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Executive Summary

The jumbo squid fishery is the largest invertebrate fishery in the world and one of the
largest even when including finfish fisheries. In the South East Pacific Ocean (SEP) it is
fished in four regions: (i) Ecuadorian, (ii) Peruvian and (iii) Chilean exclusive economic
zones (EEZ), and (iv) international waters west of those EEZs. In international waters, the
main operators currently are China, Chinese Taipei and South Korea. During the last two
years, the jumbo squid Working Group of the South Pacific Regional Fisheries Management
Organization (SPRFMO) has led efforts to build standardized databases for regional stock
assessment with contributions from all SPRFMO Commission Members fishing the jumbo
squid in the SEP. We present here a stock assessment methodology and its application to
a database built by CALAMASUR through these collaborative efforts. This methodology
consists of two stages. At stage 1, a database of catches, fishing effort and mean weight
of squids in the catch was built to apply multi-annual and multi-fleet depletion models at
monthly time steps covering the period of January 2012 to December 2020 for Chilean, Pe-
ruvian and Asian fleets. This part of the methodology followed the advice of a review article
recently published by experienced cephalopod fisheries scientists. At Stage 2, a generalized
surplus production utilized (i) the total annual landings across the SEP from 1969 to 2020
and (ii) predicted monthly biomass and its standard error from the depletion model (stage
1) using a hierarchical statistical inference framework to fit parameters of the population dy-
namics and biomass productivity of the stock. At stage 2 the assessment took into account
the El Nino environmental cycle in the SEP with models having time-varying parameters.
NOAA’s ENSO index was used to define six environmental phases during our study period.
Time-varying parameters on each phase led to eight alternative hypotheses describing in-
creasingly complex changes in the carrying capacity of the environment, the symmetry of
the production function, and the intrinsic rate of population growth.

Results of the multi-annual, multi-fleet depletion models at stage 1, show adequate fits
with satisfactory residuals and quantile diagnostics. Natural mortality was estimated in
1.8516 per year with good statistical precision. Recruitment has been decreasing for the
Peruvian fleets, increased substantially in 2016 for the Asian fleets, and despite a high value
in 2014, has remained the lowest for the Chilean fleets. Biomass has wide intra-annual
fluctuations, with maxima near March 4 times the size of minima around September, but
it has remained fluctuating about a constant mean. Fishing mortality is much lower than
natural mortality and has been increasing in recent years, with the annually aggregated
exploitation rate (catch =+ escapement biomass) close to 15% in latest years.

Results of the time-varying parameters surplus production model at stage 2 support the
hypothesis that only the carrying capacity varies between environmental phases although hy-
potheses that included changes in the intrinsic rate of population growth also had substantial
support and may become best supported as the database to fit the depletion model grows
to include the data from fishing in 2021 and onward. Parameters of the best supported
hypothesis were estimated with good precision but the biomass dynamics had wide error
bands due to only nine years of data to fit the depletion model. In spite of fluctuations and
strong impact of the environmental cycle, landings are fairly lower than biomass even when
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considering the observed wide intra-annual fluctuations. Due to fluctuations, the M SY and
Byrsy are not adequate reference points. Overall, results of both the depletion model as well
as the surplus production model indicate that the stock is being harvested in a sustainable
manner, not over-fished and not undergoing over-fishing. However, wide intra-annual fluc-
tuations in biomass might be a matter of concern for managers of the jumbo squid stock in
the SEP.

Results from this stock assessment methodology can be improved by extending the times
series of catch, effort and mean weights up to 2022 from Asian and Peruvians fleets. Com-
pletion of the Ecuadorian database would also help providing the methodology with more
data and spatial comprehensiveness. We discuss our results with a focus on the ecological
drivers underpinning population functioning and abundance fluctuations in the jumbo squid
stock under different phases of the environmental cycle.
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1 Introduction

The jumbo squid (Dosidicus gigas) fishery extends over the whole Eastern Pacific Ocean
yielding the largest volume of annual landings of any invertebrate fishery worldwide, over a
million tonnes in recent years [I]. This species is widely distributed in the Eastern Pacific,
ranging approximately from 45° N to 45° S along the continental slope and extending to
oceanic waters on the south east pacific up to 140°W [2], inhabiting from the surface down
to depths of 1200 m [3]. The highest abundance of flying jumbo squid are found off Peruvian
and Chilean coasts. According to FAO records [4], in the South Eastern Pacific Ocean (SEP)
the fishery started to develop and grow in the early 90s, with the activities of Japanese and
Korean fleets in international waters off the jurisdiction of Ecuador, Peru and Chile, and
Peruvian fleets in Peru’s Exclusive Economic Zone (EEZ). Starting in the 2000s, Chilean and
Chinese fleets joined the exploitation in Chilean EEZ and international waters, respectively,
and in 2014 Ecuadorian fleets became active in the fishery with landings in the low thousand
tonnes.

During the last decade, biological attributes regarding age and growth [5], reproduction [6],
mortality [7], feeding [8], predators [9], and the connection between volume of catches and
environmental conditions [10] 1] have been reported. In recent years, discussions regarding
method to assess jumbo squid and efforts toward sharing and standardizing databases have
been made among SPRFMO Commission Members fishing jumbo squid in the SEP [I1], 12],
including a first attempt for a conceptualisation [I13] and implementation [14] of region-wide
stock assessment. In spite of these efforts, there is still need of an integrated system of ob-
servation, assessment and management to secure the continued viability of the fishery [15].
Currently, there is much interest in generating scientific knowledge leading to an assessment
of the abundance and productive capacity of the stock in the SEP region as a whole. This
knowledge would be useful to take coordinated and agreed upon management actions aimed
at the sustainable exploitation of the stock by the various fleets and SPRFMO Commission
Members involved.

Life history and stock dynamic of cephalopods differ for many harvested fish populations,
leading to special challenges for assessing and manage their populations [16]. Cephalopods
are commonly characterised by very fast growth rates, short life span, high fecundity, contin-
uous spawning during a given season. In addition most of cephalopods are semelparous [17],
a life history where individuals reach a single, terminal reproductive event after which they
die. Some cephalopods like the jumbo squid exhibit high migratory behaviour [I8|, 3] and age
is difficult to asses given the short lifespan, with very high variability in the formation of daily
increments in statolihts [19]. From an assessment viewpoint, the time consuming-nature of
reading daily increments in cephalopods hard structures make age-based models impractical
to be used in the context of stock assessments [16]. In addition, fishery-independent surveys
to assess population abundance are also impractical to be used in jumbo squid given the spa-
tial scale of its distribution. Capture per unit of effort (CPUE) is usually used as abundance
index in fisheries where fisheries-independent abundance indices are lacking. However, even
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the use of standardised CPUE is not recommended for highly migratory and fast-growing
animals such as jumbo squid [I6]. These characteristics preclude the application of routine
assessment methods usually applied in teleost fishes which are commonly based on cohort
analyses in which abundance indices are derived from surveys and/or standardised CPUE. In
this context, Arkhipkin et al. [16] conducted an updated review of cephalopods stock assess-
ment and management and recommended the use of innovative depletion models running at
rapid time steps. Such family of stock assessment models can handle rapid life history with
short life span in which aging and fishery-independent data are not required and natural mor-
tality can be estimated within the stock assessment model. Roa-Ureta et al. [20, 211, 22, 23]
have presented a non-Bayesian hierarchical statistical method that combines results from
generalized depletion models with generalized surplus production models to assess stocks
of data-limited fisheries fisheries leading to fully analytical assessments for data-poor and
data-limited fisheries. Generalized depletion models are open population models that are
particularly useful in the context of the jumbo squid fishery given its trans-zonal and long
migratory behaviour. These depletion models are based on a mechanistic conceptualisation
for the relationship between fishing effort and fish abundance as causes and fishing catch as
result, thus overcoming limitations of linear approximations that use the CPUE to generate
indices of relative abundance.

In addition to the challenges described above, the flying jumbo squid also show high phe-
notypic plasticity as a result of changes in environmental conditions [I6]. Changes in the
environmental conditions at the Humboldt current ecosystem (HCE) as a result of El Nino/
la Nina events have been associated with variations in growth, size at maturation and fecun-
dity |24] and the spatio-temporal distribution of the jumbo squid [25]. Specific mechanisms
on how environmental conditions are expressed in phenotypic plasticity are largely unknown,
although hypotheses on how environmental temperature controlling egg size, fecundity and
recruitment success have been discussed in the context of invertebrates inhabiting the HCE
[26]. High phenotypic plasticity further complicates assessment and management of fishing
resources because important individual attributes such as growth and fecundity will modify
the productive capacity of a stock and thus resilience to fishing exploitation. In terms of
fishing management, this means that biological reference points (BRP) might also change
with environmental attributes. For example, Lima el at. [27] proposed that environmental
cycles played a key role in the collapse of the jack mackerel at the HCE given the mismatch
of managing a population with changing productivity with environment under a fixed man-
agement framework.

The main aim of this technical paper, presented to the 2023 SC SPRFMO Meeting, is to
assess the jumbo squid across the SEP region using Peruvian, Asian and Chilean fleets catch,
effort data and mean weight data at the monthly time step over the last decade (2012 to
2020), and total SEP annual landings over the last 5 decades (1969 to 2020). The model
implemented is a multi-annual, 3-fleets generalised depletion model 28], 29] 20, 21|, 22], 23]
combined with Pella-Tomlinson surplus production model in a hierarchical non-Bayesian
statistical inference method [30, 20]. At the level of the surplus production model we take
into account environmental cycles caused by El nino events by estimating models with time-
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varying parameters.

2 Materials and Methods

2.1 FAO records of total landings

Total landings of jumbo squid in the South East Pacific by national fleet and year were
extracted from the FishStatJ database version v4.03.03 (July 2023) and the last year (2021
was added from the stock assessment databases described below.
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Figure 1: Time series of annual landings of jumbo squid reported by all fleets fishing in the
South East Pacific from FAO databases.

Significant landings have been reported since the early 90s by Japanese, South Korean
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and Peruvian fleets while Chilean and Chinese fleets joined in the exploitation in the early
2000s and the Japanese fleet left operations in the early 2010s (Fig. . In the last decade
total landings are still increasing but with substantial inter annual variability (Fig. [I)).

2.2 Regional stock assessment database

To apply the multi-annual, 3-fleets generalized depletion model described in the next
section for a regional-level (across the SEP) stock assessment, the database that needs to be
compiled and curated by Peruvian, Chilean, China, Chinese Taipei, Korean and Ecuadorian
fleets, consists of total monthly landings and fishing effort, plus samples of mean weight of
jumbo squids in the landings, for a number of years. The shortest database ever used to
fit these models covered five years [31]. In this case, we built a 9-year catch-effort-mean
weight database at monthly time steps (108 months) with Peruvian data (2012-2021) from
official national sources, Chilean data (2011-2022) from official national sources, and Asian
data (2012-2020) grouped for China, Chinese Taipei, and South Korea from the Scientific
Committee of the South Pacific Regional Fisheries Management Organisation (SPRFMO).
This database included 99.1% of all landings recorded in the region from 2012 to 2020 so our
results can be safely considered as encompassing the whole stock in the SEP. Ecuadorian
fleets (accounting for 0.83% of total catch between 2012 and 2020) were not included in this
assessment because its database (from official national sources) was lacking in data from
2014 (when fishing started in the Ecuadorian Exclusive Economic Zone) to 2017 and from
September to December 2019. If the Ecuadorian database were completed we would include
it despite its marginal landings as a further, separate fleet in the depletion model described
in the next section.

2.2.1 Peruvian fleets data

Peruvian catch-effort data from official sources covered the period from January 2012 to
December 2021 in a four-column matrix of year, month, total landings in tonnes, and catch
per unit of effort (CPUE) in number of squids per fishing trip, with 16 months of missing
CPUE. These data presented two difficulties. First, there were 16 month of missing CPUE
(14.8%, October to December 2014, September to December 2017, December 2019, January
to July 2020, and November 2020) and CPUE was provided in number of squids per trip
while landings were presented in tonnes, so direct solving for fishing effort in number of trips
was not possible. First, we deal with the missing data problem and then with solving for
fishing effort.

To predict the missing 16 months of CPUE data we used multivariate imputation
chained equations with month and catch as predictors in R package mice [32]. The method
used to impute was predictive mean matching with 1000 iterations.

To solve for fishing effort, we used the biological database provided by Peruvian official
sources. The approach consisted of obtaining the monthly mean weight in the catch, multiply
monthly CPUE in number of squids by the monthly mean weight in the catch to get monthly
CPUE in weight per trip, and then divide the catch in weight by the CPUE in weight per
trip, to solve for the monthly fishing effort vector.
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Figure 17: Predicted total abundance and biomass time series and their statistical precision
in the SEP. Bands are predicted values 4 1 standard error

3.2 Population dynamics models

The null (time-invariant parameters) Pella-Tomlinson model was AIC-tied with Alter-
natives 1 to 3 (time-varying) Pella-Tomlinson models (Table [2)), yet the null model as well as
alternatives 2 and 3 had very poor statistical precision. Alternative 1, which assumed that
the carrying capacity of the environment K changes due to the environmental cycle, had
the best CVs for all four parameter estimates. Among the remaining alternatives, all with
poorer AICs, only Alternative 4 (K and p change with the environmental cycle) and 7 (all
three parameters change with the environmental cycle) did not yield very poor statistical
precision for all parameter estimates but these hypotheses did not achieve sufficiently low
gradients for all parameter estimates (Table [2).

Examination of the correlations between estimates (including the biomass estimated
from the sdreport AD Model Builder function) shows that the best-supported model from
the point of view of the AIC and statistical precision (Alternative 1, change in K) has rather
poor correlations, with many high positive correlations, while the best correlations are in
alternative 4 (change in r), alternative 5 (change in K and r) and alternative 6 (change in
p and ), though these hypotheses suffer from poor statistical precision (Table [2).

We therefore reach a preliminary conclusion to retain alternative 1 as the presently best
supported model for the population dynamics and productivity of the jumbo squid stock in
the SEP. This hypothesis highlighted with color in Table [2] Nevertheless, we believe that
with more years of fishing the best supported model will become one that includes changes in
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r in addition to changes in other parameters. This is both (i) because correlations are better
under hypotheses that include change in r, meaning that parameters are more identifiable
when 7 is allowed to switch from one value to another as the environmental cycle takes place,
and (ii) with more years of fishing data to fit the depletion model the statistical uncertainty

that affects models with change in r will dissipate.

10 20 30 40

0
1

20

15

10

50
|

30

10
!

15

10

Figure 18: Correlations between parameter estimates in the eight hypotheses tested for the
population dynamics and productivity of the jumbo squid stock in the SEP in relation to
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3.2 Population dynamics models

Table 2: Hypotheses for population dynamics and productivity of the jumbo squid stock
in the SEP under Pella-Tomlinson biomass production and environmental cycles, fitted to
depletion model biomass predictions and their covariance matrix, using AD Model Builder.

The best supported hypothesis is highlighted in color.

Hypothesis | max. |gradient| | AIC | N2 pars. | Parameter | M.L.E. CV (%)
Null <0.01 -319.5 3 K (tonnes) | 24,344,000 61.6

» 19937 | 7,287.0

r (1/year) 0.8840 14,024.3

Alternative 2 K (tonnes) | 29,260,000 54.7
D1 2.3562 322.8
s 1.2389 107.7
r (1/year) 2.1065 560.2
Alternative 3 <0.01 -317.3 4 K (tonnes) | 29,202,000 80.0
P 1.8319 230.6
r1 (1/year) 3.3961 538.6
r9 (1/year) 0.6561 596.1
Alternative 4 >10 -315.3 5 K, (tonnes) | 29,464,000 1.6
K5 (tonnes) | 38,527,000 2.5
n 2.5589 10.7
s 1.1226 0.8
r (1/year) 1.7275 17.6
Alternative 5 <0.01 -315.4 5 K (tonnes) | 15,049,000 1,272.2
K, (tonnes) | 45,598,000 1,808.3
p 1.0334 1,952.3
ri (1/year) |  0.6424 | 61,319.4
ro (1/year) | 3.6732 | 58,902.3
Alternative 6 <0.01 -315.3 ) K (tonnes) | 28,893,000 172.7
m 1.8233 35.8
s 2.0185 3.815.8
r1 (1/year) 3.0464 119.9
r9 (1/year) 0.5723 5,533.0
Alternative 7 >10 -313.3 6 K, (tonnes) | 51,363,000 17.2
K, (tonnes) | 92,899,000 17.3
D1 2.0067 0.4
D 1.1180 0.1
ry (1/year) 2.5879 0.9
r9 (1/year) 1.0916 0.8
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Dossidiscus gigas in the South East Pacific
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Figure 19: March stock biomass estimated by the best generalized depletion model CatDyn
R package, best hypothesis for Pella-Tomlinson model of population dynamics, and total
regional catch by Asian, Peruvian and Chilean fleets operating in the jumbo squid fishery in
the South-Eastern Pacific.

The best supported Pella-Tomlinson model shows a stock that undergoes severe fluctu-
ations with every switch from normal to El Nino (Fig. . The biomass dynamics is still
imprecise, with wide error bands due to only nine years of data to fit the depletion model
that generates biomass information for the Pella-Tomlinson dynamics. In spite of fluctua-
tions and strong impact of the environmental cycle, landings are fairly lower than biomass
even when considering the observed wide intra-annual fluctuations (brown lines after 2011
in Fig. . Due to fluctuations, the M SY and Bj;sy are not adequate reference points.
This fact manifests itself in very high M SY estimates (Table |3)) during both phases of the
environmental cycle. The total average latent productivity, proposed as the adequate limit
harvest rate and generator of biological reference points for fluctuating stocks [23], provides
much more conservative estimates which are in line with actual landings (Table [3). Sta-
tistical precision of the total average latent productivity is worse than that of the MSY
because the former depends on biomass estimates as well as parameter estimates for K, p
and r while the MSY is a constant that depends on parameter estimates for K, p and r
exclusively. Statistical precision of the total average latent productivity will improve as more
years of fishing are added to the database to fit the depletion model.
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Table 3: Derived parameters of interest (biological reference points) for management from
the best supported Pella-Tomlinson model (MSY, Bysy, and P) for the jumbo squid in
the SEP according to parameterization in Eq. . P is the annually averaged total latent
productivity under the normal and El Nino environmental cycle.

Regime Parameter Estimate | CV (%)
Normal MSY (tonnes) 8,879,543 42.3
Byrsy (tonnes) 19,066,620 44.1
P (tonnes) 436,441 126.8
Mean annual landings (tonnes) | 262,315 132.1
El Nino MSY (tonnes) 7,239,165 37.6
Byrsy (tonnes) 15,544,314 37.1
P (tonnes) 2,865,976 | 461.2
Mean annual landings (tonnes) | 376,497 118.6

Overall, results of both the depletion model as well as the surplus production model
indicate that the stock is being harvested in a sustainable manner, although wide intra-
annual fluctuations in biomass are a matter of concern with the current harvest close to a
million tonnes per year (e.g. see years 2018 to 2020 in Fig.

4 Discussion

The stock assessment methodology implemented in this work shows that it is possible
to understand the population dynamics of the jumbo squid in the Southern Eastern Pacific
Ocean (SEP) and derive biological references points at the regional level with monthly total
catch, fishing effort and samples of the mean weight of squids in the catch from all fleets
participating in the fishery. The main improvements of this work compared with our last
assessment with this methodology [47] are (utilization of dis-aggregated, official (i) Peru-
vian catch, effort and biological data and (i) Chinese biological data. These contributions
allowed development and implementation of the three-fleets depletion model at stage 1.
These improvements in the data resulted in more precise and realistic natural mortality rate
and abundance estimates from the depletion model. In turn, improvements in the depletion
model outputs contributed to improved biological realism and statistical precision at the level
of the surplus production model. Further improvement of the database for stock assessment
using our methodology could be achieved by updating the data regarding catch, effort and
monthly weight across all fleets to 2022. Current availability of data up to 2022 includes
the Chilean fleet only, while Peruvian data are available up to 2021 and the data from the
Asian fleets up to 2020. A fully updated database will contribute to a longer time series
of abundances estimated by the depletion model, thus, extending the number of observa-
tions of biomass for estimation of the surplus production model. Completing the Ecuadorian
database would also help providing the methodology with more data and assess the part of
the stock inside Ecuadorian EEZ. Although the Ecuadorian share of the catches is minimal,
Ecuadorian fleets operate in a large area not covered by the present assessment. These
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data unfortunately appears not to be available prior to 2018. Nevertheless, the methodology
can be adapted to accept a time series of Ecuadorian fishing starting in January 2018 and
extending to the present. Collaboration with Ecuadorian experts is already underway.

We modeled the impact of El Nino environmental cycle under fixed settings for start
and end of each phase of the cycle. This can be improved in at least two ways. First,
we can evaluate different oceanographic indicators for hypotheses of the timings of start
and end of each phase of the environmental cycle. Few different oceanographic indicators
have been used to assess regimen shifts in the East Pacific [48] [49] and the spatial scale
involved on such indicators is also relevant when evaluating the length (period) of these
environmental phases [20, 60]. Our modeling framework is flexible enough to implement
and test hypotheses for environmental phases with different timings. Second, the modeling
approach also allows setting fuzzy starts and ends of each phase by introducing continuous-
time changes in parameters at the borders of the phases. We employed such approach under
a similar modeling framework to estimate the impact of deployment of artificial reefs in the
Algarve, Portugal [21]. This second improvement would probably require a much longer time
series of biomass estimates from the depletion model because it introduces new parameters to
be estimated, parameters that control the continuity of change across borders of the phases
of the environmental cycle.

The Humboldt Current Ecosystem (HCE) is perturbed by different oceanographic con-
ditions, providing environmental variability on a wide variety of temporal and spatial scales.
The HCE is often perturbed by El Nino, which is a result of a complex combination of
oceanic-atmospheric coupling [51], resulting in changes in the physico-chemical conditions of
the water column (temperature, salinity, oxygen, and others), a rising sea level, upwelling
weakness, thermocline deepness, and variations in primary production and larval food spec-
trum [52], 53], 54]. In the context of the jumbo squid stock, the bulk of scientific evidence
is showing that El Nino affects functioning at the individual and at the population levels.
At the individual level, El Nino favors the smaller phenotypes off Peru, whereas on colder
periods the larger phenotypes are more predominant [55]. At the population level, El Nifio
induce a shrink in the suitable habitat for jumbo squid [56], lowering the overall population
abundance, which we confirm here with a lower carrying capacity during El Nino (Table
These outcomes at the individual and population functioning levels of the jumbo squid stock
are in line with the general theory of size-temperature rule [57], in which higher temperature
will result in higher metabolic rates, smaller individuals at a given age and lower asymptotic
length. Life history theory at the individual level is also mirrored with what happens at
the population level [58] and thus higher temperature results in higher intrinsic growth rate
and lower carrying capacity. Although our results does not support changes in the intrin-
sic growth rate between environmental phases, we believe that with more years of fishing
the best supported model would eventually include changes in the intrinsic growth rate in
addition to changes in other parameters.

In jumbo squids, the effects of the El Nino not only produced smaller individuals and
lower abundance levels but also increased the variability of the abundance (Fig. [L9). During
warm, El Nino periods, the stock experiences wider fluctuations in abundance compared
with cold, normal periods of the environmental cycle. This agree with the general theory for
population fluctuations proposed by Segura et al [59]. This theory uses basic and general
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principles in ecology to show that variability of the population abundance depends on two
factors, the mean individual size of animals in the population and the level of harvesting
(exploitation). Smaller average individuals in the population will produce wider population
fluctuations. Fishing exploitation increase this variability. For example, exploited fish pop-
ulations showed variability that was 2 orders of magnitude greater than the non-exploited
counterparts [59] at a given average body size. Therefore we would expect that during
warm El Nino phases of the environmental cycle, individuals of jumbo squid will be smaller,
triggering wider populations fluctuations, which will also increase by fishing exploitation.

5

Conclusions

. We present a regional stock assessment methodology for the jumbo squid in the SEP

consisting of two stages. The first stage is a multi-annual and multi-fleet generalized
depletion model running at monthly time steps (2012 to 2020) and the second stage
is a generalized surplus production running at annual time steps (1969 to 2020) both
connected by formal hierarchical inference framework.

. A statistical stock assessment methodology and its code in the R language of statistical

programming and in AD Model Builder, as well as binary storage of the database and
programming objects, are now available for updated assessment of the jumbo squid in
the SEP as more data are collected.

. The stock assessment methodology was applied to the jumbo squid stock at the regional

level in the SEP including Peruvian, Chilean and Asian fleets resulting in biologically
realistic estimates of population dynamics some of them with good statistical precision.

. Natural mortality was estimated in 1.8516 per year. Fishing mortality is much lower

than natural mortality and has been increasing in recent years, with an annually ag-
gregated exploitation rate (catch + escapement biomass) close to 15% in latest years.

. Biomass has wide intra-annual fluctuations, with maxima near March 4 times the size

of minima near September, but it has remained fluctuating about a constant mean.

. Analysis of the NOAA ENSO indicator of El Nino determined the existence of an

environmental cycle with six phases during the period of our assessment, 1969 to 2020.

. The biomass dynamics of the stock in the region is driven by environmental cycles

connected to El Nino, leading to changes in the carrying capacity of the environment.

. During warm, El Nino years the stock has lower carrying capacity and wider fluctua-

tions than during normal, cold water periods.

. Actual harvest rates during warm, El Nino years as well during cold, normal periods

have been well below the sustainable harvest rates of each period.
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10. Wide intra-annual fluctuations in biomass should be taken into account when managing
the jumbo squid stock in the SEP.

11. Results from depletion models (high escapement biomass) and surplus production
model (catches well below limit sustainable harvest rates) indicate that the stock is
not overfished and not undergoing over-fishing.
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