliability and
hence these parameters have been estimated Hy fdtirig across all zones.
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There is a very large amount of catch-at-age daddadle per Zone from the various fishery
sectors and research surveys. The catch-at-agewdatierived from length distribution data
that are cohort-sliced using a von Bertalanffy gtowurve (from Tarr 1995) that was fitted

to tagging data. The catch-at-age data used imthgel-fitting process include data from the
commercial (approximately 19 years per Zone), iaevaal (8 years) and poaching sectors (7
years) (the last from confiscations), as well asnfrthe fishery-independent and industry
surveys. In several instances age classes havellmeped together to reduce the number of
categories containing a proportional abundancetless2% in any one year.

An important additional data source derives fromratustry and MCM co-operative diving
survey in 2002 that was carried oater alia to provide information on recruitment strength
and population structure in key fishing Zones B @nd\dditional data that are currently used
in a diagnostic context relate to the extent ofydajon depletion below pristine levels.

THE MODEL

The full details of the spatial age-structured mitbn model (ASPM) are provided in
Plaganyi (2004) and Plaganyi and Butterworth (200Aaschematic summary of the model
is shown in Fig. 3.

Spatial structure

Earlier analyses demonstrated (Plagawl. 2001, Plaganyi 2004) that spatial structure was
critical because inshore (within 185m of the higtewanark) and offshore components of the
resource are affected differently by the differsattors of the fishery. Moreover, one of the
problems in trying to model the abalone resource tlia confounding of background natural
mortality rate, mortality due to unknown levels ibégal take by the poaching sector and
increased juvenile mortality due to the “lobsteffeet in Zones C and D. This has been
further complicated by the fact that the recruitirfariure effect (starting in the early 1990’s)
and escalated poaching levels (from 1994 onwardisineenced at approximately the same
time. Both processes have a large effect on thenjis abalone age classes with the former
mainly affecting ages 0 — 3 yr and the latter dffecage classes as young as 4 years. FIAS
samples animals only 5 years and older, but ansingidCM (Marine and Coastal
Management) full population survey was conductedames B and C in 2002, making it
possible to discriminate between these effectsfitBgg to Zones B (no recruitment failure
effect) and C (with recruitment failure effect) siltaneously, it was possible to estimate the
extent of the “lobster” effect. In 2003, a combingdnes A, B, C and D model was first
attempted. The model simultaneously models the miesmin each of ten regions (A, B,
CNP, CP, D — inshore and offshore regions for eacte/subarea) (Fig. 3). The same natural
mortality rate is assumed to apply across all regidiowever, the western Zones (CNP, CP
and D) are assumed subject to an ecosystem chdiege i@ contrast to Zones A and B
which are further to the east and have almost ok Iabsters present.

Incorporating the ecosystem change effect

The ecosystem change effect is not modelled efiglici the assessment model but has been
incorporated by allowing for an increase in theuraltmortality rates of 0-yr old abalone in
the affected zones (CNP, CP and D) in the model.
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In general, age-dependent natural mortality rdtksare modelled using the following
formulation:

A
1 M, = u+—"—
1) a—H A+l
where parametep is estimated in the model-fitting process ahds either estimated or set
eqgual to a constant.

In addition, in CNP, CP and D, the model estim#&tes parameters to describe the rate and
extent of the “ecosystem change” effect: a steepoés increase in mortality parameter
and a maximum increase in mortality paraméfkex. An exponential increase in thdo
mortality rate is assumed to have occurred as fyeary, where different values of the
starting yeaw were tried and the rate of increaseMais determined by parameter. Mo is
assumed to increase continuously up to a maximuoeWnax and then remains constant at
this value from yeargvmax forwards.

The Confiscations-Per-Unit-of-Policing Effort (CPUFE)

Data on the numbers of confiscated abalone per Zweegjointly recorded by the South

African police service and Marine and Coastal Mamagnt, and are available for all years
since 1994. These data are used primarily to etitha trend in poaching over time in each
of the abalone fishery management Zones A-D. Howewdicing effort has not remained

constant over time because, for example, in sonasyéhe government has provided
additional resources in an effort to curb the esoay poaching levels. The poaching
confiscation data are thus used to obtain base{tesadjustment for changes in policing
efficiency) estimates of the trend in poaching owere in each of Zones A-D, as well as to
derive a somewhat unusual fisheries index — the REPWr Confiscations Per Unit of

Policing Effort (Fig. 4).

The CPUPE is used as an input to the model andatethe year/s with the assumed highest
level of poaching. The maximum poaching level panezis estimated (in terms of numbers)
within the model and the poaching estimates forémeaining years are then computed using
the CPUPE trend information. The model estimatepazfching are scrutinised taking into
account that the actual number of animals poackedome (unknown) multiple of the
observed (i.e. unadjusted for policing efficienoymber of abalone confiscated. A minimum
realistic poaching value is determined as the totahber (location-known + proportion of
location-unknown) of confiscations divided by thenfiscation proportion. In instances
where the model estimate of poaching is less thamtinimum realistic value, the poaching
level is fixed to the latter value or some multipfat instead.

Parameters
The base-case combined ABCD model estimates tleeviolg 30 parameters:

1) Pre-exploitation spawning bioma&¥ for A, B, CNP, CP and D [5 parameters]
2) Inshore-offshore migration parameter (CP) [1 parameter]
3) Inshore-offshore migration parameter (A, B, CNP, D) [1 parameter]

4) Poaching estimate for the year with the assumebeiiglevel of poaching for the
zone in questionCPmax estimated for A, B, C (combined) and D. [4 parasrst

5) Pppoach[1 parameter] — equates roughly to the assumptian 10% of the Zone C
poaching take is from CNP and the remainder from CP
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6) M,:u (/1 = 0.2) (see Equation 1). Natural mortality parametgrand A assumed

common to all zones [1 parameter]

7) “Recruitment failure” parameters common to CNP, &Rl D: v and Mnax [2
parameters]

8) Three parametersy{ J and a) for each of five selectivity functions (assumed

common to all zones) [15 parameters]

One important aspect of sensitivity relates to toafiscation percentage constraint, and
alternative scenarios are always presented in ptiagemanagement advice for this resource.
In the 2004 base- case model for example, the satfon percentage success rate when
averaged over the past 5 years in Zones A-D is 28926%; B: 39%; C: 18%; D:10%).
This is similar to the confiscation percentage ssscrate estimated by policing operations
(Marcel Kroese, pers. commn) and to estimates fesmattempt to estimate compliance
confiscation success rates from data from the N@&fi€ Hong Kong office (Mackenzie
and Burgener 2004).

RESULTS

A few selected model results are given below basea@ssessments conducted in previous
years. Note therefore that this information is dio¢ctly applicable to the 2005 assessment.

General trends

The observed decline in both catch rates and gteefy independent abundance index in
recent years is particularly steep and it has lreengnised for some time that continued
depletion of the resource is inevitable unless ¢bebined catch by all sectors can be
drastically reduced. Considering that total catéhake 1960s were substantially greater than
those taken in the 1970s and 1980s (Fig. 2) (thrsllhh seems likely not to have been the
case, even though the details of the zonal-partitgp of catches assumed above could be in
error to some extent), it is not too surprisingt e CPUE trend shows an increase towards
the end of the 1980s. This is the obvious explanator the observed increase in CPUE
estimates during the 1980s despite increases iralb\aatch levels over this period (Tarr
1993). It is to be expected from a relatively slgmwing long-lived resource afforded a
respite as high and unsustainable historic catebideare reduced substantially to below the
then current sustainable yields.

In Zone C for example, if one assumes that the CREIRD is a reasonable index of stock
abundance, this suggests that whereas the Zonen@exial take during at least some of the
1970s and 1980s was below sustainable yield (S¥)Jdetotal catches during the 1990s and
early 2000’s have again exceeded such yields,treguh a concomitant decline in CPUE
values over this most recent period (Fig. 6). Teisent decline in CPUE is fully consistent
with the catch data only if the latter are consedeto include the considerable poaching
component of the overall catches over recent yasesstimated by the model. The estimated
poaching catches are substantial in all of the ates investigated. Moreover, fitting
simultaneously to full population survey data foongs B (with poaching but without
ecosystem-change effect) and C (with both poachimd)the ecosystem-change effect) has
suggested dramatic increases in juvenile mortal#ties in Zone C (and Zone D by
extrapolation) that has further exacerbated thentobserved declines in both CPUE and
FIAS in these regions. In particular, earlier mdidgl attempts demonstrated an inability of
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the model to successfully simulate the trends eanZbne C FIAS data without taking into
account the “ecosystem-change” effect.

Additional diagnostics
A useful diagnostic is provided by the pattern aoale of the fishing proportiok;” (Fig. 6).

Note that the fishing proportion underlying thesalgses represents the fished proportion of
a fully selected age class rather than the mordigamannual fishing mortality rate referred

to in fisheries stock assessment literature. Hjevalues in Fig. 6 have been plotted on

approximately the same scale for ease of comparewh suggest that historically Zones B
and CP have been the most heavily fished. SubaReas &known as a favourite abalone
diving spot because of the extended shallow regidssexpected, Zone A appears to have
been the least heavily fished of the zones preslynhbezause it is the zone furthest away from
the main town in the region, Hermanus (Dichmentl. 2000). This is reinforced by the

relatively low recreational fishing proportion eeitt in Zone A compared to the substantial

F,* values for subarea CNP, which encompasses losasioch as Hermanus and Vermont

(Fig. 1). These areas are favoured holiday locat&md hence it is to be expected thgt’

values are higher in these regions. In responsa tever-growing recreational catch during
the 1990’s, increasingly stringent limitations wargosed on recreational fishers (R. Tarr,
MCM, pers. commn) and hence the contribution of rd@eational sector to the total catch
has gradually decreased and is currently zerodpgl&ion.

Comparisons of time-trajectories of exploitatioogortion by sector predicted by the model
suggest that efforts to control the illegal poaghsector have largely been fruitless g5
has either increased or remained steady in allzdeing the last few years (Fig. 6). In
Zones A, B and D, the total fishing proportionseatimated by the model for recent years
have exceeded even the initially highvalues corresponding to the initial “mining outf’ o

the abalone resource. Thus whereas average conainggctor- values range between 0.05
and 0.16 (as could be considered reasonable fairlg productive long-lived resource),

recent estimates df > are 0.2 or higher, with a maximum of 0.64 in Z&i 2002, which
is clearly not sustainable in the medium to longteNote however that the F values for the

different sectors are not precisely comparablethoalh they all refer to a common age 11,
they spread differently over age-classes and aiffgrentially to inshore and offshore areas.

Parameter estimates
Model results in 2003/4 suggested a pristine spagviiomass,B;”, of 2012 [95% C.1.:

1780 ; 2400] and 4724 [4380 ; 5300] tonnes respagtifor subareas CNP and CP, and
hence a total Zone C spawning biomass of ca. 6@d0es. The difference in the pristine

spawning biomass estimat&"[CNP] and B;’[CP ] are in the main due to the partitioning

of the historic zone C catch data between the wmaieas. The pristine spawning biomass
estimates for the other zones are on a similaedoahe Zone C estimates, with 8030 [7030 ;
12 800], 5870 [5450 ; 6300] and 7460 [6800 ; 8960hes estimated for Zones A, B and D
respectively.

It is encouraging that a reasonable estimate ofptieeexploitation spawning biomass for
Zone A was obtained as previous attempts (fittirdpae A model in isolation) to estimate
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this parameter yielded unrealistically high valdeg to the uninformative nature of the data.
The confidence interval for the Zone A pristinerhass estimate is much wider than for the
other zones. The Zone A data provide a classicamgle of a so-called “one-way-trip-
trajectory” (Hilborn and Walters 1992) — the CPU&talcould derive from either a relatively
unproductive population with a high pristine biomas from a more productive population
with a lower pristine biomass. One approach toeethese estimates would be to incorporate
prior information on these parameteks énd M) to reduce the space of likely parameter
combinations. The approach adopted here is anatoggpsome extent because the natural
mortality parameter for Zone A is constrained to the same as for the other zones
(considered reasonable on biological grounds)etherestricting the range of likely pristine
biomass values. Thus although the Zone A fit if\@ewed with some scepticism, it at least
represents a step forward.

Mortality estimates and the “ecosystem-change” effe

A wide range of estimates of natural mortalit§) (for abalone in the wild have been reported
in the literature, ranging from about 0.05 to mthran 1.00 y* (Shepherd and Breen 1992,
McShane and Naylor 1997). There is some (weak)eenid thatVl decreases with increasing
age (Shepherd and Breen 1992). The base-case testifnéage-dependenil as ranging
from 0.33 for O-yr old abalone (when not subjectite “ecosystem-change” effect) to 0.14
for age 11 and older individuals is considered aeable for a relatively long-lived species
such as this. The likelihood profile estimate a 5% CI for the mortality parameter(with
estimate 0.127) is relatively tight [0.126 ; 0.148Jiggesting that natural mortality is well
estimated in the model fit.

In earlier model versions, estimates of mortalayes were confounded because, given the
limited data available, it was not possible to disthate between background mortality rates,

mortality due to unknown levels of illegal take twe poaching sector and increased juvenile
mortality due to the “lobster” effect in Zones Cdad. This has been resolved to some extent
by fitting to the 2002 industry/MCM full populaticssurveys conducted in Zones B and C.

For “lobster” Zones C and D, the model param&gsx sets the maximum mortality rate of
0-yr old abalone that is assumed to have occurvedtd the ecosystem-change effect. The
2003/4 base-case model estimate of this parametated to hit whatever maximum
constraint was set for the parameter (the base-m@seémum constraint was 10 which
corresponds to a near zero annual survival raeyfold abalone in Zones C and D). Based
on the likelihood profile method, the lower 95% fidance limit for Mmax is approximately
Mmax = 1.6, which implies an annual 0-yr old survivate of 0.2, compared to the pre-1990
0-yr survival rate of 0.72.

Poaching estimates

The Zone C poaching estimate (for 1995) furnishedhle 2003/4 base-case model was 556
000 [95% CI: 510 000 ; 695 000] abalone or 319 [2@60] tonnes, which is some three
times greater than the average Zone C commerdial daring the 1990s and 20% greater
than the 2003 commercial TAC for Zones A-D combinéthereas towards the end of the
1990s poaching estimates were equal to or sligesly than the commercial TAC, the recent
explosion of poaching activities has resulted total catch for Zones A-D combined which
is more than seven times the legal 2003 commerFéial for these zones. These estimates are
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phenomenally high but remain quite plausible cosrend) that they correspond to the
assumption that, on average, 23% - 36% of all pedelibalone are confiscated.

Biomass trajectories

Fig. 6 shows spawning and exploitable biomassdtajees relative to total catches in each
zone. Total catches include recorded or model-estich takes by the commercial,
recreational and poaching sectors combined. Natethie “exploitable” biomass trajectories
shown are those corresponding to the resource aoempcharvested by the commercial
sector.

The model estimates an initial steep decline instbeavning biomass of abalone in all zones,
as a result of the high historic exploitation leviel the 1960s. A slight recovery of the stock
level is estimated to have occurred during the $98fllowed by a relatively stable period
and then an appreciable downward trend in receatsy€Fig. 6). Consistent with the
incidence of poaching having commenced earliesiufa 1994) in Zones C and D (also
subject to the ecosystem-change effect), the redeminward trends in these zones are
particularly marked. Given that the CPUE index etifeely relates only to animals of ages
nine and older, there is a time lag before the mega&ffects of poaching become evident.
The inshore FIAS survey data highlight more cledhky substantial recent decreases in the
numbers of small abalone in all zones. Given thegdoved nature of abalone, these
decreases are particularly evident when projedongard in time.

The inshore region is particularly depleted, witteeent estimate for CP of only 12 %. Zones
B and D are estimated to have similar current wéldepletion, with the current depletion
for Zone A being estimated as somewhat highes 1bibe expected that abundance in Zone
A should be slightly less depleted than the otloeres as it is the least accessible (in terms of
being furthest from human settlements) of the nfisimng zones and poaching is thought to
have commenced later in this zone than in the aitwees.

DISCUSSION

A description is given of the stock assessmentaambr used for the South Africkh midae
resource to estimate the extent of the illegal takd the reduction in juvenile abalone
survival due to an ecosystem shift (in the formaahovement of rock lobster into a major
part of the range of the abalone). This resourcailgect to ever-increasing problems as a
result of these two factors. The current modelingthods are critical for highlighting the
extent of the problem and evaluating the conseqgeatpossible changes in harvest regime,
but do not represent a management solution (Plag@@d). As stressed by Orensastal.

(in press) and Parmet al. (2003), sustainability of a fishery is likely tacceed only when
the right incentives are provided, such as in tvenfof secure long-term access rights. The
actual solution in this case has been seen to eesidthe development of alternative
management approaches that better include locaicomties. In recognition of this, a new
policy to define the process of allocating commarabalone fishing rights was announced
by MCM in October 2003. The new management modeaged on a Territorial User Rights
in Fisheries (TURF) system (Stephenson & Lane 1@9%isty 1996, Caddy 1999).

The severe overexploitation of many Latin Ameridaenthic shellfish stocks has been
attributed largely to the absence of co-managempexdtices (Castilla and Defeo 2001) and
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the allocation of TURF's has achieved some sucoessiproving both the quality of the
regulatory process and the status of the shelefish in these regions (Castithal. 1998,
Castilla and Defeo 2001, Parrdzal. 2003). Plaganyi and Butterworth (in review) argjo@t
despite being associated with a management rediatdnas failed to reconcile fisheries with
conservation in this instance, in retrospect, theggpear to have been clear economic and
biological advantages to having continued thesesatastock assessment exercises.

Detailed modelling of the abalone — rock lobsteurehin multi-species interactions is
complex and not immediately feasible although sqregress has been made (Plaganyi
2004). However, given pressures to increase robktés quotas in the EoH region, an
immediate priority relates to gaining an improveualerstanding of the trade-offs involved in
harvesting rock lobster heavily in this region witte aim (in theory at least) of allowing
some recovery of the abalone resource. Given theityaof available data and lack of full
ecosystem understanding, it is debatable whethdetailed ecosystem approach to this
problem will yield practically meaningful conclusi®. The complexity of these interactions
is also not easily accommodated within the rel&ivigid structure of preset models such as
ECOPATH with ECOSIM (Walterst al. 1997, see also Plaganyi and Butterworth 2004b for
a summary of the potential advantages but alspithielems of applying the EwWE approach).
The best approach to shedding further light onrthati-species interactions would likely
depend on experimental studies and an adaptive gearent approach (e.g. Walters 1986,
Hilborn and Walters 1992, Sainsbuatyal. 2000) rather than simply on modelling results. For
example, an actively adaptive management stratppiiea to the Australian multi-species
fishery was successful in resolving key uncertagtibout resource dynamics and sustainable
resource use (Sainsbuet al. 1997). The approach involved identifying four drént
plausible hypotheses and adopting an experimentaeps involving the sequential closure
of areas to trawl fishing. After a period of a fewars, the experiment was successful in
discriminating among the competing hypotheses &Bairyet al. 1997, 2000).

Ideally, an Operational Management Procedure (O{@Bjterworthet al. 1997, de Oliveira
et al. 1998, Butterworth and Punt 1999) needs to be dpeel for the abalone resource in the
main fishery Zones A-D. As a first step, the popiola model described in this paper could
be used as the operating model for the underlyymahics. Decision models would then
need to be developed to take account of threeakitactors:

a) the recent trend in poaching in each secondarg gor TURF);

b) the recent trend in CPUE and survey indicesachesecondary zone, as determined
from finer spatial scale data than that input ®aperating model; and

c) an assessment of the impact of multi-speciesantions.

The last of these could be based on any or sewttiaé following:

i) Data on abalone recruitment success from a dedigca®uitment survey or from a
full population survey with coverage in at leasteolobster-invaded and one
“lobster-free” zone (as was the case for the 20@wIindustry survey).

i) Information on the EoH proportion of the rock ladrsTAC, in the event that it can be
demonstrated that sufficient numbers of rock laisstave been harvested to allow
some recovery of the abalone resource. This retatéem 1. above — note also
that this would become relevant only in a few yetarse given the time-scale
needed for a noticeable recovery.

i) Information from models of abalone - rock lobstaurchin interactions. These could
either be relatively simple models or more compédawhole ecosystem models.
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Indications from these models of a short-term enbarent or reduction of the
“rock lobster” effect could be fed into a decisiarodel, provided such multi-
species / ecosystem models are carefully pararseteiand have demonstrated
sufficient robustness of their conclusions to utaiety in the data as well as to a
range of plausible alternative hypotheses. In t#ee ®f abalone, the development
of a tactical ecosystem model as the basis for ctimgp harvest limits within an
OMP itself would seem to be a very long way off.
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Fig. 1. Map (from DEAT 2003) showing the possibieigion of primary abalone fishing zones into segtany
zones as part of the implementation of the new gament policy. Zones A, B and D are currently assgsit
the level of primary zone only. The secondary zddgésand C2 of Zone C correspond to subareas CNIEEBNnd
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Fig. 4. a) Time series representing the Confisoati®er-Unit-Policing-Effort (CPUPE) for
each of the main abalone fishery Zones A-D. The bem of abalone confiscated and
the "policing efficiency levels" (shown in b) areaded on information from law
enforcement officers in South Africa from 1994 tesent. The proportions represent the
poaching intensity in that Zone relative to the maxn poaching level observed for that
Zone. A linear increase in poaching is assumedate foccurred from zero in 1990 in
Zone C to the 1994 level, and from zero in 199th 1994 level in Zone D. For Zone
C, the same pattern of poaching is assumed to dppdybareas CNP and CP. c) The
total estimated number of abalone confiscated peneZ The total number of
confiscations is computed as the sum of locatiomakn confiscations and a proportion
of contributions from a “Undefined zone” categofhese total confiscation values are
used in the model to set the minimum number of pedanimals that must have been
taken from a particular zone in a particular year.
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