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Effect of Ageing Errors on Estimates of Growth, Mortality and
Yield-per-Recruit for the Chilean Sardine (Sardinops sagax)

1. Introduction

For most of the last 25 years, sardine species from the genera Sardinops or
Engraulis have supported the world’s largest fisheries, and Sardinops is presently the
largest component of the world’s fish harvest (Parrish et al. 1989). Pelagic Sardinops
and other pelagic fishery activity in Chile, represents 80% of the country’s landed
seafood, and fishmeal and fishoil exports from these fisheries have been the third
most important export of the country, generating nearly $250 million per year (Serra
1983). The sardine (Sardinops sagax) has dominated the pelagic ecosystem off
northern Chile from 1973 - 1991. If the fishery is to continue as an important
contributor to the Chilean economy, it is imperative that improved stock assessment
information be made available to fishery managers responsible for the resource.

Some of the uncertainties associated with current stock assessment are due to
discrepancies in the estimates of age composition of the sardine population.

In Chile, total allowable catches (TACs) are determined annually through
prescribed repeated empirical processes that establish age-length keys, and annual
catch-at-length and catch-at-age (age composition) data for all major exploited species.
This monitoring work is usually performed in national laboratories such as "Instituto
de Fomento Pesquero" (IFOP), a centralized government research institute responsible

for stock assessment. The total catch-at-age data for each major species are used in



stock assessment procedures, such as the Virtual Population Analysis (VPA), yield-
per-recruit, and stock-recruit analysis (Serra et al. 1988; Zuleta and Serra 1985).
These analyses are performed by scientists from IFOP and "Subsecretaria de Pesca"
(SUBPES, Undersecretary for Fisheries). In Chile, almost all stock management
recommendations are based on annually updated catch-at-age data provided by IFOP
and SUBPES.

The age and growth characteristics of sardines are primarily determined by
analyzing ring formations deposited on hard parts, such as sagittal otoliths and scales.
Additionally, length frequency distributions as well as von Bertalanffy growth
equations are utilized at particular stages during the age and growth determination
process. One problem that currently precludes effective management of the sardine
fishery in Chile, and other fisheries throughout the world as well, is evaluating
contradictory results from different research studies. For example, Trautmann (1980)
and Trautmann and Aguayo (1980) working for IFOP, determined sardine ages using
sagittal otoliths from fish collected in northern Chile and found that the maximum age
was 11 years. However, research conducted at Universidad Arturo Prat (UNAP) by
Garland (1988) and Garland and Araya (1988) on samples from the same fishery zone
found that the maximum sardine age was 6 years when determined using daily growth
lines. This discrepancy was due to different ageing and validation methodologies. In
comparison to ageing methods based on daily growth ring formation (Garland 1988),
the traditional age determination techniques, based on yearly growth ring evaluation

(Trautmann 1980; Trautmann and Aguayo 1980), may fail to detect "false" annuli,
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such as ring deposition due to spawning. Additionally, in these two age determination
methods birth dates were based on a different criteria, i.e., January 1 (yearly growth
ring method) and date of birth for each fish (daily growth ring method). The results
generated from stock assessment procedures are directly influenced by the age
information itself. Inconsistencies in the age data from different research sources may
have a considerable impact on stock management decisions recommended by a fishery
agency.

Ageing errors produce important changes in the estimates of different fishery
models and can result in different management decisions for the same stock. The
goal of this research was to study the effect of using two different ageing methods on
the estimation of growth, mortality and yield-per-recruit in the Chilean sardine
fishery. The use of two different methods of ageing Chilean sardines can produce
important differences in age composition and result in different estimates of growth,
mortality and yield-per-recruit parameters, with important implications for the

management of this resource.

1.1. Objectives

The specific objectives of this research were:
1. To determine population parameters such as: von Bertalanffy growth parameters,
instantaneous rate of mortality and, age at first capture, and age at recruitment for

fishes in the stock.




2. To compare the parameter estimates from the two ageing methods.
3. To evaluate the results of using the two sets estimates in the yield-per-recruit
model of Beverton and Holt and to analyze potential management impacts of ageing

CITOIS.




I1. Theoretical Background

2.1. Effects of ageing error on fisheries management

The effects of ageing error on fisheries management have been reported by
Mathews (1974), Mortera and Levi (1982) and Tyler et al. (1989). Fournier and
Archibald (1982) found that large year classes appeared smaller and, perhaps more
seriously, the smallest year classes appeared larger. Under estimation of age can
result in an overestimation of mortality rates, and the masking of important strong
year-classes could result in overfishing (Beamish and McFarlane 1983b; Powers 1983;
Lai and Gunderson 1987). Management based on ages from scale estimators appears
to have resulted in overfishing, whereas management strategies based on updated age
information have resulted in a stable fishery (McFarlane et al. 1985). Beamish and
McFarlane (1983a) illustrate the financial cost and management consequences of
underestimating the age of older fish for the Pacific ocean perch fishery off the west

coast of Canada.

2.2. Validation studies in age determination

An increasing number of studies indicate that application of "routine” methods
of age determination have resulted in important misunderstanding of the age
composition of populations (Beamish and Harvey 1969; Leaman and Beamish 1984;
Beamish 1979; Beamish and Chilton 1982; Chilton and Beamish 1982). The

differences in age determination in different species of fishes resulted from using




different structures such as scales and otoliths and hyalin rings versus daily growth
increments. Sectioned otoliths usually result in higher age estimates (Carlander
1974).

Reliable age determinations are essential for almost all aspects of fishery
research, particularly for studies of growth, production, and population structure and
dynamics. It is imperative that the validity of the age determination method be
established in each population study. Checks on scales, opercular, or other bony
tissues are insufficient, and caution must be exercised because it is easy to tentatively
assume a method is valid, and retrospectively to obtain apparent confirmation

(Hellawell 1974).

2.3. Ageing errors in Sardinops

Mosher and Eckles (1954) investigated the age composition of adult California
sardines (Sardinops caerulea) and concluded that fish length-at-age, with ages
determined by otoliths, were not significantly different from length-at-age determined
by scales. However, the variability of the mean lengths of fish with age determined
from otoliths was less than the variability of lengths of the fish with age determined
from scales. Kimura (1970) and Kimura and Sakagawa (1972) reared individuals of
Pacific sardine from hatching through the first year of life to determine growth in
length and weights and the formation of accessory rings and annuli on scales, and
compared these measurements with those for field-captured fish. The examination of

the scales of laboratory-reared fish was insufficient to distinguish between accessory
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rings and annuli. Therefore, extreme caution must be exercised in ageing because of
the presence of accessory marks on scales. A significant finding was the observation
that early readers (between 1934 to 1943) probably aged sardines correctly, whereas
later readers (between 1944 to 1957) probably underestimated age II and older fish
(Kimura and Sakagawa 1972). They concluded that a bias was present in published
age-compositions of the Pacific sardine catch, which in turn, probably affected studies
of population dynamics of the Pacific sardine. Ramirez and Uraga (1986) working
with Monterrey sardine Sardinops sagax caerulea suggest there is a relationship
between the two spawning periods and the periodic hyaline and opaque bands of the
otoliths. The possibility that these bands occur with a frequency of six months is put
forward.

Blackburn (1949, 1950) studied age, rate of growth, and general life-history of
the Australian sardine (Sardinops neopilchardus) in the waters off New South Wales
and concluded that ring pattern is complex, involving yearly, spawning, and
secondary rings. One yearly and one spawning ring are usually formed. Biological
growth patterns should therefore, be considered in the fishery management. Davies
(1958) determined the age composition of the commercial catches of sardine
(Sardinops ocellata) off the West coast of the South Africa using scales and concluded
that two rings are formed on the scales of sardine each year. Thomas (1984) noted
wide variations in the published age compositions of southern African sardine and
concluded that part of the variation may be explained by differences in growth in

different areas and periods. For the Japanese sardine (Sardinops melanosticta),
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Aikawa (1940) reported that two rings were formed on the scales per year, one in the
summer and one in the winter. Spring catch indicated the oldest individual usually
had 6 rings on the scale which correspond to a 3 year life span. Individuals with 7 or

more rings on the scale were scarce among Japanese catches.

2.4. Age determination for Sardinops sagax

The age and growth of adult sardines in Chile, Perti and Ecuador have been
studied by different authors. Methods used have included reading of rings in scales
of sardines from Antofagasta - Chile (Alberti and Larrafieta 1966). Also used is the
reading of hyalin rings in sagittal otolith in Chile (Trautmann and Aguayo 1980;
Aguayo et al. 1983; Aguayo et al. 1987), in Perd (Samamé 1977; Cardenas 1983,
1987), and in Ecuador (Saldafia 1983). Daily growth lines in sagittal otolith also were
used for ageing sardine in Chile (Garland 1988, Garland and Araya 1988). In Chile,
Vidal (1967, 1985) used modal progression of length frequency and in Peri Cédrdenas
and Mendo (1985) fitted the von Bertalanffy model for length at age.

Specialists in age and growth studies of pelagic species associated with official
stock assessment institutions from Chile (IFOP: Instituto de Fomento Pesquero), Peru
(IMARPE: Instituto del Mar del Peri) and Ecuador (INP: Instituto Nacional de Pesca)
met in 1982 to analyze and standardize the ageing methods used by each country.
The goal was to generate consistent and accurate information for the successful
management of pelagic species (SELA 1982). However, there are still differences in

average length for the same age caused by differences in ring measurement. In Pert,
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the radius is measured from the focus to the caudal margins of the opaque ring and in
Chile, measurements are taken from the focus to the caudal edge of the hyalin ring.
Identification of the first ring is also a problem. Samples from Chile, Pert and
Ecuador, exhibit a wide range of formation periods and with differences in intensity
of the rings. Finally, a different birth date is used for the assignation of age. Chile
uses January 1 (traditional method) and Peri uses July 1. The information used to
generate age-length keys and the distances from focus to each ring are not
comparable. Another important issue in age studies of chilean sardines is age
assignation. For instance, Aguayo et al. (1983, 1987) used January 1 while Garland
and Araya (1988) used date of birth for each fish. Date of birth was determined
using the date of capture and age in days. Differences noted in the estimation of age
and growth between traditional (reading otoliths) and progression of length frequency
methods led to a 1987 agreement between certain fisheries companies (Coloso S.A.
and Guanaye, Ltda., Iquique, Chile) and the Universidad Arturo Prat to conduct
sardine age validation studies based on daily growth increments. In 1987 an
agreement was signed for age validation of sardine using daily growth increment
between the fisheries companies and Universidad Arturo Prat because of the
differences in the estimation of age and growth between traditional methods (reading
otoliths) and progression of length frequency methods.

In Chile, three captivity experiments were used to determine the periodicity of
the microincrement formation by studying the otolith’s hourly growth (Garland 1988

and Garland and Araya 1988). Daily growth increments were used for validating
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annuli by recording the time between estimated date of hatching and the end of each
winter and by counting the daily lines between the different hyaline rings. Consistent
estimates were found with both methods but not with the traditional methods used by
IFOP. From the third to sixth years of life two rings were deposited for each annual
cycle. The first was correlated with winter season plus principal spawning (between
July to September), and the second ring was correlated with a secondary spawning
(between February to March). Spawning rings were also characterized using daily
growth increments. A close relationship between spawning events and the deposition
of daily growth lines was found. Spawning rings were characterized by daily growth
lines more refringent and brighter than normal microincrements (Garland 1988 and
Garland et al. 1988). The maximum age was almost 6 years, rather than 11 years
determined by Trautmann (1980) and Trautmann and Aguayo (1980) and Aguayo et
al. (1983, 1987).

Methods used for ring validation in a typical age and growth study involve the
analysis of the otolith edge through the frequency of the type of otolith edge (hyalin
or opaque), marginal increments, and the relationship between otolith radius and fish
length (Dannevig 1933; FAO 1982; Huang and Walters 1983). These methods are
common and have been used with Chilean sardine (Trautmann 1980; Aguayo et al.
1983, 1987). However, the interpretations of data obtained by these methods are
ambiguous, especially when the type of otolith edge and marginal increments are
separated by ages groups. The frequency of hyalin or opaque edge is similar in

different seasons and the average of marginal increments is not representative because
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the variance is not homogeneous (Garland and Araya 1988). For these reasons these
techniques were not appropriate to validate annulis in Chilean sardine and must be
used with caution and supported by other methods, e.g. daily growth increments.
Different methods of annuli validation and age determination together with age
assignation used by IFOP (Aguayo et al. 1983, 1987) and UNAP (Garland and Araya
1988; Garland 1990) can produce important changes in the results of different fishery
models especially yield per recruit and stock - recruit. Different ageing methods
produce different information and lead to different management decisions for the same

stock.
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II1. Materials and Methods

The data sources for this research came from stock assessments conducted
regularly by IFOP and published work completed by Garland (1988) at UNAP. Of
particular interest were ageing determinations for S. sagax caught in northern Chile

between September 1985 and August 1986.

3.1. IFOP sampling procedures and data generation

A standard sampling protocol was used by IFOP from September 1985 to
August 1986 for stock assessment. Sardines landed in Arica (18°21°- 19°30°S),
Iquique (19°30°- 21°30’S) and Antofagasta (21°30’- 24°00’S), Chile (Fig. 1) during
September 1985 to August 1986 were sorted into 0.5 cm size classes. Five females
and 5 males were selected from each size class for otolith analysis. Otoliths were
mounted in block plates with Canadian balsam, sent to a central laboratory in
Santiago, and processed following standard techniques (Aguayo et al. 1983, 1987).
Data on length, weight, sex, landing port and catch were used to build length-key
tables, length and weight relationships. The length frequency distribution plus age-
length keys together with the ratio of weight of catch and weight of sample were used
to build catch-at-age (age composition in number). Samples were collected and
differentiated on a monthly and landing port basis and summed to produce quarterly,
semiannual and annual reports. Age I fish, landed in Iquique during July 1985, were

included in length-key and catch-at-age tables to obtain more representative data.
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Frequency distribution of length and age composition among Arica, Iquique and
Antofagasta exhibited no significant differences (Mann-Whitney test, o= 0.05) from
September 1985 to August 1986 (Fig 2, 3 and Table 1). Data agreed with IFOP and
SUBPES stock definition of sardine for management purposes and separate and annual
reports were combined to produce length-key tables for all of northern Chile between
September 1985 to August 1986. The absence of differences allowed the pooling data
in order to produce age-length-key tables for all of northern Chile sardines between

September 1985 to August 1986.

Table 1. Comparison of length frequency distributions for IFOP and UNAP samples.
"Z" values for Mann-Whitney test are not significant (a= 0.05).

Arica Iquique  Antofagasta  Northern Iquique

(IFOP) Zone (UNAP)
Arica 0.443 0.234 0.680 1.788
Iquique -0.261 0.154 1.168
Antofagasta 0.381 1.599
Northern 1.110

Zone

Parameter a and b the relationships of length and weight, by months for Arica,
Iquique and Antofagasta from September 1985 to August 1986 were averaged,
obtaining a= 0.0105 (S.D.= 0.00507) and b= 2.975 (S.D.= 0.161). These
parameters together with a table of age-length, were used for building a table of age-
weight. Both tables correspond to the starting point of the standard stock assessment

procedures (Tables 2 and 3).
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Figure 2. Length frequency distribution obtained by IFOP in the landing ports of
Arica, Iquique, Antofagasta and northern Chile.




4 —
W0
35 ARCA
30
[3
Ezs
H
Ezo
15
10
, |
1 2 3 4 5 ] 7 8
A (yours)
4
40 -
35
TG
30
g
gzs
gzn
15
10
5 l—]
o= LT
1t 2 3 4 5 & 7 B
A (yoars)
45
40
35
ANTOFAGASTA
30 ]
¥
Ezs
izu
i
10
5 H
° 1 i
12 3 4 5 § 1 8
Age (sears)

-~
on

Frequency (%)
s K> [ oy [ s
wn o w o > o
1 ! | ! . :

—_
<
L

NORTHERN  ZONE

Figure 3. Age frequency distribution determined by IFOP for the landing ports of
Arica, Iquique, Antofagasta and northern Chile.

16




17
3.2. UNAP sampling procedures and data generation

Samples from the Iquique fishery zone were obtained in conjunction with the
staff from UNAP. From September 1985 to August 1986, individual Chilean sardines
were sampled at the landing sites (Coloso Co., Iquique, Chile) by choosing different
vessels that had fished in the Iquique zone. Samples were taken daily each week,
from one boat. Each sample consisted of fish collected at intervals of 5 minutes
during discharge of fish from the vessels to avoid bias from possible stratification
within the catch. The total monthly sample was tabulated as a length frequency
histogram; each interval of size was considered a stratum and proportional random
sub-samples were taken to obtain otoliths.

From the 13,888 sardines sampled, 1,161 were randomly subsampled to
determine age. Two hundred were used for age validation using the daily increment
technique, considering age range (1 to 5 years), year classes (1980 to 1984) and, time
of sampling (months). Age and length data in addition to the parameter a=0.004911
and b=3.16 for the length-weight relationship were used for building age-length key
tables (Tables 4 and 5).

The length frequency distribution for northern Chile obtained by IFOP and the
length frequency distribution for Iquique obtained by UNAP and IFOP exhibited no
significant differences (Mann - Whitney test o= 0.05) (Fig 4 and Table 1) indicating
that samples obtained by UNAP were representative for all northern Chile and that
the age compositions estimated by IFOP and UNAP were comparable. The only

differences in the age-length keys were, therefore due to ageing method
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Figure 4. Length frequency distribution obtained by IFOP and UNAP in the landing

ports of Iquique and northern Chile.




Table 2. Age-length keys obtained by IFOP for northern Chile.

Length 1 I I v v VI VI Vit IX
(cm)

15

155

16

16.5

17

17.5

18

18.5 1 4

19 4

19.5 13

20 19

20.5 17 4

21 18 19

215 24 24

22 23 29

225 18 38 5

23 8 51 24

235 7 53 60 4

24 1 47 92 34 2

24.5 30 103 76 10

25 20 94 97 25

255 8

26 6 74 112 45 1

26.5 1 73 106 58

27 54 108 72 4

275 41 111 74 12

28 11 114 89 19 1

285 11 81 112 27 5

29 114 43 3

295 121 58 7

30 115 3 14

30.5 97 92 16
26
34

e e

SRESQ

31 84 82
315 45 7
32 62
325 15 22
33 10 15
335 3 10
34 7
345 2
35 1

= b 00
=k e e NN WO

Avg. 16300  21.215 23206 25298 26844  27.737 30420 31574  32.000
Var. 1.825 1.552 1.530 1.736 2.558 3.027 1.670 1.781 1.818
N. 5 156 330 740 1098 1100 572 188 23
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Table 3. Age-weight keys obtained by IFOP for northern Chile.

Weight 1 I i v \Y% \Y| VII VIII X
(gr)

331
36.5
40.1
44.0
48.1
524
57.0
618 1 4
66.9 4
72.3 13
77.9 19
83.9 17 4
90.1 18 19
96.7 24 24
103.5 23 29
110.7 18 38 5
118.1 8 51 24
125.9 7 53 60
134.1 1 47 92 34 2
142.6 30 103 76 10
1514 20 94 97 25
160.6 98 106 26
170.1 74 112 45 1
180.0 73 106 58
190.3 54 108 72 4
201.0 41 111 74 12
212.1 11 114 89 19
2235 11 81 112 27
2354 69 114 43
247.7 44 121 58
2604 24 115 73
2735 12 97 92
2871 84 82
3011 45 e
3155 62
3304 15
3458 10
361.6 3
3719
394.6
4119

e R

+a

- N 0O

=N 0o
~p 9B LHRBRERBREREww L~

R e NN WD N

Avg. 43108  93.817  122.309 158.063 189.032 231558 272.806 304.769 317.095
Var. 125.568  262.752 373.018 610.114 112645 1647.89 114898 1446.22 1647.39
N. 5 156 330 740 1098 1100 572 188 23




Table 4. Age-length keys obtained by UNAP for Iquique.

Length 1 II 1 v v

(cm)

14.5 2

15

15.5 2

16

16.5 2

17

175

18

18.5

19

19.5

20 1

20.5 6

21 6

21.5 2

22 6 1

22.5 9 3

23 6 7

235 10 18 1

24 11 18 1

24.5 23 31 2

25 28 49 3

255 38 32 2

26 28 61 2

26.5 28 40 3

27 27 52 4

275 17 47 5

28 8 31 5

28.5 10 32 7 1

29 N 38 8 2

295 2 28 4

30 6 29 14 3

30.5 1 35 8 1

31 3 18 8 1

31.5 4 20 13 1

32 1 18 7 1

325 4 12 6

33 14 5

335 12 11

34 10 9 1

34.5 1 7 5

35 1 1

355 5 2

36 2

36.5 1

37 1

Avg. 15.500 25.867 27961 30.555 31.607

Var. 0.8 5.705 8.162 79 6.815
N. 6 290 669 137 14

21




Table 5. Age-weight keys obtained by UNAP for Iquique.

22

Weight 1 1 111 v \'%
(gn)

23.0 2

25.6

284 2

313

345 2

38.0

41.6

455

49.6

54.0

58.6

63.4 1

68.6 [

74.0 6

79.7 2

85.7 6 1

92.1 9 3

98.7 6 7

105.6 10 18 1

112.9 11 18 1

120.5 23 31 2

1284 28 49 3

136.7 38 32 2

1454 28 61 2

154.4 28 40 3

163.8 27 52 4

173.6 17 47 5

183.7 8 31 5

194.3 10 32 7 1
205.3 S 38 8 2
216.7 2 28 4
2285 6 29 14 3
240.7 1 35 8 1
2534 3 18 8 1
266.6 4 20 13 1
280.2 1 18 7 1
294.3 4 12 6
308.8 14 5
3238 12 1
339.3 10 9 1
3554 1 7 5
3719 1 1
388.9 5 2
406.5 2
424.6 1
4433 1
Avg, 28.623 147.244 189.559 248.981 275.399
Var. 26.869 1972.67 3994.501 4819.487 5583.301

N. 6 290 669 137 14
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differences. The age-length keys derived from each ageing techniques separately
(IFOP versus UNAP) were used to estimate growth and mortality rates for S.
sagax; and the rates were then compared statistically. Data for the sexes were

combined to facilitate comparison with past studies.

3.3. Determination of von Bertalanffy growth parameters

Von Bertalanffy growth curves were estimated following the methodologies
suggested by Sparre (1987) and Sparre et al. (1989), who commented that the von
Bertalanffy growth function has become one of the cornerstones in fishery biology
because it is used routinely as a submodel in more complex models for describing
fish population dynamics. The von Bertalanffy growth function in length is

described by the equation:

L=L, (1- ™" %) eq. 1.

where t = age, k = a growth constant, Lo, = average asymptotic length, L, =
length at age, and t, = age when L, = 0. The procedures suggested by Sparre
(1987) were used to estimate the growth parameters L, k and t,. The parameter
were estimated using: (a) pairs of observed age (t;) and length frequency (L) in
number of fish (Total) (t,/L*n;+L,,,*n;,,+...+ L, *n;, ) and, (b) pairs of
averaged age (t;) and averaged length (L;) (Average or Aver.) (t;,/L;) (Fig 5). In
order to obtain estimated von Bertalanffy parameters that were comparable

between IFOP and UNAP, I used annual age-length keys of northern Chile




/ AGE-LENGTH REY\

IFQP
)|

L
ESTIMATION OF
GROMTH
PARAMETERS
b |
Total 1: t,/L % 4L, o0, #.8L, 00,
Total 2: ¢/ /H % M, oo, 4o #W 0,
tI/LI
£,

fiverage 1:
fiverage 2:

ESTIMATION OF M
PARAMETERS FOR

Total and fiverage

1

ESTIMATION OF F
PARAMETERS FOR

Total and fiverage

L

BEUERTON AND HOLT

YIELD PER RECRUIT
ANALYSIS FOR

Total and Average

\ FROM LﬁNDINGS/

UNAP
*2

L
ESTIMATION OF
GROWTH
PARAMETERS

/

Total 1: ¢,/L;¥n 4Ly, oy beotly i
Total 2: &/ % 4R, 0y, 4outlp 0y
t,/L,
£,

fAverage 1:
fiverage 2:

ESTIMATION OF N
PARAMETERS FOR

Total and fiverage

1

ESTIMATION OF F
PARAMETERS FOR

Total and fAverage

L

BEVERTON AND HOLT
YIELD PER RECRUIT
ANALYSIS FOR

Total and fverage

Figure 5. Block diagram of the different methods applied in this thesis.
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samples, between September 1985 and August 1986 (Bernal and Barrias 1992;
Garland 1988). The von Bertalanffy growth models were fitted to the length at
age data using a nonlinear regression routine (NLIN) of SAS (Statistical Analysis
System Institute Inc., Cary, NC, U.S.A,, version 6.04). The routine estimates Lo,
k and t, by minimizing the sum of squared deviations (SSD) between the

observations and the estimated growth curve, so that the sum:

SSD=Y"(L, - L, (1-e* "%y eq. 2.
i=1

is minimized (Kimura 1980 and Sampson pers. com.). The fitting procedure was
iterative and begins with a search for suitable initial values for the parameter
estimates. The parameters estimated by Aguayo et al. (1987) for the IFOP data
and by the Ford-Walford method (Ricker 1975) for the UNAP data were used as
starting points for the initial searching procedure. The von Bertalanffy growth

parameters for weight were estimated from age-weight tables using the same SAS

nonlinear routine. Von Bertalanffy growth curves in length and weight for the
two data sets were compared using Hotelling’s T as a test for differences between
the two sets of von Bertalanffy growth parameters (L, k and t,) (Bernard 1981).
Hotelling’s T” statistic is derived from the joint probability distribution for several
normally distributed random variables and is based on vectors of parameter values
(Prop and Pyy,p) and the variance - covariance matrix for each set of estimates.

The nonlinear regression procedure produced parameter estimates with
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asymptotic standard errors, and the correlation matrix for the parameter
estimates. The correlation matrices were used to calculate the variance -
covariance matrices. The calculated T? statistics were used to test the hypothesis
that the IFOP parameters are equal to the UNAP parameters. Because T” is
related to ’t’, the tabulated F statistic with some modification is used to determine

the significance of a T value (Bernard 1981).

The compleat ELEFAN routine (Pauly 1987) was used to estimate
population parameters from the length compositions and data for August 1985 to
September 1986. The von Bertalanffy growth parameter were calculated by
identifying the "best" combination of growth parameters through response surface
analysis i.e. many (say, a thousand) different growth curves are examined to find
the best combinations of parameters. These values were improved by using an
automatic search procedure, which tested alternative growth curves until one
produced the highest Rn (goodness of fit test) (ELEFAN I). In order to compare
the von Bertalanffy growth parameter estimated with ELEFAN I, I used the
Munro phi prime test ($’) (Munro and Pauly 1983, Pauly and Munro 1984) who

suggested that the "overall growth performance” is reflected by:

¢ =Ink+2*hnlL_ eq. 3.

where Lo, and k are parameter of von Bertalanffy growth function. These

authors found that species within the same family have similar ¢’ values which are

normally distributed.




27
3.4. Determination of mortality parameters
3.4.1. Instantaneous rate of natural mortality

There are several methods for estimating the instantaneous rate of natural

mortality (M). Sparre et al. (1989) commented that most of the methods for
estimating M, perhaps all, rank no higher than intelligent guesses. Since direct
measurements of M are difficult to obtain, Sparre et al. (1989) suggested
obtaining or identifying quantities that can be assumed proportional to M and that
are easier to measure (or estimate). I used five methods to obtain estimates of

the natural mortality rate:

(a) Method of Taylor (1960)

Natural mortality should be related to Lo or the maximum weight of the
species, W o, since large fish have fewer predators than small fish, maybe because
big fish swim faster or because big prey imply big predator. Taylor (1960) found
an empirical relationship between growth parameters and temperature and these
appeared to be related with longevity and mortality. Therefore, Taylor (1958,
1959) suggested that for certain animal groups M can be predicted from body size

using the following equations:

2.996

Aggs = (

) +t, eq. 4.
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_ 2,99

A0.95

M eq. 5.

where:

A(0.95) = age when length is 95% of L

k and t,= von Bertalanffy growth parameters in length.

For my application of this method to the Chilean sardine data, I used sets
of growth parameters derived from the two ageing methods for each estimation of

growth.

(b) Method of Rikhter and Efanov (1976)

Empirical studies concluded that fish with a high natural mortality usually
mature early in life. They compensate for the high M by earlier reproduction.
Based on this idea Rikhter and Efanov (1976) found the following expression:

1.521
072
s

M:

- 0.15 eq. 6.

where;

tmy, = age when 50% of the population is mature.

For my application of this method I assumed that S. sagax during 1985-86

mature at 26 cm of total length (TL) (Martinez et al. 1987). This length
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corresponded to 5 years and 3 years when was transformed to age using the length

at age tables from IFOP and UNAP.

(c) Method of Pauly (1980 and 1983)
Pauly made a regression analysis with data from 175 different fish stocks,

and estimated the following empirical relationship.

InM=-00152 -0279InL_ + 06543 Ink + 0463 In T eq.7.

where:
Lo and k = parameter of von Bertalanffy growth function.

T = average annual temperature at sea surface in Celsius degrees.

Applying Pauly’s method to the Chilean sardine data, I used sets of growth
parameters derived from the two ageing methods for each estimation of growth.
The average temperature for 1985-86 was 18°C (Fuenzalida pers. com.).

For schooling fish Pauly (1983) suggested multiplying equation (7) by 0.8.

The equation (7) is transformed as follows:

In M =08 (-0.0152 - 0279 In L_ + 06543 In k + 0463 In T) eq. 8.
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(d) Method of Peterson and Wroblewski (1984)
This method is based on similar assumptions as Taylor’s method but is
specific for pelagic fishes. The method assumes that mortality is primarily due to

predation and is size-dependent. Peterson and Wroblewski (1984) derived the

following expression:

M, =02 (192 yr™') ww™% eq. 9.

where:
Wd = dry weight in average for all size classes

Ww = wet weight

For my application of this method I assumed that Ww = aL’, where L =
modal length for 1985-86 and a and b are parameters of the relationship between

weight and length calculated for both IFOP and UNAP.

(e) Method of Gunderson and Dygert (1988)

These authors added more species to the analysis of Gunderson (1980).
They carried out an evaluation of the relation between reproductive effort and
natural mortality rate for 20 fish stocks using a multiple regression analysis and

showed that wet gonad somatic weight index (WGSI) was superior to any of the

other life history parameters evaluated (k, Lo, age at maturity and maximum
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age) in predicting natural mortality. Gunderson and Dygert estimated the

following relationship between M and WGSL

M =003 + 1.68 WGSI eq. 10.

The wet gonad somatic weight index is the ratio of wet gonad weight over
body weight. In my application of this method I used monthly values of gonad

weight from September 1985 to August 1986 (Martinez et al. 1987).

X=12
Y (GW /2| BW eq. 11
WGSI = X! o

12

where:
GW = gonad weight
BW = body weight

x = September 1985 to August 1986.

I transformed modal length to monthly body weight using a and b parameters for

IFOP and UNAP. Because S. sagax has two periods of spawning each year the

gonad weight was divided by two in order to approximate annualized estimates
(Gunderson and Dygert 1988).
For each growth estimate I computed an average for all estimations of M,

because in the yield-per-recruit equation of Beverton and Holt (1957) only one
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value of M is used. The yield-per-recruit analysis assumes that M is constant over
the fishable lifespan of the stock and is independent of the size of adult stock (see
appendix I). Instantaneous natural mortality rates were compared using a "t" test

for different in means with variances not homogeneous (Dixon and Massey 1969).

3.4.2. Instantaneous rate of fishing and total mortality

Total instantaneous mortality Z is equal to F + M, where F is the
instantaneous fishing mortality rates and M is the instantaneous natural mortality
rate. I calculated instantaneous fishing mortality rates by subtracting M from the
instantaneous rates of total mortality (Z) which I estimated by applying the
linearized catch curve to catch-at-age data (population size at each age) from the
IFOP and UNAP age data (Robson and Chapman 1961; Ricker 1975). This
analysis corresponds to fitting a straight line to the plot of the natural logarithms
of catch versus age. The slope of the line corresponds to minus the instantaneous
rate of total mortality (Z). Sparre et al. (1989) noted that the catch curve is a
graphical representation of numbers of survivors plotted against age. This method
assumes that the recruitment remains constant every year and that F and M are
constant over the range of ages observed in the catch. In this case all cohorts have
the same age structure.

In the case of IFOP data, the last age was not considered in the regression

because its low frequency (0.008%) could bias the estimates of Z (Chapman and

Robson 1960; Robson and Chapman 1961 and Sampson pers. com.). Total
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instantaneous mortality rates derived from the IFOP and UNAP data sets were

compared using a partial F test for regression lines (Neter and Wasserman 1974).

3.5. Evaluation of the Beverton and Holt yield-per-recruit model

Various authors have studied the sensitivity of the Beverton-Holt model for
yield-per-recruit to ageing errors and errors in M. They have demonstrated that
bias or inaccuracies can have important effects on the management advice derived
from the model (Mathews 1974; Lai and Gunderson 1987; Tyler et al. 1989).
Megrey and Wespestad (1988) described the dynamic pool model of Beverton and
Holt as a mixing of three equations. The first is the growth model of von
Bertalanffy. The second is a slight modification of the exponential survival model
that incorporates a pre-exploited phase as well an exploited phase. The third and
final equation is the Baranov catch equation that is used in many fishery models.

The yield-per-recruit equation is:

k(. -
% _FeME D 3 gnf;;icnt: eq. 12.

where:

Y/R = yield -per-recruit

F = instantaneous fishing mortality coefficient

M = instantaneous natural mortality coefficient

Weo = asymptotic weight (von Bertalanffy parameter)

U, = summation parameter: U,=1, U,=-3, U,=3, U,=-1




age at first capture
age at recruitment
hypothetical age at size zero (von Bertalanffy parameter)

rate of weight growth (von Bertalannfy parameter)

Age at first capture (t,) was based on the legal minimum size, 20 cm of
total length, (Serra et al. 1988). This total length was transformed to age (t.)

using age-length key for IFOP and UNAP resulting in age II for IFOP and

UNAP. Age at recruitment (t,) was considered to be the youngest age in the

catch, which corresponded to age I in both cases. Equation 12 was solved using
the computer program B-H3 of the Fishery Science Applications System, FSAS
(Saila et al. 1988).

The yield-per-recruit model of Beverton and Holt (1957) has been one of

the models used in assessments of the Chilean sardine stock. I used this model
with both the IFOP and UNAP data. The von Bertalanffy growth parameters
estimated using averaged age and length data (method b in section 3.3) was the
traditional method used by IFOP for stock assessment. In this analysis I
estimated the yield per recruit for Chilean sardine using the age data sets of IFOP

and UNAP. The yield-per-recruit analyses were generated in parallel (Fig 5).
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IV. Results and Discussion

4.1. Populations parameters for the Chilean sardine
4.1.1. Growth of Sardinops sagax

Estimation of growth parameters of length and weight for Sardinops sagax
using IFOP and UNAP data resulted in different von Bertalanffy parameters for
the same kind of length and age data (Table 6 and 7). The Lo and W
parameters for the IFOP data were higher than those for UNAP, except for W o
with UNAP total data. The UNAP k and t, parameters for length and weight
were higher than the IFOP parameters, except for t, in UNAP total for weight.
The goodness of fit statistics was measured using the coefficient of determination
(R?) (Kvalseth 1985) from the ANOVA table generated by the SAS NLIN
procedure. In all cases, the R? values were significant at the 1% level. There
were significant non-linear goodness of fit statistics for length/weight and age
data, but data for intermediate ages gave better a fit than for younger and older
fish because in the intermediate ages there were greater numbers (Fig 6, 7). The
distribution and dispersion of data points for the different length, weight and age
averaged data for IFOP and UNAP were also analyzed (Figures 8, 9).

Growth curves corresponding to the same kind of length/weight (total and
average) and age data for IFOP and UNAP were compared using Hotelling’s T%
There were significant differences between the IFOP and the UNAP von

Bertalanffy growth estimates (Table 8). The length at age curves for the UNAP
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data indicated faster growth than those for the IFOP data (Fig 6, 8). The most
important differences were in the estimates for k. The values for the IFOP age-

length data were 4.4 and 4.5 times those for the UNAP data.

Table 6. Von Bertalanffy growth parameter in length for different data source and
method of data organization for IFOP and UNAP.

Data  Method Ioo k N R?
source

IFOP Total 48.813
UNAP Total 34.875
IFOP  Average 35.896
UNAP Average 31.588

Table 7. Von Bertalanffy growth parameter in weight for different data source
and method of data organization for data for IFOP and UNAP.

Data  Method W oo k t N R?
source

IFOP Total 904.463 0.095 -4.505 4212 0975
UNAP Total 1186.674 0.107 -4.679 1117 0.898
IFOP Average 484.667 0.180 -2.492 9 0.999
UNAP  Average 290.901 0.764  0.039 5 0.987

The asymptotic lengths (Lo ) from the UNAP data were less than those for the
IFOP data by between 4.3 and 15.3 cm. The weight curves showed similar
differences. The weight at age curves for the UNAP data showed faster growth

than the weight at age curves for the IFOP data. The k values for the UNAP
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data were 1.1 and 4.2 times higher and the differences in W o, were 282.2 to 193.8

gr (Table 7).

Table 8. Hotelling’s T values for von Bertalanffy parameter in length and weight
between IFOP and UNAP. Hotelling’s T? values are significant (p< 0.01).

Data Method T? T?

source

length weight

IFOP
(N=4212)
Total  135259.8  66409.8
UNAP
(N=1117)

IFOP
(N=9)
Average 275910  95.995
UNAP
(N=5)

The von Bertalanffy growth parameters estimated using ELEFAN I are
presented in Table 9. The annual length frequency distributions for the IFOP and
UNAP data showed no significant differences (Table 1 section 3.1), but the
monthly length frequency data indicated some differences. For instance, IFOP
monthly length frequency data ranged between 18 - 35 cm with an average mode
of 23 cm in comparison with the UNAP data, which ranged between 17 to 36.5
cm with an average mode of 25.5 cm. In general, the von Bertalanffy growth
parameters for IFOP and UNAP together with Munro phi prime test (®’) (Munro

and Pauly 1983, Pauly and Munro 1984) showed little difference (Table 9).
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4.1.2. Instantaneous rate of natural mortality for Sardinops sagax

Averaged natural mortality parameter calculated from different methods
and derived from IFOP and UNAP ages showed that estimates of M ranged
between 0.168 - 0.236 for IFOP and between 0.356 - 0.541 for UNAP data.
Instantaneous natural mortality rates (M) corresponding to the same kind of
length and age data for IFOP and UNAP showed significant differences (= 0.05)
(Dixon and Massey 1969) (Table 10). These results reflected the same trend as
the calculated von Bertalanffy growth parameters in length because the different
method of estimate M depend on growth parameter previously estimated. This
was particularly true for the methods of Taylor (1960), Rikhter and Efanov (1976)

and Pauly (1980, 1983).

Table 9. Population parameters estimated using complete ELEFAN.

Data Lo k ¥ M Z Fritery | Fusy
source

IFOP 312 0315 572 0676 069 0.014  0.0074
UNAP  32.04 0384 597 0764 084 0076  0.0098 0.63

4.1.3. Instantaneous rate of total fishing mortality of Sardinops sagax

Catch-at-age data (Fig 10) were used to obtain catch curves for IFOP and
UNAP data (Fig 11). The descending right hand sides of the linearized catch
curves appeared linear, indicating no evidence for violations of the assumptions of

similar age specific mortality, uniform recruitment, and equal vulnerability to the
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(A) IFOP and (B) UNAP during 1985-86 in northern
Chile.




R14-
Q
a
g A
&121
&
5104
8 P3
E3
A
6 T T T T T T T T T T
1 2 3 4 5 6 7 8 g 10
Age (years)
— 7 IFOP
18
16
E3
N14-
4]
jof
g
g12-
&
5101
8_ ¥
B
6 T T T T T T
1 2 3 4 5 6

Age (years)

— Z : UNAP

Figure 11. Catch curves based on age determination made
by (A) IFOP and (B) UNAP.

44




45

sampling gear of all fully recruited age groups (Ricker 1975; Chapman and
Robson 1960; Robson and Chapman 1961). The instantaneous rate of total
mortality (Z) for IFOP and UNAP followed the same pattern as the von
Bertalanffy growth parameters and natural mortality coefficient, i.e. UNAP
estimates are larger than IFOP. There is strong evidence of significant differences
between the estimates of Z for the IFOP (Z= 1.554) and UNAP (Z= 2.234) data
sets (p-value= 0.00844 partial F test).

Catch curves based on length were used to estimate instantaneous total
mortality (Z) (Fig 12), and instantaneous natural mortality (M) (Table 9). The
length data were analyzed using the ELEFAN II procedure and equation 7

instead of equation 8 (to see section 3.4.1.).

Table 10. Natural mortality parameter calculated using different methods. "t" test
values are significant at p =0.05.

Data Method M, M, M, M, M; X Std. "t"
source Dev. test
IFOP Total 0.092 0.322 0.194 0.109 0.124 0.168 0.094
UNAP Total 0437 0.535 0.560 0.114 0.135 0.356 0.216 L7
IFOP Average 0.236 0.322 0.388 0.109 0.124 0.236 0.122
UNAP Average 0.845 0.535 1.077 0.114 0.135 0.541 0.426 2

M;: Taylor (1960)

M,: Rikhter and Efanov (1976)
M;: Pauly (1980, 1983)

M,: Peterson and Wrobleski (1984)
M;: Gunderson and Dygert (1988)
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4.2. Potential yield

The potential yield was estimated using the Beverton and Holt model
for yield-per-recruit (Y/R) and the parameters calculated previously (Table
11). The specific values of t, and F used in the graphs (Fig. 13, 15, 23 and 24)
corresponded to the estimates in section 3.5. for t, and section 4.1.3. for F (Fig
14, 16). The relationship between Y/R and t, is parabolic with a maximum of
Y/R when t, is equal to the age when the cohort reach the maximum biomass
at the specified level of instantaneous fishing mortality. This relationship for
IFOP total and IFOP average are rather flat (Fig 13a, 14a). The behavior of
the same variables for UNAP total was different since the Y/R decreases
rapidly with increases in t, (Fig 13b). For UNAP average data the Y/R
increases rapidly with increases in t, and then decreases rapidly (Fig 14b).
Maximum Y/R for UNAP was a little larger than IFOP for the totals, but the
situation was reversed for the averages (Table 12 and 13).

The graphs of Y/R versus F for IFOP total, and IFOP average with t,=
2 years increased rapidly to a maximum and then declined slowly (Fig 15a,
16a). In contrast the graphs for UNAP total and UNAP average with t,= 2
year (Fig 15b, 16b) increased more slowly than the corresponding IFOP curves.
For UNAP total the graph had no maximum for finite values of F. The
maximum value of Y/R for UNAP was larger than IFOP for total and

averaged data (Table 14).
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Table 11. Parameter used in the Beverton and Holt yield-per-recruit analysis.

Data  Method W oo k , t, t. M F
source

IFOP Total  904.463  0.095 4505 2 1 0.168 1.386
UNAP  Total 1186.674 0.107 4679 2 1 0356 1877
IFOP  Average  484.667 0.180 2492 2 1 0236 1318
UNAP  Average 290901  0.764 0039 2 1 0541 1.693

Table 12. Maximum yield-per-recruit for IFOP and UNAP when t, was
maintained constant.

Data Method t, Y/R,..
source

IFOP Total 2 87.724

UNAP Total 2 106.034
IFOP Average 2 72.457

UNAP  Average 2 76.267

The behavior of Y/R with respect to F and tc was substantially different for IFOP
and UNAP. Therefore, I followed the standard practice of using yield-per-recruit
isopleth to analyze the influence of both factors acting simultaneously with a
combination of t, between 1 to 9 and F between 0 to 2 for IFOP, and with t,
between 1 to 5 and F between 0 to 2 for UNAP. Yield isopleths for IFOP (Fig
17a and 18a) had values between 10 and 96 gr/recruit and the yield-per-recruit -

reached a maximum (isopleth of 96) when fish were first taken at an age between
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4 and 5 (specifically at age 4.8 year) with a F value of 0.76 or greater (Fig 17a).
In the case of UNAP (Fig 17b and 18b), the yield values ranged between 5 and 76
gr/recruit and reach a maximum at Y/R = 76 gr/recruit at age 1.8 year with a F
value of 1.76 or greater (Fig 17b). The comparison of maximum Y /R values
between IFOP total and UNAP total is not very clear because the eumetric
fishing line (least cost combination (smallest F) of F and t, that produces a given
yield) for the UNAP total is outside the range of values for F and t, (Fig 17b) and
the eumetric curve could not therefore, be established. In the case of averaged
data, the maximum Y/R values for UNAP data were larger than for the IFOP
data (Table 12 and 13). Also the range of values for the age at entry (t.) for the
UNAP data were smaller than the values for IFOP, although the range of values
for F were the same for both IFOP and UNAP.

ELEFAN II was used to compute relative yield-per-recruits (Y’/R) which
corresponded to a more general version of the Y/R model of Beverton and Holt
(1957). Monthly length frequency distributions and the ELEFAN V procedures
(Pauly 1987) were used to compute Y/R. The input parameters were L,/L o and
M/k, which had been previously determined using ELEFAN I and II. The L,
parameter is analogous to the t, parameter used in the traditional model of
Beverton and Holt (1957). I used values of 19.48 and 15.19 c¢m for the IFOP and
UNAP data. The relationship between Y’/R versus F for IFOP did not show a
maximum value, but for the UNAP data the maximum Y’/R was 0.032 at F= 0.63

(Fig 19 a, b).




Table 13. Maximum yield-per-recruit for IFOP and UNAP when F was
maintained constant.

Data  Method F Y/R,.
source
IFOP Total 1.386 97.215
UNAP Total 1.877 111.110
IFOP Average 1.318 77.055
UNAP  Average 1.693 75.781

Table 14. Maximum yield-per-recruit values with respect to t, and F values.
Numbers in parentheses correspond to calculated values.

Data Method t, F Y/R,.x
source
IFOP Total 5.4 1.9 96(97.479)
UNAP Total 1 1.9 111.145°
IFOP Average 3.6 1.9 76(77.610)
UNAP  Average 1.8 1.9 76(76.522)

It is not really a maximum.
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4.3. Comparison of the Chilean sardine population parameters with respect to
other species of Sardinops.
4.3.1. Comparison of growth of Sardinops sagax with other studies

The differences in the relationship between age-length and age weight,
based on two different ageing methods, resulted in significative differences in
the estimation of the von Bertalanffy growth parameters (VBGP). When I
compared estimates of VBGP for IFOP data with estimations done by IFOP using
averaged length-age data, I observed that the estimated Lo was lower than the
IFOP’s estimation (Serra et al. 1979, Trautmann and Aguayo 1980, Aguayo et al.
1983 and Aguayo et al. 1987). The estimation of VBGP based on daily growth
increments (DGI) was in the range of other estimates for S. sagax in the South-
Eastern Pacific (Table 15). The estimate for parameter k, was exactly the same as
the estimate published in Aguayo et al. (1987) and also was in the range of other
estimates (Table 15). Although the IFOP totals data (data source from IFOP and
fitting method used was length frequency distribution at each age) are not exactly
comparable with other estimates, Lo from the IFOP totals was the largest
estimate not only with respect to IFOP’s estimates, but also with other estimates
for S. sagax (Table 15). In the case of the parameter k, the opposite situation
occurred, because k of IFOP totals was the lowest estimation. By comparing
VBGP for IFOP (totals and average) with another species of Sardinops it was
possible to see that estimates for both Lo, and k were larger and smaller

respectively than the others (Table 16). Although S. caerulea, S. ocellata and S.
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sagax inhabit similar environments (Eastern Boundaries Currents), the three
species exhibited different growth patterns. The methods of age analysis, i.e. (a)
rings count versus daily growth increment and (b) fit average length-at-age versus
fit all the individual length-at-age data, may be a factor in growth pattern
differences. For UNAP estimations, in particular, the estimate for parameter k
using the totals and averages were very close to the estimates for the different
species (Table 16).

With respect to parameter L_, both data sets, IFOP and UNAP, and both
methods for data organization, totals and averages, showed larger values than the
other species of Sardinops, because S. sagax is the biggest sardine (Fig 20).

The VBGP estimates using UNAP’s data were in the range of the other estimates
for S. sagax (Table 15) except for k based on average length-at-age (k= 0.909)
which was larger than other estimates but was not too different from the
estimates for S. melanosticta (Kondo 1980) and S. ocellata (Thomas 1985) (Table
16). The UNAP estimates of VBGP using UNAP data showed important
differences with respect to the other estimates for S. sagax off Chile. The UNAP
estimates for Lo, were smaller and k was larger than other estimates. The fact
that the VBGP based on UNAP data averages and totals data were close to the
estimates for others species of Sardinops (particularly the more recent estimates
by Kondo (1980) and Thomas (1985)), may be an indicator of mistakes in the

ageing methods used by IFOP (Serra et al. 1979, Trautmann and Aguayo 1980,
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Table 15. Von Bertalanffy growth in length parameters for Sardinops sagax off
Chile, Peri and, Ecuador.

A

Author’s Sex | P k to
Alberti and Larrafieta (1966)  M’+F 383" 0439
Vidal (1967)? M+ F 37.28 0.5 0.121
Samamé (1977)°+ males  33.79 0.326 -0.389
Samamé (1977)*+ females  32.39 0.322 -0.724
Serra et al. (1979)+ M+ F 38.6 0.207 -2.160
Trautmann and Aguayo (1980)+ M + F  48.06 0.145 -0.972
Aguayo et al. (1983)+ M+ F 40.0 0.205 -0.916
Cardenas (1983)°+ M+ F 4158 0.19 -1.43
Cardenas (1983)°+ + M+ F 3851 0.25 -0.54
Saldafia (1983)*+ M+ F 31.2 0.437 -0.932
Saldafia (1983)*+ + M+F 340 0347  -0612
Vidal (1985)* M+ F 3773 0.459 0.287
Ciérdenas and Mendo (1985)? M+ F 41.0 0.252
Cardenas (1987)+ M+F 398 022 084
Cirdenas (1987)° + + M+F 3749 025  -071
Aguayo et al. (1987) M+F 4026 0202 0934
IFOP total®+ M+ F 48813 0.080 -5.038
UNAP total®+ + + M+ F 34875 0.349 -1.735
IFOP average®+ M+ F 35896 0.202 -2.130
UNAP average®+ + + M+ F 31588 0909 0.248

- Fork length

2 Length frequency

" S. sagax (Peru)

S. sagax (Ecuador)

M= males and F= females
Estimates in this thesis

+ Rings count

++  Back calculation

++ + Daily growth increment

*4
*5
*6
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Table 16. Von Bertalanffy growth in length parameters for different species of
Sardinops.

Species Lo K
Sardinops caerulea ' 30 0.4
Sardinops melanosticta
Early years > 29 0.5
Recent years * 22.4 0.96
Sardinops neopilchardus * 26 0.3
Sardinops ocellata

South West Africa ° 36 0.4
6 22.6 1.09

South Africa ’ 31 0.3

"I Yamanaka (1960)

2 Yamanaka (1960)

"~ Kondo (1980)

" Blackburn (1960)

* Mattews (1960)

*® Thomas (1985)

7 du Plessis (1960)
Aguayo et al. 1983 and Aguayo et al. 1987) and IMARPE (Cardenas 1983 and
1987). These studies were based on the interpretation of hyaline or opaque rings
on otoliths without evidence from independent methods to corroborate that the
rings were annuli.

The parameter W, for weight based on IFOP totals data and parameter k
based on IFOP average data were in the range of the official IFOP estimates
(Trautmann and Aguayo 1980, Aguayo et al. 1983 and 1987), but parameter W o

based on IFOP average and k based on IFOP totals were out of range of the

official IFOP estimates (Trautmann and Aguayo 1980, Aguayo et al. 1983 and
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1987) (Table 17). The difference was caused by different methods of fitting the

von Bertalanffy growth function (non-linear versus Ford-Walford or Beverton-

Holt). Similar explanations are possible when examining the ranges for the other

estimates for S. sagax (Table 17). Due to ageing differences together with
different methods of fitting von Bertalanffy growth weight function the UNAP
estimates of parameter W, for weight based on UNAP totals data and
parameter k based on UNAP average data were larger than the other estimates.
The parameter W, based on the UNAP average and k based on UNARP totals
were lower than the other estimates (Table 17).

The VBGP estimate derived using the compleat ELEFAN were similar for
both the IFOP data and the UNAP data. This result was expected since ELEFAN
Table 15. Von Bertalanffy growth in length parameters for Sardinops sagax off
Chile, Perii and, Ecuador.is based on length frequency and both sets of length
frequency observation came from to the same population. In the particular case of
L, estimates from both data sets were less than the estimates reported in Vidal
(1967 and 1985) and Cérdenas and Mendo (1985), which were also derived using
length frequency data. In the case of k, both values were in the range reported by
Vidal (op. cit.) and Cirdenas and Mendo (op. cit.).

Age and growth based on the DGI data indicated that the sardine off

northern Chile grew faster than indicated from estimates derived from annual
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growth rings. It is probable that the other studies misidentified secondary rings for

annual rings in age determinations, since no corroborative growth studies were

Table 17. Von Bertalanffy growth in weight parameter for Sardinops sagax off
Chile, Peri and, Ecuador.

A A

Author’s Sex W oo K i
Samamé (1977)' + males 424.19 0.3187
Samamé (1977)' + females 373.56 0.3144
Serra et al. (1979)+ M +F° 550.6 0.2 -2.014
Trautmann and Aguayo (1980)+ M + F 1141.7 0.137  -0.817
Aguayo et al. (1983) + M+F 612.2 0.205 -0.917
Aguayo et al. (1987)+ M+ F 680.5 0.185 -1.131
IFOP total*+ M+ F 904.463 0.095 -4.505
UNAP total’+ + M+ F 1186.674 0.107 -4.679
IFOP average’+ M+ F 484.667 0.180 -2.492
UNAP average’+ + M+ F 290901 0.764 0.039

*1
2

S. sagax (Perd)

Estimates in this thesis
M= males and F= females
+ Rings count

++  Daily growth increment

*3

done and different methods of age assignation were used. The sardine off
northern Chile apparently grew much faster than previous studies have indicated.
This age - growth correction produced important changes in the estimates of the
yield-per-recruit and resulted in different interpretations of the appropriate

management policy for this stock.
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4.3.2. Comparison of mortality of Sardinops sagax with other studies

The differences in the VBGP between IFOP and UNAP resulted in
significative differences in the estimation of the instantaneous natural mortality
(M) and total mortality (Z) parameter for the totals and the averages data. The
natural mortality coefficient has been estimated for S. sagax using different
methods, such as Rikhter and Efanov (1976), Roff (1984) and Pauly (1980) being
latter more used. A range values of M from 0.28 to 0.51 was reported for S. sagax
(Table 18), with M= 0.4 the value used in management. The 0.4 value was used
for the S. caerulea by Murphy (1966) and MacCall (1979). In my study the
estimate for M based on IFOP data are outside the range of estimates mentioned
above, but the estimates using averaged data and Pauly’s method is close to the
value used for management in Chile and was close to the estimates for S. caerulea
and S. melanosticta (Table 19). The averaged instantaneous natural mortality
based on the total data and Pauly’s method are the lowest value not only for S.
sagax but also with respect to other species of Sardinops (Table 19). The estimates
of M using UNAP data are in the range of the estimates for both S. sagax and for
other species in the genus Sardinops.

There are no studies related to the causes of natural mortality in S. sagax,
however, predation is a potential factor that could account for changes in
mortality. There are several studies in Peru that show the presence of sardine in
the diets of mackerel (Scomber japonicus peruanus) and jack mackerel (Trachurus

murphy), bonito (Sarda chiliensis), fur seal (Arthocephalus australis), dorado
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(Coryphaena hippurus), pelican (Pelecanus thagus), piquero (Sula variegata) and
cormorant (Phalacrocorax sp.). Of these predators mackerel and jack mackerel eat
juvenile sardines less than 20 cm. Jack mackerel may account for a considerable
predation when they carry out their migration along the coast during the Austral
Spring and Summer (several authors in Serra and Tsukayama 1988). Santander et
al. (1983 in Serra and Tsukayama 1988) found predation of sardine eggs by
anchovy and cannibalism by sardines, which can be an important factor of natural
mortality. The "El Nifio" events and other physical factors play important but
unquantified roles in regulating mortality, principally in the larval stage. During
"El Nifio" in 1982 -83 the nursery grounds were reduced, concentrating the eggs
and larvae and attracting predators (Mujica et al. 1985). During the "El Nifio"
events of 1982 and 1983 the total sardine biomass declined by almost 20% due to
loss of body weight and increased natural mortality (Arntz 1986).

The mortality parameters estimated using length data and the compleat
ELEFAN were very different from comparable estimates based on IFOP and
UNAP age data. However the data available for running ELEFAN corresponded
to only 12 monthly observations, which were not adequate to obtain reliable
results.

Instantaneous total mortality (Z) for IFOP and UNAP followed the same
pattern as the von Bertalanffy growth parameters and the natural mortality
coefficients, that is, the UNAP parameter estimate was significantly higher than

IFOP. In fact the estimate of Z for UNAP data was higher than other estimations
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for other Sardinops species (Table 18) but it was close to the estimated value for
Z reported for S. sagax from northern Chile in 1978 (Z= 1.52) (Serra and
Tsukayama 1988). The total mortality coefficient for UNAP based on DGI age
readings was higher even than the Z estimated for IFOP in 1982 (Z= 2.05 in
Serra and Tsukayama op. cit.). It was also higher than estimates for other
Sardinops species (Table 18 and 19).

Fishing mortality coefficients can be expressed in terms of an exploitation
rates (E), which define the fraction (in numbers) of an age class that will be
caught during its fishable life span (E: number caught/number dying of all causes,
E= F/Z), or the fraction of deaths caused by fishing (Sparre et al. 1989). The
exploitation rate based on the IFOP data, both the total and average data, were
89.2% and 84.8%, which were higher than the corresponding UNAP estimates
(84.2% and 75.8%). According to Gulland (1971) fishing mortality in a stock that
is optimally exploited should be approximately equal to natural mortality, or F,
~ M which corresponds to E,, = 0.5. The 0.5 value is less than the estimated
exploitation rates based on the data from IFOP and UNAP. The degree of
exploitation for S. sagax off northern Chile for 1985 - 1986 was higher than the
value recommended by Gulland (op. cit.) and much higher than the exploitation
rate of 0.2 recommended by Caddy and Csirke (1983), stocks like sardine that are

low in the food chain.
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Table 18. Instantaneous mortality parameters for S. sagax estimated by different
authors. M: natural mortality, F: fishing mortality and Z: total mortality.

A

A

Author’s M F V4
Serra and Zuleta (1982) 0.4
Serra and Zuleta (1986) 0.28
Serra and Zuleta (1986)" 0.86 - 2.07
Serra and Zuleta (1986)* 0.45 - 1.53
Vidal (1983) 0.8 0.95
Patterson et al. (1992)° 0.32
Vidal (1967) 0.87 - 0.89
Vidal (1985) 0.51
Serra and Tsukayama (1988)
IFOP total’ 0.168 1.386 1.554
UNAP total* 0.356 1.878 2234
IFOP average* 0.236 1.318 1.554
UNAP average* 0.541 1.693 2.234
Ecuador (1978 - 1982) 0.4 1.0 1.4
Perd (1978 - 1982)
North 03 0.56 0.86
Center 0.3 0.4 0.7
South 0.3 0.49 0.79
Chile (1974 - 1982) 03 0.88 1.18

*1

*3
3

Serra and Zuleta (1986), catch curve
Serra and Zuleta (1986), Virtual Population Analysis.

Patterson et al. (1992), S. sagax from Peri

Estimates in this thesis

4.3.3. Growth and mortality of Sardinops in relation to fishing

Beverton and Holt (1959) reviewed the lifespans, mortality rates and their

relation to growth and other physiological characteristics for different species of

fishes in order to understand the fishery dynamics. Holt (1960) and Beverton
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(1963) made a more detailed studies which included the population parameters of
Clupeid and Engraulid stocks. These studies provide preliminary estimates of the
population parameters for Clupeidae stocks for which biological data are not
available.

There is a general tendency for a high values of k to be associated with a
low values of Lo for both inter-specific and intra-specific comparisons. This
general tendency was exhibited by sardines (Table 15 and 16). Species with high k
and low L, values generally have short life spans and high natural mortalities
(M) (Holt 1960). The ratio of M/k, establishes the relative rate of change in the
biomass of a year-class during its exploited life (Beverton 1963). The UNAP
average estimates for S. sagax were always in the extreme upper right of this
relationship (Fig 21). Estimates that used IFOP data were in the lower left
extreme (Fig 21a), and also in the middle range on the estimates for all Sardinops
species (Fig 21b).

The relationship between growth and maturity, in particular the graph of
length at maturity (Lm) versus Lo, (Fig 22 a) shows that Lm increases directly
with Lo . The ratio of Lm/L is the proportion of the maximum length that an
animal achieves at maturity. Growth is often reduced once an animal reaches
maturity because energy is diverted from growth to reproduction. My estimates for
S. sagax, where Lm was constant, were between 0.53 and 0.72 for the IFOP data

and between 0.75 and 0.82 for the UNAP data. The estimates based on UNAP
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Table 19. Instantaneous mortality parameters for different species of Sardinops.
M: natural mortality, F: fishing mortality and Z: total mortality.

Specie M F y4
Sardinops caerulea 0.4 " (0.3-0.7) ™ 057
Sardinops melanosticta 0.7 "
Early years 03-057
Recent years 04-06"

Sardinops neopilchardus

Sardinops ocellata
S. West Africa
1957 - 1960 0.74
1963 - 1966 0.59 *

I Murphy (1966)

"2 Yamanaka (1960)
* Yamanaka (1960)
" Nakai (1960)

> Newman (1970)
'S Beverton (1963)

data imply that sardines rapidly approach their asymptotic size (high k), and
mature at a size that is large in relation to the size they ultimately attain.

The ratio of the growth parameter k, and the natural mortality M (M/k)
can be used for determining the probability that a fish will complete most of its
potential growth before dying of natural causes. If M/k is small, as the UNAP
data (0.6 - 1.02) suggest, then the stock (in the absence of fishing) will probably
contain many relatively large fish, which will result in better yields from a given
recruit level, and a high size at first capture (Gulland 1974). When M/k is large,

as the IFOP data (1.2 - 2.1) suggest, then many fish die before attaining their
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maximum size and the size at first capture should be set at relatively small size to
obtain a good yield-per-recruit.

According to Beverton and Holt (1957) and Beverton (1963) the potential
yield-per-recruit from a stock depends essentially on the magnitude of three
characteristics: natural mortality, growth, and the size at which fish first enter the
exploited phase.

In order to compare the results from this study with data for another
species of Sardinops and to examine the effects on a fishery from different values
for the estimates of growth, mortality and reproduction parameters I calculated
values of a catch-per-recruit index (I"), which was developed by Beverton (1963).
It is a modified version of the yield-per-recruit equation of Beverton and Holt
(1957). This index is useful for comparing different stocks because it includes a
relative measure of fishing pressure (E), a relative rate of change in the biomass
of a year class during its exploited life (1/(M/k)), and a proportion of the
potential growth span remaining when fish enter the exploited phase (1-Lm/L).

The relative catch-per-recruit was calculated using the estimates of k, Lm,
L, and M for S. sagax based on the IFOP and UNAP data. It is unlikely that
errors in age determination cause serious distortion in the general pattern because
these errors would affect the estimates of k and Z in the same direction
(Beverton 1963). The estimated catch per recruit depends on the ageing method
used (DGI versus IFOP reading) and on the method for organizing the length -

age data (total versus average length-at-age) (Fig 22 b). Only the IFOP total
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catch-per-recruit curve has a maximum value. The IFOP total had the highest T’
followed by IFOP average together with UNAP total, then UNAP average (Fig
22b). Compared to results in Beverton (1963) the catch-per-recruit curves for
IFOP average, UNAP total, and UNAP average close to the general trends for
Sardinops species.

The Beverton and Holt (1957) yield-per-recruit model (appendix I) and
the estimated yield-per-recruit isopleth developed in this analysis suggested
different management decisions. The yield-per-recruit estimate is a function of the
size-age methodology. Assuming the UNAP ageing method was accurate, the
sardine stock of northern Chile during 1985 - 1986 was underexploited. However,
if the IFOP ageing method was correct, then this sardine stock was overexploited

during 1985 - 1986.

4.3.4. Re-evaluation of Sardinops sagax life history characteristics

Fishery managers often assume that species will respond to an increase in
mortality in a compensatory manner (Tyler and Galluci, 1980). However, the
response of the stock to fishing depends on the life history characteristics of the
particular stock. Under the population parameters estimated from the UNAP
data, the Chilean sardine was fast-growing, short-lived fish with a high natural
mortality rate. A fast growing stock differs remarkably from a slower growing
stock with a longer life span and low natural mortality (as indicated by the IFOP

data). Accurate estimates of population parameters are therefore crucial to




management, particularly when harvest is intensive. Comparison of the different
estimations of population parameters for Chilean sardine can be done by
employing r and K selection theory (Pianka 1974 and Adams 1980). It was
assumed that this theory provides a general but useful comparison between
species occupying similar roles in the ecosystem.

The theory r and K selection assumes that there is a positive relationship

between the amount of resources spent on an offspring and the fitness of that

offspring, and for any species there is a fixed amount of available resources

(Pianka 1974 and Adams 1980). The second part of the theory concerns the
relationship between these life history strategies and the habitat the species
occupies (Southwood et al. 1974; Southwood and Comins 1976). According to
Adams (1980) if mortality is dominated by environmental or unpredictable factors

then the best strategy would be to place maximal resources into reproduction and

produce as many offspring as possible (r selection). The contrasting situation is
where mortality factors are stable and/or predictable. In stable environments the
optimal strategy is to produce offspring with substantial competitive ability (K
selection), which implies the production of fewer offspring. Therefore, specific
combinations of population parameters are characteristic of an r strategist, while
other combinations are characteristic of a K strategist (Table 20).

From the stand point of yield per recruit analysis there are specific
differences in fisheries for r or K selected species. In fisheries based on K

selected species, the maximum yield per recruit occurs at a lower level of fishing
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mortality and at a later age at first entry than in fisheries based on r selected
species. The Y/R curves also indicate that K selected species are more sensitive
to overfishing both in terms of fishing mortality and age at first entry (Adams
1980). In general Y/R is maximized at low values of F in the case of K selected
species with long life span and low natural mortality but r selected species of fish
require high values of F to maximize Y/R (Adams 1980 and Pauly 1984).

The biological characteristics that determine whether an animal is an r or
K strategist (Table 20) are related to age. Therefore, the classification of a
specific species or stock as an r or K strategist relative to some other species or
stocks will depends on the ageing methods. The two different ageing methods
indicated two different life history strategies based on r and K selection theory.
The IFOP data indicates that the Chilean sardine is a more K strategist and the
UNAP data indicates it is a more r strategist. This theory also makes predictions
about the relationship between a species life history strategy and the habitat
occupied by the species. In this context is important to remark that the Chile -
Pert current system has high physical variability (Bernal et al. 1982, 1983 and
Bernal 1986) with quick changes in the weather, upwelling, high productivity and
unstable oceanographical conditions. According to Adams (1980) the best life
history strategy in an upwelling zone is to produce a high number of offspring (r
strategy) such as a sardine (136,102 eggs/kilo/batch in 1981, Retamales and
Gonzalez 1982). Compare this with the Atlantic cod (5,000 egg/kilo, Garrod

1977). Sardines have, however, an extended spawning season, from July to March
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with two peaks, the most important are during August - September and a

secondary one in February - March (Serra et al. 1979 and Martinez et al. 1984).

Table 20. Idealized life history characteristics of fishes under the r and K
selection theory. (From Pianka 1974 and Adams 1980).

r strategist K strategist
(1) low age at first maturity (1) high age at first maturity
(2) rapid growth rates (high k') (2) reduced growth rates (low k')
(3) production of larger numbers of (3) production of fewer numbers of
offspring at a given parental size. offspring at a given parental size
(4) maximum production of offspring at (4) maximum production of
early age offspring at late age
(5) small body size (small Lgo") (5) large body size (high L)
(6) high mortality rates (high M?) (6) low mortality rates (low M?)
(7) shorter life span (7) longer life span

1: parameter for von Bertalanffy growth function for length
2: rate of instantaneous natural mortality.

Because the intrinsic characteristics of the sardine habitat, a life history close to a
r strategist is expected. The life history of an r species is also suggested by the
biological parameter derived from the UNAP data. Management of an r selected
species assumes that the yield-per-recruit is large and that exploitation can be
more intense than when managing a K selected species. The analysis of yield-per-
recruit for the UNAP data produced higher Y/R than the result from the
corresponding IFOP data, which supports a management decision for a higher

rate of exploitation on this sardine stock.
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4.4. Fishery management

The effects over fishery management policies of the two ageing techniques
and the two methods for estimating the growth parameters were examined using
yield-per-recruit analysis of the IFOP and UNAP data. The policy for selecting a
target exploitation rate was the F,, harvest policy for selecting a target level for
fishing. The F,, corresponds to the point at which the marginal yield-per-recruit
from an additional unit of effort is 0.1 the marginal yield-per-recruit at very low
levels of fishing (Gulland 1983). The F,; policy is recommended when economic
data on the performance of a fishery are lacking (Gulland and Boerema 1973;
Pauly 1984). The F,, concept may be viewed as a simple alternative to fishing for
the maximum economic yield (MEY), which corresponds to the maximum
difference between gross value of the catch and cost of fishing (Gulland and
Boerema 1973 and Pauly 1984). The F,; was determined using the difference
between two succeeding Y/R values and then divided by ten as an approximation
of the slope of the yield-per-recruit curve between the two values in question
(Pauly 1984). The F,, normally is compared with Fy, and the actual position of
the fishery (Fppery). The Fygy it is the instantaneous fishing mortality rate that
produces the maximum yield-per-recruit at a specific age at entry (t.). The MSY
corresponds to the long run maximum yield-per-recruit associated with the
instantaneous fishing mortality level (Fysy) at a specific age at entry (t.). The
relative position of the F values showed different patterns for data from IFOP and

UNAP. The estimates based on IFOP data had the following sequence F,, Fysy,
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and Fgq.,, but estimates based on UNAP data had the pattern, Fy;, Fegpery, and
Fysy (Table 21 and Fig 23 and 24). The important difference between the patterns
was that Y/R was maximized at low values of F for estimates based on IFOP data
when compared to estimates derived from UNAP data, except for UNAP total for
which Y/R has no maximum value over the range of F examined (Table 21).

The actual position of F in the Chilean sardine fishery was far greater than
F,, and Fygy for both data sets and methods for combining the length (weight) at
age data. To increase the Y/R to the MSY level when F is less than Fyy is not
economical because near the MSY level the yield changes slowly with changes in
fishing mortality (Gulland 1983). A reasonable management policy would be to
decrease fishing mortality to the F;, since fishing at greater intensities than F,,
produces smaller yields with increasing effort and cost. Based on IFOP data to
reduce F from current levels to F,, and Fys, would require a reduction between
76.9% to 85.7% for F,, and between 42.3% to 71.4% for Fsy. If the UNAP data
were used the required reduction would be 52.9% (UNAP average) to 77.3%
(UNAP total) for F,, and -435.3% for Fyg, (Table 22). This reduction in F, with
respect to F,;, reduces Y/R by 6.7% for the IFOP data, and between 7.2% to
20% for the UNAP data. Based on the traditional fishery management used in
Chile (estimation of von Bertalanffy parameter with ages averaged), F would have
to be reduced to 42.3% to attain the Fy, level for the IFOP data and increased

by 435.3% for the UNAP data, respectively. To attain F,, would require a
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reduction in F of 76.9% and 52.9% for the IFOP and UNAP data, respectively

(Table 22).

Table 21. Fishing mortality values at levels of Fy;, Fysy and, Frge. The
corresponding yield-per-recruits values are in parentheses.

Data Method F,, Frsy Fﬁshc,y
source

IFOP Total 0.2 (83.1) 0.4 (87.7) 1.4 (81.9)
UNAP Total 0.42(84.7) large number 1.85 (105.6)
IFOP Average 0.3 (66.7) 0.75 (76.5) 1.3 (71.5)
UNAP Average 0.8 (64.4) 9.1 (79.8) 1.7 (74.9)

When comparing the yield-per-recruit isopleths of IFOP and UNAP, it is
important to note that although the scale for F is the same for IFOP and
UNAP, the t, scale of UNAP was almost half the scale of IFOP. The large
differences in appearance between the yield-per-recruit isopleths were largely due
to the different scaling. Although in theory the eumetric curve extends from F of
0 to oo, values over a limited range, from F= 0 to 1.9 were examined. The actual
position of the fishery (F= 1.386 and t,= 2 years) was far from the eumetric
curve. With a significant reduction in F together with an increase in t, to 2.7 years,

the fishery would have reached a larger Y/R at a much lower cost (Fig 17 a). In
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the case of the UNAP total (Fig 17 b) there was no eumetric curve over the given
range of values for t, and F with which to compare the curve for the IFOP total.
The actual position of the fishery (F= 1.318 and t,= 2 years) was far from the
eumetric curve based on the IFOP average data. With a significant reduction in F

combined with an increase in t, to 1.75 years, the fishery would have produced a

Table 22. Fishing mortality values at levels of Fy;, Fysy and, Frger,. OF and
AY/R are the change in F and Y/R relative to Fygy and Fy ;.

Data Mecthod F,, OF AY/R Py AOF AY/R  Frp,
source

IFOP Total 02 857% 15% 04  T14%  11% 14
UNAP Total 042 713%  -20% 1.85
IFOP Average 03  769%  -67% 075  423% 1% 13

UNAP Average 0.8 52.9% -14% 9.1 -453.3% 6.5% 1.7

larger Y/R with a much lower cost. In the case of UNAP averages (Fig 18 b) the
fishery (F= 1.693 and t.= 2 year)has a position near the eumetric curve.
Management measures could shift the sardine fishery to a more efficient yield by
decreasing the mesh size to decrease t, by 0.2 years, without any change in the
fishery mortality rate (F).

The relative yield-per-recruit (Y’/R) for the IFOP data calculated using
ELEFAN V program had no maximum at values of F inferior to the range of F
values considered, and it was thus impossible to calculate the F,,. Therefore, F,
values were compared with Fg.... The value for Fg,., was extremely low because

the natural mortality (M) estimate from which Fgg., was derived was very high
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(see section 3.4.1.). The procedure (eq. 7) used to calculate M has been reported
to overestimate M by approximately by 20% (Pauly 1983). Consequently the
estimate for the natural mortality rate and total mortality (Z) rate were very
similar. In the case of the UNAP data the situation was almost the same. The
Franery Was low relative to F,, (Table 21). This was probably a result of using only
12 months of length compositions. The ELEFAN method requires a longer series
of monthly length compositions. Another point is that the total mortality (Z) and
natural mortality (M) estimates calculated from the frequency length data were
similar and produced low estimates of F. The Compleat ELEFAN results do not
appear to be representative of the Chilean sardine population dynamics during
1985 - 1986.

According to Y/R analysis for the IFOP data the sardine fishery during

1985 - 1986 was growth overfishing because a reduction in F would produce an
increase in Y/R, which means that fish were being caught at too low an age at
first capture relative to the amount of fishing mortality. The most important issue
regarding the Y/R for the IFOP and UNAP data was the intense fishing pressure
(except in UNAP average where F was near to the eumetric curve). When fishing
mortality is larger than natural mortality the stocks are over exploited (Gulland
1988). Intense fishing pressure was evident for all cases studied in this thesis, but
particularly for the IFOP data where the actual position of the fishery (Fgg.) or

open access equilibrium point was far from Fygy or F .
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Economically, the effect of this overfishing decreases the average revenue
to the point of zero profit and beyond if the stock can tolerate such a fishing
effort. Sardinops sagax was one of the most important fishery resources in
northern Chile during the 1980’s and contributed a significant portion of the gross
national product. When this kind of fishery reaches the open access equilibrium
point and the stock has not collapsed, existing boats will not expand the effort and
new vessels will not profitably enter the fishery. A practical consequence of the
open access equilibrium point is high competition and many vessel owners may
find that they can no longer compete successfully. Owners must then decide
whether to build bigger, more efficient vessels and continue participating in a
declining fishery or to switch to another resource, or abandon this economic
activity. These decisions have important regional consequences where fishing is
the principal economical activity. There are social, as well as economic costs and
the situation is more dramatic in the semi-industrial companies (Smith pers.
com.). The yield-per-recruit model and the bioeconomic model derived from it
assume that recruitment and prices are constant and the open access equilibrium
point is unstable depending on recruitment and prices level. Costs can increase or
decrease. Growth overfishing can affect the spawning stock and produce
recruitment overfishing which is difficult to detect (Gulland 1988). In an
unpredictable environment sardine recruitment can fail and produce a rapid

collapse of the fishery (Csirke 1988).
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Limited entry might be a long term solution to the problem of controlling
the fishing effort (Gulland 1974 and Cummingham et al. 1985). Controlling entry
of fishermen, vessels, or both into the fishery can adjust fishing to take an
allowable catch. A second method is to set quotas for individual vessels or
fishermen, the sum of which is equal to the maximum sustainable yield (MSY) or
the maximum economic yield (MEY). Another method is to place a tax on gear
or on catch to make entry to the fishery unattractive beyond the point of MEY or
MSY. Limited entry appears to be the preferable alternative.

The Chilean sardine fishery during the 1970’s was unregulated until 1981
when SUBPES made an analysis for determining the state of pelagic resources in
northern Chile, in order to prevent overharvest and optimize the catch of sardines
(SUBPES 1981, Serra 1981). A high risk fishery was predicted since sardine
catches were increasing rapidly and the catches per unit effort and modal size
were decreasing. The SUBPES analysis estimated an exploitation rate of 43%, for
sardine, which was considered excessive in accordance to the criterion defined as
the adequate level of exploitation, (F=M), as indicated by empirical evidence of
various similar fisheries in the world (Troadec et al. 1980 in SUBPES 1981 and
Serra 1981). The SUBPES concluded that it was necessary to adopt management
measures, to decrease the exploitation rate and increase the abundance (Serra
1983). Regulations were enacted on minimum size, no fishing zones in coastal
spawning and nursery areas, and an annual allowable catch of 1,300,000 tons was

specified (appendix II). These management measures produced strong reactions
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from the sardine fishery community. Industrial companies did not feel that
accurate methodology was used for estimating the fishery parameters (Vidal 1983,
1985 and Cafion 1990). According to Serra (1983) the large alteration in the
spawning stock and the high mortality on larvae and juveniles would likely reduce
the sardine recruitment during subsequent years. Because sardine have a short life
cycle with recruitment between the second and third year, sardines remain in the
fishery for 5 to 6 years with few age groups supporting the fishery. It is probable
that the combined effects of poor recruitment, during the "El Nifo" of 1982 -
1983, combined with overfishing caused the near collapse of the Chilean sardine
during the 1990’s. A similar situation occurred in the anchoveta fishery off Perd
between 1972 - 1973 (Csirke 1988). Unfortunately, the most successful form of
fishery regulation, limited entry, was not applied to the sardine fishery until 1991
when the new fishery law was promulgated, but by this time the sardine fishery
was near collapsed.

Management Chilean objectives were: "to provide an effective protection
and overall benefit of the hydrobiological resources, to avoid recruitment
overfishing and to protect recruitment strength which will permit resguard the
future spawning population, not only in volume (biomass) but also in the age
composition of the resources" (SUBPES 1981). These objectives implies efficient

management processes and decisions which are a function of the analysis of

biologically accurate information (Hueth and Smith 1983). The collapse of the




sardine fishery was caused by a number of factors, but a more accurate ageing

technique might have helped by alerting managers to the potential problems.




89

V. Conclusion

1. The differences in the relationship between length-at-age and weight-at-age,
based on the two different ageing methods used by IFOP and UNAP, resulted in
significant differences in the estimated parameter for the von Bertalanffy growth
function. The growth parameters also varied significantly depending on whether

total or average size-at-age data were used in the estimation process.

2. Analysis of age structure indicated that the sardines off northern Chile grow
faster than previous estimates predicted. It is probable that the IFOP analysis mis-
identified secondary rings for annual rings in age determinations, because no
corroborative independent growth studies were done and different methods of age

assignation were used.

3. The differences in the von Bertalanffy growth parameters between IFOP and
UNAP resulted in significant differences in the estimates of the instantaneous
natural mortality (M) and total mortality (Z) coefficients. The estimates also
varied significantly depending on whether total or average size-at-age data were

used in the estimation process.
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4. Total size-at-age must be used in the future estimation of growth and mortality
parameters of Sardinops sagax because it includes the variability of size for each

specific age present in the stock.

5. Under the assumption of the yield-per-recruit model and the assumption that
the UNAP ageing method was correct it is probable that the sardine stock of

northern Chile during 1985 - 1986 was underexploited. The yield-per-recruit was
maximized at low values of F for estimates based on IFOP data when compared

with estimates based on the UNAP data.

6. Under the assumptions of r and K selection theory and the growth, mortality

and reproductive parameters obtained using the UNAP data for S. sagax and in

combination with the highly variable ocean habitat off northern Chile, it is
possible to expect that Chilean sardines have a life history closer to an r strategist

and a higher yield-per-recruit than suggested from the IFOP data.

7. Using the result of the yield-per-recruit models as the basis for management
policy, it appears that F must be reduced between 42.3 to 71.4% to attain to MSY
and F must be reduced between 76.9% to 85.7% to attain F,. If the UNAP data
were used the required reduction would be -453.3% for MSY and between 52.9%
to 77.3% for F,,. This reduction in F with respect to Fy, represents a reduction in

Y/R of 6.7% for IFOP data and between 7.2% to 20% for UNAP data.
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8. From the point of view of social objectives the management of the Chilean
sardine fishery during the 1980’s was not efficient because the use of
inappropriate ageing methods led to incorrect management decisions. The lack of
controls over fishing effort produced a near collapse of the sardine off northern

Chile with important social and economic effects.

9. Because of the influence on stock assessments, the methods used for age
determination must be improved by increasing the precision and accuracy of the
validation methods, and the consistency between otolith readers. Improved ageing
methods and more accurate age data can produce important benefits to fishery

management in the long term.
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Appendix I: Model’s Assumptions.

Megrey and Wespestad (1988)
1. Harvest Function
a) The catchability of the gear is constant, that is one unit of fishing effort catches
the same percentage of the stock. This assumption holds regardless of when and
where the effort is applied. The relationship between fishing effort and fishing
mortality is independent of stock size.
b) Catchability is independent of age and time.
c) Units of effort are independent of how much effort there already is or of effort
on other fish stocks (i.e. there is no gear interference or saturation).
d) The fishery is operating on a single stock over its entire geographic.
e) The fish population is uniformly distributed.
f) All fish in the stock are available to the fishery throughout their life and are
equally vulnerable to the gear as they age.
g) Fishing and natural mortality take place simultaneously throughout the year.
h) Catch and effort statistics are accurate.
i) The main human influence on the abundance of recruits is the amount of
fishing.
j) There has been no change in gear or vessel efficiency over the period that

fisheries data are available.
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2. Growth

a) Growth parameters do not vary with age, time or size of the adult stock.

b) The processes of catabolism and anabolism are solely a function of weight.

3. Catch-Equation

a) Those for Harvest Functions (see above)

b) Growth parameters do not vary with age, time or size of the adult stock.

c) The rate at which fish are caught is proportional to the numbers present.

d) Fishing and natural mortality take place simultaneously throughout the year
and are independent of each another (Type II fishery, Ricker (1975, p. 11)).

e) All removals from the population are accounted for in the catch (resulting from

directed effort), except for losses due to natural mortality.

3. Yield-per-recruit
a) Growth parameters do not vary with age, time or size of the adult stock. The
processes of catabolism and anabolism are solely a function of weight.

b) The rate of natural mortality is typically assumed to be known. In conventional

use M does not vary with age, time or size of the adult stock.

c) Those associated with the Catch Equation (see above).

d) All age-specific parameters and vital population rates are assumed to be
constant over the fishable lifespan of the stock and independent of the size of

adult stock. Natural mortality does not vary with age or time.
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e) The age-structure of the population is an important feature of natural
populations.

f) recruitment is constant.

g) Fish of the same age always have the same weight, have the same natural

mortality schedule and have the same susceptibility to the gear.
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Appendix II: Sardine fishery regulation for 1982
Serra (1983 and Zuleta and Serra (1983)

a) Fixation of a minimum size for sardine (20 cm. total length).

The minimum size was estimated on the base of the criterion of critical
age, to make a more efficient use of the growth of species (overfishing by growth)
at the same time increasing the expectation of an individual to reach adulthood

(Decree Law No. 458).

b) Prohibition of the use of purse-seines with nets over 20 fathoms deep and a
mesh size equal to or less than 38 mm., along a costal fringe of one nautical mile
(Decree Law No. 459).

Knowledge on the spacial distribution of anchovy, mackerel and sardine
indicates that their breeding areas lie along the coastal fringe. Thus, the recruiting

force is protected.

¢) Determination of a quota of allowable catches for sardine in the northern zone
for 1982. The allowable catch quota was calculated using the catch equation of
Baranov and assuming that the biomass existing in 1982 was the same as in 1981.
First a projection was made of sardine catches for 1981, based on available
data up to September of that year and on seasonal patterns observed during 1978,

1979 and 1980. Then a 39% exploitation rate was established as a gradual
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approximation to the adequate level of 30%, which results when F=M and
M=0.4. The quota calculated was of 1,300,000 tons.

Finally, it is necessary to explain that the application of an allowable catch
quota caused conflicts because it was completed before the end of the period for
which it had been established. Consequently, the quota was supplemented with
116,000 tons (Decree Law No. 263), which represents the establishment of a 42%

exploitation rate, in accordance with the estimates made. This supplement was

also completed before the end of the fishing season.




Appendix II: Symbols used in Figure 21 and 22a.

SW1:

SW2:

SW3:

SW4:

It:

Ia:

Ut:

Ua:

L. and k for S. ocellata from South West Africa (Mathews 1960)

L. and k for S. ocellata from South West Africa (Thomas 1985)

M for S. ocellata from South West Africa since 1957 - 1960 (Newman
1970)

M for S. ocellata from South West Africa since 1963 - 1966 (Newman
1970)

L, and k for S. ocellata from South Africa (du Plessis 1960)

IFOP total data

IFOP average data

UNAP total data

UNAP average data

S. melanosticta from early years (Yamanaka 1960)

S. melanosticta from recent years (Kondo 1980)





