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Abstract

We used a stochastic age-structured moded with density-dependent recruitment to study the fishery and population dynamics of the
Gulf of California Pacific sardine (Sardinops caerudens) stock for the period 19721973 to 19891990, To determine the value of
fishing mortality (F) which corresponds to the fong-terms optimum yicld and cost--benefit ratio (C/B). we simulated fished
popuiation trajectories over a period of 50 years. Ous results indicated a good (it between observed and predicted annual recruitment
and catch. Quasiperiodic oscillations of a five year periodicity for an unfished population faded with increasing /- Maximum yicld
and C/B were obtained with F=0.475 and 0.275. and the simulated population began declining with J>0.5 and 0.3, respectively.
ftis proposed that F<(.25 would be adequate for this fishery. % 1999 Elsevier Science B.V. All rights reserved.

Kevwords: Simulation: Recruitment: Cateh: Pacific sardine: Gull of Califorvia: Sardinops cacrideus

1. Introduction

In theory, the correct administration of a fish stock
assumes precise knowledge of rates of recruitment.
growth and mortality. In reality, however, as a general
rule, there is great uncertainty in that respect, and due
to poor management prescriptions resulting ol such
uncertainty. this might result in fisheries collapsing.
The situation is obviously aggravated if management
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15 based on results of an incorrect model specification
due to introduction of model uncertainty. Explicit
incorporation of uncertainty is a key component of
modern fishery science. A fundamental ingredient in
fisheries management is consideration ol pre-estab-
lished reference points whose caleulated values serve
as guidelines for decision making (Caddy and Mahon.
1995).

In the present paper, we explore values of fishing
mortality rate (/) such that both biofogical and
economic yicld are optimized over the fong run. With
this purpose we develop a stochastic age-structured.
density-dependent recruitment, dyonamic simulation
model for the Gulf of California Pacific sardine
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Sardinops caeruleusy fishery, inteprated with » COst— ment data from vesults of VPA. The initial condition
benefit analysis. (age class vector) in this stmukation was the nunthey 5
The small pelagic fishery of the Guif of California is at-age corresponding 1o those estimated by VPA for
the most voluminous one in Mcxicn(Cisncms-Mz\m cf 1972/1973 (Sce Tuble B in Cisneros-Mata et al.,

al., 1996). During the 19881989 fishing season, small 1995).
pelagic landings reached 312000 1, of which 292 000 Simulations proceeded computing annual recruir-
tabout 96%) were Pacific sardine., However, this has ment (numbers at age class 0) with Egs. (1) and (2)
been a highly variable fishery from the beginning for the deterministic and stochastic versions, while
(Cisneros-Matu et al.. 1995), as is common for sardine numbers-at-age  for age classes -6 years were
and anchovy fisherics clsewhere (Sharp and Csirke, computed as

1983). Abundance changes arc a result of both deter-
ministic and stochastic factors (Cisneros-Matg e al.,
1996). where « is age class and ¢ refers to years. Annual
values of fishing mortality rate I were estimated from

numbers-at-age derived from the VPA (Cisneros-Mata

. o 1M1 '
Nat =Ny 14 ye s (3)

2. Data and methodology ctal., 1995), and a constant rate ol natural mariality
M=0.77 per year was considered. M was previously
We built an age-structured simulation model of the estimated (Cisneros-Mata et al, 1991) using Pauly’s
Pacific sardine population, inuurpnmling the stock— (1984) empirical formula. Numbers were then trans-
fecruitment refation by Shepherd (1982): formed o' biomass (B} by multiplying NV, (numbers
axp, alive in [.he cuhnr.l at tiij ) times W, (mean weight at
S ﬁh(F,‘T/I;)—' g (1) age 1). Fishable l)!})ll];lﬁs is the sum of ugc. n:ms.s:cs 1-6
years plus 50% of age clasg () (R). Spawning biomass
where R is the recruitment. P the, sonpvis ot U sum of dge classes -6 years. Annual total catch
* biomass. « the maximum expected rate of recruits was then estimated by multiplying annual value of 7
per adult, b the biomass level above which density- times the fishable biomass,
- dependent effects dominate, and ¢ is a measure of the Because thé main purpose of this work was (o
strength of density dependence. estimate long-run reference values of / using simula-
Using catch and effort data. the numbers of indi- tions, we first tuned the model using real data. Output’
viduals at-age were estimated by Cisneros-Mata et al. from the simulation maodel was compared to observed
(1995} using virtual population analysis (VPA) (Pope, catch data from the fishery corresponding to the period
1972: Jones, 1984) for the period of 1972-1973 up to 1972-1973 10 1989_199() (Table 1), and with recruit-
and including 1989-199( (Table 1). With the results ment data estimated using VPA. Next, 50 years were
from VPA, Cisneros-Mata e1 al. (1995) fitted Shep- simutated (1990-1991 1o 2039-2040)), systematically
herd’s stock—recruitrent madel using the Marquardt increasing F o find the £ value resulting in maximum
nonlinear algorithm in the program risuparM, The yield and that at which the population begins 0 -
resulting parameter values were ¢=2.697 recruits decline. For the stochastic version, 10 model runs
per adult; b=1.417x 10" individuals; and ¢=6.499 were averaged for each 7 jevel.
r=0.77; N=13), Simulations of the period 1990-1991 (0 2039-24g
Because the unexplained variability of recruitment started with the number of individuals during the
isquite large (Allen and Basasibwaki, 1974; Walters, 1989-199¢9 fishing season. Recruits (age class 0) were
1986), a stochastic variability gencrator was incorpo- computed through Shepherd’s model with mmbers-
rated: al-age classes 1-6 in the 1989-1990 fishing scason.
‘The number of individuals per age class (1-6) for the
=R x (cv/2)) + (R x ev x ), @ 1990-1991 season were csli,nmlc{:l using Eq. (3). This
where v is the coefficien of variation of recruitment process was repeated for éach year in the simulation
and /3 is a uniform random number between 0 and 1. A until the end of the period. Values of I varicd from

value of ev=0.8 was estimated using annual recruit- Ot 1.
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Table 2

Physical data, costs (in US dollars). and operating charac teristics of
@ representative boat in the Pacif
Califoria

awdine fishery of the Gulf of

Vessel characteristis
Type of vessel Purse seiner
Keel length 25m
Engine Hp 520
Market value $ 350000

Amnual variable cosis

Gear foss $ 5000

Fuet 3 50400
Lubticants 3 10800
Food $12o00

Crew share 8% of gross carnings

Annual fixed coss

iation and interest costs

$ 35000
$ 14000

Xpenses

Maintenance and repuirs

Opereating < haracteristics

Operating days per year 240
Catch per fishing trip 701
Catch per boat vear U T
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was estimated for cach fishing season from 19721973
o 1989-1990. An average ¢ was then computed and
used as constant in the simulations. Although studies
have shown that ¢ might not be fincar in I (Arreguin-
Sianchez, 1996). for the period considered here, a
linear relationship was found (- 0.59, p<iOS5).
Hence, for the simulated period (1990-1991 10
2039-2040), E's were calculated for each level
multiplying F by ¢-:0.0001, regarded as constant.,

3. Results

‘The behavior of the model was examined by com-
paring simulated cateh and recruitinent data to those
observed for the 1972-1973 (o 19891990 scasons
(Figs. 1 and 2). Although  simulation output and
observed data show the same general trends for both
landings and recruitment, there are periods during
which the simulated results Tor recruitment overesti-
mate or underestimate  those resulting from VPA

Fishing is regarded mainty as an economic activity
{Chivez, 1994; Chivez and Arrcg\lﬁl—Sainchcz, 1994
McGarvey, 1994); thus. a rough cost-benefit (C/B)
analysis was conducted. Costs included fixed and
ble costs and crew shares (Table 2). Income
was based on the landed sardine price. All costs were
considered fixed due to the difficulty of predicting
trends under the highly variable economic situation
currently prevailing in Mexico. Most data for this
analysis were provided by the local office of the
Fishing Chamber. Data on price and depreciation rate
of an average fishing vessel were obtained directly
from the insurance policies. A thorough cconomic
analysis should consider variability of data used;
our present study, however, pretended (o be a rough
approximation only, and a mare detailed examination
is beyond our present goals. For the same reason, a
discount rate was not considered here. Asg with catch,
the C/B rate was analyzed for the period of available
data (I972/i973~1989/ll)9())\ then C/B rates were
estimated for each F level in the simulated period.

Fishing mortality  and fishing effort £ in number
of fishing wrips were available for the same period
considered, and the catchability coelficient (g=FIE)

WROYSIS (FIE. 1(A) and Fig. Z(A)). Those are years
of either poor or good recruitment during which the
model fails to simulate them adequately (Fig. ((B)
and Fig. 2(B)). Catches show the greatest difference
during  the 1975-197¢ (Fig. HCY  and
Fig. 2(0)).

It is not surprising to find important deviations of
predicted and observed recruitment data for the fast
two

scason

sons of the series. This is a common charac-

teristic when one uses VPA. where accuracy is lowest
for the last age classes of the series (Pope. 1972; Jones.
1984).

Simulition of the sardine population size for 1990~
1991 10 2039-2040 with F=-0 (no fishing) shows five-
year cycles both in numbers and biomass. caused by
density dependence and the age structure of the model
(Fig. 3(A) and (B)).

The deterministic version of the model predicts
decreasing amplitude of these oscillations as
increases (Fig, 3(C) and (D)) 10 slightly 1 than
0.5. Above this value the population collapses
(Fig. 3(I) and (F)). The long-run yield as a function
of F (Fig. d(A)) shows that optimal yield (QY) is
obtained al F=0.475, while (78 has high values (1.4)
at low levels of Fand beyond F=0475 (C/B~1.1 ). the
function plunmmets, reaching a (/B=1 a =05
(Fig. 4(A)).
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Fig. 1. Comparison between VPA and deterministic model simulation values: (A) recruitment, (B) vecruitment residuals and (C) vield.

As for the model with incorporated stochastic var-
iation, its behavior is very similar to the former. but
although the oscillations are damped as F increases,
they never totally disappeared  (Fig. 5(A)-(F)).
Fig. 4(B) shows that OY is obtained by I/=0.275
and C7B behaves similarly to that of the deterministic
version, but plummeting oceurs at F'=0.3, and C/B=1
at F=0.3 (Fig. 4(B)).

4. Discussion

Very likely the differences between observed and
simulated cateh and recruitinent are caused by envir-
onmental variability, not included in this simulation
model (c.g., Wespestad and Terry, 1984 Hall et al.,
1988). However, the modcel proved to be an appro-
priate tool for analyzing dynamic long-term trends of
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Fig. 2. Comparison between VPA and probabilistic model simulation values: (A} recruitment, (B) recruitment residuals and ) yicht.

the Pacific sardine in the Gulf of California, and the
expected long-term yields for various levels of fishing
mortality (Wespestad and Terry, 1984). The large
difference in recruitment for 1989/1990, the fast year
of the series used to fit the model, as mentioned
above. most probably reflects weakness of VPA. It
is unlikely that this might have influenced results
of the simulation because, as shown in Figs. 3 and

5. all population trajectorics quickly attain stable
oscillations and steadily decline when fishing mortal-
ity is introduced.

The five-year cycles in the sardine population size
resulting from age structure and density dependence
were also found by Cisneros-Mata ct al. (1996). This
accounts for the cyclic pattern observed in the resi-

duals (Fig. 1(B) and Fig. 2(B}). Oscillation damping
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as a result of intensified fishing (up to £=0.475) also

agrees with previous authors (Ricker, 1954; Basasib-

waki, 1972 as quoted by Allen and Basasibwaki

(1974)). who have pointed owt that an unstable pupu-

lation may be stabitized By kg, 2 TaREe enongln
cateh. This can be intuitively explained due to the fact
that F reduces the size of the parental stock, which
given a very strong density dependence in turn
increases an otherwise low recrujtment level. The
Same argument can be used to explain why a moderate
F will produce increased parental stock size when the
stock size is at moderate levels.

The simulations also showed that from the biolo-
gical and economic viewpoint (the /R rife), popola-
tion yield might be increased at most (o the levels of F
exerted during the 1989-1990 fishing  season
(F=0.26), which would result in a yield of about
220000t with C/B=1.1. This is a relevant result

amd cost/benefit ratio €C/B) as function of 1 (A)deterministic model and (B) proh,

F

abilistic madel,

because if the population is harvested at the tevel of

optinum . yield (/°:-0.475 deterministic model o

F=0.275 probabilistic madel), there is a high possi-

bility of collapse because of the increased wegative
SAope of the Yol carve beyond Wis Yevel (Vg aiA)
and (B)). IFurthermore, even if these maodels incorpo-
rate random variation, it is likely that there is even
higher variability than that considered because of
cnvironmental  variations  (Parrish et al.. 1983:
Wespestad and Terry, 1984; Winters ot al.. 1985
Huato-Soberanis and Lluch-Belda. 19871 Lluch-Belda
et al., 1989: Jacobson and MacCall, 1995).

One relevant resull is that the deterministic and
stochastic models yicld sccaringly simifm resufes for
the tuning period (1972-1973 to 1989-1990). Never-
theless, over the long-run thé stachastic model gives
more realistic results because maximum biological
yield and the corresponding I value arc in agreement



M.O.Nevdrez-Martines et al. / Fisheries Rescarch 41 !IO‘I‘)) 273-283

281

E SE+10 A
£ 4e+i10
2 3E+10 4
2E+10 -
1TE+10 f ..
GE+00 + +
[ 2 - ~ ) - ~ @
8 8 & 8 % § § 8 R & 8
{ Adull___Iiils Populaiion ]
3E+D8
= 26+08 }P
¥ 2e+08
§ 1E+08
S5E+05
GE +00
[ I = ~ 0 = ~
8§ ¢ % 8 &8 B B g 8§ R # @
{ —B8adull ... Bpopulation ———iacruil |
S5E+10
¥ aes10 |©
E
2 B3E+10
g 28410
5 TE 10 i 2=
0E+00
- ~ 0 - ™~
§ & 8% 8 8§ ¢& § 8 B & B
{2 Adutt .. -- Fopulation Recruit |
3E+086 —
g 2E+08
2 2E+08
§ 1E+08
SE+05
QE+00
[ 2 - ~ § w = w~
8 & & 3 &8 ¢§ # §8 §F B 8
{ Badult . .--.-- Bpopulation Brecrult ]
SE+10
E iee10 |F
€
2 3e+10 |
g 28+10 +
B oaeero f N -
® 0E+00 =
© 2 < = w - ~
5 & % § ¥ § & § § § % %
[ “Adun oo Populniion —————Recrull |}
¥
3
- S n - I
5 8 8 & ¥ & B 3 8 §8B & ¢8
N Badul  ------- Bpopulation —————Brecruit ]

Fig. 5. Observed tendencies over 50 years of the probabifist
(C. D). F=ALT (ECF).

ardine abundance and biomass madel simulation. F--0 (A, By, F-0.25
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with historic catches over the 30 year period of
existence of this fishery (e.g. Cisncros-Mata et al.,
1995). The deterministic modet, by contrast, resulls in
I and MSY which are far larger than the ones ever
registered. Consequently, the stochastic model proved
to be a more reliable tool o develop management
prescriptions for this fishery.

Although F corresponding (0 MSY for the stochas-
tic version is 0.275, this would yield economic returns
stightly below their maximum (MEY). An F value of
0.25 would not only produce higher economic returns,
and be safer biologically, but will reduce intrinsic
population oscillations, which for management pur-
poses is a desirable characteristic of an exploitable
resource. Thus we conclude that a reference value of
0.9F nasy is the best option for this fishery. Results of
the deterministic analys

s are also in agreement with
this reference Fvalue in terms of bivlogical and
cconontic optimality.

Hiustrating this point, the Pacific sardine population
in the Gulf of California reached peak landings during
1988-1989 (292 000 1). alter which they collapsed
during 1990-1991 10 1992-1993 1o o minimum of
7000 1. Later. yields increased from 1993-1994 (o
1995-1996. reaching again 200 000 t (Cisneros-Mata
et al.. 1996), seemingly related to high environmenta!
variability (as shown by sca surface temperature and
upwelling indices) in the Gulf of California.
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