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Abstract.—We applied a length-based
additive catchability model that ac-
counts for several sources of variation,
namely time (i.e. years, months), den-
sity-dependence effects, and different
fishing fleets. The model is based on 1)
a transition matrix and 2) population
length-structured data expressed as
catch per unit of effort. Other sources
of variation were estimated as anoma-
lies from the average pattern and in-
corporated as additions to the slope of
the catchability-at-length equation.
The catchability model was applied to
the red grouper (Epinephelus morio)
fishery of the north continental shelf
of Yucatan, a demersal fish resource ex-
ploited by three different fleets. A sig-
moidal shape catchability-at-length
function was fitted on the basis of grou-
per population biology and behavior,
particularly reproductive aggregation.
Catchability of immature fish was con-
stant but increased with size for adult
fish, especially during the reproductive
season. Time- and density-dependent
catchability responded to reproductive
behavior and the allocation of fishing
effort. When differences between fleets
were incorporated, catchability differ-
ences emerged. The catchability model
has the ability to identify the main
properties of the fish resource and fish-
ery that affect the relation between
fishing effort and population abun-
dance; it may therefore be helpful as
an alternative stock assessment tool.
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Catchability has been considered in
fisheries science as a parameter in
the catch equation that relates fish-
ing effort to population abundance:

C =gsEN, (1)
where C = catch in numbers;
g = catchability;
s = probability of gear
selection;
E = fishing effort; and
N = the stock size in

numbers.

From this relation it is easy to un-
derstand the key role of q. Because
s and E are controlled by man,
changes in population abundance
will be reflected in catch through g.
Although classically considered a
constant, q represents different
sources of variation affecting stock
size. Most of the existing catcha-
bility models deal with only one
source of variation related to school-
ing of fish (e.g. MacCall, 1976;
Csirke, 1988, 1989), although a few
of them also consider environmen-
tal factors (Table 1).
Investigations on catchability
have developed mainly in two direc-
tions (Arreguin-Sanchez, 1996): 1)
those related to measuring and in-
creasing gear efficiency, and 2) those
that use catchability as a parameter

to relate fishing effort to fishing
mortality and population abun-
dance for stock assessment and
management purposes. The aim of
this contribution is to apply a
catchability model that accounts for
several sources of variation related
to fishing and to population pro-
cesses, as proposed by Arreguin-
Sanchez (1996).

The red grouper (Epinephelus
morio) stock over the Campeche
Bank is one of the largest in the
world, distributed on a continental
shelf of more than 100,000 km?2. As
with many serranids, the red grou-
per stock over the Campeche Bank,
Gulf of Mexico, aggregates for re-
production, a fact that is well docu-
mented in the literature (Arreguin-
Sanchez et al., 1996). While they
aggregate, these fish are highly vul-
nerable to fishing; therefore this
fish behavior is a key aspect for
management of the resource. Three
fleets target this fish species: two
from Mexico (an artisanal and a
midsize fleet); and a third from
Cuba. These fleets do not com-
pletely overlap in respect to their
fishing grounds, and their catch
structure, efficiency, and the fish-
ing mortality that they cause to the
stock are different. Our contribution
is aimed to estimate catchability for
the red grouper fishery.
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Table 1

Catchability models in literature accounting for more than one source of variation.

g = 0.085 N-0.384
q = 0.287 N-0278

Haddock, George’s Bank
N = population abundance
Area = population habitat

q = 0.095 N-0.787
g = 0.003 Area0-747

Cod gill net, Atlantic
B=Stock biomass
Area = population habitat

T/9,

4741 g8,

q(/,t, E, F) = f(size)

Catchability model Comments Reference

g, = go exp™ t=time, E= fishing effort Quinn (1987)
r,=a, ()

ry= ay E(t)

Peruvian anchoveta. g; = base fraction of the stock size
per unit of effort (when stock size is low); B = biomass;
T = temperature; g, and g, are constants

¢ =length, t = time, E = fishing effort; f = fleets

Grecco and Overholtz (1990)

Rose and Legget (1991)

Hilborn and Walters (1992)

Arreguin-Sanchez (1996)

Materials and methods

We assume that catchability 1) is length dependent;
2) depends on fish behavior; 3) and is density depen-
dent. For fishing effort, we also assume that 1) these
assumptions can be valid for individual fishing fleets,
such that we can explicitly consider the individual
contribution of the several fleets participating in the
fishing process and 2) that units of effort have static
properties, that is to say, a consistent fishing power
over time.

Length-dependent catchability

The catchability coefficient must be estimated for
each length class in a given time, q( /,t). A convenient
form to represent the transformation of one length-
frequency distribution (representing the structure of
the stock) into another is by means of a transition
matrix (Shepherd, 1987; Caswell, 1988), so that

N(,t+1D = AU KN(,D), (2)

where k and ¢ = successive length intervals;
N(/7,t) = is the stock size in numbers at time
t; and
A = the transition matrix that depends
on growth and mortality.

Although these processes occur concurrently, Shep-
herd (1987) assumed that they can be separated as

the product of two terms:

A, k) =G, k) S(k),

where G = the effect of growth in absence of mor-
tality; and
S = the effect of mortality (survival) and also

of selection of the sampling gear.

Matrix G(/,k) can be easily estimated by following
the criteria defined by Shepherd (1987) to assign
growth probabilities to each length class. The ele-
ments of S(k)can be defined in terms of mortality as

S(k) = e 2t = e—[M’fq(k,t)s(k)E(t)]’

where S(k) represents the values of the elements in
the main diagonal of the survivorship matrix (other
elements are zero; see Caswell, 1988); Z(k)t is the in-
stantaneous rate of total mortality for the kth length
group at time t; M is the instantaneous rate of natural
mortality (assumed constant); s(k) is the probability of
gear selection for length k; and E(t) is the fishing effort
at time t (which is assumed nontargeted to specific sizes
within a range of sizes captured by the gear). Then fish-
ing mortality is given as F(k, t) = q(k, t) s(K)E(t).
Equation 2 can therefore be represented as

N, t+1) = Z G (1, k)g TMHakOsOERT Ny (1 ). 3)

If N(/t+1), N(k,t) and G(/,k) are known, as well as
M, s(k), and E(t), then q(k,t) can be estimated. Equa-
tion 2 can then be solved iteratively for q(k,t) by us-
ing an algorithm to minimize differences between
observed and calculated values of N(/, t + 1).

Once q(k,t) values are obtained, the catchability
pattern with length can be observed and a tendency
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quantified. Although a catchability-at-length model
may be empirically determined, its interpretation
must be made by considering the population biology
and behavior of the fish. On an annual basis, the
model is represented by the function

q()aB() ¥ (4)

whose slope B(/) represents the rate of change of
catchability with length for a given year. If several
years are considered for a stable period of the fish-
ery, then a general function can be estimated where
the slope of the length-based catchability pattern in
Equation 4 can be expressed by ((/,*), where the
symbol ® represents the average stock level over a
range of years in which it can be reasonably assumed
to be stable.

Time-dependent catchability

Gulland (1983) expanded the scope of the catchability
coefficient to a structured population as expressed
in the following equation:

C(,At) = g4, At)s(O) E(At) N (¢, At). (5)
This represents the capture of fish of various sizes
(¢) during a time period Dt. Taking the mean stock

size ( N ), and rewriting Equation 5 in terms of catch
per unit of fishing effort, U, we obtain

U(t,*)= gt )N(),

with U(4,*)= C(L,AD/S(DEMD
and then
Ln[U(4,D/U ()] = Lafa(,bN (0] a4, )N (7
= Ln[q(,)/q(¢,#)]. (6)

This can be interpreted as the departure or anomaly
in catchability at time t with respect to the average
for a given length class. Arreguin-Sanchez (1996)
suggested that this ratio is a linear function of size,
represented by the midlength class as

Ln[q(/,)/q(4,+)] = a(t) + B}, (7

where
B(H) = Ln[q(/ +1,0)/q(4,t)] = Ln[q(¢ +1,+)/q(£,*)].

The intercept a(t) in Equation 7 can be interpreted
as the relative vulnerability of small fish, and also
as an index of the relative abundance of recruits. The
slope (1) expresses the rate of change of catchability-

at-length with respect to the average, or in other
words, the departure (anomaly) from the average
catchability pattern with length.

Once ((/,*)is estimated from Equation 4, the value
of B(t) can be added to B(/,®) to obtain the correspond-
ing catchability values for a given time period.

Amount of fishing and density-dependent
catchability

The relation between population size and catchability
has been most studied in pelagic clupeoid fish
(Murphy, 1966; MacCall, 1976; Csirke, 1988, 1989;
Pitcher, 1996), where catchability is inversely related
to stock size. Thus a density-dependent effect can be
approached by considering the population as a whole,
and the function

aw(t) = F{N(t} (8)

can be fitted, where qw(t) is the weighted value of q
at time t, with U at time t as a weighting factor. An
analogous approach is proposed for each length class.
For a stable period of time, we can assume that the
amount of fishing, or the total fishing effort E, is one
of the main sources of variation of the population
density and the structure of the exploited stock. A
change in both of these population characteristics
will be reflected in the B(t) coefficient. With Equa-
tions 1 and 8, it is possible to relate changes in q(/,t)
as a function of coefficient B(t):

Bt)a B(E) L, 9

where a constant natural mortality rate is assumed
for all length classes over time.

Because [B(t) represents the departure of the
catchability pattern with length at time t, Equation
9 measures the effect of the amount of fishing on the
anomaly, and it is represented by the slope B(E). The
magnitude and sign of B(E) will provide information
about changes in stock density. A negative sign means
that for a low level of fishing, g will increase with
fish length.

Catchability differences between fleets

Following the same rationale as that in Equation 7,
differences in g between fleets as a function of length
can be estimated. If g and h represent two different
fishing fleets, Equation 6 can now be expressed as

Ln[U(g,(,1)/U(h,¢,)] = Ln[q(g,4,t)/q(h,¢,1)] (10)

and
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Ln[q(g,4,0/q(h,0,0] =a(f)+p(F) @,  (11)
where f indexes fishing fleets.

In this case, the intercept a(f) is the relative dif-
ference in catchability between fleets for the small-
est fish. The slope B(f) reflects the difference in fish-
ing performance measured as the anomaly in
catchability of the fleet g with respect to the fleet h.

The additive catchability model

The deterministic model that incorporates the pro-
cesses discussed can now be set out. It relies on the
changes of the slope (B(/, ®), representing the
catchability-at-length pattern, by the addition of the
slopes of the partial effects described by Equations
7,9, and 11. The slope of the catchability model, with
the form defined by Equation 4, is represented by

BULE, )= B, + B+ BE)+ Af). (12)

The value of B(/, t, E, f) represents the slope of the
catchability-at-length function without restriction to
equilibrium, which has been compensated by the
addition of the term S(t), where t refers to any ap-
propriate unit of time.

The red grouper (Epinephelus morio) fishery in the
Campeche Bank, Mexico

The red grouper on the North continental shelf of
Yucatan is exploited by three fleets: an artisanal and
a mid-size fleet from Mexico, and a large-scale fleet
from Cuba. These fleets overlap in respect to their
fishing grounds (Moreno et al.l ): Mexican fleets over-
lap in a range of 60% to 70%; the midsize fleet from
Mexico and large-scale fleet from Cuban, around 60%;
and the artisanal and Cuban fleets, between 12% and
16%. This overlap in fishing grounds means that each
fleet causes fishing mortality on different sizes of the
stock and thus necessitates that the fleets be consid-
ered separately for stock assessment purposes.

The artisanal fleet of Mexico is composed of ves-
sels of approximately 9 m long, operating from the
coast to 20 m depth, and catching mainly juvenile
and preadult fish. The midsize fleet uses 15-m ves-
sels operating at depths of 10 to 80 m, and catch com-
prises both juvenile and adult fish, according to the
season. The Cuban fleet fishes mainly with 27-m

1 Moreno, V., F. Arreguin-Sanchez, M. Contreras, and R. Burgos.
1991. Analysis of usage patterns in shared stocks: the red grou-
per fishery from the continental shelf of Yucatan, Mexico. Proc.
44th Ann. Sess. Gulf and Caribb. Fish. Inst., 18 p. [Mimeo.]

vessels, operates between 20 and 90 m depth, and
catches adult fish. Both Mexican fleets have free ac-
cess and move seasonally in the area following
changes in fish density (i.e. with reproductive aggre-
gation). The Cuban fleet has a catch quota of 3900 t
of demersal fish, of which more than 80% is red grou-
per. This fleet remains in the central and eastern
region of the continental shelf of Yucatan most of the
time.

Differences related to gear, fishing effort, and fish-
ing strategies among fleets are described in Moreno
(1980), Burgos (1987), and Fuentes (1987) for the
midsize fleet; Sdenz et al. (1987), Salazar (1988), and
Solana-Sansores and Arreguin-Sanchez (1991) for the
artisanal fleet; Valdés and Padrén (1980) for the
Cuban fleet; and Seijo (1986), Gonzéalez-Cano et al.
(1993), and Arreguin-Sanchez et al. (1996) for the
three fleets. In this paper we used standardized fish-
ing days as the unit of fishing effort.

For the catchability model, available data for the
red grouper fishery are summarized in Table 2. De-
tailed information is derived from the midsize fleet,
which harvests around 70% of the total annual yield.
Other fleets share the remaining 30% more or less
equally. Because the midsize fleet also catches a size
range that overlaps the other two, this fleet is the
start of our analysis. Later, we will incorporate the
other fleets into the catchability model.

To solve Equation 3, we assumed that individual
growth follows the von Bertalanffy equation with
values of L, = 87 cm total length (TL) and K = 0.12/
year (Arreguin-Sanchez2), and the natural mortal-
ity coefficient M = 0.3/year (Doi et al., 1981; Contreras
et al., 1994).

The selection factor for each length class s(/), rep-
resenting a probability term directly affecting the
abundance of length classes in the catch, was set to
be s(¢) = 1. For simplicity, red grouper fishery gears
were assumed nonselective (hook-and-line and hand
lines with different sizes and baits).

Annual catch-per-unit-of-effort(U)-at-length data
for the period 1973 to 1987 for the midsize fleet was
used. The iterative procedure described for Equation
3 was applied to each pair of yearly data to obtain
initial values of catchability per length class and year.
Catchability values for each length class q( ¢, y) were
used to fit the trend with length (Fig. 1) and to de-
scribe variability of q(¢,®). The solution for Equa-
tion 3 does not require a previous knowledge of re-
cruits at U(/, t) and U(/, t + 1), and it was solved for

2 Arreguin-Sanchez, F. 1996. Length-based growth estimation
for the red grouper (Epinephelus morio) in the North continen-
tal shelf of Yucatan, Mexico. Centr. Interdiscip. Cienc. Mar.,
Meéxico, 19 p. [Manuscript.]
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Arreguin-Sanchez et al., 1996)

Table 2

Summary of the data used in this paper for the red grouper fishery on the north continental shelf of Yucatan, Mexico. Fleets
operate with long lines of different sizes (artisanal also uses hook-and-line). Fishing effort was standardized as fishing days (see

1975 to 1987
(except for 1986)

1975 to 1987
(except for 1986)

Midsize?

Cuban fleet? 1975 to 1987

Annual Monthly
Fleet catch-at-length catch-at-length Sampling design Site of landing
Artisanal! 1987 1987 three stages (port, vessels, Ports along the coast of

baskets) Yucatan, Mexico

two stages (day/vessel and Port of Progreso, Mexico

commercial size)

two stages (vessels and Port of La Havana, Cuba

commercial size).

1 Source: Centro de Investigacion y de Estudios Avanzados del IPN, Yucatan, Mexico.
2 Source: Instituto Nacional de la Pesca. Centro Regional de Investigacién. Pesquera de Yucalpetén, Yucatan, Mexico.

n—1 or n—2 catchability values,

with differences in n caused by 16 +
the absence of recruitment es-
timates. Because we fitted the
general tendency as a catcha- 12 +
bility-at-length pattern, one or N
two missing points will not af- =
fect the estimates. £ 8-
8
L
T 4
Results ©
Length-dependent catchability 0
20

The fitting process required
some consideration of popula-
tion behavior because trend
could be adjusted to an expo-
nential or sigmoidal function.
We decided on a sigmoidal form
because of reproductive behav-
ior. During reproductive aggre-

Catchability-at-length pattern for the Mexican midsize fleet of the red grouper fish-
ery estimated with Equation 3. The bold line indicates average values over the pe-
riod from 1973 to 1987; thin lines denote one standard deviation, dashed lines rep-
resent absolute minimum and maximum values.

Total Length (cm)

Figure 1

gation, adult fish (>50 cm TL)
form groups with a sex ratio (females: males) close
to 6:1, comprising individuals of around the same
size, but without any apparent size segregation be-
tween groups. This is well known by fishermen, and
has been described by Moe (1969), Shapiro (1987),
and Mexicano-Cintora (1990). In terms of fishing,
adults within a specific area have the same prob-
ability of catch. In the catchability-at-length trajec-
tory, we think this reproductive behavior can be well
represented by an asymptotic trend of catchability
for large fish.

The variation in catchability of young fish, as ex-
pressed by one standard deviation (Fig. 1) was simi-

lar for lengths between 20 to 50 cm and increased
sharply after first maturity (at 50 cm TL, as defined
by Mexicano-Cintora, 1990).

The generalized catchability-at-length equation
fitted for the red grouper was

0.00004256
A(t,*)= T “sssooneam (13)

with the standard error (SE) of the ordinate SEa =
0.773, and SE; = 0.012 for the slope; R2 = 0.728
(df=10).
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Time-dependent catchability
1
Time variation of catchability was analyzed 0 i 060epmeePaRe0a00 W’“"s—
considering both annual and monthly catch- :; °
structured data. From Equation 7, parameters 1973
a(y) and B(y) were estimated by regressing .
Ln[U(£,)/U(,*)] 0 e eee00000ee™
5 1975
with length (Fig. 2). Table 3 shows values of
the constants for both midsize Mexican and 2
Cuban fleets for annual data. € 0l
On a monthly basis, the same computa- g 2L
tions were developed for the mid-size fleet. 5 1977
Departures represented in parameters a(m) 8
and B(m) were estimated in a similar way to ‘3 (2) T
those in Equation 7, but considering annual g Ll _oomcmmeecxjoeooar
catch-structured data. Seasonal changes in E 4 - © 1679
vulnerability occurred: q increased in win- 8
ter (December to February) in synchrony g 5
with the reproductive aggregation (Fig. 3). § ol 00620,
Catchability was lower in autumn, when the g L, oo
population is dispersed along the continen- £ - 1981
tal shelf and the vulnerability of young fish E
in coastal waters increases. § 27
0 4
Catchability differences between fleets 2= 1983
Following Equation 11, differences between )
fleets were evaluated by comparing annual 1 L
data for the Cuban fleet with those of the mid- 0+
size fleet for the period 1975 to 1987. Mexi- - 1985
can mid-size and artisanal fleets were com-
pared on a monthly basis for 1987. Param- 2
eters for a(f) and B(f) were obtained (Tables g 1 =
4 and 5). Positive values of B(f) indicate that 4l 1987
relative catchability for small fish is higher ‘ ‘ ‘ » ‘
for the midsize fleet than for.the Cuban fleet; 0 2‘0 4‘0 6‘0 8‘0 1 60
and lower for large fish. This scheme repre-
sents differences in fishing areas between
fleets. The negative value B(f) for in 1982 Total Length (cm)
suggests fleets changed their usual behav-
ior. Similar interpretation can be made for Fi
. . igure 2
n_lonthly data between the artisanal and mid- Annual tendencies of the ratio Ln[U(/, t)/U(/,*)] with length for
size fleets. the Mexican midsize fleet of the red grouper fishery representing
Figure 3 shows the tendency of departure of catchability-at-length pattern with respect to equilib-
rium, as expressed in Equation 6.
Ln[U (mid-scale, /,t) /U (Cuban,f,t)]

with length. An inflection point is observed

Ln[U (artisanal /,t) /U(mid-scale ,E,t)]
just at the length at first maturity (i.e. 50

cm LT). Positive values indicate that q is with length, catchability of immature fish was higher

for the artisanal than for the midsize fleet, and again
equal for adult fish up to 65 cm TL. For fish larger
than 65 cm, q was higher in the midsize fleet.

higher in small (immature) fish for the midsize fleet
than for the Cuban fleet, whereas q is equal in both
fleets for mature fish. For the tendency of
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Ln[ W(mid - size, £, y)] 3

U(Cuban,é, y)

Total Length (cm)

Figure 3
Trend in catchability-at-length differences, between Mexican midsize and Cuban fleets for the
period 1975 to 1979, as expressed by Equation 11. Positive values indicate higher vulnerability for
immature fish for the midsize fleet than for the Cuban fleet. Vulnerability of adult fish to both
fleets is equal.

Table 3
Parameters of Equation 7 for the Mexican midsize and Cuban fleets for the red grouper fishery. a(y) expresses relative vulnerability
of recruits each year and B(y) departure of catchability trend with length, both with respect to equilibrium. (¥*P<0.05; **P<0.01).

a(y) By) a(y) B(y)
Year midsize midsize R2 Cuban Cuban R2
1973 -0.509 0.010 0.405*
1974 0.508 -0.013 0.664*
1975 0.511 -0.010 0.487%* —1.494 -0.018 0.602%*
1976 0.953 —0.025 0.610%* 0.865 -0.006 0.507**
1977 0.683 —0.022 0.600%* 0.767 0.024 0.624*
1978 1.045 -0.024 0.686%* 0.416 0.047 0.496*
1979 0.941 -0.021 0.757* -1.396 0.033 0.771%%
1980 —-0.612 0.015 0.614%%* —2.925 —0.043 0.544%*%
1981 0.476 -0.013 0.643%* -2.147 -0.026 0.622%
1982 0.487 -0.012 0.396* 1.923 -0.021 0.483*%*
1983 -0.401 0.009 0.371%* 1.448 0.020 0.701%*
1984 0.175 —0.005 0.446%* 0.828 0.079 0.513%%*
1985 0.135 -0.004 0.432% -1.126 0.026 0.661%*
1986 -1.064 0.023 0.739%* —4.889 0.079 0.596**
1987 -0.915 0.013 0.581* -1.250 0.026 0.470%*
Amount of fishing and density-dependent the tendency for both the midsize and Cuban fleets.
catchability For the midsize fleet, the model gives the following

values for the parameters: a(E) = 0.1252, B(E) = 4.8 -
As in Equation 9, values of S(y) from Table 3 were 10-%; R2 = 0.74. Although the tendency for the Cuban
fitted against fishing effort at time t. Figure 4 shows fleet was also negative, the observed variability was
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higher, and at least two prob-
able tendencies were empiri-
cally identified (Fig. 4B), both
of them as a consequence of
changes in the catch quota as-
signed to the Cuban fleet. For
further computations, the den-
sity-dependent effect was as-
sumed to be similar for both
fleets because of the absence of
more detailed information to
support quantitative analysis.
This assumption is reasonable
because both fleets average
more than 60% overlap in a
year, but almost 100% during
reproductive aggregation.
Because of the evident differ-
ences in behavior between juve-
nile and reproductive fish, the
density-dependent effect of the
amount of fishing was also ap-
plied within each length class,
asin Equation 9. Parameters of
the model are given in Table 6.
Variation of the slope S(E) with
length class is shown in Figure
5. Once again, immature fish
behaved differently from adults.
The density-dependent effects
for immature fish were con-
stant, whereas the same effect

increased with size for sizes >50

0.04 -
0.02 - ® 86
73 ® 3 ® 80 087
0.00 : : . ‘ "
E 3 84 _75
B( ) 0.02 81 9 74 ® 82
V. T ®79 ®76 78
-0.04 - mid-size fleet
20 22 24 26 28 30 32
0.09 - el
86 ® 84 ..
0.04 . . ~~...z$..
. 1 Jeess ® 7.
B(E) a3 , .76
-0.01 - . e
® 81 ® 82 "\_\ "75\
t..e80
-0.06 - Th. Cuban fleet
5 7 9 11 13 15

Fishing effort (10° days)

Figure 4

Estimation of density-dependent effects on catchability-at-length pattern for (A)
the Mexican midsize fleet and (B) Cuban fleet of the red grouper fishery (Eq. 11).
General trends suggest density-dependent effects by fleets are of the same magni-
tude (see text for interpretation).

cm TL. It is clear that the den-
sity-dependent effect during ag-
gregation promotes a greater catcha-
bility, and because the older adult
fish tend to remain longer in deeper
waters (Shapiro, 1987), the density-
dependent effect will increase with
size (age).

The additive catchability model for
the red grouper fishery

Once several sources of variation
were estimated, a model (Eq. 12) was
obtained by adding partial effects to
the slope of Equation 13, as follows:

0.00004256
{3:896+ B(1Ly.mL,T.E)}

qi,t,f E)=
1+e

where

61
.
e
/'/‘

4+ //

B(E) s
»
o
2 A e
——
- Y
0 f ‘ 1 : i t f
20 30 40 50 60 70 80 90
Total Length (cm)
Figure 5

Trend in density-dependent effects on q within each length class with size.
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Table 4

Estimates of parameters for Equation 11 describing de-
parture of catchability coefficient with length for the Cu-
ban fleet with respect to the Mexican midsize fleet for the
red grouper fishery (*P<0.05; **P<0.01).

Year a(f) B() R2 n
1975 —4.474 0.052 0.636%* 14
1976 -2.956 0.047 0.613* 13
1977 -3.590 0.058 0.807%* 14
1978 -3.904 0.065 0.822% 12
1979 -5.186 0.076 0.795% 11
1980 —4.713 0.055 0.736* 12
1981 -6.476 0.097 0.708* 13
1982 0.323 -0.020 0.711%* 9
1983 —4.527 0.051 0.713* 10
1984 -3.936 0.059 0.561%* 11
1985 -3.847 0.050 0.848%* 13
1986 -6.149 0.070 0.873* 13
1987 -3.942 0.055 0.606* 11

B, y,m, f,E) = B(t,*)+ [ By), Bm)] + Bf) + BE),

where i indexes fleet, and each constant takes the
corresponding value, depending on the specific length
class ( /), time, year (y) or month (m), fleet (f), and
the specific density-dependent effect (E).

Discussion

The catchability model incorporates several sources
of variation, such as individual size, time variations,
and density-dependent effects, for which we assumed
fishing effort is the most important variable affect-
ing fish density, and the participation of several fish-
ing fleets which differ in gear, catching power, and
effort allocation.

The additive-catchability model, as applied to the
red grouper, performed well and allows us to iden-
tify some aspects of fish behavior that influence
catchability. For example, reproductive aggregation
increases vulnerability of fish. Of particular impor-
tance are the relative constancy of catchability and
its variance for immature individuals, and the in-
creasing vulnerability of adult fish with size, espe-
cially during reproductive aggregation. This is re-
lated to the reproductive behavior of the population.
Young fish remain close to the coast, with east—west
seasonal displacements, whereas adults move across
the continental shelf and aggregate during winter
for reproduction. This means that juveniles and

Table 5

Estimates of parameters for Equation 11 describing de-
parture of catchability coefficient with length for the mid-
size fleet with respect to the artisanal fleet, both from
Mexico (¥*P<0.05; **P<0.01).

Month a(f) B(f) R2 n
January 2.953 -0.071 0.576%* 23
February 2.654 -0.083 0.701%* 22
March 4.180 -0.107 0.719* 24
April 7.904 -0.230 0.965%* 14
May 2.524 -0.064 0.769* 28
June 1.295 -0.032 0.483* 31
July 1.426 -0.041 0.720* 28
August -1.589 0.041 0.562%* 16
Table 6

Estimates of parameters for Equation 9 representing den-
sity-dependent effects within each length class (n=13,
df=11; *P<0.05; **P<0.01).

Total Standard Standard
length a(E) error B(E) error

(cm) 10-8 a(BE)107 108 B(E)107° R?
25 3.76 1.211 1.238 1.282 0.89%*
30 31.05 3.356 1.164 3.471 0.50%*
35 54.72 3.276 1.013 2.905 0.527%*
40 48.32 1.574 0.926 2.013 0.66*
45 26.39 1.147 1.237 2.718 0.65*
50 3.68 1.091 1.936 2.426 0.85%
55 —-0.31 1.123 2.360 2.974 0.85%
60 0.62 1.144 2.678 2.857 0.89*
65 1.56 1.316 3.198 1.892 0.96%*
70 -1.17 1.388 3.886 2.593 0.95%*
75 -2.83 1.5610 4.589 2.621 0.96%*
80 0.43 0.743 5,549 3.282 0.96*

adults respond differently to fleets. The model also
identified the differential accessibility of specific size
ranges to different fleets. This is important because,
in a fully exploited fish resource such as the red grou-
per, controls on fishing mortality must enhance sur-
vival of spawners and recruits. Figure 6 summarizes
the relation between fishing effort, maturity, and
seasonal changes in catchability for the red grouper
fishery. During reproductive aggregation, identified
by the maturity index, vulnerability increases and
vessels spend less fishing effort to obtain a given level
of yields. After reproduction, groupers disperse along
the continental shelf and fleets must increase fish-
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ing intensity because vulnerability of fish will
decrease.

For the density-dependent catchability, the
model describes fish behavior reasonably well.
The red grouper is a gregarious and territorial
fish. Stock density is reflected straightfor-
wardly in yields. If fish densities decrease, q
will decrease, and vice versa. This response to
the amount of fishing is reflected by the model.

For the catchability model, note that al-
though a transition matrix is very helpful for
the estimation process, the form of the
catchability-at-length function must be inter-
preted with good understanding of the biology
of the exploited fish resource and of the fish-
ery. Fish biology probably is the most important
aspect because the effect of other sources of varia-
tion are added to the slope of this function.

The resulting catchability model can be eas-
ily incorporated into estimations of fishing
mortality and population size; i.e. for the mid-
size fleet at time t, fishing mortality can be
expressed by
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Figure 6
Schematic representation of the main q features of the red grou-
per fishery on the Campeche Bank: (A) seasonal catchability varia-
tion represented as departure of the annual average; (B) fishing
effort index, represented as a monthly proportion of the year; (C)
maturity index, reflecting diameter of oocytes.
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F(¢,t,midsize, E)

= q(/,t,midsize, E) (E(t,midsize). (14)
For the population size, the participation of the three
fleets can be incorporated,

Pty 1 ECrit 1o
s b Z i’ ’ ’Z iE
F%,t,ifi,E%—eg ’E%E

Despite the potential use of the catchability coeffi-
cient in some stock assessment models (i.e. age-based
virtual population analysis, VPA, Pope, 1972; and
length-based VPA, Jones 1981, 1984; Gulland?),
Equations 14 and 15 suggest an alternative stock
assessment tool, based on length-composition data.

A detailed description of catchability through the
additive model reflecting fish behavior and fishery
practices could be very useful for management pur-
poses when it is incorporated into assessment mod-

(15)

3 Gulland, J. A.
to rep. Arctic Fish. Working Group.
(CM), 1965, paper 3, 9 p.

1965. Estimation of mortality rates. Annex
ICES Council Meeting

els such as the above. Currently the red grouper fish-
ery is subjected to heavy fishing where the main prob-
lems are intensive fishing of juveniles and the high
vulnerability of adults. Because the additive catcha-
bility model describes these processes and incorpo-
rates all fleets, results can strongly aid management
decisions based on a differential control of fishing mor-
tality within the stock structure and between fleets.

Even when the model can describe the study well,
we observed some critical aspects during application.
The first is that we must know red grouper behavior
sufficiently well to decide the form of the catchability-
at-length relation (Eq. 4). Statistical criteria (i.e. a
correlation coefficient) are not sufficient. A wrong in-
terpretation of this could mean a disaster for the fish-
ery. A second and similar aspect can occur for den-
sity-dependent catchability. The third aspect is the
significance of sources of variation. Because the
catchability model is based on the addition of the
slopes of each particular variable and relation (i.e.
with length, time, etc.), we must test that these slopes
are significantly different from zero (see Equations
4, 7,9, and 11), and if they are not different, the
source of variation tested does not help to explain
changes in @.

The fourth aspect involves the number of para-
meters to be estimated, which usually is taken as
proportional to the complexity of the model compu-
tations, and inversely related to applicability. For the
present case, the number of parameters in the model
is n + 2, where n is the number of sources of varia-
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tion to be considered. However, the number of con-
stants to be estimated strongly increases with the
length of the time-series of data as 3(meyef) + 2(¢)
+ 2, with m = number of months, y = number of years,
f=number of fleets, and ¢ = number of length classes.
For example, in our study case, withy = 13, f =2, and
¢ =12, the number of constants to be estimated will be
104. We think these are a lot of parameters; however,
they are easily estimated because all of them are ob-
tained by regression or by an analogous technique.
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