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Abstract

This paper presents a framework for the evaluation of the potential effects of different management
measures on populations of large coastal sharks. A sex and age-structured, fleet disaggregated population dynamics
model is used to simulate the dynamics of the shark population and fisheries. Bayesian statistical methods are
applied to fit the model to the data and deal with the uncertainty in the model parameters and assumptions.

Starting from the predictions of the model for the current status of the stock, the population is projected into
the future under different assumptions for fisheries management. The management options considered are catch
quota reduction for the whole fishery or for specific gears, minimum size restrictions and tempora closure of the
fishery. The potential consequences of the different management measures with respect to the replacement yield are
presented and the effectiveness and limitations of each measure are discussed. For illustration purposes the model is
applied to data for sandbar shark (Carcharhinus plumbeus) from the U.S. east coast fishery.

Introduction

Advice for the management of shark species has mainly been based on results of demographic or surplus
production models (Sminkey and Musick, 1996; Cortés, 1998; McAllister et al., 2001)(but see Punt and Walker,
1998 and Simpfendorfer et al., 2000 for examples of advice based on age-structured models). Such models require
less biological and fisheries data than more sophisticated population dynamics models but cannot account for age-
dependent factors that affect the dynamics of the species.

Modelling advice for the management of the large coastal sharks (LCS) in the U.S. east coast has also been
based mainly on the predictions of simple population dynamics models. However, in November 2001, the
independent review of the 1998 LCS stock assessment called for more refined data and analyses to be used for the
stock assessment of large coastal shark populations (NOAA, 2001). In their reports, independent reviewers
recommended the development of an age-structured model for the stock assessment of large coastal shark species
and encouraged the consideration of conventional and some alternative management measures such as temporal and
spatial closures.

This paper presents an age- and sex-structured, fleet disaggregated population dynamics model that
accounts for specific characteristics of shark biology and fisheries. Bayesian methods are being used to tackle the



uncertainty in the choice of appropriate population dynamics model structure and model parameters. The
methodology is applied to the fishery for sandbar shark, Carcharhinus plumbeus off the U.S. east coast and
estimates of key biological parameters and the current status of the population are provided. Based on the outcome
of the analysis for the current status of the stock, the model evaluates the potential commercial effects of
conventional and alternative management measures.

Materials and Methods
Population dynamics model
A fleet disaggregated, age-structured model is used for the simulation of fish population dynamics. Annual
steps are used for the calculations and the values of the variables of interest are calculated at the beginning of each
year except for the variables characterising fish exploitation. These latter values are calculated twice each year since

it has been assumed that the fishery takes place in two discrete fishing periods.

If the number of fish from each group that are caught or die from natural reasonsin ayear, t, is known, then
the number of fish of age, a, and sex, g at the end of thisyear, N :I . would be:
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where S, is the survival at age a from natural causes of death, Ny is the number of pups at time t and fy is the

fraction of pups of sex g. It isassumed that pups are vulnerable to fishing and that the survival per year of fishin age
class, a, S, is constant. Catches of fish of age a and sex, g, during the first and second half of the year,

Cé]’)t,a’ ,Céi)’a, respectively, are taken in a pulse in the middle of each fishing period after the population has
experienced natural mortality for half of the fishing period. The number of fish caught during the first fishing season
of each year with gear, j, C W is calculated as follows (Punt and Walker, 1998):
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where Vg aj denotes fish vulnerability to gear j at age a, and Uy j isthe exploitation rate per gear, j, at time, t. The

assumption underlying this equation is that fishing using different gears is a successive process such that, at any
given time fish are caught with only one gear. If the catch per fishing period and gear, are known then the

exploitation rate for the first fishing period, ufl_) is (Punt and Walker, 1998):
)]
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In the above equation, catch per fishing period is assumed to be in biomass units and therefore, the weight of fish,
W 4, IS Needed to calculate the exploitation rate. If the catch data are given in numbers of fish, then we do not need to
multiply by fish weight. The weight of fish in age class, a, used for the calculations is equal to the weight of fish at
agea+ 0.75 for thefirst period and of age a + 0.25 for the second period of each year sinceit has been assumed that

pups are born in the middle of the year. Fish weight at age a, is expressed as a function of fish length, Lg a:
b
= 9
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where dg and by are constants and fish length at age is described by the von Bertalanffy growth equation (VBGE):
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where Ly 4 is the theoretical maximum asymptotic length of fish of sex g, and kq , tog are constants.

The exploitation rate per gear for the second fishing period of a year is calculated in a similar way.
. o . b . . .
However, the number of fish at the beginning of the second season is equal to N ot minus the fish that die due to

natural and fishing mortality during the first fishing period of the same year.

If the number of fish at age, a, that are caught in each fishery at time period, t, is known then the
exploitable fish biomass/number per gear can be calculated. The exploitable number of fish for the first period of a
year is:
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The exploitable fish biomass is found by incorporating the weight at age into the above equation. The exploitable
fish biomass or number for the second period of the year is calculated in a similar way. The exploitable biomass or
number of fish per gear for each year is taken as the mean of the corresponding value for the first and second period
of ayear.

The total number of female fish is equal to the sum of the females that give birth in year, t, (group p) and
the females that are either immature or are mature but are not pregnant at the beginning of time, t, (groupr):
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The mature females in the latter group are supposed to give birth in the following year. The number of females that
are pregnant at the beginning of each year is assumed to be equal to 50% of the total number of mature females.



The number of pups born each year is calculated as the product of pregnant females of age, a, N b"f)' L timesthe
g=Temt,a

fecundity per age. We assume that pupping is abiannual process. The number of pupsthat are born in year t depends
on the fraction of pregnant females at the beginning of year t that survive to give birth in the middle of the year:
b, p.
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where Ea is the number of pups per pregnant female of age a. Pups survival, &, is calculated using the Beverton-
Holt (Beverton and Holt, 1957) stock-recruitment function.

If y; is the year when exploitation of the stock started, then we can calculate the number of fish at the
beginning of this year assuming that the population is equal to the virgin population. If catch series that extend back
to y; are not available we can treat the mean catch during the years for which no data are available as an uncertain

random parameter (McAllister et al., 2001). If the number of pups under virgin conditions is NO,yl , then the total
number of fishin each age-class at the beginning of year y; is:
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where the number of pups under virgin conditions can be calculated if the biomass of fish under virgin conditions,
B,, isknown:
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If the biomass of mature fish under virgin conditions is used instead of the total virgin biomass the summation over
age in the above equations must start from the age at maturity.

Satistical framework

The assumptions used for the catch in the period from y; until the earliest year for which catch data were
available was that the catches during this period (historical catches) remained constant. The parameters virgin
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biomass, B,, pup survival at low densities, A, and historical catches for commercial and recreational fisheries Cﬁis ,

Cﬁiosm were estimated parameters. Furthermore, the constants of proportionality, ¢, and the variance, s;y, for each

relative abundance seriesk that corresponds to gear j, were also estimated.

Bayesian statistical methods were used to fit the model to the data and estimate the above parameters. Prior
distributions were constructed for each of the uncertain parameters; uninformative priors were used for the
parameters for which no information was available.

If p(qn) isthejoint prior probability density function for a set of values of the estimated parameters, q,, then
the value for the posterior probability density function for this set of values, given thedata, I, is:
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where L(I |gn) is the likelihood function of the datafor this set of values of the uncertain parameters of the model. It
is assumed that all the observations are independent and that the observed values from each abundance series, ljt,
arelog-normally distributed about the corresponding value predicted by the model, 0 1B .

2
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Nje?;pl denotes the annual exploitable number of fish that corresponds to observation i, 0« is the constant of

proportionality for the series, k, that comes from fishery j and s; is the lognormal standard deviation for residual
errors between the observed and predicted values for each series of relative fish abundance. The equal weight
method is used to weight the points of each of the relative abundance series. The loglikelihood function of the data
for one potential set of values for the uncertain parameters of the model,qy , is (McAllister and Kirkwood, 1998,

McAllister et al., 2001):
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An alternative weighting method such as the inverse variance weighting method could also be used which would
alow for the annua estimate of the CV's for sampling error for each of the relative abundance series to be taken
into account.

Parameter values and assumptions

The values of the fixed parameters of the model for sandbar shark are shown in Table 1 and Figure 1. It has
been assumed that pupping is a biannual process (50% of the mature fish give birth in a given year and the rest of
the mature fish give birth in the following year) and takes place in the middle of each year (Merson and Pratt, 2001).
The gestation period was assumed to last approximately a year (Smith et al., 1998; Sminkey and Musick, 1996).
Catch data from 1981 to 2001 and various fishery dependent and independent relative abundance indices (NMFS
1998 and 2002) were used while 1965 was assumed to be the first year of exploitation. Since there were no catch
data for the recreational and commercial fisheries that operated in U.S. waters during the period 1965-1981, catches
for the recreational and commercial fleets over this period were assumed to be constant and treated as estimated
parameters.

Dueto lack of information, non-informative priors were used for s ;. and ¢ x. Informative prior were used
for pups survival (~lognormal [0.6, 0.3]), virgin biomass (log(B,)~U[log(10°Kg), log(4x10°K)]) and historical

com

catches (Cpja" ~ Lognormal[50000, 0.5%], C/is ~ Lognormal [40000, 0.5.



Estimation of the posterior distribution

We approximated the posterior joint probability distribution of the estimated parameters using the SR
(sampling/importance resampling) algorithm (McAllister and lanelli, 1997; McAllister and Kirkwood, 1998). After
the importance draws had reached convergence according to the maximum weight and
CV (weight)/CV (likelihood* priors) criteria, we used importance resampling to subsample 5000 draws. These draws
were used to calculate the marginal posterior probability distributions, mode and mean values and CV's for
parameters of interest such as current size of stock relative to the virgin one, pup survival at low density and
historical catches.

Harvest strategies

Using the results of the model for the current status of the stock and the predicted values of the estimated
parameters we projected the population into the future under different management options.

The management options considered were the following.
1. No fishing mortality

The population was projected in the future assuming that no fishing was taking place. The number of fishin
each age class in 2001 for the set of values of the estimated parameters chosen had been calculated and the model
was run using these values as starting values while catch was assumed to be equal to zero. The run for all the
scenarios presented below also projects the population in the future starting from 2001.
2.1999 FMP for catchesin number.
Commercial TAC = 78% of 1997 commercial harvest in numbers= 32,304 sharks
Recreational TAC = 18% of 1997 recreational harvest in numbers= 7,491

According to the decision analysis in the 1999 HMS FMP (NMFS 1999, chapter 3, page 67), sandbar
mortality should be cut by 82% in numbers for the recreational fishery, and by 22 % (numbers) or 8% (weight) for
the commercial fishery from the 1997 harvest levels.

3. Recreational fishery vs commercial fishery

a.  Only therecreational fishery is allowed to operate. Total catch in numbersisequal to the maximum number of
fish that can be caught without causing reduction in the current size of the population.

b. Only the commercial fishery isallowed to operate. Total catchin numbersis equal to the maximum number of
fish that can be caught without causing reduction in the current size of the population

4. Minimum and/or maximum size restrictions.

a. Fish smaller than 90 cm fork Iength could not be caught. b. Immature fish could not be caught (<105 cm fork
length). c. Fish bigger than 200 cm fork length could not be caught.

The number of fish that could be caught without causing further decrease in the size of the stock is calculated. To
find the maximum catch that fulfilled these requirements when both the commercial and recreational fishery are
allowed to operate we assume that the catch from the commercial fishery are much greater than the catch from the
recreational fishery. The ratio of the commercial catches to recreational catches is assumed to be equal to 1:5 which
issimilar to theratio of the recreational catch to the commercial catch under the 1999 FMP for catches.



5. Temporal closure of the fishery

Commercial and/or recreational fishery is alowed to operate only in certain periods of the year.
Combinations of temporal closure with other measures such as size restrictions are also considered. The same ratio
of the commercial to the recreational catches as the one given above was used.

Results

The results of the model for the current status of the stock were characterised by high uncertainty which
was, partly, due to the limited information in the catch and relative abundance data that were used. The predictions
of the model that corresponded to the mode of the likelihood function showed that the population in numbers has
decreased to 40% of the population under virgin conditions while the decrease in number of mature fish is even
greater (Fig. 2, Table 2). According to the mean values of the estimated parameters though, the current size of the
population was approximately equal to 60% of the size of the population under virgin conditions. Utilisation of
more detailed abundance indices, (i.e. different indices for different age groups (NMFS, 2002)) and a more accurate
estimation of the catch data could improve the accuracy of the model predictions.

The modal values of the estimated parameters were used as input for the deterministic projection part of the
calculations. The model was run for 50 years starting fom 2001 under different assumptions for fisheries
management. Although decision analysis could be done in this modelling framework, it was decided that, as a first
step, the results of the deterministic projections could be used for comparing management strategies.

The model was originally run without any future exploitation to evaluate the rate of recovery of the
population (Table 3). Under the no fishing assumption the population became equal to 48% of the virgin population
in numbers by 2050 (50% in nature fish number), showing an increase of approximately 20%. However, the
predictions showed that the population would go commercialy extinct in less than 25 years under the current
catches scenario. Similar results were obtained under the 1999 FM P scenario for catches.

To evaluate the effects of the selectivity of each gear used by the different fisheries (commercial,
recreational) (Fig. 1) we ran the model for each of the fisheries, separately. The population was projected in the
future assuming that only recreational fishery would operate and the reduction in the total catch in numbers relative
to the current catch which was required to sustain the population at its current size was calculated (Table 3). The
model was run again assuming that only the commercial fishery was allowed to operate and the replacement yield in

numbers, Cégfm, for the current size of the population, which is the yield that can be taken without affecting the

current size of the population, was calculated (Table 3). The results showed that the catch in numbers that was
sustainable when only the recreational fishery operated could not be sustained by the population when only the
commercial fishery was allowed to operate.

Since the recreational fishery exploits young fish while the commercia fishery targets mainly larger fish
these results imply that the population is more sensitive to removals of large immature and mature fish than to the
removal of smaller immature fish.

The replacement yield at the current population size when the commercia only fishery was assumed to
operate was much smaller than the current catches (11%) (Table 3). Using this value for the replacement yield in

numbers, Ccrgfm , and in biomass, Ycr;fn, as a reference point we investigated whether an increase in the replacement

yield in numbers and/or biomass, would be possible under different management measures. The management
measures considered were minimum and maximum size restrictions, change in selectivity and temporal closure of
the fishery (Table 4).

As mentioned above, the replacement yield in numbers at the current size of the population was greater for
the recreational than the commercia fishery (Table 3). However, the replacement yield in biomass for the
recreational only fishery was less than the replacement biomass yield for the commercial only fishery.



In order to ensure that enough fish would reach the age at maturity, one of the management measures
applied did not allow any fishing for immature fish (length < 105 cm FL). Under this assumption the replacement
yield, when the commercia only fishery operated, was 38% smaller than the Cégfm. The replacement yield in
biomass presented an increase of 21% relative to the reference yield, Ycroeifn, since the weight of fish caught in this
case was greater than the weight of fish caught when the whole population could be exploited. When both
commercial and recreational fishery were alowed to operate but there were minimum and maximum size

restrictions the replacement yield in numbers increased relative to the reference one but the replacement biomass

yield declined to 87% of the reference replacement biomass yield, Ycroerfn. The replacement yield in both numbers

and biomass were greater than the reference ones when temporal closures of the fisheries were introduced. The

replacement biomass yield (commercial + recreational) became equal to Ycroe;q when the commercial fishery was

allowed to operate only in the second half of the year and the recreational could operate the whole year round but
with minimum size restriction. The value of the replacement biomass yield increased by 3% relative to the reference
value when a temporal closure for the recreational fishery was also introduced (no size restrictions for any of the
fisheries). The increase in the replacement catch in numbers relative to the reference value was 7% and 16 %,
respectively.

Since, the values that each of the estimated parameters could take varied considerably, the projections were
repeated using the mean instead of the modal values of the estimated parameters. The number of fish that could be
caught by the commercial fishery without causing any decrease in the current size of the population (replacement

yield in numbers) was approximately 16000 fish (replacement yield in biomass:Y, ref ~5x10°Kg). This is less than

com
one third of the number of fish caught by the commercial fishery in 2001. The predictions of the model regarding the
current status of the stock that corresponded to the mean values of the estimated parameters showed that the current
status of the stock is less depleted than in the previous case (Table 2). Nevertheless, the projections showed that the
population could not sustain the current level of exploitation. The results of the projections using the mean values of
the estimated parameters are shown in Table 5.

The results of the projections for each set of input parameters (mean and modal values of the estimated
parameters) were compared to each other to evaluate the sensitivity of the model predictions to the choice of the
values of the estimated parameters. Although the quantitative results of the projections for the two different set of
values presented some differences, the qualitative predictions of the model were not affected by the change in the
values of the estimated parameters.

Discussion

Although it is difficult to derive conclusion about the status of the stock due to the considerable uncertainty
in the model predictions, it is unlikely that the current levels of exploitation are sustainable. The uncertainty in the
model predictions could be reduced if more informative exploitation and abundance data are used. The choice of the
weighting method applied is also a source of uncertainty. Equal weighting was used for the calculations described
here, however, other methods could also be applied to evaluate the sensitivity of the model predictions to the
weighting method used.

The replacement yield in numbers and biomass depended on the measures applied for the management of
the shark fishery. Some management measures resulted in an increase in the number of fish caught and somein an
increase in the yield biomass. Thus, it is important to provide catch in both biomass and number of fish to describe
the exploitation of the stock. Furthermore, in such cases, the evaluation of the potential financial benefits of each
management option would be necessary for the adoption of the most effective measure. Nevertheless, measures that
allowed for part of the population to be protected from fishing during some periods of the year such as temporal
fishery closures resulted in an increase in the replacement yield in both numbers and biomass. Such measures could
be more appropriate for the management of species of low productivity like sandbar shark than conventional
measures such as catch reduction. The enforcement of temporal fishery closures may also be easier than the
enforcement of measures such as size restrictions.



The population seems to be more sensitive to removals of mature individuals than to removals of young
fish. A reason for this is because the survival of older fish is greater than the survival of young fish and therefore,
the removal of young fish has a smaller impact on the size of the population since a proportion of the fish caught
would die from natural causes. The replacement yield in humbers predicted when selectivity for mature fish was
used was smaller than the replacement yield when immature fish were mainly targeted but the replacement biomass
yield was greater in the former case. Thus, the assumptions for the selectivity used could influence, considerably the
predictions of the model about key parameters such as MSY which are often used to set the catch quota for a fishery
and evaluate the rebuilding potential of a population.

The modelling framework presented here requires more information than the frameworks currently used to
provide advice for the management of many shark species. However, it alows for the simulation of age-dependent
processes and can be used to test a great variety of management options such as size limits, gear restrictions and
partial protection of certain age-classes. Furthermore, many shark species have biological characteristics similar to
those of the sandbar shark. Thus, this framework could a so be extended to evaluate the potential effects of different
management options on the population of other shark species.
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Table 1. Values of input parameters for sandbar shark (Carcharhinus plumbeus).

Par ameter Value Source
Bmat 14,years, females Sminkey and Musick, 1995
13 years, males Smith et al., 1998
Snax 35 years
by 3.0124 g=1,2
dy 1.0885x10° Kg
fy, o 0.5 Sminkey and Musick (1996)
k 0.059, fem. & males Sminkey and Musick, 1995
Ly 197 cm, females Sminkey and Musick, 1995
184 cm, males
S 0.72, a=1
0.77, a=2 Cortés, 1998
0.80, a=3
0.82, a=4
0.85, 4<a<10
0.9,a>=10
to -4.8, females Sminkey and Musick, 1995
-5.4, males
E 9 pups Springer 1960,
a Sminkey and Musick, 1996
F 0.5for a= anan Brewster-Geisz et al., 2000
a 1fora> gna

Rel ationships between fork length (FL) and total length (TL), and between precaudal length (PCL) and total length (TL) used:

TL=1.34PCL-0.64 (Sminkey and Musick, 1995)

FL=0.8265TL+1.3774 (Casey and Natanson, 1992)

Table2. Summary statistics for the ratio of SSB in 2001 to SSB under virgin conditions, ratio of total number of fish in 2001
to the number of fish under virgin conditions, ratio of historic catches in the U.S. commercial and recreational
fishery to the corresponding catches in 2001, and pup survival at low population sizes.

r SSB rNtot I’CO((:Om) rCO(rec) Spups
Mode 0.36 0.40 0.26 0.32 0.56
Mean 0.60 0.63 0.86 0.89 0.58
Median 0.66 0.69 0.59 0.69 0.58
Standard
Deviation 0.17 0.17 0.68 0.84 0.07
CVv 0.29 0.27 0.86 0.90 0.12




12

Table3. Future status of the stock expressed as the ratios of the mature fish and total fish in the future to the mature fish
under virgin conditions and total fish under virgin condition, respectively. Catch is given as the ratio of the predicted
catch in 2050 to the total catch in 2001 (biomass and numbers) under different harvest strategies. The modal values
of the estimated parameters have been used for the calculations.

r(:O(t:()m) rCO(FEC)

Harvest Nmat rNiot

Number Biomass Number Biomass
No fishing 0.48 0.5
Status quo Depletion (2024)
1999 FMP for catches (in numbers) Depletion (2042) - -
Rec. fishery only. Replacement yield in -
numbers (at current population size): 0.42 0.40 0.21 0.08
20000 fish
Commercial fishery only. Replacement - -
yield (at current population size): 6500 0.39 0.41 0.07 0.10

fish

Table4.  Future status of the stock, expressed as the ratios of the mature fish and total fish in the future to the mature fish
under virgin conditions and total fish under virgin condition, respectively. Catch under different harvest options is
given as percentage of the replacement yield in numbers and biomass at the current size of the population when only
the commercial fishery operates (see Table 3). The modal values of the estimated parameters have been used for the

calculations.
rCO(mm) I’CO(rec)
Harvest rNmat Niot
Number Biomass  Number Biomass
Fishery for maturefish only 0.39 041 62% 121% - -
Com + rec. fishery. Size limit for
very small + big fish 0.39 041 100% 75% 23% 12%
Temporal closure for com.
fishery. Minimum size limit for 0.39 0.41 92% 90% 15% 8%
rec.
Temporal closure for com and
rec. fishery. No sizelimits 0.39 0.41 100% 98% 16% 5%
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Future status of the stock, expressed as the ratios of the mature fish and total fish in the future to the mature fish

under virgin conditions and total fish under virgin condition, respectively. Catch under different harvest optionsis
given as percentage of the replacement yield in numbers (16419 fish) and biomass (500645 kg) at the current size of
the population when only the commercia fishery operates. The mean values of the estimated parameters have been

used for the calculations.

rCO(com) rco(fec)
Harvest N mat 'Nior
Numbe Biomas Numbe Biomas
r s r s
Fishery for mature fish 0.66 0.69 67% 110% - -
only
Com + rec. fishery. Size 0.66 0.69 91% 68% 20% 23%
limit for very small + big
fish
Temporal closure for
com. fishery. Minimum 0.66 0.69 8% 85% 18% 20%
sizelimit for rec.
Temporal closure for com 0.66 0.69 9%B% 9%6% 18% 5%
and rec. fishery. No size
limits
121 ——recreational fishery commercial fishery
1 .
2 08 -
=
3 06
[
(92)]
0.4 -
0.2 +
0 -1 T T )
0 10 15 20
Age

Fig. 1. Theselectivity of the gears used by the commercial and recreational fishery.
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Fig. 2. Change in the total number of fish and number of mature fish over the years. Values are given as a
percentage of the corresponding values under virgin conditions
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Appendix 1

Parameters and variables of the model

A pups survival at low densities

a age

a constant

B, virgin biomass

C8 . catch of fish during the first half of the year (2: second half of the year)
dg, by constants used in the weight function

d constant of hockey stick stock-recruitment function

fy fraction of the total pupswhich are: females (g=1), males (g=2)
g gender
] gear

Ky, tog constants of the length at age function

Ly g the theoretical maximum asymptotic length of fish

jt . number of fish of age, a, and sex, g, at theend of yeart
N :t . number of fish of age, a, and sex, g, at the beginning of yeart

Nt‘?’j‘p' exploitable number of fish for gear,

N, constant of the hockey stick model
p(an) joint prior probability density function for a set of values of the estimated parameters, g,

Ok constant of proportionality for the CPUE series, k, that comes from fishery j

S survival at age from natural causes of death

S jk lognormal standard deviation for residual errors between the observed and predicted values for each
series of relative fish abundance

t time

U exploitation rate per gear, j, at time, t

Vg,a,j fish vulnerability to gear j at agea

A year when the exploitation started

Wga weight of fish

Ea number of pups per pregnant female of agea





