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PREFACE

This Manual constitutes an effort of the Caribbdashery Management Council to
provide a framework for assessing the status ofo#gpion of the Caribbean Queen
Conch, Strombus gigasstocks. The aim is to facilitate the researchkwogcessary to
comply with the CITES requirements concerning titernational trade of this protected
large marine gastropod.

The original concept on the need to develop a castook assessment manual was
proposed by Miguel Rolon, Executive Director, Chghn Fishery Management Council,
to a group of conch stock assessment scientistmdatty the Food and Agriculture
Organization of the United Nations (FAO) Conch Waiép held in Kingston, Jamaica,
1-5 May 2006. The concept was to complement the FgDual for the Monitoring and
Management of Queen CondfrAO Fisheries Circular.No. 1012. Rome, 2005)
regarding specific methodologies that could be begplemented in conch stock
assessments.

This Manual was developed under contract for theibBaan Fishery Management
Council by the Rosenstiel School of Marine and Agptteric Science of the University
of Miami, Coral Gables, Florida.

Nelson M. Ehrhardt and Monica Valle-Equivel
November 2008



1. INTRODUCTION

“Fishing is a relatively primitive form of produoti. It is essentially the age old
hunting-gathering activity conducted with expensiand sophisticated modern
technology” (R. Hanneson. Natural Resource Modelfglume 20, Number 2, Summer
2007). This simple and truthful definition of fisiy over imposes the stringent need of
fishery management, which requires stock assessageite promoting sustainable long
term yields. This is not only a statutory requir@ti@ many countries but paramount to
achieving the long-term potential harvests of thecls. Very often, however, even
sophisticated stock assessment methods do nottdepubper interpretations of fishing
effects on marine animal populations. Our main [@wobis the use of model assumptions
that, more often than not, limit the possibilit@fsa correct interpretation of exploitation
effects on the dynamics of animal populations &ngba.

The conundrum of understanding exploited populatignamics from usually
highly stratified biological, fisheries, and enviroental data, many times precludes the
opportunity of visualizing the real situation rediaig the response of marine populations
to exploitation. The Caribbean con&trombus giggasvariously known by local common
names such as queen, jumbo or pink conch, botat@cal pala, caracol gigante, or
lambi, is not an exception. It inhabits the Cent\stern Atlantic, but mostly in the
western Caribbean Sea from Venezuela to FloridaTdred Bahamas to Bermuda. The
species is the largest of the commercial marindr@asds in this region. Although
consumed by local human populations since ancesitnas, it is not but until very
recently that the international markets for thecgse opened to prices never before
imagined. Therefore, demand already grossly exceadply and control on fishing is
badly required.

The species has a complex and highly sophisticéted plastic population
dynamics. This is due to a distinct geographic tithen which frames growth,
reproduction and recruitment 8f gigas This characteristic imposes significant obstacles
to model fishery exploitation in the highly heteeogous physical features that
predominate over the habitat range of the speEiesthe above reasons the species is
protected under Appendix Il of the Convention oa thternational Trade in Endangered
Species of Wild Fauna and Flora (CITES).



In this work we attempt to bring together some fameéntal conceptualizations
regarding the complex task of assessing the stdtegploitation ofS. gigas.This is a
required element by the CITES Scientific Authostim the countries when reporting
annual conch exports to the CITES. The CITES Sifieruthorities are prompted by
the CITES to unambiguously demonstrate that expants landings of the protect&i
gigas are non detrimental to the sustainability of tlgydations on the long range and
that they will not generate overexploitation coiuis that may deplete local populations.

We present stock assessment models in a constuegpproach with the
understanding that three fundamental variableS. igigasassessments and management
are necessary under the CITES Appendix II:

1) population densities should be kept at a precebted levels that will sustain the
reproductive capacity of the species,

2) population abundance should be sufficient tonta&n the required population density
levels, and

3) fishing mortality should be regulated by mamaget control of fishing capacity.

This manual is designed such that the fundamemtglirements for annual
landing definitions under the CITES frame are pustrict context, then that the critically
important population dynamics features of the swecare correctly identified and
understood so that the status of stock recommendatby the CITES Scientific
Authorities are unmistakably defined. Finally weoyide stock assessment models that
appear to provide robust answers to the many issfuUg@sgigasstock assessments.



2. CITES CONTROLS

Internal fertilization inS. gigasimposes biological demands on minimum
population density levels such that males and fesnahcounter and copulate. Due to this
population density requirement and the low mobibfythe queen conch, reproductive
success may significantly be affected by fisherpl@tation. Excessive landings and a
perceived regional steady declineSfgigagpopulation abundance and densities resulted
in conch being listed as commercially threatenedhsy CITES in 1985 (Wells et al.,
1985). Declines in conch density persisted, cau§SIigES in 1992 to downgrade the
status of queen conch to a listing in Appendixwhich requires signatory nations to
manage conch stocks closely, and to monitor expmatsfully to prevent moving the
species to Appendix I, which indicates that thecgseis in danger of extinction.

The CITES is an international agreement (Conveiptiogtween governments
established with the aim of ensuring that inteoral trade in specimens of wild animals
and plants does not threaten their survival. CITEQuires each signatory country to
nominate Scientific and Administrative Authoritie€ITES Scientific Authorities of
countries exporting. gigasare continually challenged to determine whethpadicular
export will be detrimental to the survival of theesiesand to define which information
and parameters are relevant to determine this.eftve; it is important that the CITES
signatory countries be provided with some generiéra and guidelines, as well as
documented methodologies, in order to facilitate formulation of Non-Detriment
Findings (NDFs), and to make more complete anchsfimally sound those evaluations
required to improve the implementation of the Caniva. The following information on
CITES controls is taken from Wijnstekers (2005):

The Bern criteria

With CITES Resolution Conf. 1.1 it was decided thatdetermining the
appropriate Appendix in which a species or otheoiashould be placed, the biological
and trade status of the taxon should be evaluatgttier, as follows:

Appendix-1l criteria with regard to the trade statu s

Species meeting the biological criteria should iseed if they presently are
subject to trade or are likely to become subjedrade. The latter situation can arise



where heavy trade in one species is extended kodasimilar species if demand grows
or if supplies of the one species are depleted.

The amount of trade that a species can sustainowtitthreat of extinction
generally will be greater for species in Appendithan for those in Appendix I, so
there should be evidence of actual or expectece traduch a volume as to constitute a
potential threat to the survival of the speciesp&mdix Il serves in part as a monitoring
tool (CITES Article 1V(3)) to gather such trade dat

Article Il contains the following fundamental priptes with regard to the
species to be included in Appendix II:

(a) all species which although not necessarily nbreatened with extinction may
become so unless trade in specimens of such spsctject to strict regulation in
order to avoid utilization incompatible with theurvival; and

(b) other species which must be subject to reguiat order that trade in specimens of
certain species referred to in (a) may be brougheueffective control.

Trade in specimens of Appendix-Il species

The conditions under which trade in specimens etigs included in Appendix
Il must take place are laid down in Article 1V, pgraph 1 of which provides that all
trade in specimens of species included in Appetidshall be in accordance with the
provisions of this Article.

Article IV:
2. The export of any specimen of a species includefippendix Il shall require the
prior grant and presentation of an export permit.eXport permit shall only be granted

when the following conditions have been met:

(a) a Scientific Authority of the State of expo#shadvised that such export will not be
detrimental to the survival of that spegies

(b) a Management Authority of the State of expgidatisfied that the specimen was not
obtained in contravention of the laws of that Sfateéhe protection of fauna and flora

3. A Scientific Authority in each Party (SignatoGountry) shall monitor both the
export permits granted by that State for specinerspecies included in Appendix Il
and the actual exports of such specim&ibenever a Scientific Authority determines
that the export of specimens of any such speciesldlbe limited in order to maintain
that species throughout its range at a level cterdisvith its role in the ecosystems in
which it occurs and well above the level at whilcattspecies might become eligible for
inclusion in Appendix |, the Scientific Authorityhall advise the appropriate
Management Authority of suitable measures to bertaio limit the grant of export
permits for specimens of that species.

In addition to the non-detriment finding under gaegh 2(a), the provisions of
Article IV.3 are essential for achieving the ainfsttte Convention with regard to the
prevention of species becoming threatened withnetitin as a result of utilization
incompatible with their survival.




Every transfer of a species from Appendix Il to Apdix | can therefore be
considered as an example of the failure of theiézato fulfill their obligations under
the Convention.

The Scientific Authority should be able to assdss ¢ffects of trade on the
populations of the species occurring in its coumstngd must therefore be informed on
any matter of relevance to that tasklike many other provisions, the text of paragrap
3 is rather detailed and adequately describeslthgation of the Scientific Authorities
of exporting countries, i.e. countries of origirhig, however, does not make that task
an easy one. Many countries of origin lack the sga&egy scientific data on the status of
their animal and plant populations, which makesnpossible to calculate the effects
thereon of different levels of exploitation.

Permits and certificates Conf. 12.3 (Rev. CoP13))
VIII. Regarding permits and certificates for specseibject to quotas
RECOMMENDS that:

a) when a Party has voluntarily fixed national exppotas for specimens of
species included in Appendix I, for non-commergafposes, and/or in Appendices Il
and lll, it inform the Secretariat of the quotagdoe issuing export permits and of any
changes thereto as soon as they are made andeitostaeach export permit the total
number of specimens already exported in the cugreat (including those covered by
the permit in question) and the quota for the sggeconcerned,;

b) when a Party has export quotas allocated b thderence of the Parties for
specimens of species included in Appendices | ritldtate on each export permit the
total number of specimens already exported in thieeat year (including those covered
by the permit in question) and the quota for thecggs concerned; and

c) Parties send to the Secretariat copies of perissued for species subject to
guotas if so requested by the Conference of theeBathe Standing Committee or the
Secretariat

Conclusions

The CITES clearly establishes protocols concernthg requirements of
information on the effects of the exports (not liagd) on the status of exploitation and
survival of the species in Appendix Il. This imgi¢hat the status of exploitation of
gueen conch stocks are to be evaluated considdrengshing mortality generated by
those landings exported under the CITES exportficates as well as the landings that
are locally consumed. In some countries local carmisumption is more significant that
the export themselves, yet the CITES Scientifichduity has the mandate to assess the
effect of all landings despite their final destinas and then report to the CITES
Administrative Authority on the impact of the expoon the survival of the species. In
fact, when local consumption in a given countritigh and potentially detrimental to the
survivorship of the species, exports under CITE8fmates should not be extended.
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3. FEATURES OF STOCKS AND

FISHERIES

Queen conch has a number of life history trait$ thake the use of assessment
methodologies designed for finfish assessment pnoétic. In this section we briefly
enumerate those biological and fishery aspects dhatmost significant to the stock
assessment process.

Usually, conch form discrete aggregations limitediepth by the distribution of
seagrass and algae cover. They are more often fatutepths less than 25 meters (82 ft)
but in heavily exploited areas greater abundanoésdensities are found in the 25-35
meters (82-115 ft) depth range (Figure 3.1). Threcss is easily detected and caught by
commercial fishers using scuba gear or by freendiun shallower areas. This makes the
species highly vulnerable to exploitation and gete=r opportunities for artisanal fishers
to exploit the queen conch for their own consumptod for commercial purposes. The
nature of the fisheries is diverse from small canoarrying one diver and the diver
helper (Figure 3.2) to commercial diving vesse# ttarry up to 40 divers and operate at
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Figure 3.1. Depth distribution of queen conch d@ssin two fishing banks in
Honduras (Ehrhardt and Galo 2005)
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sea for 10 to 15 days and landing most of the prods 85 to 100% clean meat (Figure
3.3.). Hyperstability in conch catch per unit ofoef is a common issue where effort
targets with greater intensity those areas whegk bonch densities still remain. Due to
the low mobility of conch there is no range conticatand local population density is not
related to abundance but to the extent of locallzaguitat and how fishing intensity was
temporarily deployed.

Figure 3.3. Industrial vessels with accumulatedyded0% clean conch meat.

Diverse fishing conditions make difficult the impientation of formal statistical
systems that could generate catch and fishing teffata for conch stock assessment
purposes. Generally, there is lack of information fshing effort and sometimes of
catch. Most statistics are from exports that agestered for later reports to the CITES.
However, the geographic identity of the conch dmeirtlimited migrations impose the
need to separate landings according to the diffdishing grounds visited by fishers.
This may be easily accomplished in localized am@$disheries but it would be very
difficult in the case of the industrial fleets tlmgderate in several fishing grounds during a
fishing trip.
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The best fishery statistics are from those fislsereontrolled by fishing
cooperatives or fisher groups. The most problenfatiteries are those carried out with
industrial vessels that accumulate catch from whffe fishing grounds. Very few
countries have an accurate enumeration of thenfist@pacities that are directed to conch
fishing, and in some countries conch fishing is ptamentary to spiny lobster diving.
The collection of biological data from landingsrrahese fisheries is very restricted and
formal protocols on how to collect these data a@&lable in very few locations. With
few exceptions, the lack of formal fishery statiatisystems to collect queen conch data
represent the most critical and challenging isggmamding conch stock assessment in the
Caribbean region.

Queen conch fertilization is internal and succdssfating requires minimum
population densities of at least 56 individuals pectare as defined by the CITES and
demonstrated with data provided by Stoner and Rap-(2000) (Figure 3.4). Successful
mating observed in Florida conch stocks occurs wdidaast 200 conchs per hectare are
present (Glazer, Pers. Comm). Therefore, monitodngch population densities is
paramount to the long term sustainability of thecsps. Population density estimates are
estimated from diving surveys that are designedfolow standardized statistical
procedures and are allocated to each fishing graowdependently.
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Figure 3.4. Queen conch density and reproductivexn(From Figure 1 in
Gascoigne and. Lipciug004, previously adapted from Stoner and
Ray-Clup 2000).

Queen conch mate in summer and early fall in shallsandy areas. Mating
generates large conch aggregations, which are yhigisible and occur at a time
coinciding with the seasonal closing of the spiolyster fisheries in many of the conch
exporting countries. This fortuitous event attraitke spiny lobster fishing effort to
conch fishing when conch catchability is at its maxm. Therefore, catchability changes
seasonally as a function of population density.v8pag also occurs during this time of
maximum exploitation with detrimental effects oe thverall population fecundity.

Embryos emerge after 3 to 4 days as free swimnangl veligers, however, the
effective duration of larval phase is not knowngisely. Laboratory reared larvae lasted
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from 12 to 75 days (D'Asaro,1965; Ballantine ancpledoorn, 1983; Davis and Hesse,
1983) and less than a month in the wild (Davis,429€onsequently, larvae &. gigas
have the potential to be transported over neighlgofishing grounds in the strong sea
currents that prevail in the Caribbean Sea. Sut¢bngial colonization is consistent with
the similarity of allelic frequencies found amongnch stocks in the region. This
condition significantly affects the assessmentha impact of fishing in each fishing
ground as local recruitment may be influenced hyl@sation on spawning stocks extra
territorially.

Results from tagging studies show that queen cbasHimited mobility (0.5 mile
per month). Glazer et al. (2003) tracked adult bomith sonic tags for one year to
estimate seasonal movement and home ranges inldhdaFKeys. They report home
ranges of <1 to approximately 60 hectares with miogividuals moving over home
ranges of less than eight hectares. This reducdilityaggenerates a geographic identity
that mostly controls the character of growth. Thees S. gigasmay exhibit small size
shells among fully mature individuals in some ptaead large shelled but still immature
conchs in some other neighboring areas (Figure 31§ condition mars the possibility
of assessing conch stocks over an entire countigdjation and forces the assessments
of localized fishing grounds. Geographic identitgda complexity to the stock
assessment data collection requirements.

Figure 3.5. Immature (left) and mature (right) dofiom two neighboring fishing
grounds in The Bahamas.

Conch cannot be accurately aged as seasonal diaaities of the growth are not
deposited (registered) in the shell. On the ottzardh conch shell morphology is highly
plastic and may be quite variable among populats@marated over short spatial scales
(Figure 3.5). This geographic identity regardingvath limits the possibility of using
indirect methods to age queen conch (e.g., modagression analysis of siphonal
length). Tagging studies show that queen conchhemaas full size at the onset of
maturity at about an age of 3 years. It then chanige axis of growth by forming a “lip”
that flares away from the shell and by thickenihg shell throughout the conch’s life
span. Therefore, siphonal length is a poor desmript growth after the age of first
maturity. The normal queen conch life span is noebvkn with any accuracy but is
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estimated at between 20 and 30 years. This growdnacterization mars most stock
assessment technigues based on size or age fregpiebserved in the landings. It also
precludes accurate assessments of the yield gedebgt age under different fishing
mortality regimes.
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4. POPULATION DENSITY AND
STANDING STOCK ABUNDANCE ESTIMATION

4.1. Purpose of this section

The conditions of low mobility and minimum poputati density thresholds
required to secure reproductive succesS.igigasare critical because exploitation may
impair the ability in the species to maintain ocuperate such threshold densities in a
reasonable time. The CITES basic decision critegigarding critical queen conch
population density levels is 56 conchs per hectat@ch is used to draw judgments
regarding the status of conservation of the spedibs decision criteria, however, may
be too liberal given new evidence showing that epipnately 200 queen conchs per
hectare are required for successful reproductioRlanida (Robert Glazer, Florida Fish
and Wildlife Conservation Commission, Pers. Comidgwever, the mean densities in
several of the important queen conch fished zondke Caribbean region contained in
the TRAFFIC (2003) report to the CITES queen coB603 revision are well below
levels at which depensation has been shown to dncoonch populations (Stoner and
Ray-Culp, 2000; Gascoigne and Lipcius, 2004). Oesjhiese differences, the need to
generate annual unbiased population density estsmigt crucial to the queen conch
management. Also, there is a need to express seawmehbat fishing mortality or
exploitation rates will allow the maintenance afcits at the appropriate (target) density
levels. However, surplus yield that could be pagtiyt exported is a function of the
fishing mortality and average population abundafaee not population density). This,
then, is a complex problem to resolve, especiallyen the distinct geographic identity of
the species which influences growth, reproductiod secruitment according to local
habitat and environmental conditions. Consequenthgen conch form exploitable sub-
stocks within given habitat configurations, resdtiin different localized population
densities and these densities need to be indepiyndssessed. Therefore, a fundamental
stock assessment task in support of queen conclagaarent should be the periodic
estimation of population density in each of theleited fishing grounds. Plots of historic
trends of such densities should provide guidancehenstatus of exploitation of the
stocks as well as a benchmark for management pespos

Also, standing stock abundance estimates (thosedalpces that are present at a
given time in a given space) are important to tegnétion of potential annual landings
(or quotas) that could be safely applied to quesrcie. A simple comparison of realized
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landings with the biologically acceptable annuaidiags under a given population
density level should suffice to portray a queenctostock condition under the CITES
decision criteria. Geographic sub-stock identiseggest that there will be a need to
estimate standing stock abundance, population wensind the corresponding
biologically accepted landings separately by fighground. This process represents
complexities regarding the sampling requirementd aperational implementation of
surveys designed to evaluate population densitystartting stock abundance.

In the following section, a summarized set of statal conditions pertaining
gueen conch populations are linked to discern t& Btatistical sampling design to
respond to the above population estimation needs.

4. 2. Population density estimation
4.2.1. Conceptual definitions.

The first conceptual statistical consideration haittthe primary variable (or
sampling unit) of interest is not the individuainct but an area, quadrat or transect that
will yield an estimate of the number of individuanch found (counted) in the area (the
absolute density). The attribute of the primaryiatale is to allow expansion of certain
knowledge obtained by sampling in it to the targgttistical population. This allows
estimation of the total abundance and average tyeaSithe conch stock in the target
population. If the individual conch was the primamsriable of interest, then individuals
as sampling units will not generate an estimattheftotal number of conch in the target
population, unless all conchs in the target popaiaare enumerated. Population density
estimates (i.e., numbers per unit of area) musedienated from the sampling units
selected through some statistical procedure (dsgcb# the next section). Individuals,
however, may be sampled within the sampling undeonerate other variables of interest
such as size, sex composition, maturity, #tcthis manner, the primary variable or
sampling unit will generate an absolute number @mfcts, while the individual conch
sampled within the primary variable will generastimates such as average size (or
maturity, sex composition, etc.) and variance. Nb&g in a sampling unit density is an
absolute number while the attributes of the cormeindl in the sampling unit are average
estimates with a variance. Several sampling designsbe applied to select the primary
variable of interest to obtain unbiased estimatgspulation density. Randomness in the
selection of the primary variable of interest i;dxdamental, although ultimately the
individual conch is the focus of interest in thadst A random sample is one where all
primary variables defined within a target populatibave the same probability (or
opportunity) of being sampled (or selected).

The second conceptual statistical consideratiothés definition of the target
statistical population. Here, we are not referrtoga biological population but to the
statistical population of all possible samplingtanthat constitute the target statistical
population. For example, if the target populatisrLd0 ni and the primary variable of
interest is 1My then a total of 100 possible primary variables available and each has
the same opportunity of being selected as a sampke.question that follows is how to
define the target population if the spatial disttion of the conch is not known, and
perhaps it is one of the objectives in a given sym¥esigned to assess the characteristics

16



of a conch stock. In this regard there are two iptsgrocedures: 1) establish a pilot
study to delineate the possible spatial boundaoiesa conch stock, or 2) collect
information from knowledgeable fishers that havetpmperience on the distribution of
the commercial concentrations of conch. The pitatlg is usually too expensive and
time consuming given that divers will have to skaand define the conch stock
boundaries. We recommend the second option witlsiderations for “tuning” (i.e.,
adjusting) future sampling experimental designs.Figure 4.1 we show the second
approach (the consulting approach) used in a lemgeh survey carried out in Honduras
in 2006. In the process historic recollections ofas with high commercial conch
densities (i.e., high catch per diving) either framemory, or better from fishing
logbooks, are discussed among the experiencedrdigre then plotted in charts such
that a distinct set of fishing grounds is identfigigure 4.2).

Figure 4.1. Honduran captains and boat owners itd@sgttheir experiences to a scientist
regarding the most likely conch fishing areas.

Figure 4.2. First hand definition of conch fishigigunds from experienced fishers.

Next, there is a need to define the standard sizehe primary variable (or
sampling unit) of interest. This will depend on eel factors that affect diving, among
which depth, bottom profile, habitat, currents, asgibility play major roles. Each of
those factors has a different origin and here agas important to have expert advice
from those that have experience in the conch fiskefhe usual practice in conch dive
surveys is to use a 100 m transect line with aemsional width of 1 m on each side of
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the transect line; hence, a 208 isi covered by one diver and this area should semte
the sampling unit. Our experience tells us thatseéhsurveys will be successful if
professional commercial conch divers are used. Queachs are cryptic in that their
presence is not always detected by a good diverdibes not have experience with the
species. Therefore, the density estimates will témdbe under estimated by an
inexperienced diver.

The primary variables are very small given the treddy very large spatial
distribution of the conch fishing grounds (or targepulation). As we shall explain in the
following section, this condition will favor the aption of more efficient statistical
sampling designs.

4.2.2. Sampling design models

Several important statistical sampling designsvaicely used to survey marine
animal populations. Each has merits and also aingdrthat limit their uses. In this
section we provide a view of the best known sangphmethods from which the most
applicable for conch surveys will be selected. Galhe sampling surveys could be
designed in many different ways, however, for thgppse of this manual we distinguish
four of those designs: 1) Simple Random, 2) SystienRandom, 3) Stratified Random,
and 4) Stratified Systematic Random with Repligatio

1) The Simple Random Sampling design, or unresttichtndom sampling design,
is the most general where the locations of the gmynsampling variables (the sampling
units where conchs will be counted) are selectedraom among all possible primary
sampling units in the target population (Figure)4This method when applied to conch
surveys is usually considered unreasonable becaahas practical problems of applying
(implementing) the random sampling sites in thddfié.e., accessibility, spatially
unbalanced conch distributions, etc.). This emefgesa the unknown heterogeneity of
the conch habitat and consequently the unknown fcaensities associated with
preferred habitat. For this sampling design thepgnarithmetic mean of the densities in
the random sampling units obtained from the tapg@ulation is an unbiased estimate of
the population density. This is a result of thed@n selection of the samples. Therefore,
the simple arithmetic mean in its formulation is awbiased estimator but the estimate
may have low precision (i.e., the samples are ptitrally allocated and an excess of
variance makes the estimates less efficient). Towger precision may significantly
impact the analysis and conclusions on the statuw®mch populations in the different
fishing grounds.

2) Simple Systematic (or Ordered) Random Sampliagighs implement the
primary variables (sampling units) systematically @edetermined intervals (i.e.,
sampling units are located at equidistant distgn¢Eggure 4.4). Randomization is
introduced by selecting the first (start) siteatdom. The fundamental advantage in this
design is the opportunity that the investigator taspread out the samples over the
target population following a simple protocol. $t assumed that the sampling units can
be implemented in this fashion over the entire dagppulation. This sometimes may
result in sites where diving may not be possible thubottom configurations (i.e., coral
reefs, deep trenches, etc.). The requirement tratfitst (start) sampling unit site is
allocated at random on the target population briaagsadded complication in that the
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remaining ordered sampling sites have to be phNgicaplemented on the target
population once the first random site is seleciBukerefore, there are more stringent
requirements for a systematic sample when randaioizes adopted.
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The standard formulations to estimate the arithenetean and variance of the
population density under the systematic random Bagplesign are not the same as
those in the simple random design. This is becamserderly selection of samples is
executed while in the simple random sampling iregponds to a random selection. The
problem with taking observations in a systematig,wand not in a random manner, is
that the same result does not hold. For the ransigstematic sampling, the rule is that
the arithmetic mean will be biased; however, thés lmay not have serious consequences
when the target population is very large relativehte sampling unit. The latter appears
to be the usual case in conch density populatisesssnents when the primary variable
of interest is an area within a range of 100 to #fi@vhile the target population may be
several thousand times this sampling area. Motealrin the simple random systematic
sampling is the fact that there is no systematioptiag formula to use to calculate an
estimate of the variance. The lack of a reasonahtiance estimate is the most serious
disadvantage of taking just a single random sydiensample in one point from the
target population. This problem is not associatétl simple random sampling where all
that is needed to know is the variance calculateoh flust one random sample. For this
reason we do not recommend the use of simple sgstemandom sampling in conch
surveys unless a replicate sampling is includeds $ampling design is explained below.

3) Stratified Random Sampling designs. In a contliey over a large area (large
target population), homogeneity of population dgnshould be rarely expected. This is
especially true when density gradients as a funatiboptimal habitat of the conch are
found. Also, queen conatxhibit distinct zonations with depth; thereforeswavey line
beginning in a shallower point and moving towardemky areas should typically
encounter a population density gradient. Ofterhatstart of a conch research survey the
researchers will have only a preliminary idea (dnbm the information provided by the
experienced fishers or from previous survey resutswhat distributional differences
may exist within the target population. In thisuation a sampling scheme that defines
sub-target populations within which density is mbmmogeneous than if no sub-target
populations were selected is called a stratifiedlomn sampling design. Within the strata
(sub-target populations) created by this procedomglementation of either a simple
random sampling design (Figure 4.5) or a simpledoam systematic sampling design
with replication (Figure 4.6) is possible. The adkeme of this design is that the
stratification procedure allows the grouping of fames or habitats specific to queen
conch from those less appropriate to queen conch.

Stratified random sampling designs always resud reduction of variance of the
population density estimates because separate isgmigl performed independently
within each stratum; therefore, the total variarcgartitioned among strata and within
strata. The within strata source of variance wélltbe one associated to the precision of
the population density estimate while the varianogong strata is not. Of course the
larger the variance among strata the strongerheilthe evidence that the stratification
process was successful (improved the precisiomefestimate). Therefore, when using
these designs care must be taken to define theda as correctly as possible, otherwise
the sampling modeling will not be successful.
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Figure 4.5. Stratified random sangldesign with different sampling
density.

4) Stratified Systematic Random Sampling Desigrheplicationallows more
than one ordered set of observations, and as sucbnsistent variance estimate of the
population density estimate is obtained. This viiesgreatest drawback in the systematic
random design with no replication explained preslgu Replicates are additional
sampling units randomly allocated about the systemsampling site (or sampling
station) (Figure 4.6)in the case of the less homogeneous populatioridison usually
observed with queen conch populations, this samplesign allows a wider and more
even distribution of the sampling effort. Therefoiteprovides with a greater chance to
explore and estimate the true density under a rarmbal systematic sampling design.

Our advice is that queen conch survey designs dhmofit from careful analysis
of the preliminary information available on the tdisution of the species. This will
facilitate the selection of the most appropriatesiang design. Our preference is always
for stratified designs with either a fully randomiizallocation of sampling units in each
stratum or a systematic random sampling design weftication implemented in each
stratum. By using either of these two sampling glesi one can expect to obtain
information on the population density within digtitve habitats, as well as to calculate
total estimates, with effective statistical propest over the entire target population.
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The conclusion on the two sampling designs seleistdzhsed on the following
summary points:

1) Stratification creates more homogeneous suletapgpulations; therefore
systematic random sampling with replication is aiig. Likewise, the simple random
sampling approach is favored by the more homogenestribution within the sub-
target populations.

2) Large target populations relative to the sizehaf sampling unit will always
favor the use of systematic random sampling desigim replication because lack of true
randomization is not of concern and it will alloletresearchers to obtain more accurate
delineation of the conch population distributiondatheir respective attributes (i.e.
density, spatial size structures, spatial sexsastc.).

3) If queen conch is distributed along a gradisystematic random sampling
with replication along the gradient will be superim the simple random stratified
sampling design. That is, the precision of the dgrstimate will be greater.

4) Considering the lack of homogeneity of the queamch population density but
also considering the very large target populatiefative to the sampling unit, a
systematic sampling method should never be usdtbutitreplication if precision of the
estimates is expected.
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5) Systematic sampling with replication is partanly important at uncovering
hidden discontinuities of the queen conch densistridutions (strata) in the target
population. If implicit strata are found, then thewill be a variance decrease if
subsequent samples are taken within each stratamitifacilitates the target population
stratification process).

6) Differing population densities mapped from sgsiic sampling with
replications will allow comparison of areas (stjatelative to spatial biological
characteristics of the queen conch.

7) Stratification will always contribute to a mosdficient sampling design.
Stratification will contribute to allocate samplirgfort more effectively in those strata
where most of the information of interest is lodateonversely, it will avoid or reduce
the sampling effort in those strata where it isestpd that little or no information of
interest will be found. Stratification will allowrpportional allocation of samples in those
areas with greater density gradients.

8) With simple random sampling there is always thsk of getting
unrepresentative samples. For a larger target popnlstratified sampling will always
give a much more representative picture of thel fotgulation, and therefore, of its
counts, than will simple random sampling.

4.2.3. Formulations for population density estimatn

The formulations provided in this manual are fog ttvo sampling designs that
are we consider the most promising regarding teesssnent of queen conch population
densities. We believe that either stratified randsampling or stratified systematic
random sampling with replications is a potentighgwerful design for this purpose.
Therefore, each stratum is treated separatelydarcéticulations for obtaining the mean
density, the variance, and the precision beforeltesre obtained for overall (target
population) density estimates. We need to makeaicerhowever, that density estimates
from each stratum are unbiased because only inntlaisner we can make use of a
theorem in mathematical statistics that statesstime of unbiased estimates is itself also
unbiased; therefore, the target population derestimate is the average of the density
estimates obtained in each stratum.

In practice, there are several situations that begncountered with queen conch
spatial distributions that may prompt the use o ohthe two sampling designs defined
here. If the survey area is narrow or around rgefesns, the systematic random design
with replicates may not be implemented correctlgawse of spatial considerations. In
this case it is advisable to stratify the area wlith best information available on queen
conch habitat and potential queen conch distrilbgtiand establish a simple random
sampling within each stratum. Conversely, if thegéh population is large (e.g. Pedro
bank in Jamaica, banks in the Nicaraguan-Hondwae,ror banks in wider shelves like
in The Bahamas, Turks and Caicos Islands, etwillitbe more suitable to implement a
systematic random sampling design with replications

In general, if the target population contains queamch stocks with stratification
within which conch are homogeneously (or randondigtributed, and/or when the
sample units are very small relative to a verydaayget population, then the formulation
for the density estimators to use are those fopmandom sampling.
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Glossary of sampling design symbols

h Stratum subscript

i Sampling unit subscript

j Replicated sampling unit suijstc

& Area surveyed in stratum h

Ny Number of samples in stratum h

n Number of samples collectedstatistical population

S Sample variance in stratum h

Wy Stratum weighting factor

An Stratum area

A Area of statistical population

D Density in replicated sample j imgding unit i in stratum h for systematic
sampling random designs with replication or

Dpi Density in sampling unit i in stratum h for strad sampling random
designs

Dn Average density estimate in stratum

D Average density estimate in tlaistical population

I\ Number of total possible samplegsim stratum h

N Number of total sample unitghe entire statistical population

Ph Population abundance in numbesgristum h

P Population abundance in numbetise entire statistical population
T Number of strata in entire séingppopulation

Var() Variance of an estimate

SE() Standard Error of an estimate

Formulations used in density estimation are thm®ided by Cochran (1977).
The basic statistical observation of conch derisithe number of individuals counted in
the sampling unit (i.e., the transect). Mean dgnisitstratum h D 1) and its variance
(S%) are computed by

— 1N
D, :_Z Dy,
n, =1
and
Z(Dhi _Sh)2
2
> = n, -1

In the case of the systematic random design wihaages, [ in the above
formulation is replaced by, which are the densities observed in each reglicat
transect j in all sampling units i in stratum h.

Mean weighted queen conch density in the entirgéisstal population is
estimated by
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5=YwD,
h

Where the stratum weighting factor is estimated by

Number of total possible sample units in stratu(iy) is estimated as the ratio of
the area of the stratum divided by the area ofphmary unit or sampling area, or
transect. Then

oA

=
Transed area

Number of total sample units in the entire stataédtpopulation (N) is the sum of
the number of total possible sample units in eaaiwsn h (N)

The values of N and Nmay be very large and cumbersome to handle. ksr th
reason, sometimes, the weighting factor is basedhennumber of primary sampling
units or transects {h and the total number of primary units selectedthe entire
statistical population (n).

Variance of the average population denshy)(is estimated by

Var(D) = i W [1 - %J[EZJ

h=1 h A\ Ny

The 95% confidence interval for the average dgmsithe statistical population

requires the standard error of the average deesitynate SED) = /var(D) ) and
estimated by

5 * ta',n—lsE(S)

where n is the number of samples collected inssiizd| population and t is the tabulated
Student statistic with n-1 degrees of freedom foa gevel of significance.

Estimates of average density obtained for eadftings ground of fishing bank
should be accumulated through the seasons suclpltitatof these estimates and their
95% confidence intervals could show potential teetttht should greatly help framing
management of the queen conch stocks in each digank.

4.2.4. Formulations for population abundance estim#on
Population abundance estimation follows a simptegss of expansion of the

stratum abundance estimates to total populationddnce. The population abundance in
numbers of queen conchpfn stratum h is given by
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P,=D,* A,

Variance of Ris estimated by

s S
Var(Ph)—A{l Nhj(nh]

Total queen conch population abundance in a dgigéimg ground will be
T
P=>PR
h=1

And the variance of the total population abundasstenmate is also equal to the sum of
the variance of the strata estimates. That is,

Var(P) = iVar(Ph)

h=1

The standard error of the population abundancis, &timated by

SHP) =/Var(P)

The 95% confidence interval of the population alante estimate is calculated
by

P+t, ,SHEP)

If annual surveys for density estimation are cdrdensistently and following the
same statistical procedures, and covering the saee stratifications; then a trend in
annual abundance can be plotted every year andtosbeck the fate of the queen conch
population abundance in a given fishing groundnoall the grounds in a given country.
Such abundance estimates are paramount for corgpasimdance, densities and fishing
mortalities after these data have been accumuthtedgh several seasons.

As a reference or recommendation, once densitymasts are accumulated
through several seasons, fluctuations in densityivan fishing grounds could be further
analyzed using a doubly multivariate repeated nreasuanalysis of variance
(RMANOVA) with fishing grounds as a between-subge€actor. Also, Pillai's trace
statistic could be used to detect differences imsiy among fishing grounds or among
years, and Bonferroni tests could be used for posteomparisons of factor levels. The
error covariance matrix that is needed in someheké tests may be inspected using
Mauchley’s test of sphericity, and homogeneity wbevariances can be checked using
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Levene’s test of equal variances. These are moranaed topics in statistical analysis
that will need further explanations once the histannual density and population
abundance estimates are accumulated.
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5. ESTIMATING STATUS OF
EXPLOITATION

5.1. Purpose of this Section

The CITES Scientific Authorities in each exportioguntry need to assess the
status of exploitation resulting from the propogpeeen conch landings and exports.
Therefore, there is a need to estimate mortalifiregural and fishing), but growth is
paramount to the estimation process. The uniqugrgebic identity framing population
dynamic characteristics db. gigas,coupled to the highly stratified fisheries create
insurmountable obstacles to statistically recordldgical and fishery information.
Consequently, standard stock assessment proceaharehfficult to implement and only
approximate estimates of growth and mortality hbeen obtained throughout most of
the extensive work pertaining to conservation o fpecies.

In the absence of exact methods, we recommend dgbhaen conch stock
assessments concentrate in the development ofemditat could on the long range
generate a signal that may suggest the statuspbbitation. For example, a simple size
based catch curve analysis could generate a séatopa (Figure 5.1, upper panel) that
is a statistically robust estimator of averageltotartality rate that may be affecting a
given stock. Such estimate has a variance, whishriply the variance of the slope of the
line. If such estimates are obtained for each sedsom well-designed sampling
programs to collect information on the size streetof the landings, slopes will be robust
estimators of total mortality even if total landsngre not known. Therefore, total
mortality estimation will serve the purpose of ohitag a seasonal point estimate and its
variance such that they can be plotted for eackeamirtive season as shown in the lower
panel of Figure 5.1.

In this section we propose methods to estimatesosed total mortality (or
survival) and exploitation rates based on modeksptadl to the general queen conch
exploited population dynamics. We pay especialnéitia to the usual difficulty of
measuring rates (e.g., growth, mortality, etc.gureen conch. We begin by explaining
some generic ways to express growth in a specaating is not possible after reaching
maturity and then use this knowledge in mortalitstimeation using meat weight
frequencies, which are the most common conch pertied. We include a discussion on
natural mortality estimation and the use of twoepdiel new approaches to assess conch
mortality: 1) change-in-ratio estimators, and 2jgiag and fishing effort.
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Figure 5.1. Simple linear regression plot of thatree (log scale) number
of individuals at length (upper panel) and plottloé resulting
slopes and variances corresponding to the seadongr(
panel).

5.2. Growth

Growth functions are an essential element in mustksassessment work. They
provide useful information on life span, age stwet of populations to estimate
mortalities, biomass gains through age to estimiaies, etc. In the case of queen conch,
growth cannot be easily modeled as the speciestdaposit growth rings in hard parts
that will express passage of time associated vizéh $1oreover, queen conch experience
changes in their axis of growth as juveniles apgnosexual maturity. Additionally, the
species exhibits highly plastic shell morphologyttidepends on the local habitat
characteristics giving individual queen conch dinc$ geographic identity.

In the absence of hard parts to determine age efirttlividuals, the observed
changes in the axes of growth and the distinct iggabgc identity preclude the use of
indirect aging methods (e.g., modal progressiorfer&fore, development of simple
growth functions for the species has proven diffionimpossible.

Tagging studies are very useful to measure andrstahel growth of juvenile
gueen conch while limited information on the diretiservation of adult conch under
controlled conditions have served the purpose detstanding aspects of the relatively
slower adult growth. For the above reasons, wééng to establish a protocol that could
provide a simpler frame to estimate growth pararsedad functions useful to the aim of
generating management advice.

5.2.1. Juvenile growth estimates

Juvenile queen conch growth has been extensiwetijesl in the Caribbean as a
consequence of their rapid growth in siphonal leragtd availability of juvenile siphonal
length frequencies distributions. This characterisas facilitated application of juvenile
aging techniques based on modal progression. Becalushe change in the axis of
growth after the onset of maturity, similar agingalysis for older age groups is not
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possible. Also tagging studies that measure grawdr shorter time periods have been
used to express growth during juvenile stages.

Results of these measures of growth have beentadegd/on Bertalanffy growth
functions in length (I=L.(1-exp(-K(t-b)) mostly using indirect statistical methods for
parameter estimation (i.e., Walford-type plots,)ela general, the growth parameters are
for functions valid for ages 1 through 3; therefdiee asymptotic length may not have a
realistic biological value but only one as a fitggadrameter for the function within the
specified age range. A list (not necessarily comeplef the principal works on aging and
growth parameter estimation for juvenile queen booompiled from the literature is
given below, where L is the asymptotic length, K is the growth coe#iui and 4 is the
theoretical age when length is zero in the von&antfy growth function.

Location L. K to Phi' Source

San Andres & Providencia, Colom 329.¢ 0.72( 1.53¢ Garcia 199

San Andres & Providencia, Colom 35C 0.27( 1.12% Gallo et al. 199
Providencia & Santa Catalina, Colom 37E 0.25(C 1.11¢ Marquez 199

San Bernardo, Colombia 365 0.290 1.171 in Gallo 1996
Boca Chica, Belize 268 0.223 -0.05 0.967 Strasdine 1988
Tres Cocos, Belize 332 0.207 -0.33 0.997 Strasdine 1988
Water Caye, Belize 269 0.209 0.94 Strasdine 1988
Quintana Roo, Mexico 360.77 0.456 Valle-Esquivel 2003
Quintana Roo, Mexico 341.7 0.580 Valle-Esquivel 1998
Pedro Bank, Jamaica 221 0.580 0.155 Tewfik 1996

Cabo Cruz, Zone A, Cuba 383.4 0.330 -0.05 1.241 AlcolEgite

Cabo Cruz, Zone B, Cuba 380.6 0.287 -0.12 1.178 Alcolito

Diego Perez, Zone A, Cuba 232.7 0.429 -0.09 1.21 Al Rl 6

Diego Perez, Zone B, Cuba 207.6 0.442 -0.09 1.19 Aleoly 6

Cayo Anclitas, Cuba 259.8 0.571 0.09 1.366 Alcolado 1976
Rada Inst. Oceanol., CL 334 0.36( 0.1z 1.23¢ Alcolado 197

Berrv Islands. Baham 30C 0.20c -0.6& 0.95:2 Iversen et al. 19¢

Six Hill Cay, Turks & Caica 25€ 0.56: -0.1¢ 1.35¢ in Appeldoorn et al. 19¢
La Parquera, Puerto Rico, tagc 46C 0.25(C 0.24¢ 1.17: Appeldoorn 199

La Parguera, Puerto Rico. L 34C 0.437 0.46: 1.32¢ Appeldoorn 199

St. John. US\ 260.< 0.51¢ 1.32¢ Bera 1971

St. Croix, USV 2417 0.42( 1.21: Berg 1971

St. Kitts 331.¢ 0.341 1.221 Buckland 198
Martinique, taggin 338.¢ 0.38¢ Rathier & Battaglya 19¢
Martinique, LFA 339 0.392 Rathier & Battaglya 1994

We observe that parameter values my vary gredthima given area, which may
be expressing either true variability of the indival queen conch growth or a
combination of growth characteristics as well asthoés in data collection, aging
techniques and/or growth function fitting algorithmFor this reason, we offer as
reference average and variance of Von Bertalanfiywth in length parameters for
juvenile queen conch grouped by general regionthifnmanner, the user may have the
opportunity to refer to these average values wiesearching queen conch growth. We
found (Figure 5.2) a well known negative exponéntistribution between the
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asymptotic length and the growth coefficient. Thistribution between the two
parameters is expected from the nature of the \@taBnffy growth function.

Standard Standard Standard
Location Average L, deviation L, Average K deviation K Average§ deviation §
Colombiz 354.8¢ 19.8: 0.3¢ 0.2< 0.0C 0
Belize-Quintana Rc 314.2¢ 43.7< 0.34 0.1¢€ -0.1¢ 0.2(
Jamaica 221.00 0.58 0.00 0
Cuba 299.68 76.54 0.40 0.10 -0.02 0.11
Bahamas+T&C 278.00 31.11 0.38 0.35 -0.41 0.35
usvi 278.00 47.61 0.43 0.08 0.00 0
PR 400.00 84.85 0.34 0.13 0.35 0.15
Martinique 338.80 0.28 0.39 0.00 0.00 0
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Figure 5.2. Trend between the growth coefficientakd the asymptotic length,
L., of the average growth parameters for the vonabartfy growth
function for juvenile queen conch in different mgs of the
Caribbean.

5.2.2. Length-weight relationships
Queen conch are often landed after removal fronskigdi, therefore length/meat
weight relationships are particularly important. MBEFCFRAMP (1999) provided a

number of equations taken from Appeldoorn (1994dsitating the relationship between
weight (meat, tissue, and shell) and siphonal lefgt juvenile (J) and adult (A) queen
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conch as well as lip thickness of adult conchfralin La Parguera, Puerto Rico. These
functions are reproduced here:

Group Regression equation

LogY=a + b(LogX) r N Mean Mean
Meat Weight Log X LogY
(J) Log(MW)=-2.535+3.486 Log(L) 0.926 94 1.838 1.254
(A) Log(MW)= -1.510+2.804 Log(L) 0.494 130 2.393 1.392
(A) Log(MW)= 2.212+0163 Log(LP) 0.274 131 2.394 1.117
Log(MW)= -1.357+2.571 Log(L)+0.135 Log(LP)  0.684 130

(A) Log(MW+100)= 1.797+0.232 Log(L) 0.354 130 2.101 1.117
Tissue Weight

(J) Log(TW)=-2.286+3.459 Log(L) 0.925 94 2.053 825
(A) Log(TW)=-1.444+2.928 Log(L) 0.524 130 2.632 1.392
(A) Log(TW)= 2.469+0.147 Log(LP) 0.214 131 2.633 1.117
(A) Log(TW)= -1.294+2.726 Log(L)+0.118 Log(LP) 085 130

(A) Log(TW+100)= 1.764+0.403 Log(LP) 0.321 130 2.121 1.117
Shell Weight

(J) Log(SW)=-1.786+3.517 Log(L) 0.878 94 2.626 n.25
(A) Log(SW)=-0.286+2.530 Log(L) 0.347 130 3.237 1.392
(A) Log(SW)= 2.952+0.256 Log(LP) 0.579 131 3.237 1.117
(A) Log(SW)=0.013+2.129 Log(L)+0.273 Log(LP) @38 130

(A) Log(SW+100)= 2.793+0.293 Log(L) 0.633 130 3.720 1.117

All weights are in grams, siphonal length is in tometers, and lip thickness is in
millimeters. N is sample size. Logs are base 10.atMeeight=MW, wet-tissue
weight=TW, shell weight=SW, juvenile=J, adult=Apkonal length=L, lip thickness
=LP. Mean X and Y values are provided to permitvession to Y=u+vX where v=b/r
and u=(mean Y)-v(mean X). The functions are sietiby juveniles and adults and this
makes difficult the use of such functions, espécidlie to the very narrow siphonal
length range in the adults.

Data on % clean meat as a function of siphonagitterfor queen conch in
Honduras (Ehrhardt and Galo, 2005) (Figure 5.3) and@he Bahamas (Ehrhardt and
Deleveaux, 1995) (Figure 5.4) are indicative thedawgh in weight follows a power
function with siphonal length. Sexual dimorphismtie above functional relationships
was not significant.

An important issue is the various % clean weighggsorted in queen conch
statistics. For this reason we provide results le&rt weight conversions estimated by
Ehrhardt and Galo (2005) (Figure 5.5.). In spitdahef contentions that a large variance
exists in the % clean meat weight relative to thngal weight, the results in figure 5.5
show the contrary. The functional relationships rhayused to transform databases from
different percentages of meat processing suchcthraparative results from assessments
could be obtained.
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5.2.3. Growth in weight modeling

5.2.3.1. Apeldoorn’s and Valle’s Gompertz growthdaling

Appeldoorn (1988) developed an ingenuous growtbrétgn to express dynamic
biomass growth of individual queen conch. The atgor couples juvenile and adult
growth in weight via a juvenile von Bertalanffy-gymrowth function of siphonal length
at age converted to weight with the help of a Ilengeight relationship for juvenile
conch. Then, he added to the juvenile growth pdbs weight-at-age in the adult
stages. This was accomplished by modeling a fumaifdip-thickness at age and a lip-
thickness-weight relationship for the adult con€he resulting growth in weight at age
data are subsequently modeled by fitting a Gomygpe (double exponential) growth
function in weight to the estimated juvenile-adliked growth data. The Gompertz
growth in weight at age function used by Appeldo@im cit) is expressed as

W, = AL* Exp(A2* (1- Exp(—A3* 1)) (5.2.3.1)

where W is weight at age, t is age and Al, A2, and A3mammeters that need to be
estimated by non-linear statistical procedures.

Valle (2003) formulated growth in weight for conidtiowing a similar Gompertz
-type growth function but expressed the function as

W, =W, * Exp(Log(%) *Exp(—-G*t))
t

where Wis weight at age, t is age and,WW\,, and G are parameters to be estimated by
non-linear statistical procedures. Parametersdi®above equation are given below:

Parameter Mean Variance Covariance
(L0%Coefficidrariation) (W-G)
W, 172.67 298.16
Wo 0.19 0.05-0.35
G 1.156 Ba1 -0.6

These parameters need to be used with cautioubedthey are for specific stock
simulations and the parameters estimated with Bpetata. Generally, however, these
parameters should be estimated with appropriate asindicated above for each queen
conch fishing ground, given the distinct geograpidientity of the queen conch that
affects their growth.

The above formulations are data intensive becafighe nature of the queen
conch growth process. It depends on the availglolitweight-at-age information for a
wide range of ages with the given difficulty to ag@en conch beyond the age of first
maturity. Tagging studies with massive deploymdrtgged conch that could survive at
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least 6 or more years in the fishery will be neetledxpress these growth patterns
(weight at age).

5.2.3.2. Ehrhardt’s approximation to growth in wig

Appeldoorn’s multiple axis growth algorithm istat data intensive, therefore an
attempt was made by Ehrhardt (1999) to simplify dbeve algorithm such that a more
readily available technique to express conch growthvailable for stock assessment
purposes. Simplification of equation 5.2.3.1 is giole when average weight of older
(mature) animals is available, and a fairly goodadiption of the juvenile growth is also
available. This appears to be the case for themgeach throughout the Caribbean
region since there is an extensive literature p#inameters on the growth of juvenile
conch (see Section 5.2.1 above) as well as lengtghw functions for these juvenile
growth stanzas. On the other hand, extensive irdbom on edible individual meat
weight for the larger mature conch has been cateat most the regional fisheries. In
the particular case of the Gompertz equation (egu&t2.3.1), when age (t) is large, say
equal to infinity, it reduces to

W, = Al*e™

Therefore, queen conch growth can now be exprdsgemh equation relative to
the asymptotic weight (W at those old ages by

W,
W=— (5.2.3.2)
t W EXP(- A3*t)

0

Since queen conch do not appear to grow in meahiaiter the age of maturity;
then the asymptotic meat weight,.\\tan be estimated directly as the average of the
weight over a range of large size mature animatenTthe parameter A3 in the above
equation is the only unknown parameter, which caneltimated by least squares
procedures from a truncated growth in weight datées formed by the weight at age of
juvenile stages and the average asymptotic weigsigaed to larger, thus older ages.
This may be easily accomplished with the SOLVERir@uin TOOLS in EXCEL.

The merit of the equation 5.2.3.2 is that reahdat meat weight of old animals
and fairly well estimated growth in weight curves juveniles are integrated to generate
a growth curve that covers the whole life spanhef $pecies. This is done without the
need of estimating growth in siphonal length andlin thickness, and dubious lip
thickness-meat weight relationships (usually wignozslope and very low correlation)
corresponding to sizes when queen conch experiegmezero meat growth.

Data and model fitting
The shortened version of the Gompertz growth méetphation 5.2.3.2) is highly
sensitive to the selected asymptotic weight. Aigtiasl protocol necessary to define this

size is to first collect a siphonal length and esponding 100% clean meat weight in a
biological sample. It is recommended that such $arsipould be obtained by randomly
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selecting a number of live queen conch and thefeaothe first 5 individuals in a
siphonal length frequency to draw 100% clean meaghis. In this manner there will be
a sample with good representation of larger andlemadividuals without the super
numeric frequencies usually encountered in thenmeeiate siphonal lengths. Following
the flowchart given below, the growth function esdtion algorithm should start with
estimating the cumulative relative frequency of #ighonal length measurements and
then select the siphonal lengths correspondinge®5% percentile (See figure 5.6).

Cumulative Select siphonal

frequenc length (SL) at 95%
] Y I of cumulative

I relative

I Individual .

| relative frequency
|

|

siphonal
length from I

biological
sample |

e e e

v
Estimate average asymptotic Assign old ages

clean meat weight (W) (10 to 15 years)
from weight above 95% SL to the W,

in biological sample

A

r
Von Bertalanffy |

Integrate truncated
parameters for | Estimate weight for juvenile Juvgnile weight at

| growth in length ght @

) f ages (1 to 3 years) from Age to asymptotic
I OEJU\'/(en"ZSt growth function in length and Weight at older ages
,Kan > -wei i .

L("_ = _0) _I length-weight function to form a single database
Siphonal length- | Estimate growth
100% clean weight I factor r by least
function for juveniles squares procedure
from biological samples | (SOLVER in EXCEL
______ TOOLS),

FLOW CHART OF ALGORITHM FOR GROWTH PARAMETER ESWIATION

The weights corresponding to siphonal lengths equdrger than the siphonal
length established by the 95% percentile (see Eigur) are averaged and this average
defined as W. In the case shown the &l,corresponds to about 252 mm and the 100%
clean weights correspond to those observationhdaight of 252 mm s in figure
5.7. An arbitrary old age (say 10 to 15 years)ssgned to the average 100% clean meat
weight (W) of 240.76 g estimated from the data in the figure
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Figure 5.7. Clean (100%) weights correspondingtgd individuals defined by a
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their cumulative length frequency.

The next step in the algorithm is to estimate tlegivt at age of juveniles (i.e.,

ages 1, 2 and 3). This is accomplished from a vertaBanffy growth in siphonal length
expressed by the equation
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L =L, 1-expCK(t-t, )

with given parameters that can be from the tabtesgmted in section 5.2.1 if the region
is represented in that data, or from modal frequeatalysis using 100% clean meat
weight frequency data, or tagging data collectezt#igally for a given fishing ground.
Then, using a length versus 100% clean meat weglationship obtained from the
biological data needed to construct figures 5.6&aidor from the literature, or from data
in section 5.2.2, the siphonal length at age obthiftom the von Bertalanffy growth
function is transformed to weight at age.

The next step it to integrate the weight at aggueéniles obtained in previous
steps with the asymptotic weight at an older ag®iobd from the average weight of
individual with siphonal length above the size esponding to the 95% percentile in the
cumulative frequencies (94s).

Example: Mean clean (100%) meat weight resulting from aihgptSLgse, in
figure 5.7 is W, = 240.76 g (standard deviation = 32.71 g). Assgnjuvenile von
Bertalanffy growth parameters from the Caribbedanids of Colombia and Belize (table
in section 5.2.1) L = 326.91 mm, K=0.31 ¥, and ¢ = -0.19, and siphonal length-100%
clean meat weight function parameters from figuie $he data integration for juveniles
and adults are presented in Table 5.1.

Least squares fitting of the model in equation.®2using the SOLVER routine
in TOOLS in EXCEL requires the formatting of a tldf observed and expected values
of weight at age (as shown in Table 5.1). The olexkewvalues are those estimated for
juveniles via the von Bertalanffy growth equatiorddength weight relationship and the
average asymptotic weight. The expected valuesharge estimated by the model in
equation 5.2.3.2. Then the difference between wbdeand expected values (residuals)
are squared and finally added up at the bottomhefcblumn of the residuals squared
(SSR=0.6). This last quantity is the one that isimized by the SOLVER routine by
changing the value of the parameter r (r = 0.69%@rgthat the asymptotic weight was
240.76 g.

Accessing SOLVER: Open EXCEL and create a tabbetbx like the bottom
part of Table 5.1 where the observed and expeccs are estimated by entering the
corresponding growth equation in the EXCEL templ&er the residual squared enter
the difference between the expected and observketssan between parenthesis and
write the formulation for the square of a numbesr the SSR block the column of the
residuals squared plus two empty cells and clickilgp &) from the Tool Bar. Once the
table is correctly entered with all formulationgcklin TOOLS, then click in SOLVER.
In the window that appears click in Set the TarGetl and click the cell where the
estimate of the SSR (Sum of the Squared Residsa)ld be (cell containing 0.62 in
Table 5.1). In the SOLVER window where it says Hdagafill in the spot indicating Min
(for Minimization). Then click in the cell statirgly Changing Cells and click the cell in
the table that indicates the value of r that ndedse fitted (or where 0.691 is in Table
5.1). Finally, click in SOLVE and if SOLVER found solution, click in Keep Solver
Solution and then click OK.
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Table 5.1. Integration of data on weight at aged®@imulated condition in the South
Caribbean region (Colombia-Belize).

Siphonal length-100% clean weight function Averageepile v. Bertalanffy
a 0.000025 parameters Colombia and Belize
b 2.8912 L. 326.91

K 0.31
t, -0.19
Residuals
Age Length Weight Expected Squared Parameters
0 18.7 0.1 1.0 r 0.691
1 100.8 15.5 15.4 0.01
2 161.1 60.1 60.7 0.40 W, 240.76
3 205.3 121.1 120.7 0.17
4 170.3
5 202.¢
6 220.7
7 230.5
8 235.6
9 238.1
10 239.4
11 240.1
12 240.4
13 240.8 240.6 0.03

H
'

240.8 240.7 0.01
240.8 240.7 0.00

=
o1

SSR 0.62

The resulting fit is shown in figure 5.8 where abveel values in Table 5.1 are
shown as black dots while the expected growth cisvime line fitted. The estimated
parameter r is 0.691.

Application of the growth model using data collectsn The Bahamas by
Ehrhardt and Deleveaux (1995) resulted in threéemiht growth patterns for queen
conch in three regions: Grand Bahama, New Progeleand Abaco. The resulting
growth curves are presented in figure 5.9 as ampba that growth may be quite
variable among conch populations separated ovet spatial scales.
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5.2.3.3.Comparison of Valle (2003) Gompertz grofmtiction and Ehrhardt’s simplified
growth function.

The Gompertz growth function adopted by Valle @0@as used in Monte Carlo
simulations using the variance-covariance datairmptovided in the section 5.2.3.1 by
Valle (this Manual section 7) to generate 1000 dhoaurves. From these curves the
maximum, minimum and average weight at age welienatdd. Using average juvenile
growth parameters in length and average length welignctions for juvenile queen
conch in Puerto Rico a growth in weight was estadatvith the shortened growth
function (equation 5.2.3.2). The resulting values plotted in the figure 5.10 where a
remarkable similarity is observed between the tenyifferent procedures proposed to
estimate growth of queen conch.
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Figure 5.10. Comparison of the full deterministior@ertz growth in weight
model by Valle (2003) and the Ehrhardt shortenedion of the
Gompertz model. Minimum and maximum values forftie
Gompertz model are also shown.
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5.3. Natural Mortality

The instantaneous natural mortality coefficient) (§an important parameter in
all analytical models that attempt to assess thtustof exploitation of commercially
exploitable marine fauna stock dynamics. Unfortalyathis population parameter is one
of the most difficult to estimate due to the crgptiharacter of the natural mortality
process. Queen conch may live for up to 30 yeataz@, pers. comm.) — a likely
indication that natural mortality should be at tlogver end of the natural mortality
estimated for animal populations in the sea. Higddation induced mortality is likely for
juvenile conch, but decreases significantly amargdr juveniles (Appeldoorn, 1988;
Ray-Culp et al., 1999). Adult conch are thoughh&ve low rates of natural mortality,
however few studies have examined this questiorpefdmorn (1988) examined the
relationship between age and natural mortalitySingigas He derived a relationship
between juvenile age and natural mortality andmesded natural mortality for adult
conch aged at 4.25 years as M=0.52. Natural muyrtafi older conch have not been
estimated, therefore natural mortality rates fer itinajority of the lifespan of queen conch
are unknown. The age-mortality relationship waghier developed (Appeldoorn 1988)
by omitting mortality estimates of small juveniléisat were not yet epibenthic and
therefore not available to the fishery. The esteradtadult natural mortality was included
in fitting the inverse Caddy age/mortality relaship. This model was believed to be the
most appropriate because extrapolated adult survatas were consistent with the
estimated longevity of conch. The natural mortadige equation provided by
CFMC/CFRAMP (1999) based on Appeldoorn (1988) is

M, = —o.242+$3

where t = age.

The above equation results in negative values favitl older ages (Figure 5.12)
and CFMC/CFRAMP (1999) recommended restricting alityt to a minimum M=0.1
and assumed to be constant with older conch.

Stoner and Glazer (1998) investigated natural rityrteates in juvenile queen
conch in Florida and The Bahamas. They reportedMhaaried greatly among seasons,
habitats, and conch aggregation density. Estimatels! ranged from 12.0 for small
(45mm SL) conch to 1.0 for large juveniles (17542b% SL). At one site, estimates of M
varied from 1.0 to 4.0 over a seven year periodyvdwer, a second site located
approximately 35 miles from the first had an averdy of 4.71 over time for conch of
similar size. The natural mortality estimates pdexd by these authors were compared
with the model developed by Appeldoorn (1988) ameirtfigure is reproduced here as
figure 5.11. The very high estimates of M obtaitgdthe later authors will necessarily
imply that queen conch is an extremely short ligpdcies. For example, annual shrimp
species have M values between 2.2 to 3.2 per Jéarefore, values of M in the range
between 1.0 and 14 (Figure 5.11) will imply thagrgawill not be queen conch alive after
one year of age.
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Figure 5.11. Natural mortality rates at lengthdaeen conch. Figure reproduced
from Stoner and Glazer 1998).

Valle (2003) modeled natural mortality of queendwo using tagging experiments
in an inlet in Xel-ha, Quintana Roo, Mexico. Thedals were expressed as exponential
function of siphonal age or siphonal length (SL):

M =2.0482Age %!

or M =19888SL***

These models appear to generate a more realisticahenortality rate for a species that
may live well over 20 years.

For reference purposes the estimated M at agetisatiequations given by
Appeldoorn (1988) and Valle (2003) are presentefainle 5.2 and plotted in Figure
5.12.
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Table 5.2. Estimated values of natural mortalitpge by two models in the literature.

Age Valle (2003) Appeldoorn (1988)

1 2.05 4.09
2 0.95 1.92
3 0.61 1.20
4 0.44 0.84
5 0.34 0.62
6 0.28 0.48
7 0.24 0.38
8 0.20 0.30
9 0.18 0.24
10 0.16 0.19
11 0.14 0.15
12 0.13 0.12
13 0.12 0.09
14 0.11 0.07
15 0.10 0.05
16 0.09 0.03
17 0.09 0.01
18 0.08 0.00
19 0.08 -0.01
20 0.07 -0.03
450
4.00 | © —e—Vallle (2003)
350 o--- Appeldoorn (1988)
S 3.00 |
L
€ 250 -
2
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Figure 5.12. Natural mortality trends with age g tmodels in the literature.
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The Appeldoorn (1988) natural mortality model aschion of age was
transformed by Ehrhardt (1999) into an equatioa &snction of meat-weight instead of
age according to the shortened meat weight at ggatien 5.2.3.2 presented in section
5.1. This simpler growth equation rearranged gagsst as a function of meat weight:

)

r

t=

Hence, the natural mortality equation as a functadnmeat weight for the
Appeldoorn (1988) model is

4.330* r

In(w,)

M, = —0.242-

In

Similarly for the Valle (2003) model the natural nadity as a function of meat weight is

r 7-1.1081

M, = 20487 - W)

For reference purposes the estimated values of ivegmonding to 100% clean meat
weight in grams for the above two equations aremiv Table 5.3 and shown in figure
5.13.
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Table 5.2. Estimated values of natural mortalitwaight by two models presented in this
manual.

100% Clean M M

meat weight Appeldoorr Valle
(9) (1988) (2003)
15 4.09 2.05
61 1.92 0.95
121 1.20 0.61
170 0.84 0.44
202 0.62 0.34
221 0.48 0.28
230 0.38 0.24
236 0.30 0.20
238 0.24 0.18
239 0.19 0.16
240 0.15 0.14
240 0.12 0.13
241 0.09 0.12
241 0.07 0.11
241 0.05 0.10

14 ~
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Figure 5.12. Natural mortality trends with 100%aciemeat weight for the two
models developed in this manual.
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5.4. Total Mortality
5.4.1. Weight converted catch curves (Ehrhardt, 19

A catch curve is defined as the frequency of arsntaleach age in a population.
Catch curve analysis refers to the estimation eftttal instantaneous mortality rate (Z)
by the slope of a regression line fitted to thauradtlogarithm of the abundance or catch
in numbers of a given age t, on the age t. That is

Inc,=a+Zt

Since conch cannot be easily aged, or given tlasifphonal length statistics are
not usually available from landings, thepithe catch equation can be replaced by the
number of animals in a given clean meat weightscld$wus, in the case when only
weight frequency statistics are available; thisdhieved by dividing C in the weight
class by the time needed to grow through the weastggs. This elapsed time is defined
by the growth equation adopted for the species.

The simple growth equation 5.2.3.2 given in sectdh rearranged to give age as

a function of meat weight is:
WOO
"4 )
—In
(w.)

In
{= (5.4.1.1)

Thus, if W and W., are the lower and upper limits of a meat weighsslinterval |,
respectively, then the time required to grow thitosge interval j can be expressed as

Therefore, a meat weight converted catch curvedaen conch is given by

C
In(—)= a+ Zt'
(At_)

I

where t' is the relative age of the conch at thel-meight of the meat weight class
interval j. This relative (median) age t’ is comgditfrom equation 5.4.1.1 derived from
the simple growth in weight function where; W replaced by the average weight in the
meat weigh class interval.
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Once Z is estimated as the slope of the linearessgon fitted to the data, the
fishing mortality rate (F) may be estimated asdifeerence between the total mortality
rate Z and the average natural mortality rate Mliermeat weight class intervals used in
the regresional range to estimate Z.

The variance of Z is the variance of the slopeheflinear regression fitted to the
data. This is given by

(Y, -Y,)?
e
n-2

i(t'j—t")2

varZ =

Where Y is the observed value {n(f—t‘)} and \?t is the expected value estimated on the
J

regression line. Also,’tis the median age for meat weight interval  restied from
equation 5.4.1.1, and' is the average of n median ages in the regressioge. The
regression range comprises the relative ages tedully recruited to the fishery or fully
represented in the biological samples from landings

As an example, data for a fishing ground in trggare Colombia-Belize with
a 100% clean meat weight frequency distributiors@néed in Table 5.3, and the growth
parameters W = 240.76 g and r = 0.691 for the simple growth aun given by
equation 5.2.3.2, a weight converted catch cunadyais resulted in figure 5.13. The
slope of the line resulted in an absolute valuel@6 (= Z the total instantaneous
mortality rate) or a survivor fraction 8% of S = 0.2837. The coefficient of
determination is high, and equal to 0.97. The v&eaof the slope of the line is 0.005389
and the standard deviation is 0.07341. Therefoee9B26 confidence interval for Z is
given as

StandardDeviaton

7n

Z+196

or1.25to 1.28.

The weighted natural mortality rate for the fulgcruited meat weight range
(140-240 g) resulted in a value of M = 0.86 for &gpeldoorn base model and 0.45 for
the Valle base model. These estimates are wideldyt @md a decision must be made on
the best parameter to use. Because of the reltyelater stability of the M value
provided by the Valle (2003) model (see Figure bwe may be inclined to use the later
parameter. In this particular case the fishing aliyt rate (F) is estimated by the
difference between the total instantaneous moytadite and the instantaneous natural
mortality rate, that is 0.81 varying between 0.8d 8.83 according with the confidence
interval for the Z estimate..
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Table 5.3. Frequency distribution of 100% clearameeight for queen conch in the

Colombia-Belize example and estimated values ferfighing mortality corresponding to

each meat weight class interval and weighted aeekédor the regression range used in
the fitting of the weight converted catch curve.

100% Clean M M

meat weight Appeldoorn Valle
(9) Frequency (1988) (2003)

60 2607 1.94 0.96

70 3128 1.76 0.87

80 3650 1.62 0.80

90 19291 1.50 0.75

100 20855 1.39 0.70

110 44317 1.30 0.65

120 32846 1.21 0.61

130 29718 1.13 0.57

140 38581 1.05 0.54

150 25547 0.98 0.50

160 34932 0.91 0.47

170 19291 0.84 0.44

180 20855 0.78 0.41

190 8342 0.71 0.38

200 10427 0.64 0.35

210 3607 0.57 0.32

220 4085 0.49 0.28

230 3128 0.38 0.24

240 3128 0.16 0.15

Weighted average M 0.86 0.45
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Figure 5.13. Converted catch curve for queen covitthdata on growth given by
equation 5.2.3.2. and parameters estimated forntmbpBelize, and
data on meat weight versus siphonal length givéralne 5.3.
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5.4.2. Change-in-Ratio Estimators

Abundance and survival estimation techniquesubatsome sort of change in the
relative abundance of two identifiable componentsthee population are known as
change-in-ratio estimators (Paulik and Robson 19B8the case of the queen conch,
there are two definitely distinguishable componentgheir populations: 1) immature
conch not presenting a developed lip, and 2) a matemponent showing a well
developed lip. These are two characteristics that emsily identifiable when whole
individuals are landed, or in population densitgeys.

The problem can be stated as follows: the fractiohsnature and immature
conch are measured at Time 1; then a measurabhgeha the numbers in both of the
categories is obtained after a time, say at Tintéd, alter the initial fraction observed at
Time 1. Measurements of individual conch in eactegary may be obtained from
population density surveys (see section 4), or fueetl-designed biological sampling
programs that check conch landings, at T1 and Te.a&/¢ interested in estimating an
exploitation rate (u) that reflects the removalscohch from the two categories (i.e.,
mature and immature conch) between times T1 and T2.

We define exploitation rate as the fraction of wndiials removed from the two
categories (R) from the population (N1) at time ®ince total removals and population
abundance may not be easily obtained (i.e., estuijathen we circumvent this situation
by using sample estimates of R that are defined asd sample sizes at T1 and T2 that
we shall define as n1 and n2, respectively.

The general notation for this type of problems is:
x1 = number of mature conch in a sample nl at tithe T
y1 = number of immature conch in a sample nl at fithe
nl = total number of conch in the sample at time T1
pl = fraction of mature conch in sample nl at tifhepl=x1/nl
X2 = number of mature conch in a sample n2 at Tithe
y2 = number of immature conch in a sample n2 at ithe
n2 = total number of conch in the sample at time T2
p2 = fraction of mature conch in sample n2 at tif@ep2 x2/n2
rx = x2-x1, net removal of mature conch between T1 and T2
ry =y2-yl, net removal of immature conch between T1 and T2
r = rx+ry, total removals of conch between T1 and T2
f = fraction of mature conch in total removalsx r

In terms of formula development we have that tlaetfon of mature conch at
time T2 can be expressed as

X2
2=—
P n2
However, x2 = pInl+rx, or in words the number of mature conch in théahsample

(n1) at time T1 plus the number of mature conchonead (x) during the time interval
T2-T1. Also, n2= nl1+r, that is the number of matainel immature conch in the sample at
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time T1 plus the total net removal of mature anchature conch during the period T2-
T1. Substituting these equations in the equatiop2owe have

o= plnl+ rx

54.2.1
n+r ( )

P

If the denominator and numerator in equation 514&e divided by the sample size at
time T1 (i.e. nl), then

X
1+
P

1+
nl

p2=

Given that f :r_x’ then it is replaced in the previous equation after some algebraic
r

manipulations we have

u="-PL=p2 (5.4.2.2)
n p2-f

The last formulation is an expression for the eiatmn rate, u, because it
expresses the fraction of mature and immature coswioved from the population since
T1 when the sample size was nl.

The formulation for the exploitation rate, u, hase very important data
advantage, there is no need to estimate populaimmdance or to have a precise
enumeration of the number of conch landed in eatbégories during the period T2-T1.
Instead, it only needs a well-designed samplinggaad for estimating fractions of
animals in each categories at times T1 and T2.

Example: In a seasonal queen conch fishery in TaleaBias, Ehrhardt and Deleveaux
(1995) reported data on mature and immature camch $amples obtained in the Abaco
Bight (Grand Bahama Island) in two sampling perifts and T2). The first sample (n1)
was obtained at the start of the season and tlemdeample (n2) at the time of the slack
of the season. Seasonality of the fishery dependte availability of fishing effort idle
from the closing of the spiny lobster fishery ire theriod April-July of every year. The
recorded data are:

Category T1 T2 K Y r
Mature §) 2690 1720 970

Immature Y) 380 240 140

Total 3070 1960 1110
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The above data are in numbers of individual quemrcic with sexes combined. From
these data

1= 2990_ 4876201 p2=1729_ 877551 and f =270 = 0873874
307( 196( 111¢

Therefore, the exploitation rate for the periodaesn samplings is

U= 0.876221 0.877551_ _0.36156
0.87755.-0.87387+

The result obtained for u is that fishing mortalivas 36.156 percent. The
negative sign in the exploitation rate is indicatihat animals were retrieved from the
population. It is important to note here that i tfate would have been positive, then the
indication would have been that animals were adddbe population, which may be the
case when intensive recruitment of new individualkes place between T1 and T2.
Therefore, it is advisable that a method such esdtmould be implemented for periods
when fishing is intense and recruitment is the kstwar in fisheries when recruitment is
stable throughout the season.

The ideal situation for application of this methedl be for those queen conch
fisheries where there is a 100% compliance of nohcaf immature conch. The methods
could also be used in situations when a diving eyirio estimate conch population
density at the start of a given period (say thaifig season), then another survey is
carried out for the same purpose at the end ofishéng season, and records of conch
landings are well established including biologisab-sampling of landings for estimating
mature and immature categories in the landings.

A continuous change-in-ratio (CIR) method for estiimg stock exploitation rate
using data from monitoring stocks continuously dgrfishing is presented by Claytor
and Allard (2003). The exploitation rate is estiethby fitting a nonlinear model to ratios
of exploited catch over total catch (exploited phrs unexploited reference class that
could be accommodated to mature and immature refeseclasses in queen conch) as a
function of the cumulative exploited catch. A methim predict the impact of season
length restriction on exploitation rate is presdnby the above authors. The continuous
CIR method can provide daily, local, and lengthedpe estimates of exploitation rate.
For similar sample sizes, continuous CIR estimatesbetter than CIR estimates based
on pre- and post-season sampling as presented ;dfmwever, it is data demanding in
the sense that a permanent monitoring of the lgsdfrom each queen conch fishing
ground is needed. This later requirement is duth@éogeographic identity of the conch
that may generate animals with different age ag sizfirst maturity; hence, violating the
class separation in the CIR protocol.

Finally, variance estimates of the exploitationerat equation 5.4.2.2 may be
analytically estimated following application of theelta method for variances of
functions as explained in Paulik and Robson (19@8yvever, the variance of pl1, p2, and
f need to be estimated under assumptions that milyenpossible to validate in the case
of the queen conch. Therefore, the most practiegl 1o resolve the variance estimation
protocol will be through bootstrapping (re-samplimgth replacement) the samples
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expressing the composition of mature and immatweseq conch collected at times T1
and T2. In this manner, an exploitation rate wi#l bstimated for each bootstrapped
sample and assuming that 250 re-sampled sampledtai@ed, then the variance of the
exploitation rate will be estimated with the stamd&rmulation for random samples
using the average value of the 250 bootstrappetbiégon rates. Confidence interval
for the mean of the exploitation rate thus estimhaten be obtained by using the standard
deviation of the estimate (=square root of the Simapped varience).
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5.4.3. Disappearance rate and catchability estimation frontagging experiments

Tagging queen conch has been widely applied ilCtmébean region with mixed
results. Among the main obstacles with tagging nepkes is the very slow rate of
mixing of tagged and untagged conch in a givenirighground. This is due to the
reduced mobility of the conch, which does not alkbw level of mixing that is required
for tagged and untagged conch such that the twepodes exhibit the same probability
of capture. Secondly, the type of tags has bedssaie because those that are adhered to
the shell by using epoxy or glues are usually shetldetected when caught, or lost. If
tagging methods are going to be used in the assessshmortality and exploitation we
recommend the use of a simple plastic tag withlargnimicking the conch shell color to
reduce predation or disturbance and that this éatielol around the shell at a point where
the tie will not slide off the coiling shell (figar5.14). Thirdly, many tags are recovered
by fishers but never reported. This is especiatiiprious in those fisheries where divers
crack conch out of their shells while still undeater and only the edible meat is brought
back to the boat.

YN

Figure 5.14. Diagramhow to attach a tag to queen conch

We include a method to estimate disappearances rd» and catchability
coefficient (q) of queen conch. The disappearaate (D) includes the natural mortality
rate, tag lost, burrowing behavior (i.e., diversrdu see tagged conch when these are
burrowed), etc. Emigration could be a factor inBwever, due to the slow movements
of queen conch we believe that emigration shouldb®oa significant issue if tagging
experiments are not carried out over long timequxi Catchability is the fraction of
tagged stock captured per unit of fishing effdnerefore, the product of q times fishing
effort is an estimator of the fishing mortalityeat

The model presented here was conceptually develbpeChapman (1965) and
modified by Ehrhardt (1990) and adapted considetireg characteristics of the queen
conch fisheries and the biology of the species.siitem a tagging study implemented in a
single fishing ground and consisting of a singlggiag event. During this event Tonch
are captured, tagged, and released. It is recomedetheit the tagging protocol search for
conch and tag-release them by spreading out tlggng@ffort over a wide area on the
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fishing ground. Therefore, tag mixing is accompidhby spatially spreading out the
tagging effort such that under the slow mobilitytbé conch accumulation of tags is
avoided in a single release point. This initiggad population (J) will be available to
the fishery in subsequent time periods (i). Thé@se fperiods will need to be defined by
the investigator(s) and the amount of fishing istgnwill dictate the required time to
accumulate tag returns (e.g., one or two monthshirkg effort (f) will be exerted
continuously during each i period and needs todrefally recorded. Fishers should be
fully aware of the tagging program and as far assjide they should be an integral part
of the tagging program. It is expected that natarattality continues to act with similar
intensity upon tagged and untagged conch and ftkshin§ will affect the tagged
population in the same manner as the untagged gtbgul Tagged conch retrieved by the
fishing effort exerted during a period i will beaskified as m Consequently, abundance
of tagged conch at the end of any time periodyiven as

T, = (Ti—le_D - m)

where D is the disappearance rate during timewater If the time intervals are short,
say one month, average abundance of tagged conchgdany time period i is
approximated by the arithmetic average pf dnd T, thus given as

Ti—1(1+e_D) -m

2
Also, the expected number of recoveries is expcease

T =

(5.4.3.1)

E(m) = qfi-ri

The maximum likelihood function modified from Chapn (1965) and assuming
that the expected number of tag recoveries follaw®isson distribution is given by

k

-> " qff; |£1|( f_)m /
L=e" afiT) " /m

The maximum likelihood estimators for g and D apeirfd by logarithmically
transforming the previous equation and then diffea¢éing natural logarithm of function
L with respect to q and with respect to D. Settihg resulting equations to zero and
solving for q gives

g=—"2— (5.4.3.2)
and solving for D gives
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k ) k m _
2. df, d_l = ZTTd_I (5.4.3.3)

— K & m dT,
= Z fid__Z?d_ (5.4.3.4)

Partial derivatives in equation 5.4.3.4 are caltad for periods i =1 to k from
functional forms developed from recursive equaboh3.1 and given as

aT. T, o
-——=—e =
dD 5 fori=1
and
df, _ _dT, o dT, T,
-l =" -p el e S ' -
dD dD (dD 2) fori=2 to k

In the above equation D is the only unknown paramahd once the derivatives
and T's are estimated with an initial guessed value oamdl introduced in equation
5.4.3.4, a numerical iterative solution can be @b by using the GOAL SEEK
function in TOOLS in EXCEL to solve for D in equati 5.4.3.3.

The following example will show the estimation pedare. Fishing effort
statistics were collected from a conch fishing ghuThese statistics were in diving
hours measured as function of the number of dithesaverage number of hours dived
by diver in each fishing trip, and the number ahfng trips in period i. A total of 300
conch were tagged during a single tagging expetinteerefore § = 300. The recaptures
and fishing effort during two periods of 2 montla€le are given below,

Period i=1 Tagged conch recoverege 80; Fishing effort ;£1460 dive-hrs
Period 1=2 Tagged conch recoveregk 80; Fishing effort ;1200 dive-hrs

Assuming D = 0.4 as a starting value the followwaduies for the derivatives angslare
found

60



—% =1327 —% =3595 T,=2354 T,=1883 T,=2677 T,=2118

With these quantities the sum of products and sumequation 5.4.3.4 are
estimated and the amount in the right of the eqiga in the equation is subtracted from
the amount obtained in the left side of the sam&ton. The above calculations need to
be implemented in a spread sheet in EXCEL. Thes aeith the value of the previous
difference and with the initial value for D are dseith GOAL SEEK function in
TOOLS in EXCEL. When the GOAL SEEK windows appeiarshe screen in the “Set
cell’ command type the cell where the differencdl Wwe found. In the command “To
value” in the GOAL SEEK window you should type themeral zero. And in the
command “By changing cell” in the GOAL SEEK windoyou should type the cell
address where the initial value of D is found. Tipeass OK to get a solution for the
value of D that satisfies both sides of equatigh3®4.

The resulting value of D for the final iterationQsl23, which is a disappearance
rate every two months and for the length of theyitag experiment (i.e., 4 months). The
value of g was found to be 0.0000768. Consequethigyfishing mortality rate for period
1 was k=0.11 and for the second periogkB.09. If such tagging experiments are carried
out in several occasions in the history of thedighin a given fishing ground, then it will
be possible to plot to trends in fishing mortaly well as disappearance rates. These
estimates will be important sources of informattonudge the impact of the catch on
possible estimates of density and abundance thgtaisa be obtained for such fishing
ground.

References Cited
Chapman, D. G. 1965. The estimation of mortalitg eecruitment from a single-tagging
experiment. Biometrics 21:529-542.

Ehrhardt,N.M. 1990. Mortality and catchability estites for the stone craMénippe
mercenarid in Everglades national Park. Bull. Mar. Sci. 46@24-334.

61



6. APPLICATION OF
PRODUCTION MODELS TO QUEEN CONCH
STOCK ASSESSMENTS

6.1 Introduction

The main purpose of a stock assessment is toeandicators and reference
points for the current state of the stock, theifighmortality, and the reproductive
capacity, which can be used to guide managemeirdioes. Traditionally, queen conch
stock assessments have been attempted by usingdeeatbveloped for fish species. Due
to fundamental differences in the population dyre@naf gastropods such as queen conch
relative to fish populations (as described in ti@dgy section in Chapter 3) some of
those methods have not proved suitable or appéc#éblconch. In some cases, the
compliance with the basic assumptions required H®y fish-based stock assessment
methods cannot be adopted under the queen contdgibel characteristics; in other
cases, a careful review of the assumptions mugebfermed prior to the application to
conch.

Data from queen conch fisheries around the Caaiblggenerally consists of bulk
landings and of some measure of the effort exgited number of boats, fishing trips,
hours fishing, divers, scuba tanks) over a peribtinee. Information on the age or size
composition of the catch is generally lacking, dae&known difficulties in aging conch
and to the diverse modality of the landings (wéhple with shell, semi-clean meat, clean
meat). On occasion, there is also density and fsezpiency information from fishery
independent surveys and tagging programs, whichbeaaf extreme importance in the
estimation of size/age composition and abundandieas. With these (limited) types of
data, the options for assessment methodologieseatected to production models and
yield-per-recruit analyses.

There is consensus that the simplest and mosbppate models to set limit,
precautionary, and target reference points for gqueach fisheries management would
be biomass dynamics models (Medley, 2005). This@eoffers the option to use non-
equilibrium production models as an assessmentniggé applicable to conch. A
description of the main conceptual issues to besidened in conch assessment and
management, an overview of biomass-dynamic modesbort description of the ASPIC
software (Prager, 1994), the specific assumptibasrteed attention with conch fisheries,
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the characteristics of the data required, the selecof modeling options, and the
interpretation of results are discussed in thigi@ecWorked examples are provided to
demonstrate the use of ASPIC in conch stock assgdsm

6.2 Conceptual issues in queen conch assessment arahagement

Essentially, there are four issues related to ltopopulation dynamics and
fisheries operations that need to be considergutaoduction model assessments and in
the definition and understanding of management ir@acks:

1) There is a need to develop and understand managent benchmarks and
reference points in the context of queen conch pofation dynamics.

Medley (2005) described the main data types, atdrs of the state of conch
fisheries (i.e., catch and effort, survey densiige frequency, tagging data), and useful
reference points (i.e., MSY uEv, Bo, Fspr Fop). We know that recruitment success in
conch depends on the copulation rate (or successaounter of mates), which is greatly
influenced by population abundance and density. eWhpplied to conch, reference
points based on spawner-per- recruit assumptioonsilghconsider functional aspects
among population densities, copulation success, r@oduitment throughput under
different exploitation regimes. Thus, the fishingmalities that generate target and limit
densities should be used as an alternativesgaldenchmarks (Figure 6.1). In reality, the
data to support the development of a spawner-itecalationship for conch —and
appropriate reference qdsity is still insufficient, but such benchmarks shoube
considered in the future.
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Figure 6.1. Comparative diagram of standard (feshd) conch spawner-recruit
curves showing the positioning of target lines uralstandard (fish)
population reproduction scheme and a likely condputation
internal reproduction.

Reference points from biomass-dynamic models, kewecan have a wide
application to conch fisheries management if tHiefong issues are considered:
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1) Population growth assumptions

Conch populations do not follow a logistic popidatgrowth as a consequence of
the abundance and density factors affecting theodegtive potential. A steep Gompertz
generation function is more likely to represent ylapon growth in this species. The
logistic model assumes that the maximum rate oflyebon occurs at a biomass level
corresponding to half the unfished biomass. In@Gwenpertz model the inflection point
(of maximum production) occurs at lower biomasselsyunder which the population
tends to extinction (due to threshold abundanceitgn

In consequence, reference points generated fromdss-dynamic models, such
as the unexploited biomass, MSYjs$, and Bysy differ under the logistic and Gompertz
assumptions. Limits and targets should be setvegr@alues, corresponding to the MSY
where optimum density and abundance (for optimysnoductive success) occur (Figure
6.2).

2) Hyperstability in conch CPUE

The spatial pattern of abundance and fishing etiad the relationship between
abundance and capture success are combined insmgmegate catch-per-unit effort.
CPUE is a crucial piece of information in biomagsi@imic models, and is commonly
used as an index of abundance. The default assumjgi that CPUE is directly
proportional to abundance, which is the case wisdnnig effort is random with respect
to the fished stock. In another pattern, known yselstability, CPUE drops slower than
abundance at high abundance, which is expectethalt spatial scales when handling
times are large and the search is not random (Hileod Walters, 1992) (Figure 6.3).
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Figure 6.2. Comparative diagram of a fish and achosurplus production curve
showing the positioning of MSY under a standardidiag fish
population growth and a likely conch populationwtto.
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Figure 6.3. Hyperstability of catch per unit of eff and average population
abundance when fishing on an aggregating conchlatmu during
reproduction.

In conch, hyperstability is more likely than proponality because:

» Effort is targeted to areas of high density (i.eea-grass patches, spawning
aggregations) due to slow individual movements.s€hareas are well-known by
fishers, they start the search for new fishing gsuonce an area has been depleted.

» Density is not related to abundance but to thergxdklocalized habitat.

* There are confounding biomass utilization and figlteapacity trends:

- Gear saturation effects at high abundancBsere are places where fishers can't
handle more conch (due to gear limitations) or ardich the amount that they can
sell.

- Effort sorting. When abundance drops, only the best fishers kisbmd (i.e.,
those with greater technical efficiency such aserdarger/ better vessels and diving
gear, more operators, etc.). This would apparemttiyice the fishing effort exerted
(increasing CPUE), but the fishing power of feweselected fishers may
overcompensate for the effort reduction.

- Covariation of effort with stock size in seasofigheries Some conch fisheries
are seasonal, and increase the amount of efforigithe warmer months, when easy
to detect, high-density spawning aggregations armdd. Other fisheries increase
effort when the lobster season is closed. In tiases, effort is not applied randomly,
and is directly correlated with density or stockesi

3) Catch and effort data from different fishing grounds.

Ecological fidelity. Some adjacent conch fishing grounds display the

characteristics of an individual stock (ecologibdkelity), with marked differences in

growth, size, natural mortality, and reproductiddowever, catch and effort data
generally pertain to a mixture of adjacent grounidss, the main assumption of a ‘unit of
stock’ of production models is broken. Differendespopulation dynamic processes
within each bank are ultimately reflected in thedarctivity of each stock. If catch comes

from different stocks, then the basic productiomction Biomass=Recruitment +

Growth - Natural Mortality- Catch) does not hold and production models may fail or

give unreliable estimates.
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Morphological differences among adjacent fishingounds. One important
difference among fishing grounds contributing te ame fishery is that there can be
marked differences in the rate of individual growttie maximum size, and the shape of
the conch shell. Such differences have been regp@vten in contiguous banks, where
climatic and oceanographic conditions are relagiwéhilar (e.g., in islands and banks of
the Bahamas, pers. obs.). This situation necegseaitis to the capture of individuals of a
wide range of ages and stages of maturity, whigsysecially worrisome for the smallest
individuals captured. Biomass-dynamic models tredk ages and sizes as
undifferentiated biomass (already an oversimplifamaof age-structure), but the fact that
the age/size structure of the catch is really serde, coming from different sub-stocks
represents an additional problem. In fact, theviddials forming this undifferentiated
biomass are not only of different ages, but mag akve very different sizes of maturity,
mortalities, and longevities.

6.3. Biomass Dynamics Models
6.3.1 An Overview

Biomass dynamics or surplus production modelsame of the simplest tools
which can be used to characterize the status aoduptivity of a fish or shellfish
population, as they require only a time seriesaitlt and effort or relative abundance
data. These models are particularly useful wherageestructure of the catch is unknown
or limited. With key indicators of biomass changeg(, CPUE, catch, effort, survey
abundance), it is possible to derive estimatesaoBbles that can be used as a reference
for management advice: the current biomasg,)Bthe pre-exploitation size (K), the
intrinsic growth rate (r), the maximum sustainaykdd (MSY), and the fishing effort at
which MSY is achieved (fsy). The key reference points are the biomass antighimg
mortality level at MSY. Management measures to itdbaistock are implemented when
biomass falls below sy or fishing mortality exceedsyky.

6.3.2. Main assumptions and basic equations

1) Unit of stock: the (fished) population is isa@dt and closed to immigration and
emigration.

2) All individuals in the stock are identical: grdwdeath, and birth rates are the same for
all ages and sizes.

3) There are instantaneous responses to any changeploitation rates (i.e., no time
lags).

4) The stock is in equilibrium state.

5) Changes in the biomass of a fish stock from yeer to the next are caused by the
interaction of four competing factors:

Biomasg.1=Biomasg+ Recruitment + Growth - Natural Mortality- Catch (1)
Recruitment of new individuals and tissue growtle aources of increase

(production); natural and fishing mortality are sms of loss. The term ‘surplus
production’ refers to the amount the populationl witrease in the absence of fishing, or
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the amount of catch that can be taken while maimgithe biomass at a constant size
(Hilborn and Walters,1992).

The effects of recruitment, growth, and naturalrtaldy are combined into a
single production function. Changes in stock sizenf one time period to the next are
assumed to be the difference between this funetimhthe catch by the fishery:

Biw1= Bt f(By) - G (2)

with I, ===g5, (3)
t

where By is the exploitable biomass at the start of theofeihg year,B; the
biomass at the start of yegrf (B) is the biomass-dynamic as a function of current
biomassC; is the catch (in biomass) during yeat, is the index of relative abundance
estimated by the modek; is the fishing effort exerted, and is the catchability
coefficient. Equation (3) constitutes a very strasgumption: catch rates are linearly
related to biomass.

6.3.3. Different production models

The main difference among biomass-dynamic modethe function describing
the production of biomas§(B;), based on distinct population growth assumptions:
logistic, exponential (Gompertz), and hyperboli@Tbllowing biomass-dynamic forms
are the most common:

(B (1 - %) Schaefer (1954 — Logistic (4)

f[S:J _J1TE [1 - %] Fox (1970) — Exponential {Gompertz) (5)
. ey P

f: B [1 — if—s,) ] Modified Pella — Tomlinson (1969) — Hyperbalic (6)

whereB is the current biomass,is the intrinsic growth ratés is the virgin biomassBp)
prior to exploitation, andp is the shape parameter of the Pella-Tomlinson (or
Generalized) form, which permits asymmetry in thephlis-production curve and
conveys the flexibility to represent the differdnbmass-dynamic models. p=1, the
function is equivalent to the symmetric Schaeferl¢gistic) form; if p tends to 0, the
function is equivalent to the Fox form; pk1 the function is skewed to the left, and if
p>1, it is skewed to the right (Hilborn and Waltet895). These shapes are represented
in Figure 6.4.
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Figure 6.4. Shape of the Pella-Tomlinson biomassdyc model with different
values of parametegr.

6.3.4. Selection of a population growth model for conch

Considering the characteristics of conch popuatidynamics and the
reproductive issues associated to stock densityaanddance, the Gompertz population
generation function would best describe conch biehavhis function is useful to
describe population growth in confined space dinat Conch habitat patches can be
regarded as confined spaces with limited resoufinebiding the availability of mates at
low abundance/density). The curve has a sigmoa@immetric shape that allows for
slow initial growth, followed by an accelerated fexential) period of growth, and then
slow growth as resource limits are reached. Thieagtibn point (of maximum growth)
represents the critical biomass under which theuladjon tends to extinction due to
recruitment failure. The exponential (Fox) modeduases the Gompertz growth function,
resulting in an exponential relationship betweeshifig effort and population size, and
asymmetrical yield curves (Fox, 1970, 1975) (Figiu®). This model would be the most
appropriate for production modeling of this species
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Figure 6.5. Hypothetical comparison between thea&fgr, Fox, and Pella-
Tomlinson models of the relationships (A) fishindgfog and
equilibrium yield, and (b) fishing effort and CPUE.
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6.3.5. Equilibrium vs non-equilibrium estimators

Equilibrium estimators assume that the populaisoim equilibrium. This means
that the rate of change in biomass is zero so BaatB; in equation (2) and the
observation model is exadi£gB;). In real populations, these assumptions do ntit. ho
Equilibrium methods tend to produce optimistic assgents of stock status, with biased
estimates of MSY and&y. It is recommended that these estimators not bd, lexcept
for comparison with previous assessments (Hilboh\Walters, 1996).

Dynamic methods are those which do not make tldilegum assumption. The
three main types are process-error, observatian;esnd total least squares estimators,
that involve adding error to the population growtid the observation model functions —
a more realistic assumption-. Observation errorhodt are considered to be the best
estimators. A good description of all these estimsatind the criteria for selection are
provided in Hilborn and Walters (1996).

6.4. Data requirements and requirements of the data

The data needed to apply biomass-dynamic modejgden conch include: a time
series of historic yield (catch in biomass) andoaresponding time series of relative
abundance estimates (nominal or standardized CRIdBbafishery-independent index).
Recommendations for conch data collection programghe basis for management are
provided in Medley (2005).A description of the dable characteristics of the data
follows.

6.4.1 Catch and effort data

The main problem with conch fisheries is the la¢kormal statistical systems
collecting appropriate catch and effort data. [E@r more databases are available, the
following recommendations are important to integrahd clean the information needed
for production model assessments of queen conch.

1) Data from all available sources: commercialreational, and subsistence fisheries
should be combined to estimate total catch and fistang effort.

2) All the recorded catch and effort data shoulccbeverted to the same units (e.qg.,
kilograms, metric tons, pounds, days, hours fishimgnber of boats, etc.).

3) Verify if the landings represent conch landedighwithout the shell (unprocessed
tissue), or clean meat. Catch data for the whaie series and from all sources should be
converted to the same units, generally clean megghit

4)  Conversion factors to transform tissue and taetaight to meat weight should be
developed for each fishery. Use conversion fadian neighboring stocks if no local
morphometric relationships exist.

5) Consider other sources of error in the estimaté catch: underreporting and
discarding. If ther is clear evidence of underréipgr(e.g., registered fisheks fishers
reporting), the catch can be raised in the cormedipg proportion.

6) Select an appropriate unit of effort that issistent across the time series. In conch
fisheries, common effort units are: number of tripsats, divers, diving tanks used,
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days/hours fishing. With limited data, it is recoemded that the number of boats or the
number of trips be used.

7) Consider the significance of the effect of tle@graphical affinity of conch: fishery
data can be accumulated over many fishing bankh, different productivities. Applying

a production model to a mixture of data from trdifferent stocks creates a real problem
regarding population generation rates in the prodaanodels. This issue is paramount
in the application of these models to conch figeeri

6.4.2 Catch rate (CPUE) data

Catch rate (CPUE) data are often the only infoiomabn the relative abundance
of a conch population. The simplest way to estinaatiene-series of nominal CPUE is to
divide the landings taken by all boats targeting $kock by the effort exerted by those
boats.

The use of CPUE as an index of relative abundaegeires careful selection of
the unit of effort, so that an increment in effisults in a proportional increase in catch.
In conch fisheries, there are several issues \mighestimation of effort and catch rates
(VaIIe Esquivel, 2002a, 2002b, 2003; McCarthy, 2(Diaz, 2007):

There may be considerable differences in the fislmower of the boats, related to
size (.e, dingy boatsvs large commercial vessels with 50-100 divers), ¢hgine
horse power, the gear used (scwigdree diving), the depth fished, the time spent
fishing.

» Fishing power may increase over time due to tedygichl advances.

» Conch may not be the only target in multispecigstdivers often spearfish and hunt
lobster on the same trip and may change their behav response to local conch
densities.

» Catch records may represent multiple trips.

» There are spatial patterns of abundance (i.e., spgwaggregations) and fishing
effort (fishers concentrate on high-density patthes

 Some boats may spend considerable time searchinggfgregations, while others
may spend most time fishing if the aggregation lwaated at an earlier expedition.

» Handling times may be significant, since conchgaeerally processed at sea.

To account for some of these sources of unceytant to homogenize effort
when fishing power is variable, standardizationcafch rates is recommended. When
data sets are incomplete or lack the necessary t@veetail regarding the fishery
operation, nominal catch rates should be used.

Standardization of catch rates

Nominal catch rates obtained from catch and efflata can be standardized to
calculate relative indices of abundance over tiffi@e purpose of this standardization
procedure is to investigate the influence of catiegb variables on catch rates and to
identify possible sources of extraneous variati@at tmay be masking true trends in stock
biomass or abundance.

Generalized linear mixed models (GLMM) are commyomked to estimate
relative indices of abundance, and queen conclo isxceeption (Valle-Esquivel, 2002b;
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McCarthy, 2007a,b). Two different methods have bessted in cases where conch is

part of a multi-specific fishery: GLM and delta-logrmal models (Lo et al., 1992).

1) GLM models use only the positive CPUE observetiof the target species (i.e.,

the trips where a certain amount of conch was dudgistandardize the catch rates.

2) Delta- lognormal models estimate separatelyhé)probability that a given trip is

successful in catching the target species (prapomif positive trips), and 2) the mean

catch rate of positive trips. CPUE is modeled asphoduct of these two components.

Four main steps are involved in the standardizasfaratch rates (Valle-Esquivel, 2005):

1. Identification of categorical variables.Consists in conducting a thorough
examination of the main factors present acrossta skt that may have an influence
on CPUEs (positive observations) or on the proligtmf harvesting queen conch in
any given trip (proportion of positive trips or sess). Examples of factors to be
considered in conch CPUE analysis include: yeaas@®month, island or shelf,
area/region/coast, type of vessel, average depftstohg, gear type, target species
(i.e., conch tripss. multi-species trip).

2. ldentification of levels within categorical vari@d. Relevant “categories” or levels
are created from continuous or nominal informatmithin each factor to obtain a
balanced statistical design (e.g.., creating 4measf the year from the 12 months
available, or creating depth ranges rather thamahdoheasurements). Other examples
of levels include:

FACTORS # LEVELS LEVELS

YEAR 19 1983-2001

MONTH 12 1-12

SEASON 4 1-4

COAST 7 1-7

GEAR 3 | (Spears), 2 (Skin diving), 3 (Scuba
TARGET 2 0 (not conch trip), 1 (conch trip) |

3. Selection of categorical variablesStepwise regression procedures are used to
determine the set of factors and interactions singtificantly explain the observed
variability. Factors are added sequentially to th@del based on statistical criteria.
The year factor should always be included because a timesés desired. Fixed
factors and fixed and random interactions are esatlunder the same criteria and
added to the model.

4. Fitting Generalized Linear Model3he final generalized linear model (GLM) under
a Delta-Lognormal or Lognormal assumption is fitthee data with sophisticated
computer algorithms (e.g., Legault and Ortiz., 1998&iz et al. 2000, 2001) that can
estimate standardized catch rates with confidemesvals.

Disadvantages of catch-rate standardization: YuRes detailed time-series of
fishing effort. 2) Requires extensive data-basalhag. 3) Requires an advanced level of
expertise in the use of linear modeling techniqaled statistical software packages. 4)
Many (sometimes subjective) restrictions have tinfjgosed to the data to develop these
indices such as: years included, gears includegeruand lower limits to CPUE values,
definition of directed trips (targeting or not tatmpg conch) and successful trips
(minimum amount of conch landed), fishing areasuithed, only records for single trips,
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etc. (Valle-Esquivel, 2002). 5) Selection of fastcand interactions is a laborious,
cumbersome process. 6) Nominal and standardized cates may be very similar when
data is limited. 7) Determining terms in the GLM aets based purely on statistical
criteria can lead to biased indices.

Contrast in the CPUE series

The ability of any biomass-dynamic model to previeliable results depends on
the exploitation history of the fishery. There mbsthistorical variation in stock size and
fishing pressure to estimate reliable parameteth@biomass-dynamic models. Enough
contrast in the CPUE data can provide informatiboua the rate of growthr), the
catchability coefficientd) and the unexploited biomads)( To be informative, the data
should ideally include CPUEs at low stock sizeshviiiw fishing effort (to estimate),
CPUEs at high stock sizes with low fishing effdd éstimateKq), and CPUEs at high
fishing effort (to estimate). It is very difficult to have data that represaiit of these
situations, but this ideal contrast should be sbadfer to construct reliable data-series.
Common patterns observed in catch rate time seradsde (see Hilborn and Walters,
1992 for details):

1) One-way trip: effort increases gradually and catate declines continuously; not
informative, provides uncertain to poor estimates.

2) Increasing effort followed by a period of decregsiaffort: more informative,
provides reasonably uncertain to good estimates.

3) Good contrast between CPUE and effort: high vammain CPUE and effort and rapid
changes back and forth between high and low eléels; provides best estimates,
with some uncertainty.

Data from conch fisheries are likely to follow aesway trip or increasing, then
decreasing effort patterns. If a fishery has n@tsaries, a short time series, or if the time
series does not include both depletion and recopenods, then a production model
assessment cannot be applied (Medley, 2005).désanable time-series exists, but there
is a clear lack of contrast in the data to provedémates of the three model parameters
(r, g, and K), then it is possible to fix one of them to a albased on auxiliary
information, such as knowledge of the biology ot thpecies or similar species,
abundance surveys, or tagging studies.

6.4.3 Fishery independent survey data

Relative abundance indices from survey data ang wgeful for production model
assessments because they can be used as altembéneCPUE proves unsuitable, in
combination with CPUE, or as auxiliary informatidor the estimation of biomass.
Recommendations to conduct conch surveys are prdvidMedley (2005), and detailed
methods to estimate population density and standbogk abundance are given in
Section 4.
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6.5. Recommended Software for Biomass-Dynamic Assesents: ASPIC

The ASPIC softwareis a set of computer programs developed by Pré@94)
to estimate parameters of a non-equilibrium surplagluction model from fisheries
data. It includes the option to fit the Schaefens Bnd the generalized (Pella-Tomlinson)
models. ASPIC incorporates various extensions tassital production models,
including:

* Analysis of several simultaneous or sequentiakfigs on the same stock.

« Partitioning fishing mortality by gear, time or are

* “Tuning” the model to one or more biomass indices.

» Generalized estimation with more than one dat&seri

» Estimating missing values of fishing effort.

» Computing confidence intervals on reference poi@s., MSY, fisy Busy Vvia
bootstrapping.

» Estimating projected trajectories of populationmbass and fishing mortality rates.

» Constructing nonparametric tests of hypothesestatfmnges in catchability.

Input for this software includes a time seriesyi@ld (catch in biomass), one or
more corresponding indices of abundance or effmies, and starting guesses for model
parametersK, the carrying capacity of the populatidBiy/K, the starting biomass ratio;
MSY, the maximum sustainable yield; agdthe catchability coefficient. Model outputs
include maximum-likelihood estimates for these pseters, derived management
benchmarksBysy, Fusy fusy and relative estimates of biomass and fishingtalior
with respect to MSYB./Busy, F./Fusy. A formal description of the theory behind ASPIC
is given in Prager (1994).

6.6 Running ASPIC

Detailed instructions to operate the softwareateranput files, and handle and
interpret the information from output files are @wvin the User's Manual for ASPIC
(Prager, 2004). This describes the key steps (baselde authors’ experience) needed to
operate ASPIC and to run it with simple (conch)regkes.

* The ASPIC suite includes a main program to fit a-equilibrium production model
and several utility programs (ASPICP, FTEST, AGRARtImake projections, compare
models, and make graphs, respectively (Prager,)20@bdy ASPIC and ASPICP are used
in the examples that follow, but the other prograsheuld also be explored for further
analyses.
* ASPIC has three modes of operation. Only FIT and B used here.

— In FIT mode, ASPIC fits the model and computes pestimates of parameters

and quantities of management interest, includimgetitrajectories of fishing

! The AspIC software(Prager, 2008) is freeware available online at
http://www.sefsc.noaa.gov/mprager/aspic.htmi

2 NOTE: This quick guide is not endorsed by theioajauthor or NOAA-Fisheries and should not replac
the official instructions provided in the User’'s Ml for ASPIC (Prager, 2004).
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intensity and stock biomass. In BOT mode, ASPIE tite model and computes
bootstrapped confidence intervals on estimated tgiem) execution time
increases. In IRF mode, ASPIC conducts an iterdtivfer analysis of 2 or more
series.
Analysis begins with FIT mode, including severaisuo attain convergence and
explore different model structures. After selectimgdel and data structure, BOT
can be used to estimate uncertainty in assessemuits.
The latest ASPIC version (ver. 5.x) has the optiorfit the generalized model
(Pella and Tomlinson, 1969) in addition to the #higi production model (Schaefer,
1954, 1957). The Fox (1970) model can also be ddfin ASPIC as a special case
of the generalized model (FOX option), by fixingethkshape parameter to
appropriate values.

Some recommendations (after Prager 2004) to opdraterogram are:

Read the instructions on the user’'s manual (Pr&§84) carefully.
Plot the data to visualize trends.
Modify existing input files rather than creatingwmnenes and save with a different
name. ASPIC inputs are very detailed, so it is moended to follow the pre-
established format to avoid errors. Follow therinstions to fill out each line of
input precisely.
Starting guesses and bounds The model is very sensitive to initial parameter
values, so they must be approximated the bestlgessay. If no prior information
is available (e.g., values from previous assesssnaiisolute abundance estimates
from surveys) use the options given in the manuahtculate starting guesses:
Bi/K- Based on the belief about the stock’s conditibtha start of the data set
with respect to the carrying capacity. Use a pasitialue 0<x>1. A reasonable
default is 0.5, but estimates are often impre@sethe value can be fixed to 1 or
to a range of fixed values.
K- A real number 2-20 times the largest recordettlyie
MSY- Use half the largest yield.
g— Use g < 0.01. It is the catchability coefficiemicatch-effort data series and in
biomass index series it is the constant that reldue index data to biomass.
Start trials with wide enough bounds to encompdisgossible values, then use
more restrictive bounds.
If starting guesses are wrong, the model does mtarge and the estimate may
hit a bound. The ASPIC report (*.fit) will indicatehether the starting guess was
too low or too high.
If convergence is difficult, try a range of fixedlues for one parameter and allow
ASPIC to estimate the rest of the parameters. Qureergence is attained,
narrow down the range for the fixed parameter,randcagain.
After several runs with fixed values of one or mpegameter combinations, the
resulting biomass trajectories may provide constsestimates of present stock
status for management purposes.
Change starting guesses after using FIT mode, eftilebusing the BOT mode. It
is advisable to generate point estimates in FITertmefore using BOT mode.
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— Repeat trials with several random number seeds.

* Precision of parameter estimates:

— Estimates oMSY, optimum effort Eusy), and relative levels of stock biomass are
more precise than absolute biomdssandq, K, or quantities that depend upon
them.

— Absolute estimates d8;, F;, andB,/K from ASPIC are not intended for use as
management benchmarks.

— Trends in the relative abundance and fishing mitoytéajectories, rather than
point estimates of the parameters should be usegfexences for management.

* Fitting criteria:

— The model converges when the objective functioropsimized. A message
appears at the end of the screen output indicétagASPIC ended normally. The
ASPIC report includes the message ‘Normal convergien

— The model may also converge when it finds localim&) rather than the global
minima. Check the output to find if the results sgasonable. Several trials with a
range of initial guesses for each parameter muspdyrmed to avoid local
minima.

— The model may fail to converge when there is a pgreement between the
model and the data or when the starting guessesuai@ range. Error messages
appear indicating that a parameter is near thedsanthat results are trivial.

— If the objective function appears (from the screerput) to have been near
convergence, try an ASPIC run using the previoussruesults as starting
guesses.

— The last resource to attain convergence is torsefparameter (usualBu/K) to a
range of fixed values and to analyze the diffesstitions.

- A quick examination of the fit t&€PUE (r* value) and of th® andF trajectories
provided in the output files often helps to knowetirer the model converged or
if the fit is good.

» Determination of stock status:

The goal of stock assessment is to determine whétle stock is overfished or if
overfishing is taking place. A diagram of a limdrtrol rule (or phase plot, Figure
6.6) is a useful tool to determine stock statug] #m assess the performance of
management actions. The stock is OVERFISHED if laisen falls below the
Minimum Stock Size Threshold (MSST) [a proxy of MBBusy= 1-M (natural
mortality rate)]. OVERFISHING occurs if a stock ébits fishing mortality rates
greater than FArsy, equivalent to the Maximum Fishing Mortality Thinedd
(MEMT). Any combinations of relative B and F abowe to the left of the limit
control rule are situations to be avoided; combamat to the right and below the limit
control rule line are acceptable and sustainable.
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6.7 Examples: Fitting ASPIC to queen conch data

If a time series of catch, effort, and/or relataleundance index exists, and there
is enough contrast in the data to represent diffestages of the stock and the fishery, it
should be possible to fit ASPIC. The purpose o g@ction is to illustrate the use of the
ASPIC software to perform production model assesssnef queen conch. Guided
examples are presented, using some of the opti@tsate useful to analyze fishery data
for this species.

Exampled are used to illustrate ASPIC assessments witkimilated and 2) real conch
fishery data. The objectives, in each case are to:

1) Simulated data- Present a case where adjustinmdukel is relatively simple, and
assessment results can be evaluated directly byaxison with the simulated
stock.

2) Real data- Apply the model to a real queen condesszsnent and show the
difficulties that the (ASPIC) analyst can face whmnfronted with real (conch)
data, which may be limited and may not conformretytito the model assumptions.

6.7.1 Conch simulated data

The examples in this section are based on sintuldéta. The behavior of the
stock and the fishery are modeled after queen c@ogulation dynamics and fishery
operations. The hypothetical stock was generatedjibe Gompertz function under the
equilibrium Fox production model [generalized fo(Eguation 5), with shape parameter
p->0; see sections 6.3.3 and 6.3.4]. Parameterhéobase model were calculated using
equilibrium estimators for the Pella-Tomlinson fowh the biomass-dynamic function
(see Appendix A in Hilborn and Walters, 2005). Thages for fishing effort and yield
are loosely based in the Puerto Rican fishery @/gBquivel, 2002a,b; McCarthy, 2007),
as presented in the real case example. Fishingueess applied monotonically, through
a constant increase in fishing effort.

Simulated data consists of a conch populationb{omass), yield, effort, and
catch rates. Two data sets are derived from the-base production model: (1)
deterministic data, and (2) stochastic data. An I€S$tock assessment is performed in
each case and results are compared. Results frersttichastic case are subsequently
bootstrapped to obtain confidence intervals ofgheameters. These examples illustrate
the use of main ASPIC program modes FIT and BOTthaddption to select the model
shape (appropriate for conch).Also, program ASPKC&#sed to project the bootstrapped
population under two different management reginf@sCs (total allowable catch) and
effort controls. The concepts of “overfishing” abfaverfished” are introduced in the
context of production model analysis. Finally, iheerpretation of phase plots (Figure
6.6) is provided with the examples.

Base Model
The parameters of the generalized Pella-Tomlinsomass dynamic model used
for the simulation of conch fishery data are givenTable 6.1. The resulting surplus

3 Example input and output files are provided inahtached disk, under th€onch ASPIC files’ folder.
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production, yield and CPUE curves of the Fox maatel illustrated in Figure 6.7. This
base model was used to generate a ‘realistic’ swaseh and effort data.

1) Deterministic example

Consists of a subset of catch, effort, and CPWexndata drawn from the base-
case Fox production model, and attempts to reptesptausible (i.e., realistic) range of
values. Effort is constrained between 500 and IP,0fits, which produce yields
between 250 and 900 metric tons per year (assua@nly catch unit equals 1kilogram).
Beyond that effort, yield and CPUE would be greatiguced, so a fishery is not likely to
continue expanding effort under those circumstaiiEggire 6.7). A 24-year time series
with constantly increasing effort was construct€dhle 6.2, Figure 6.8).

Inputs/Options

* Input file: ‘Fox_conchl.inp’

* Program mode: FIT

* Model shape: FOX

* Base-model parameteks g, MSY(from Table 6.1) can be used as a reference for
starting guesses. Giu€ andMSY reasonable ranges based on the (known) hypothetica
population (Figure 6.7). **Note: this not an optionreal cases because the population is
not known; seeking these parameters is the godghefassessment. Other options to

calculate starting guesses and bounds are giv8adtion 6.6.

Results and Interpretation

* Output: ‘Fox_conchl.fit

» Parameter estimates are given in Tables 6.3 andadi resulting CPUE, relative
biomass and fishing mortality trajectories are shawkFigure 6.9

* Normal convergence is attained, with the Fox maateliding a better fit than the
logistic (see values of the objective function ire tcomparison of Logistic and Fox
models) (Table 6.3).

« The fit of the model to CPUE data is excellent {iRCPUE= 0.997). Observed and
estimated values of CPUE are nearly identical bezdhbe data are simulated, and was
generated with the same functions used in the A®Btithator.

* Resulting ASPIC trajectories (Figure 6.9) show GRIUE declines exponentially as
a result of monotonically increasing effort undee Fox model. This effort trend is also
reflected upon the relative fishing mortality tremehich also increases at a constant rate.
Relative F crosses the FMSY level in 1990, and shawat OVERFISHING
(F/IFMSY>1) is occurring since then.

* The yield trajectory shows that yield exceeded Mf#&¥veen 1986 and 1997.

« CPUE is an index of relative abundance, thus thadtrin absolute biomass with
respect to MSY follows the same trajectory, witheaponential decline in abundance.

* From 1992 onward, absolute biomass falls belowbibenass at MSY, and reaches
very low levels by the end of the time series.

* This trend (B/BMSY <1) indicates that the stocKERFISHED since 1992.
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2) Variable data example
Consists of the same set of deterministic dat#h) wtlded random variability in
catch (C.V.=15 %) and CPUE. Only a set random catat used in this example. The
purpose of this scenario is to add noise to tha ttaé present a more realistic case and to
verify if ASPIC converges to similar values as lie previous example, and approaches

“reality” (the simulated population in this case).

Inputs/Options
PROGRAM ASPIC APIC ASPIC ASPICP
Mode AT AT BOT
. Point Point Bootstrapped Projections of

Description estimates estimates estimates management controls

Model shape |LOGISTIC FOX FOX

Input Hles Logistic_conch2.inp Fox_conch2.inp  |Fox_conch2_boot.inp 2a) Fox-conch2a-boot.ctl

2b) Fox-conch2b-boot.ctl

Output Fles |Logistic_conch2.fit Fox_conch?2.fit Fox_conch2 boot.bot  |2a) Fox-conch2b-boot.prj
Fox_conch2_boot.bio 2b) Fox-conch2a-boot.prj
Fox_conch2_boot.det

* With the initial guesses provided for the paransstarormal convergence was
attained, with the Fox model providing a bettertfian the logistic (Table 6.3). In this
example, the logistic and Fox models were fit safedy, although a comparison of fit
and parameters is made automatically when the Rapesoption is used.

* The Fox exponential-yield model showed a betteTible 6.4). A bootstrap run was
performed with the results from this model, promglparameter estimates, and 50%, and
80% confidence intervals (Table 6.5). The bootstogpion (BOT) produces a main
output file (*.bot) and 2 additional outputs (*.Bl@nd *.DET), which are later used in
ASPICP.

« ASPICP was used to project the bootstrapped model 10 years under 2
management scenarios:

2a) Catch quota: uses constant catch at 50% oydast(C=50% of eyos= 1.7E+05).

2b) Effort control: uses a gradual reduction imiing) effort of 10% for 5 years, and 5%
thereafter. This strategy reduces effort to 20%thaf 2006 value by the end of the
management period (year 2017).

* Projections of the yield or the effort from the dinyear of data (2006) are not
presented, as maintaining those (unsustainabl&jn§smortality levels causes the
hypothetical stock to collapse, with very limitedsgibility of recovery.

Results and Interpretation

* Resulting ASPIC trajectories (Figure 6.9) show Emirends to Example 1, with
some fluctuation around the estimated CPUE, reddiiomass and relative F. Relative F
exceeds the FMSY level in 1988, and shows that OMERING (F/FMSY>1) has been
occurring since then. Fluctuations in relative Kl @ values indicate that the model
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captured the observed variability in catch andicasates. The yield trajectory shows that
yield significantly exceeded MSY between 1986 a@€9l

» Bootstrapped CPUE, relative biomass and fishingtatior trajectories (with 80%
confidence intervals) are illustrated in Figure(5.1

* From 1993 onward, absolute biomass falls belowbibenass at MSY, and reaches
very low levels (Boo7/Busy = 1.86E-01) by the end of the time series (or #8d the
biomass needed for MSY). This trend (B/BMSY <1) itades that the stock is
OVERFISHED since 1993, and depleted to unsustagnaibimass levels.

2a) Projections of a constant catch quota

» Bootstrapped trajectories with constant catch (Edaria, Figure 6.10), as expected,
also show that fishing mortality and catch sigmifity exceeded MSY for most of the
time series, resulting in OVERFISHING and in a selye OVERFISHED stock. To
rebuild the stock, a drastic management measunepiemented: catch is reduced to half
the level of the final year and maintained at tleakl through the 10-year management
period. This strategy rapidly rebuilds the stoclowab the Bysy level and reduces F
significantly, to levels well belowprsy.

* The control rule plot (Figure 6.10) shows that atnfioom the beginning, the fishery
is exceeding the MFMT, and crosses the MSST betwl&9#-1995, thus becoming
overfished and with overfishing occurring since 898nd through the end of the
historical series.

» The drastic reduction in catch and the constantagpolicy applied in the 10-year
management period result in a rapid recovery. Utldsrstrategy, the stock returns to the
“safe zone” of the phase plot (above MSST and b&wT) within ten years.

2b) Projections of gradual reductions in effort

* An example of an effort management control (Exang#e is illustrated in Figure
6.11. While the use of this milder policy does regldishing mortality over the 11-year
management period, stock recovery is slow. At the @f this period, F is successfully
reduced to levels nearyky, and B approachesyBy. Yield remains stable, at levels
similar to the yield of the final year of the assaent (Y00q).

» The phase plot shows a gradual but successful eegonto the “safe zone” (above
MSST and below MFMT) within eleven years.

* More drastic measures or a longer rebuilding pesi@ineeded for complete recovery
of the stock.

Final notes on simulated examples

 Example 1 illustrates the use of the basic ASPI@oap and the interpretation of
output from the FIT program mode. Results showed ASPIC easily converges when
“good data”, with sufficient contrast in the reletiabundance index, are used as inputs.
» Example 2 illustrates the implementation of moreaemted ASPIC tools to calculate
confidence intervals of the estimated parametedstarproject bootstrapped trajectories
under selected management schemes. Results shbateA3IPIC can converge when
there is some noise in the input data, as long egntinues to meet the assumptions of
production models.
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* Two data sets were tested to evaluate how clossssent results were to the “true”
population (the simulated base-model here), giverarege of observations with and
without variability. Formal statistical analyses ¢compare ASPIC results against the
“true” population are beyond the scope of this nenand therefore are not presented.

* Model comparison was not a goal of these exampl@snal model comparisons can,
however, be performed with the FTEST program, idetlin the ASPIC suite, which can
aid in the final model selection.

6.7.2 Fitting ASPIC to real data: the Puerto Rico fishery

The data analyzed in this example consists of catchCPUE data from the commercial
conch fishery of Puerto Rico. Landings include geE893-2005 (data taken from NMFS,
2007). The standardized catch rate includes ye#88-2004, and was obtained using an
updated index, calculated with the methods desgriheValle-Esquivel (2002b). This
assessment is based on previous assessments lketEggllivel (2002b, and 2006,
unpublished). The purpose of this example is to AS®IC to illustrate the stock-
assessment process and some of the difficulti¢s#mbe encountered when performing
a real queen conch assessment (as presented @B&jlivel, 2002b, 2008)ASPIC did
not find a stable solution without imposing constt® on parameters. This example
shows some of the most consistent and informatgeailts obtained and illustrates the
projection of some simple management alternativesrief discussion of results is
presented.

Inputs/Options
* Input data for ASPIC: conch landings and an indéxratative abundance. The

standardized, scaled CPUE index is used (Figur2)6The data used in the model
projections is not included.

PROGRAM ASPIC ASPIC ASPIC
Mode AT AT BOT

. Point Point Bootstrapped
Description estimates estimates estimates
Model shape |LOGISTIC FOX FOX

Input Fles pr83_05_logisticinp  |pr83_05 fox.inp |pr83_05_logistic.inp
(*Change mode to BOT)

Qutput Fles |pr83_05_logistic.fit pr83_05_fox.fit pr83_05_logistic.bot
pr83_05_logistic.bio
pr83_05_logistic.det

* This example is not an official assessment otthrech fishery of Puerto Rico. Results should ndigo
used to describe stock status or to provide manegeauvice. They are intended to illustrate theafse
production models in a real-case scenario.
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« CPUE Standardization was conducted using a gemedallinear mixed model
approach (GLMM), under the lognormal assumptionli@/&squivel, 2006, unpublished
data.) Only trips with positive catch greater tlapounds were considered, unsuccessful
trips were not, so effort may be underestimated &RUE overestimated. The
explanatory variables used in the final LognormaMamodel were:

Ln CPUE= year +month +gear + coast + yrrmonth +yr*coast @)

» Itis important to look at patterns in the avaibata to assess if a production model
is a feasible alternative. In this case, therenisiaclear trend in the landings and in the
CPUE series. Landings appear to decline througl2,188d to increase and stabilize
thereafter, at about 200,000 kg per year. Landiofsw the trend in fishing effort
closely, but some fluctuations may be explained wariety of other factors: economic,
environmental, reporting, in addition to stock athamce.

» There is not enough contrast in the CPUE indeshaws a very smooth decline, but
remains flat through most of the time series, oty a small peak in 1988. The average
standardized CPUE was. 55 Ib/trip, with a range&8@4b, and an average c.v. of 13%.

Results and Interpretation

* ASPIC did not converge when it was allowed to rutheut constraints. It could not
obtain reasonable results for all parameters ahe, toften hitting parameter bounds. A
number of different starting guesses were attempittbut success.

» To obtain reasonable solutions, constraints habetamposed on parameter values.
Constraints went from non-informative (a broad ewof values) to more informative to
narrow down the search for reasonable values tloated the model to converge.

« The Fox model only provided a slightly better fib the data. To avoid
overparameterization, the logistic model was ch@setne best alternative.

» Sensitivity trials were used to evaluate the eftéathanging one parameter at a time,
with a range of values tested. Fixed valuesM&@Y, B1/Kandq were used. Trials with
fixed MSYor g gave the best fits.

» Point estimates from a single assessment wereradtiped. The most consistent and
informative results were achieved with a fixed batality of g=2E-07.

* Relative biomass and fishing mortality trajectorsegigest that the stock is in decline
and very close to falling below\By, and that fishing mortality has increased rapidly,
exceeding FMSY since 1993 (Figure 6.13). The stupears to be nearly overfished,
and overfishing is clearly occurring.

* There is a large uncertainty regarding the inib@mass value. ASPIC found a
solution with a large B1/K ratio, but consideritngt the fishery started long before 1983,
it is possible that biomass is actually more degwdsthan it appears. Management
decisions should be based on this premise. A magliminate overfishing and prevent
the stock from becoming overfished is imminent.

» Simple management scenarios were applied to therfis 20-year stock projections
are based on hypothetical catch or effort quotagu(E 6.13). The following conclusions
were drawn from these scenarios (only no manageamehtatch quotas are depicted):
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— Continuation of current fishing practices for 10 mngears would deplete the stock
even further, and overfishing would continue towcat levels well aboveysy.

— Gradual reductions in catch can rapidly stop oskifig and allow the stock to
remain stable (or recover) abovgds.

— Gradual reductions in effort can be as effectivg,hore difficult to implement than
catch quotas.

— Closures (no fishing) are a more drastic, but aenedfective and rapid strategy to
rebuild the stock and prevent overfishing.

Conclusions

» Assessment results were highly dependent on camistienposed on initial parameter
values, thus limiting the value of the assessment.

* Limited data constrained results. Catch rates wetdnformative, so there were no
clear trends in abundance, possibly declining. [Hok& of contrast in the CPUE series
does not allow simple estimation of population paeters R and K.

» Insufficient/ inadequate data rendered unclear i@mednclusive results. However,

population trajectories and phase plots suggestadaverfishing is occurring and that
the stocks are approaching an overfished states S$huation calls for immediate

reduction in fishing effort to prevent a furtherctiee in abundance, to eliminate
overfishing, and to allow the population to recoi@sustainable levels within a ten-year
frame.
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Tables and graphs from ASPIC examples

Table 6.1. Parameters of the Pella-Tomlinson biemdgnamic model used for
simulation of a conch fishery.

Smulated PM
Parameter | (EQUILIBRUM)
K 6.00E+06
r 0.4
p 0.0001
q 1.00E04
MsY 882867
fMSY 4000
BMSY 2.21E+06

Table 6.2. Data from production model simulatioadifo fit ASPIC.

Bxample DETERMINISTIC STOCHASTIC
Year Efort Catchl CPUEL | Gatch2(+15%CV) CPUR2
1983 500 264749 529 249067 498
1984 1000 467279 467 449218 449
1985 1500 618556 412 466236 311
1986 2000 727828 364 728651 364
1987 2500 802876 321 878894 352
1988 3000 850236 283 1099642 367
1989 3500 875377 250 714362 204
1990 4000 882867 221 1102916 276
1991 4500 876506 195 852966 190
1992 5000 859447 172 911390 182
1993 5500 834292 152 1029211 187
1994 6000 803178 134 778946 130
1995 6500 767854 118 866523 133
1996 7000 729739 104 695016 99
1997 7500 689976 92 539569 72
1998 8000 649479 81 630227 79
1999 8500 608971 72 832071 98
2000 9000 569012 63 583319 65
2001 9500 530033 56 415847 44
2002 10000 | 492356 49 469848 47
2003 10500 | 456213 43 481308 46
2004 11000 | 421764 38 358063 33
2005 11500 | 389110 34 399476 35
2006 12000 | 358306 30 341783 28
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Table 6.3. Comparison of Logistic and Fox estima&PIC parameters from Examples
1 (deterministic data) and 2 (stochastic data). Ftve model provided a better fit

than the logistic in both cases.

QOMPARISON OF LOGISTICAND FOX MODHE.S

Example 1 Example 2
Model Details LOGISTIC FOX LOGISTIC FOX
Gode Gonvergence=0 0 0 0 0
"m" in Pella-
Exponent Tomlinson
Function 2 1 2 1
Bmsy/K 05 0.368 0.5 0.368
B1/K 1546400 1.09E+00( 1.37E+H00 1.03E+00
MSY 4.22E+05 6.94EH05| 4.37EH05 5.91E+05
K 7.91EH06 3.69EH06| 8.47E+H06 6.30EH06
ql 3.68E05 1.30E04| 3.68E05 7.03E05
Objective function  [Minimize 6.24E01 1.48E02| 9.3501 5.31F01
R2 in CPUE 9.34E01 9.97E01| 9.16E01 9.47E01

Table 6.4. Estimated ASPIC parameter estimates ftaamples 1 (deterministic data)

and 2 (stochastic data).

Point estimates from ASPIC in FIT mode

Example 1 Example 2
Simulated data Simulated data

Parameter Estimate Deterministic Stochastic
Model parameters
*B1/K Sarting relative biomass 1.09E+00 1.03E+00
K Carrying capacity 3.69E+H06 6.30EH06
q(1) Catchability coefficient 1.30E-04 7.03E-05

Shape of production

phi curve (fixed for Fox model) 0.3679 0.3679
Management and
derived parameters
MSY Maximum sustainable yield 6.94E+H05 5.91E+05
Bmsy Sock biomass giving MSY 1.36E+H06 2.32EH06
Fmsy Hshing mortality rate at MSY 5.11E01 2.55E01
B./Bmsy Ratio: B(2007)/ Bmsy 1.59E01 1.59E01
F./Fmsy Ratio: 2006)/ Fmsy 3.05E+00 3.37EH00
Fmsy/ F. Ratio: Fmsy/ K2006) 3.28601 297801
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Table 6.5. Bootstrapped parameter estimates froamiple 2 (stochastic data).

ESTIMATES FROM BOOTSTRAPED ANALYSIS*

Bias-corrected confidence limits

Param Point Bias in Relative |Approx 80%|Approx 80% |Approx 50% |Approx 50% (Inter-quartile |Relative

name estimate |estimate bias lower CL upper CL lower CL upper CL range 1Q range

B1/K 1.03E+00| -6.52E-02 -6.31% 9.14E-01 1.12E+00 1.01E+00 1.09E+00 7.42E-02 0.072
K 6.30E+06| -3.78E+05 -6.00% 5.20E+06 8.97E+06 5.93E+06 7.97E+06 2.04E+06 0.324
q(1) 7.03E-05 1.26E-05| 17.88% 4.29E-05 9.39E-05 5.07E-05 7.67E-05 2.61E-05 0.37
MSY 5.91E+05| 2.91E+04 4.93% 4.38E+05 6.66E+05 4.96E+05 6.16E+05 1.20E+05 0.203
Ye(2007) | 2.67E+05| 5.31E+03 1.99% 2.10E+05 3.23E+05 2.33E+05 2.96E+05 6.34E+04 0.237
Y.@Fmsy | 9.42E+04| 1.63E+03 1.73% 6.87E+04 1.24E+05 8.04E+04 1.10E+05 2.91E+04 0.309
Bmsy 2.32E+06| -1.39E+05 -6.00% 1.91E+06 3.30E+06 2.18E+06 2.93E+06 7.52E+05 0.324
Fmsy 2.55E-01 4.74E-02| 18.59% 1.34E-01 3.47E-01 1.71E-01 2.85E-01 1.14E-01 0.446
fmsy(1) 3.63E+03| -1.10E+01 -0.30% 3.28E+03 3.86E+03 3.45E+03 3.74E+03 2.93E+02 0.081
B./Bmsy 1.59E-01 -3.89E-03 -2.44% 1.23E-01 2.08E-01 1.41E-01 1.87E-01 4.63E-02 0.291
F./Fmsy 3.37E+00 6.60E-02 1.96% 2.74E+00 4.22E+00 3.00E+00 3.79E+00 7.85E-01 0.233
Ye./MSY 452E-01| -1.08E-02 -2.39% 3.81E-01 5.34E-01 4.16E-01 5.00E-01 8.40E-02 0.186
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Figure 6.6. A diagram of a generic default limihtwol rule (or phase plot) (with

M=0.2). MSST= Minimum Stock  Size  Threshold;
MFMT=Maximum Fishing Mortality Threshold. The stocls
overfished if biomass falls below MSST,; overfishimgcurs if
MEMT is exceeded. Acceptable relative biomass andrbinations
occur to the right and below the limit control ruiee (represented
by a smiley face).

SurplusProduction Catch vsBEfort
1.E+06
LE+06 MSY MSY
8.E+05 1 8805 :
6.E+05 ) 6.E+05 )
) )
E 4.E+05 ) 4.E+05 :
2.E+05 : 2.E+05 :
0.E+00 -} A , \ . 0.8+:00 1 ' ,
0.E+00 2. E+06 4 E+06 6.E+06 8.E+06 0 10000 20000 30000
Sodk Biomass Hfort
600 CPUEvsHfort

500 -

400 -

300 A

200 A

100

0

0 5000 10000 15000 20000 25000 30000
Hfort

Figure 6.7. Surplus production, yield and CPUE eanfor a hypothetical

population constructed under the Fox model asswomgti

88



Deterministic Data

Stochastic Data

Catch and Efort

Variable Catch and Bfort

1200000 - - 12000 1200000 - - 12000
1000000 | - 10000 1000000 - 10000
800000 - - 8000 800000 - - 8000
g .2 <
£ 600000 - - 6000 S | |g 600000 - - 6000 S
8 5 ©
400000 | - 4000 400000 - 4000
200000 - - 2000 200000 - - 2000
0 T T T T T 0 0] T T 0
1980 1985 1990 1995 2000 2005 2010 1980 1990 2000 2010
Hfort Hfort
Catch vsEfort Variable Catch vsEfort
1000000 - 1200000 -
900000 -
800000 - 1000000
700000 - 800000
S 600000 - 8
5 500000 - § 600000 -
8 400000 bS]
200000 1 400000 -
200000 - 200000 1
100000 -
0 T T T T T T !l 0 T T ]
0 2000 4000 6000 8000 10000 12000 14000 0 5000 10000 15000
Hfort Hfort
CPUEvsHfort Variable CPUEvs Hfort
600 - 600 -
500 500 -
E 400 - E 400 -
=] =]
D 300 - D 300 -
w w
g 200 - g 200 -
100 - 100 -
0 ‘ : : : : ‘ ‘ 0 . . . . . : ‘
0 2000 4000 6000 8000 10000 12000 14000 0 2000 4000 6000 8000 10000 12000 14000

Hfort

Hfort
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Figure 6.9.

and 2 (right panel).

Resulting trajectories from ASPIC, dmbed Examples 1 (left panel)
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Figure 6.10. Bootstrapped model projections of &ed data (Example 2) under
a constant catch scenario, with catch equivale®08 of the yield
in the last year observed (C=50% of 3.4E+05= 1. Hx+Rlots show
trajectories of relative biomass (B/BMSY), absolliemass (B),
relative fishing mortality (F/FMSY), and absoluieHing mortality
(F). The final control rule plot illustrates the gition of the stock
with respect to MFMT and MSST. Historical years 4883-2006,
projected years are 2007-2017.
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Figure 6.11. Bootstrapped model projections of &wed data (Example 2) under a
gradual reduction in fishing effort of 10% for 5ays, and 5% thereafter. This
strategy reduces effort to 20% of the 2006 valu@@l7. Plots show trajectories of
relative biomass (B/BMSY), absolute biomass (B)latree fishing mortality
(F/FMSY), absolute fishing mortality (F), and yiel@he final control rule plot
shows the position of the stock with respect to MFdhd MSST. Historical years
are 1983-2006, projected years are 2007-17.
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Figure 6.12. Real data used in ASPIC Example 3rtBURico commercial queen
conch landings, effort, and standardized CPUE in&eported data
from NMFS (2007), and index values from CPUE analy¥alle-
Esquivel, 2002b, and 2006, unpublished data).
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NO REGULATION CATCH QUOTAS

Constant Catch Policy (Avg 95-05) 10 % Annual Reduction in Catch for 10
18 Relative Biomass years, followed by MSY - Relative Biomass
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Figure 6.13. Bootstrapped model projections of fu&ico data (Example 3)
under no regulation (left panel) and a gradual cédn of 10% in
catch for 10 year years, followed MSY (right pand?)ots show
trajectories of relative biomass (B/BMSY) and riefat fishing
mortality (F/FMSY), and phase plots. The contrdérplot illustrates
the position of the stock with respect to MFMT aMiSST.
Historical years are 1983-2005, projected year26606-2017.
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7. QUEEN CONCH SIMULATOR

7.1. Introduction

A simulation model, ‘ConchMgtSim’_(ConcManagment Simulator) (Valle-
Esquivel, 2003), that incorporates the most impdrigharacteristics of the biology,
population dynamics, and fisheries of queen conab used to develop test-data bases
that can be used in queen conch stock assessntentmddel can simulate different
scenarios of a conch fishery and can be applie®evauate the effect of simple
management regulations (e.g., reductions in effge limits, seasonal closures). The
model configuration used here incorporates meaghweo describe the size-structure of
the population and the landings. ‘ConchMgtSim’ geaeral model, with some flexibility
to represent different scenarios regarding the labipn and the fishing operation.

The essential value of any fisheries simulatoresebin the fact that experiments
cannot be conducted with real fish (or shellfisbpplations, or with the users of that
resource. Controlled experiments to evaluate thgaots of different fishing patterns
(effort, catch, seasons of operation, areas fistied), are not feasible in reality.

A simulation model is a computer representatioa obmplex reality. Simulation
models are an essential tool in fisheries manageterause a variety of hypothetical
experiments can be conducted very rapidly on aopaiscomputer and can incorporate
and analyze the prevailing uncertainty in all fisheystems. Basic knowledge of the
biology of the stock (i.e., growth, reproductiomcruitment, distribution, abundance,
longevity, migration patterns, etc.) and of therelsteristics of the fishery (i.e., catch,
effort, catch rates, selectivity, management reguig, etc.) is sufficient to develop a
fishery simulation model. The models become moreusd as more information is
available, but ultimately, models can only be scaterand simplified representations of
reality.

7.2. Value and Purpose of the Model

The conch simulator consists of a (virtual) conapuydation, that undergoes
recruitment, growth, natural, and fishing mortalithe population (in numbers and clean
meat weight) can be tracked down at any momeritrig, tunder different biological and
fishing scenarios. The outputs produced by the iniod&ide: population numbers and
biomass by year, catch and yield by age and maosin/gpawning stock size and recruits
by year, and final population age/weight structure.
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The general purpose of the model is to test hypetheegarding conch stock
behavior under different population dynamic charastics, different fishery operations,
and different management regimes. In additiongtta generated with this simulator can
be used to test different stock assessment mogigks) that assessment results can be
compared against the “true” (virtual) conch popolat The simulator was used in this
manual to:

» Generate a hypothetical queen conch stock thatraety reflects the population
dynamics of the species and the characteristicemth fisheries.

* Generate (simulated) age/weight structured datgpeidorm stock assessment
analysis under controlled experimental conditions.

The objective of this section is to introduce toacept of a simulation model as a
tool to analyze fisheries with limited data, ashe case with the large majority of queen
conch fisheries. The conch simulator is describedl mple applications of the model
are illustrated. The original ‘ConchMgtSim’ programa complex algorithm written in
Fortran 90. A simplified version was developed ircidsoft Excel to make the program
available and accessible to a larger audienceisambvided with this manual.

7.3 Description of the Conch Simulator
7.3.1 Model Components

The conch simulator used to generate test-dataldasehis manual consists of
the model CONCHMGTSIM ©, developed by Valle-Esquiv@003), with a few
simplifications and modifications. A detailed deption of the model and documentation
of the Fortran 90 program are provided in the citefgrence. The main configuration,
parameters, and applications relevant to the dlgscof this manual are described here.

The main simplification of the model consistedréalucing the number of array
dimensions from three to two. Originally, the siatok generates conch populations and
catch structured by age and two size-dimensiord|{kngth, and shell-lip thickness); in
this version, the population and the catch arecirad by age and one size dimension
(meat weight). This simplification was based on fats:

1) Assessing growth in two phases (shell lengthjuasniles, shell-thickness as
adults) is cumbersome; conversely, growth in weigle continuous process that can be
modeled with a single function; and,

2) Most conch fisheries discard the shells andnctba meat at sea, even when size-
based regulations may be in place. Thus, the otlgerwvable dimension of the
individuals fished is often the clean meat filétmust be noted, however, that a large
variability is attached to this “Meat Weight” dimsgan, when linked to age or shell
dimensions, and that it is virtually impossibleassess age or the state of maturity from
meat weight data alone. To run this model configona a number of assumptions had to
be made to apply and parameterize a Gompertz grimartieat weight model.

The simulator consists of an age and weight siradt population, where
recruitment, growth, maturity, natural mortalitypdafishing mortality occur at known
rates, and can be adjusted to desired levels. Mhatyacan be added to some of these
functions. A monthly time step is used to explbi¢ tconch, with annual summaries of
numbers of conch, catch and yield by age and meahtvcompiled in output files. A
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brief description of the general configuration (frovalle-Esquivel, 2003) and of the
current parameterization follows.

1. Dimensions:ages 0-10, 80 sizes (1-320 grams in 4 gram bamg) ,gear, year-
round fishery (12 months of operation), maximunb@fyears in one run.

2. Virgin Population: Equilibrium-state, with constant recruitment a4 Z£+07

recruits.

Virgin Population Age Structure

Ozomo: HHHDDDDDD

Log NUM

Virgin Population Log Meat Weight Structure

Lok N w Ao e N o®
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3. Natural Mortality: 2 options:
1) Constant M=0.3 year
2) Decreasing M at age, according to a Weibullctiom (Appeldoorn,

1988a):

M= 4.001*(Age+0.5¥0774D

Natural Mortality (Weibull Function)

Weibull

= = = Constant

0 5 10 15
Age (years)

20

(1)

4. Maturity: Queen conch become sexually mature after the maxisiphonal
length is reached, with the lip becoming fully-8dr and subsequently increasing in
thickness (Appeldoorn 1998). The proportion of matindividuals was based on
literature values (Appeldoorn 1990), with 50% matat age 3.25 years. The cumulative
probability distribution and the values used in $haulator are:

AGE

% Mature 10

0

O WNBE

0.0%
0.0%
1.49%
38.46%
94.35%

Proportion Mature
© o o
» o ©

I
N

Age at Maturity Distribution

o
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100.00%

2 4
Age (years)
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5. Number of Age Classed:ongevity estimates for queen conch that have been
reported in the literature range from 7 to 30 yeacsording to the location of the
population sampled and the method used to ageotiehcTo Ten age classes are used in
this model configuration.

6. Recruitment: 4 options.
1) Constant recruitment
2) Random about a mean
3) Deterministic stock recruitment relationshipda
4) Random about a stock-recruitment curve.

The Base-Case runs used option 3, in the form adtarministic Beverton-Holt
(1957) stock-recruitment curve. Stock-recruitmeatameters were estimated by scaling
standardized catch rates from Puerto Rico, usiegnbthod described in NFSC (2002)
and Valle-Esquivel (2002b). Recruitment levels avescaled to produce reasonable
yields (at levels resembling those of Puerto Rigerahe catch history of the species,
within a range of 75-200 MT/year). The equation pathmeters are:

N, =TS 2)
y.0 ﬁ_'_ Sy
whereNy o are the number of recruits (age 0 conchs) on ye&yis the spawning stock
size (in numbers) at the start of ygaanda, § are the stock-recruitment parameters.
For an average of 2.4E+Q7 recruits:
Alpha==3.2E+07
Beta93=1.0E+06

Beverton and Holt SRR
for Variable M-at-Age Model (Weibull Function)
5.0E+07 1 Pu

4.5E+07 e
4.0E+07 1 X o
3.5E+07 L7

« 305407 1 XX

é 2.5E+07 A % X Recruitment
8208407 1 e x

K B PredR
1.5E+07 - R

LOE+07 1 .
s.0e+06 {f -7 = Replacement

PredR

0.0E+00 . . . .
0.0E+00  2.0E+06 4.0E+06 6.0E+06 8.0E+06  1.0E+07
Stock

7. Growth. A Growth Transfer Matrix was created using the hodtof Legault
(1996). The Gompertz equation was selected to ai@growth in meat weight:

-Gt
inMo Y,

W =W,e " @
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Parameter | Mean VAR (10%CV) | Cov (W«»-G) Distribution
Weo 172.67 298.16 N(172.7,17.3)
G 1.156 0.0134 -0.6 N(1.156,0.116)

Low High
Wo 0.19 0.05 0.35 U(0.05,0.35)

These parameters were obtained from multiple ssgga analysis of
morphometric data from the Bahamas (length-MW,Miy¥) collected by Ehrhardt and
colleagues (1996-1998), and based on the methocribed by Appeldoorn (1992).
Multiple-regression equations were combined throsghulation with a generalized
growth in length function (based on parameters tf whole Caribbean, in Valle-
Esquivel, 2003) and Appeldoorn’s (1988b) growtHipnfunction for adults. Other trials
can include other parameters [i.e., growth in wegdrameters for Puerto Rico estimated
by Appeldoorn (1992)], or the use of different gtbwvequations.

The probability distributions give the range ofuwed used for each parameter in
10 million stochastic projections of growth tra@aes. A matrix of growth probability
values that incorporates uncertainty is producdd tis method (Legault, 1996), and is
used as an input in the conch simulatdihe graph below shows twenty sample growth
patterns that would occur within the simulations.

20 Simulated Gompertz Growth Curves
250 1

n

o

o
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o
o

Meat Weight (g)
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|

\

o
o
1

o

Age

Standard equations from the fisheries literatueewsmed to calculate and fishing (F) and
total mortality (Z), abundance (N), catch in nungec€), and yield in weight(Y).

8. Fishing Mortality. The fully selected fishing mortality rate (F) fany age-
meat weight cell in the simulation is calculatedtlas product of effort (f), catchability
(9), and selectivity (S)

F=f*q*S

4)

» Effort and catchability values are adjusted indhmulations to obtain the desired
depletion level at the end of the exploitation péri

® A Gompertz growth simulator is included in elecimformat under folder ‘CH7-Conch Simulation
Model'.
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« Effort is input for each year, can be constantyease, or decrease over time.
Currently set at levels resembling those of thertBuRico fishery, averaging
4000 effort units/ year (i.e., number of fishinp$).

»  Selectivity is knife-edge, fixed in time, and s{@esight) specific, starting at Meat
Weight=80 grams. Knife-edge selectivity can be rpalsted to change the size
of recruitment into the fishery (i.e., minimum meaight regulations).

»  Constant catchability, currently g= 5.5e-05.

9. Total Mortality Rate. Calculated by adding the natural and fishing mibyta

rates per cell
Zt: Mt+ Ft (5)

10. Population Abundance. The abundance of the first age/size class is
generated using one of the stock-recruitment pratiips described above. The
abundance of the other age classes follows thenexpial decline equation, where
population abundance (N) is reduced over time ftbencombined effects of natural and
fishing mortality:

Ni=Ni, € “ (6)

11. Catch in Numbers and Yield.The catch equation is used to calculate the
total catch from any cell during the month:

_N FR@-e*)

C 5

(7)
t

Yield is calculated as the sum of the meat weights dhallindividuals in a cell,
divided by 1000 to obtain weight in kilograms. Tio¢al catch-by- meat weight for the
year is the sum of the catches over all meat wedgig and months. The total yield for
year is the sum of all monthly yields.

12. Sectors of the Fishery and Season of Operatiof single fishery is used,
with its corresponding selectivity, fishing effoand season of operation (with the option
to open or close the fishery during certain mowthihie year).

13. Data Generated. The main outputs produced by the model include:
population numbers, biomass, final age/meat westynicture, and annual and monthly
summaries of catch and yield. Simulated age/werjhictured catches were used
elsewhere in this manual to test the validity (fe@sment models.

14. Historical Condition and ManagementSimulation of historical catches can
lead to an unexploited, fully-exploited, or ovemp®ited population. Reductions in
fishing effort, size-limits (i.e., limits on mininmu meat weight), and seasonal closures
can be implemented for a selected management péyaektending the number of years
in the simulation.

7.3.2 Model Operation

A virgin population is created by adding a constaumber of recruits to Age 0
bins, and following this cohort under natural mbtgafor 20 years until equilibrium
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conditions are met. This generates an unexplotiecks Fishing mortality is introduced
according to a desired pattern of exploitation todpice different depletion levels (e.g.,
20%, 50%, 80% of the unfished stock) at the enith@fexploitation period. If the stock is
depleted (e.g.,under a control rule gfyBo < 50%), fishery tactics are applied for a 10-
year management period (Figure .

MODEL OPERATION

! | Natural Mortality Ur;%xyelglrtsed

/ to Equilibrium
Virgin Population State
— - Yield
Flshlrll_g __,| Observed | -Effort
Mortality Data -CPUE Exploitation
l -Abundance e Period
(20 years)

FINAL STOCK
B,o/By=20%, 50% or 80%

Control Rule —
If B,y /B, <50%
" - Effort Control Management
Fishery - Size Limits - Period
Tactics - Seasonalor (10 years)

- Totalclosures

7.3.3 Computer Programs and Limitations

CONCHMGTSIM is a FORTRAN 90 application for PC qouters. There is a
main program that calls a number of subroutinesgdutes and functions to perform
different tasks and calculations required by timeusator. The program uses several input
files, and produces several output files, which & summarized and plotted for
interpretation. Some of the fishery and managemaated inputs are flexible (M, SRR
and parameters, fishing effort, g, selectivity, seena of operation), but other, critical
inputs such as the growth transfer matrix and il population, are not. The major
limitation of this program is its complexity: it it user-friendly, and requires a certain
level of expertise in programming languages. CONGHNIM and extensions were
developed for a specific purpose (generation ofvegjght structured catch data in this
manual), so in the present configuration, applicatio other case studies is limited

A simplified version of the Fortran program sinmtola was developed in
Microsoft Excel to make the program available aoceasible to a larger audiefice

7.4 Model Implementation

® Some of the subroutines have licensing restrictionsre the intellectual property of other authors
(MAKEGTM, Legault 1996; Valle-Esquivel, 2003), smlp compiled versions of the program may be
available upon request.

7An Excel version of the conch simulator is includeth this manual in the electronic folder ‘CH7-@tn
Simulation Model'.

101



7.4.1 Simulation Experiments

Factors and Levels

Many factors may affect the structure of a queemchostock that is subject to
exploitation, but it is virtually impossible to ex@ne every possibility. Four factors can
be considered to perform simulation experiment wiis model: (1) the rate of natural
mortality, (2) the rate of recruitment, (3) theesivity, (4) the level of depletion at the
end of the exploitation period. Alternative growttodels (Ehrhardt, in. prep.) may also
be tested. Experiments consist in creating diffessenarios of the population and the
fishery through the combination of factors and Ievén the examples presented here,
other factors of interest were held constant topkfgn the experiments: the age at
maturity, the growth function, the number of geasd the season of operation of the
fishery. Alternatives for fixed and experimentatttars and levels are outlined in the
following tables.

FIXED FACTORS
1) Natural Mortality (M)

LEVELS/ OPTIONS
1. Age-specific

2. Constant: M=0.2, 0.3,0.5
1. Constant
2
3

2) Recruitment (R) . Variable
. SRR-Deterministic
4. SRR-Random
3) Age at Maturity (AM) AM~N(3.25,0.32)
4) Growth Transfer 1. Stochastic Gompertz
Matrix MW -at-Age function
5) Number of fleets (Gears) 1

6) Fishing Season 1. Year-round fishery
2. Seasonal

**Shaded areas show options used in the scenprigsented here.

EXPERIMENTAL
FACTORS
7) Effort ()

LEVELS

1. Constant over time
2. Increasing
3. Decreasing

Constant

8) Catchability (q)

9) Selectivity (S)
(in Meat Weight, MW)

1. Knife-edge: MW=80 g
2. Knife-edge: MW=120 g
3.Knife-edge: MW= 160 g

10) Depletion Level (DL)

1. Low= 80% of initial stock

(at END of exploitation period)  |2. Intermediate= 50% of initial stock
DL= Bfinal / Bo 3. High= 20% of initial stock

**Effort and Catchability are adjusted in each smém to obtain the

desired F and and depletion level at the end oéxpdoitation period.

Simulation Scenarios
Four simulation scenarios are presented to ibstthe implementation of the

conch simulator. The assumptions and inputs useeaith case, the main outputs
produced and a short interpretation of resultsprowided. These scenarios are only a
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few of many possibilities, but intend to demon&rte value of the simulator to test
hypotheses about exploitation and management afrgaench stocks. The simulation
scenarios described below are provided as exarnplie conch simulator (in electronic
folder ‘Ch7-Conch Simulation Model’).
I) Scenarios to illustrate the effect of differeshing mortality levels:

1) Base-Case Scenario (Scenario 1-Case?2)- Intermddiguietion Level

2) Case 1- Low Depletion Level,

3) Case 3- High Depletion Level
II) Scenarios to illustrate implementation of managenregulations on a severely
depleted stock:

4) Meat Weight Limit

5) Fishing Effort Reduction

6) Seasonal Closures

I) Fishing Mortality/ Depletion Level Scenarios

1) Base-Case Scenario (Scenario 1-Caseldfermediate Depletion Levelvas created
and used as a reference for all subsequent twdls Age-Specific Natural Mortality (M)
and Deterministic Beverton-Holt SRR. Only varidyiliin the growth model is
incorporated under this set-up. Base-case conditoa outlined below.

Construction of other scenarios included changedherfishing mortality pattern,
implemented through changes in effort, selectivatgd final depletion levels. Further
analyses could make different assumptions regarkiygoopulation dynamic processes:
recruitment, mortality, and growth, as suggestedthe fixed factors table. Each
simulation trial involves the exploitation of a @bnpopulation in equilibrium for a
period of 20 years. Depending on the final depfetlevel, a subsequent 10-year
management period can be implemented to rebuildtthek and/or to stop overfishing.

FACTOR SCENARIO | (Base-Case)
Natural Mortality Age-specific

Recruitment Deterministic Beverton-Holt SRR
Virgin Population Constant recruitment= 2.4E+07
Age Classes 0-10

Maturity 50% Mature @ Age=3.25
Growth Stochastic Gompertz
Exploitation Period 21 years

Fleets 1

Fishing Season Months 1-12

Catchability Constant, g=5.5E-05

*Effort Constant f=4000 units/yr
*Selectivity Knife-edge= 80 g

*Depletion Level Intermediate, DL=50%

The other two depletion scenarios are based deréift fishing mortalities,
applied at a constant rate over the time seriesaniaers for these three F/Depletion
scenarios are given below. Case 3 is used latestananagement regulations.

2) Case 1‘Low Depletion Level’, and
3) Case 3 ‘High Depletion Level
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Scenatrio | Scenario | Scenario |

Case 1l as€ 2 — Base case Case 3
Parameters Constant F Constant F Constant F

Low DL Interntiate DL High DL
Final DL=B,1/B1 80% 50% 20%
F(yr) 0.085 0.22 0.44
Effort (f) units/yr 1550 4000 8000
Catchability (q) 5.50E-05 5.50E-05 5.50E-05
Selectivity (MW) 809 80g 80q

The data generated under this base-case scesatiged to illustrate the main

model outputs: time series of catch, yield, popotasize, biomass and age/ meat weight
structure (in the Fortran90 application) (Figurek 7.6).

Scenario 1- Interpretation of results

Fishing effort and fishing mortality rate are mained at constant levels to
produce a depletion of 50% at the end of the histbitime series (year 21)
(Figure 7.1).

Stock biomass is thus, declines exponentially & 50 the unfished biomass by
year 21. The spawning stock also declines, to 37%he virgin spawning
biomass. The effect of overfishing on reproductageilts is more severe (Figure
7.2)

The age structure is modified by fishing. From éxponential decline equation,
there are naturally more young individuals than ab@s in the virgin stock. The
relatively unselective fishery catches conch at @d@ms, thus reducing the
abundance of most age-classes over time. By yeave?§ few conch ages 7-10
remain. (Figure 7.3).

Biomass by age also declines within a year and twex, but given the large
variability of MW-at-age, the annual distributiods not change the shape over
time (Figure 7.3)

Catch-at-age distributions show that age-2 conehtla¢ most abundant in the
catch, with older ages in smaller proportions (Fegr.4).

The meat-size structure of the catch clearly shkmife-edge selectivity at 80g.
The annual catch distributions have a peak at Y&fhg, and decline in bigger
sizes. This pattern remains stable over time (Eigud).

Yield declines at the beginning of the series, wemdains stable thereafter (Figure
7.5).

The comparison of the final age and meat weighiciire among the stocks
fished at different F levels shows that the effemftsishing are more severe at
greater fishing mortalities. The disappearance anfjd age/size classes and a
greater reduction in stock size are clear as Feas®s (and the depletion level
increases) (Figure 7.6).

The next three scenarios, introduce different tygfamianagement regulation to a

severely depleted stock (Scenario I-Case3-DL=20%):
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4) Meat Weight Limit- Case 1-‘H120’- A meat weight selectivity of 120 g is apgdi
during the historic period, instead of the basescssdectivity of 80g, which considered
non-selective. Size-based management occurs dtirendpistoric period, so there is no
additional 10-yr management series.

Meat Weight Limit- Case 2 ‘H80M120’ — A meat weight selectivity of 80 g ding
the historic period (base-case), and of 120g duangextended, 10-year management
period.

5) Fishing Effort Reduction- ‘F10% Red: Fishing effort is reduced by 10%each year
during the management period, to reach F=0 ingbeylear.

6) Seasonal Closures:Close_4mo’ — A 4-month closure is implemented regear
during the management period. This is another ffreffort-reduction strategy.

A brief comparison of management scenarios

A comparison of the effects of management reguiatiupon the stock (in terms
of biomass, age/size structure, and yield) at theé ef the management period can
provide information to select the best managemetibn. Regulations are listed below,
in order of effectiveness, for each managementotiloge (from Figures 7.7, 7.8, and 7.9):

MANAGEMENT OBJECTIVES
Place Biomass Reconstruction of | Reconstruction of Sze Increase Yield
reconstruction Age Sructure (MW) Sructure
. Improve historical . Seasonal closures-
Best 1| FReductions MW limits Freduction maintain historical levels
2 Seasonal (4-month) Freductions Seasonal closures Imprqvg historical
closures MW limits

MW limitsonly in
management period*

Improve MW limits
3 |(to larger MW=120g) |Seasonal closures
in historical period
MW limitsonly in MW limitsonly in
management period. [management

Improve historical
MW limits

MW limitsonly in
management period*.

4 |*Need moretimeor (period* Satusquo
combine with other
requlations
Efort reductions- reduce
Worst [ 5 [Satusquo Satusquo Satusquo yield significantly;
at F=0 no yield

A final note on conch fisheries management

These examples are only a few of hundreds of pitiieis that can be attempted
with conch simulation models. The ultimate aim afcls exercises is to find a
compromise among objectives to elucidate the stfsmanagement options to rebuild
overexploited queen conch stocks and to stop @heny. In the face of the enormous
uncertainties associated with queen conch bioleggessment and management, it is
recommended that scientists and managers starhgiake of this and all the other tools
available to make more informed decisions. Hopegfuthanual users will start viewing
conch fisheries management from a different petsgeafter understanding the great
challenges and opportunities that this speciesseptts.
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Figure 7.2 Biomass depleted to 50% by the
end of the exploitation period
(DL=B41/B2;=0.5, Scenario I-Case?2).

Figure 7.1 Constant fishing effort and fishing
mortality needed to create the base-case
scenario with DL=50% (Scenario |- Case

2) Spawning stock also shown (depleted to
37%).
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Figure 7.3 Annual age-structure of population nurstend biomass under Scenario I-
case 2 (DL=50%).
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Figure 7.4 Annual catch in numbers by age and droaieh in numbers by meat weight
bin (4 gram bins).
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Figure 7.5 Annual yield (MT) under Scenario I-c294®L=50%).
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Figure 7.6. Comparison of the final age and meaghtestructure among the simulated stocks
fished to different depletion levels (DL=80%, 5020%) under Scenario | (cases 1- 3).
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Figure 7.7. Final biomass depletion level and bissnaajectories under different management
regulations. Depicted scenarios are: 1c) BC-20% Bdse-case; 4a) H120=Historic MW
limit =120g; 4b) Management MW limit=120g; 5) F10%dR- 10% effort reduction per
year; 6) Close_4mo= 4- month seasonal closures.
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Figure 7.8. Annual yield trajectories under diff@rananagement regulations.
Depicted scenarios are: 1c)
H120=Historic MW limit =120g; 4b) Management MW lim120g;
5)F10%Red= 10% effort reduction per year; 6) Cldseo= 4-

month seasonal closures.
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