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Executive Summary

The jumbo squid fishery is the largest invertebrate fishery in the world and one of the
largest 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 in the high seas west of those EEZs. In the high seas, the
main operators currently are Chinese ships, while Chinese Taipei ships operated until 2020
and South Korean ships until 2019. 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 2021 for Chilean, Peruvian 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 2021 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 dynamics and biomass productivity
of the stock. At stage 2 the assessment took into account the El Niño 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 increasingly 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
at 1.9332 per year with good statistical precision, and escapement biomass (January 2022)
at 2.5 million tonnes. Recruitment has been decreasing for the Peruvian fleets, increased
substantially in 2016 for the Asian fleets, and despite a high value in 2019, has fluctuated
widely for the Chilean fleets. Biomass has wide intra-annual fluctuations, with maxima one
order of magnitude higher than minima, and it has a decreasing trend in the last 2 years
(2020 and 2021). Fishing mortality has been increasing but it stil remains under natural
mortality. Current exploitation rates are close to 40%.

Results of the time-varying parameters surplus production model at stage 2 support the
hypothesis that only the intrinsic rate of population growth varies between environmental
phases although hypotheses that include changes in the carrying capacity of the environment
and the symmetry of the production function may become supported as the database to fit
the depletion model grows to include the data from fishing in 2022 and onward. Parameters
of the best supported hypothesis were estimated with good precision though sustainable
harvest rates based on the total latent productivity are still imprecise. The stock has entered
a regime of wide fluctuations making the MSY and BMSY inadequate reference points.
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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, but close to maximum capacity. Wide intra-annual fluctuations
coild 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 Peruvians fleets and by extending
the depletion model to include different natural mortality rates by the squids captured by
the different fleets, to partially accommodate the known biological composition of the stock
in three phenotypes, thus adding biological realism.
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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 [1]. This species is widely distributed in the Eastern Pacific,
ranging approximately from 45o N to 45o S along the continental slope and extending to
oceanic waters on the south east pacific up to 140oW [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.

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 [11, 12],
including a first attempt for a conceptualisation [13] and implementation [14] of region-
wide stock assessment. In spite of these efforts, there is still need of an integrated system of
observation, 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 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 their populations and managing their fisheries[16].
Cephalopods are characterised by very fast growth rates, short life span, high fecundity,
continuous spawning during a given season. In addition most 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 [18, 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
make age-based models impractical and fast and highly unequal growth rates as well as over-
lapping length structure of different cohorts make length-based models difficult to implement
[16]. Fishery-independent surveys to assess population abundance are also impractical to be
used in jumbo squid given the spatial scale of its distribution. Capture per unit of effort
(CPUE) is usually used as abundance index in fisheries where fisheries-independent abun-
dance indices are lacking. However, even the use of standardised CPUE is not recommended
for highly migratory and fast-growing animals such as the jumbo squid [16]. These charac-
teristics preclude the application of routine assessment methods usually applied in teleost
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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 assessment and management and recommended the use
of innovative depletion models running at rapid time steps. Such family of stock assessment
models do not depend on biological composition, can handle rapid life history with short
life span in which ageing and fishery-independent data are not required, and natural mor-
tality rate is estimated within the stock assessment model. Roa-Ureta et al. [20, 21, 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 migra-
tory 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
phenotypic plasticity as a result of changes in environmental conditions [16]. Changes in
the environmental conditions at the Humboldt current ecosystem (HCE) as a result of El
Niño/ la Niña events have been associated with variations in growth, size at maturation
and fecundity [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 et al. [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 management 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, fishing effort and mean weight data at monthly time steps over the last decade (2012
to 2022), and total SEP annual landings over the last 5 decades (1969 to 20201. 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 niño events by estimating models with time-
varying parameters.
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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 two years
(2020 and 2021) were appended from database compiled in this work (Fig. 1).

Figure 1: Time series of annual landings of jumbo squid reported by all fleets fishing in the
South East Pacific from FAO databases (1969 to 2019) and data compiled from Peruvian,
Chinese, South Korean, Chinese Taipei and Ecuadorian data (2020 to 2021).

Significant landings have been reported since the early 90s by Japanese, South Korean
and Peruvian fleets while Chilean and Chinese fleets joined in the exploitation in the early

Page 3 of 33



Stock assessment of jumbo squid in the SEP 2.2 Regional stock assessment database

2000s and the Japanese fleet left operations in the early 2010s (Fig. 1). In the last decade
total landings are still increasing but with substantial inter annual variability (Fig. 1).

2.2 Regional stock assessment database

The database that needs to be compiled and curated by Peruvian, Chilean, China,
Chinese Taipei, South Korean and Ecuadorian fleets, to implement the multi-annual, 3-
fleets generalized depletion model described in the next section, 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 10-year catch-effort-mean weight database at monthly time
steps (120 months) with Peruvian data (2012-2021) from official national sources, Chilean
data (2011-2022) from official national sources, and Asian data (2012-2022) grouped for
China, Chinese Taipei, and South Korea from the Scientific Committee of the South Pacific
Regional Fisheries Management Organisation (SPRFMO). This database included 99.24% of
all landings recorded in the region from 2012 to 2021 so our results can be safely considered as
encompassing the whole stock in the SEP. Ecuadorian fleets (accounting for 0.76% of total
catch between 2012 and 2021) 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 landings as a further,
fourth separate fleet in the depletion model described in the next section.

Figure 2: Raw individual jumbo squid weight data from sampling Peruvian, Chinese and
Chilean data and spline model fitted to the relation between mean weight and month as well
as bands of two standard errors.

The mean weight data provided is shown in Fig. 2 by month. It is clear that Chinese
fleets as well as other Asian fleets operating in the high seas are harvesting smaller squids
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most of the year, as described by Nigmatullin et al. [?], whereas the Peruvian and Chilean
fleets catch larger squid in the waters of their Exclusive Economic Zones.

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 months 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.

Peruvian biological data were provided in two databases. One database had monthly
time steps and consisted of year, month, mantle length (mm), and total individual weight
(kg), from January 2012 to December 2020. A second database had annual time steps and
contained the annual mean individual weight from 2000 to 2021. Calculation of the annual
mean weight from the first, monthly time steps database produced substantial differences
with the annual mean weights recorded in the second, annual time steps database. We
assumed that the second database, built at annual time steps, had larger sample size so we
conditioned the monthly mean weight from January 2012 to December 2021 obtained using
the first, monthly database, to produce monthly mean weights such as the annual mean
would be equal to that recorded in the second, annual time steps database. In this manner
we obtained a complete vector of mean weight in the catch from January 2012 to December
2021 of the catch of the Peruvian fleet and used it to solve for monthly fishing effort in the
catch and effort database.

In this manner a full database for stock assessment with multi-annual, 3-fleets general-
ized depletion models was completed. The mean weight data and the fitted spline model are
shown in Fig. 3.
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Figure 3: Time series of monthly landings, fishing effort and mean weight in the catch of
Peruvian fleets fishing the jumbo squid in the South East Pacific, as well as the relation
between monthly fishing effort as cause and monthly landings as result (bottom left).

2.2.2 Asian fleets data

These data were provided by the Scientific Committee of the SPRFMO (January 2012 to
December 2020) and directly by China, South Korea and Taiwan (January 2021 to December
2022) and consisted in monthly catches, fishing effort, and mean location. These data were
not fully dis-aggregated. Instead, individuals fishing hauls were aggregated by geographic
blocks of degrees of latitude and longitude.
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Figure 4: Time series of monthly catches reported by the three Asian fleets. Note the much
larger scale of the y-axis in the China panel.

The Asian fleets database contained both, total catch in kg as well as retained and
discarded catch in kg, the latter in very small quantities. In fact over 92.5% of all entries
had zero discarded catch and total discarded catch accounted for 0.0013% of total catch
across the time series. Nevertheless, we used the total catch (addition of retained and
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discarded catch) for stock assessment purposes (Fig. 4).
The Asian fleets database included seven potential measures of fishing effort, namely

the number of vessels (from a minimum of three to a maximum of 365), number of singles
jigs (0 to 5,654), number of double jigs (0 to 54,235), number of jigs per line (0 to 18,351),
number of hours of fishing (0 to 33,496), total power (0 to 619078 kw), number of crew (0
to 31,928) and number of days of fishing (3 to 4,397).

The Chinese fleet was the largest of the three Asian fleets by far, accounting for 2,692
of the total number of 3,181 entries in the database (over 95% of total catch), and displaying
on average 1,064 vessels per month versus just 12 vessels per month in the Chinese Taipei
and Korean fleets.

Figure 5: Catch and effort (log-log scale) of the three Asian fleets across different measure-
ments of effort.

As stated above, the catch-effort database needs to be supplemented by a mean-weight-
in-the-catch time series to apply multi-fleet multi-annual generalized depletion models. These
data were kindly provided by the chairman of the jumbo squid Working Group of the
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SPRFMO, Dr. Gang-Li. The data were extracted from the High Seas Observer Program of
China’s National Data Centre of Distant Water Fishery, and it covered the period of January
2018 to November 2021 (Fig. 2).

Figure 6: Time series of monthly landings, fishing effort and mean weight in the catch of
Asian fleets fishing the jumbo squid in the South East Pacific, as well as the relation between
monthly fishing effort as cause and monthly landings as result (bottom left).

Since Chinese squid weight data did not cover the whole period of the assessment (Jan-
uary 2012 to December 2021) we fitted an auxiliary model of the expected mean weight
in the catch with the available data to predict mean-weight-in-the-catch for all months of
the assessment database. The methodology was the same that we applied to the Peruvian
biological data, namely we fitted a spline model to the relation between mean weight in the
catch and month and then used its prediction along with the standard error of predictions to

Page 9 of 33



Stock assessment of jumbo squid in the SEP 2.2 Regional stock assessment database

populate the 108-length monthly vector of mean weight. The data and fitted spline model
are shown in Fig. 2.

Figure 7: Time series of monthly catches reported by Chilean Fleets.
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Figure 8: Catch and effort (log-log scale) of the Chilean fleets in hauls for jiggers and hauls
and trawling hours trawls.

It is observed in Fig. 5 that the fishing effort metric with the tightest relation between
effort as cause and catch as result and the most similar relation among China, South Korea
and China Taipei is days of fishing. Therefore we selected this metric to represent fishing
effort of the Asian fleets leading to a stock assessment database as shown in Fig. 6.

2.2.3 Chilean fleets data

A database of detailed logbook records from the industrial (trawlers) and artisanal (jiggers)
fleets targeting jumbo squid in EEZ off Chile were provided by the Instituto de Fomento
Pesquero (IFOP) upon requests directed to Chilean fishing authorities. These data con-
sisted of dis-aggregated, haul-by-haul results of fishing for each fleet, including large samples
of mantle length and whole body weight from squids in the catch, from January 2011 to
December 2022 (Fig. 2). All fishing was conducted over the narrow continental shelf off
central Chile inside the Chilean EEZ.

The fishing by the industrial fleet was conducted by trawling, starting in January 2011
and extending until December 2021, although it decreased substantially in 2020, to just 3.5%
of the mean annual catch from 2011 to 2019, due to new legislation making the jumbo squid
a resource reserved for the artisanal sector (Fig. 7). The fishing by the artisanal fleet was
conducted by jigging, starting in January 2014 and extending until December 2021 (Fig. 7).
Essentially, artisanal jiggers replaced industrial trawlers by legislation so there is not much
utility in modelling these two fleets as separate actors. Therefore it is convenient to join the
data from these two fleets and model them as a single fleet. Fortunately, Chilean databases
allow calculation of additive metrics of fishing effort for the industrial and artisanal fleets
when counting effort as the number of fishing hauls so this joining of the data from the two
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fleets is permissible. Nevertheless, joining the effort and catch time series of the two fleets
to make a single fleet further requires that the relation between effort and catch of the two
fleets is not too dissimilar. Fig. 8 shows that this relation has a high similarity between the
two fleets when fishing effort is measured as number of hauls. Therefore we added monthly
fishing effort and monthly landings by the two fleets to have a single Chilean fleet. Since
each fleet has its own mean individual weight by month, we further averaged the sampled
mean weight of each fleet to get a single mean weight vector. The resulting stock assessment
database of the joined Chilean fleets is shown in Fig. 9

Figure 9: Time series of monthly landings, fishing effort and mean weight in the catch of
Chilean fleets fishing the jumbo squid in the South East Pacific, as well as the relation
between monthly fishing effort as cause and monthly landings as result (bottom left).
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2.2.4 Spatial extension of Asian and Chilean fleets

Asian and Chilean data included spatial location of fishing hauls, at the individual haul
level in the case of Chilean fleets and at the latitude-longitude spatial block level in the case
of the Asian fleets. This allows understanding the spatial extension and expected degree of
connectivity between the stock’s fraction exploited by Chilean and Asian fleets.

Fig. 10 shows that Asian fleets in the SEP operate over a very large region off the
Ecuadorian, Peruvian and Chilean EEZs and in international waters extending far to the
west following the equatorial meridian. Catches are relatively high even at the extreme
western limit of operations but most of the largest catches occur off Perú and northern
Chile.

Fig. 10 also shows that Chilean fleets operate mostly in the central-south part of the
country’s EEZ, and that their fishing grounds are separated from Asian fleets fishing grounds
by a vast extension of waters off northern Chile.

Figure 10: Spatial distribution of fishing effort by Asian and Chilean fleets.

2.3 Stock assessment methodology

The general approach to the stock assessment of the jumbo squid stock in the South-East
Pacific is portrayed in schematic fashion in Fig. 10.
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Figure 11: Schematic representation of the stock assessment modelling approach. At Stage
1, raw data of monthly catch, fishing effort and mean weight in the catch from January 2012
to December 2021 are compiled for the Peruvian, Chilean and Asian fleets. A three-fleets
multi-annual generalized depletion model is fitted to these data leading to direct maximum
likelihood estimates of squid abundance and fishing operational parameters and derived time
series of monthly total stock abundance and biomass and fleet-specific fishing mortality and
exploitation rates. A self-weighting marginal-estimated likelihood function allows the use of
the biomass predicted by the depletion model and its standard error of prediction to fit a
surplus production model spanning the whole period of total annual landings recorded in
the FAO database (1969 to 2021). At this stage eight hypothesis are tested regarding the
effect of the El Niño environmental cycle on the population dynamics and productivity of
the stock.

At Stage 1, we start with landings, effort and mean weight vectors of length 108 months
covering the period of January 2012 to December 2021, for three fleets. These data are used
to fit multi-fleet multi-annual generalized models leading to free, unconstrained maximum
likelihood estimations of the average monthly natural mortality rate from January 2012
to December 2021 (M ), initial abundance (December 2011), annual recruitment to each of
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the three fleets (10years × 3fleets = 30 recruitment estimates), and three parameters of
the fishing operations of each fleet, namely a generalized coefficient of catchability, a power
modulator of the relation between effort as cause and catch as result, and a power modulator
of the relation between abundance as cause and catch as result, totalling 38 parameters to
be estimated. These are the parameters estimated directly by maximizing the log-likelihood
function. In addition, results allow estimation of monthly stock’s abundance and biomass,
monthly fishing mortality F and monthly instantaneous exploitation rate (M ÷ (M + F )).

At Stage 2, (i) total annual landings across the SEP from 1969 to 2021 and (ii) predicted
monthly biomass and its standard error from the depletion model from 2012 to 2020, are
provided as information to fit a generalized surplus production model of the Pella-Tomlinson
type, in order to determine population dynamics and the productivity of the stock. Assuming
that at the start of the landings time series (1969) the stock’s size was equal to the carrying
capacity of the environment, this model has three distinct parameters. Thus, at the second
stage, we consider environmental cycles due to episodic occurrences of El Niño events by
testing eight alternative hypotheses of how the environmental cycle may affect the stock’s
population dynamics and productivity via changes in any one, any pair or all three of its
parameters.

2.3.1 Generalized depletion models

Generalized depletion models are depletion models for open populations with nonlinear dy-
namics. Regarding the open population aspect, traditional depletion models do not admit
inputs of abundance during the fishing and that is the reason they could not be used for
multi-annual assessments, since in that case one obvious factor, the annual pulse of recruit-
ment, could not be included in the assessment. Therefore, depletion models were often
connected to assessing stocks with intra-annual data, for one season of fishing separately.
Generalized depletion models allow any number of exogenous inputs of abundance during
the fishing, so they are apt for multi-annual assessments with monthly data [29]. Regarding
the nonlinear dynamics aspect, traditional depletion models assumed a linear relationship
between catch as the result, and fishing effort and stock abundance as the causes of the
catch. Therefore, it is common with these traditional depletion models to use the catch per
unit of effort on the l.h.s of the equation and the abundance dynamics in the r.h.s. of the
equation. Generalized depletion models allow for nonlinear dynamics for the effect of fishing
effort and stock abundance on catch, and therefore fishing effort is not used as a standardiz-
ing quantity but as a predictor on the r.h.s. of the equation. Generalized depletion models
also consider nonlinear effect of stock abundance on the resulting catch, thus taking into
account phenomena such as hyper-stability [28].

With those introductory remarks, we can now define precisely the depletion model that
we used to assess the jumbo squid stock in the Peruvian and Chilean EEZs and international
waters. Let Cf,t be the expected and unobserved total catch under the model from fleet f
and month t and let Ef,t be the total fishing effort from fleet f and month t. Then the model
states that the total catch in month t is

Page 15 of 33



Stock assessment of jumbo squid in the SEP 2.3 Stock assessment methodology
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(1)

• t is the time step (month),

• C is the unobserved, true catch in numbers,

• k is a proportionality constant, the scaling, that corresponds to the catch taken by a
unit of effort and a unit of abundance, usually in the order of 10−4 to 10−8,

• E is the observed fishing effort in hours,

• N is the latent stock abundance in numbers,

• α is a dimensionless modulator of effort as a predictor of catch, called the effort re-
sponse,

• β is a dimensionless modulator of abundance as a predictor of catch, called the abun-
dance response,

• M is the natural mortality rate with units of month−1,

• m equals eM/2,

• N0 is the initial abundance, the abundance at month before the first month in the
effort and catch time series (December 2011),

• i is an index that runs over previous time steps and up to the current time step (t),

• R are the magnitudes of annual pulses (numbering 9 × 3) of jumbo squids that grow
to the size retained by the fishers,

• I is an indicator variables that evaluates to 0 before the recruitment pulse and to 1
during and after the recruitment pulse,

• 9 is the number of recruitment pulses, one for each year, happening at a specific month
each year, with j being the counter that runs from 1 to 9, and

• τ is the specific month at which each recruitment pulse happens.
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In the second line of Eq. 1, latent abundance available to each fleet is made explicit and
expanded with Pope’s equation (second sum inside parentheses) and the input of abundance
(third sum inside parentheses) corresponding to the annual recruitment (R) to the fleet
in year j (j = 1, ..., 10, 2012 to 2021). Parameters N0 and M are the initial abundance
(December 2011) and the average (across the whole period) monthly natural mortality rate,
respectively. The variable Ij is an indicator that takes the value of 0 before the input of
recruitment and 1 afterwards. Finally, parameters τj are the months in which recruitment
happens in year j.

The model in Eq. 1 is the process model, the postulated mechanism linking the true
monthly catch Ct to effort and abundance, which is assumed to be fairly complete and exact,
with negligible process error. The true catch time series however, are not observed. Instead,
random time series χf,t are observed and its expected value is Cf,t. Thus the catch time series
are random variables and the stock assessment model is completed with a statistical model
with observation error where χf,t has a probability density, a specific parametric distribu-
tion. In this work, two distributions are implemented, normal and lognormal, corresponding
with additive or multiplicative hypotheses for the observations of catch. In implementing the
normal and lognormal distributions for the fleet’s catch data, we used two likelihood func-
tions as alternatives for each distribution, exact normal, exact lognormal, adjusted profile
approximations to the normal, and adjusted profile approximations to the lognormal. The
latter approximation have the following definitions:

lp(θθθ; {χt, Et}) =


T−2
2
log
(∑T

i=1(χt − Ct)
2
)

Normal

T−2
2
log
(∑T

i=1(log(χt)− log(Ct))
2
)

Lognormal
(2)

where lp is the negative log-likelihood function, θθθ is the vector of parameters, {χt, Et} are
the catch and effort data, Ct is the predicted catch according to the model in Eq. 1, and
T is the total number of months (T = 108 with nine years of data). These negative log-
likelihood functions are minimized numerically as a function of θθθ to estimate maximum
likelihood parameter values and their covariance matrix. The 38 +×38+ covariance matrix
contains the asymptotic standard errors of parameter estimates along its main diagonal and
the co-variances or correlations in the off diagonal triangles.

The model has 41 differentiable parameters (N0, M , {Ri,j}, k1, k2, k3, α1, α2, α3, β1,
β2, β3) and 30 non-differentiable parameters ({τf,j}), the latter corresponding to the month
of recruitment in each year to each fleet, which we call the timing for short. The {τf,j}
can be determined by setting the input of recruitment at the month within a year with the
lowest mean weight, because recruitment is assumed to happen due to somatic growth of
small squids reaching the sizes captured and retained by fishers, so it should be noticeable
by observing the lowest mean weight of squid in the catch. The timing can further be
determined by recourse to the non-parametric catch spike statistics [29],

Spiket = 10

(
χt

max(χt)
− Et

max(Et)

)
(3)

where χ is the observed catch. It highlights time steps with excessively high catch for the
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effort at that time step, thus suggesting a recruitment input whenever the spike is large and
positive. See Fig. 3 in Roa-Ureta et al. [23] for a graphical demonstration of the use the
spike statistic.

After examination of optimization results with the initial timing hypothesis, the inabil-
ity of optimization routines to calculate the standard error of recruitment magnitudes, or
calculating very large standard errors for some recruitment magnitudes, suggest the need to
set the month of recruitment in those year and fleet combinations in different months, so
further hypotheses were evaluated by changing the months of recruitment for some years.

The four likelihood functions (adjusted profile normal, adjusted profile lognormal, exact
normal, and exact lognormal) can be applied individually to each of the three fleets so
there are a total of 43 = 64 full combined likelihoods. In addition, the different timing
hypotheses create further options each one to be fitted under each of the 64 full combined
likelihoods. Furthermore, we employed three different numerical maximization methods
in R, namely the spg, CG, and Nelder-Mead methods for likelihood optimization because
these have yielded reliable results in previous applications [23, 33, 34]. Therefore, dozens
of variants of the model in Eq. 1 were fitted to the data of the three fleets. The final
best variant was selected as the one with better numerical, biological and statistical quality
criteria. Firstly, all fits returning a numerical gradient higher than 1 were eliminated. This
is a commonly employed criterion in stock assessment [35, 36, 37, 38]. Secondly, variants
yielding unrealistic values of the natural mortality rate (i.e. less than 0.01 per month) were
also excluded, given the known short lifespan of the jumbo squid. Thirdly, from the short list
of model fits, the best fit was selected as the one with the lowest standard errors and with
the histogram of correlation coefficients between parameter estimates more concentrated
around zero. The histogram of correlation coefficients presents the distribution of pairwise
correlations between parameter estimates. It is desirable that these correlations are as far
away from 1 or -1 as possible because that means that each parameter was a necessary
component of the model. Information theory model selection methods such as the Akaike
Information Criterion (AIC) are also useful at this stage when comparing models run with
the same likelihood or approximation to the likelihood.

Generalized depletion models were fitted using a customized version of R package Cat-
Dyn [34]. All parameters were freely estimated, none of them was fixed at arbitrary values.
CatDyn also estimates fishing mortality per month using a numerical resolution (R func-
tion uniroot) of the Baranov equation from estimates of abundance, natural mortality and
(observed and estimated) catch per month. CatDyn depends on package optimx [39], which
makes it simple to call several numerical optimization routines as alternatives to minimize
the negative log-likelihood.

2.3.2 Population dynamics models

Generalized depletion models estimate abundance at the start of the time series in the
N0 parameter. Abundance then drops due to natural mortality and fishing removals and is
reset to a higher value with every input of abundance due to recruitment, one for each year
and fleets in the time series. Therefore, for each year, total abundance (initial abundance
plus recruitment inputs) at all time steps (108 months) can be obtained by rolling back
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recruitment pulses from the month of recruitment and adding that to initial abundance
decaying through natural mortality. Rolling back entails using the natural mortality rate
estimate M with reversed sign. Knowing also the mean weight per month monthly abundance
can be transformed into biomass, Bt. In addition, statistical uncertainty is propagated from
initial abundance, natural mortality, and recruitment estimates and their covariance matrix,
to each monthly total abundance using the delta method. This leads to time series of total
monthly abundance and its standard error. Furthermore, total biomass at each time step
Bt is estimated with its standard error using the total abundance estimate and its standard
error and the mean weight in the catch per month and its standard error, with additional use
of the delta method. The function CatDynBSD in CatDyn does this calculation to propagate
statistical uncertainty in N0, M, the {Rf,j} and mean weight, to Bt.

The estimated biomass time series and its standard error extends at monthly time steps
over the complete time series. As it happens, it is often the case that a particular month
produces the biomass estimate with the lowest standard error inside each year. We evaluate
this month as the month at which the mean coefficient of variation (CV) of the biomass
estimate is the lowest on average across the years. The main purpose of using a particular
month of biomass estimate from each year is to have an annual time step in the surplus
production model. Having an annual time step is convenient because it is possible to use the
landings from years prior to the year of the first biomass estimate with CatDyn, as additional
data to fit the surplus production model. Selecting the month with the least average (across
years) CV of the biomass estimate helps have more precise estimates of parameters in the
surplus production model.

The South-East Pacific region is affected by the periodic occurrence of the El Niño
Southern Oscillations (ENSO) leading to multi-annual periods of increased water temper-
ature followed by multi-annual periods of colder or normal temperature [40]. These envi-
ronmental oscillations may well affect the stock’s population dynamics. We used NOAA’s
ENSO index [41] to define six environmental phases during our study period:

1. 1969 to 1981: Normal or cold period 1

2. 1982 to 1988: El Niño 1

3. 1989 to 1996: Normal or cold period 2

4. 1997 to 2002: El Niño 2

5. 2003 to 2013: Normal or cold period 3

6. 2014 to 2021: El Niño 3

Then we defined eight hypotheses of biomass dynamics during the study period (Fig.
12). The first hypothesis was the null hypothesis that the biomass dynamics was a conven-
tional Pella-Tomlinson dynamics with constant parameters during the whole study period
(1969 to 2021), i.e.:
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By = By−1 + rBy−1

(
1−

(
By−1

K

)p−1
)

− Cy−1, p > 1, 1969 ≤ y ≤ 2020 (4)

where

• y is the year,

• r is the intrinsic population growth rate,

• p is the symmetry of the production function,

• K is the carrying capacity of the environment,

• By is the biomass estimated from generalized depletion models, and

• Cy−1 is the total regional annual catch during the previous fishing season,

The seven alternative hypotheses were that the biomass dynamics, i.e. the Pella-
Tomlinson model, had time-varying parameters that followed the environmental cycle:

By = By−1 + r1By−1

(
1−

(
By−1

K1

)p1−1
)

− Cy−1, p1 > 1, 1969 ≤ y < 1982

By = By−1 + r2By−1

(
1−

(
By−1

K2

)p2−1
)

− Cy−1, p2 > 1, 1982 ≤ y < 1989

By = By−1 + r1By−1

(
1−

(
By−1

K1

)p1−1
)

− Cy−1, p1 > 1, 1989 ≤ y < 1997

By = By−1 + r2By−1

(
1−

(
By−1

K2

)p2−1
)

− Cy−1, p2 > 1, 1997 ≤ y < 2002

By = By−1 + r1By−1

(
1−

(
By−1

K1

)p1−1
)

− Cy−1, p1 > 1, 2002 ≤ y < 2014

By = By−1 + r2By−1

(
1−

(
By−1

K2

)p2−1
)

− Cy−1, p2 > 1, 2014 ≤ y < 2021

(5)

so the full set of hypotheses is defined by

• Null hypothesis: K1 = K2, p1 = p2, r1 = r2 (Eq. 4),

• Alternative 1: K1 ̸= K2, p1 = p2, r1 = r2 (Eq. 5),

• Alternative 2: K1 = K2, p1 ̸= p2, r1 = r2 (Eq. 5),

• Alternative 3: K1 = K2, p1 = p2, r1 ̸= r2 (Eq. 5),
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• Alternative 4: K1 ̸= K2, p1 ̸= p2, r1 = r2 (Eq. 5),

• Alternative 5: K1 ̸= K2, p1 = p2, r1 ̸= r2 (Eq. 5),

• Alternative 6: K1 = K2, p1 ̸= p2, r1 ̸= r2 (Eq. 5),

• Alternative 7: K1 ̸= K2, p1 ̸= p2, r1 ̸= r2 (Eq. 5).

So alternative hypotheses described increasingly complex changes in parameter values as
the environmental cycle developed. The most supported hypothesis was selected considering
numerical, statistical and biological criteria as described for model variant selection at Stage
1, except that in this model selection task the AIC plays a more prominent role because all
hypotheses are fitted with the same likelihood function.

Total regional annual biomass and its standard error from fitting generalized deple-
tion models and the annual biomass predicted by alternative hypotheses of time-varying
parameters of the Pella-Tomlinson model are linked through a hybrid (marginal-estimated)
likelihood function,

ℓHL(θθθPT |{B̂y}) ∝ −1

2

2020∑
2012

(
log(2πS2

B̂y
) +

(B̂y −By)
2

S2
B̂y

)
(6)

where

• θθθ = {K, r, p} is the vector of parameters of the Pella-Tomlinson model in Eq. 4 or
5. In all hypotheses it is assumed that the biomass in the first year in the landing
time series, 2012, is equal to the carrying capacity of the environment (initial probes
with the null hypothesis model and B0 as additional parameter did not yield successful
convergence),

• S2
B̂y

are the distinct numerical estimates of standard deviations of each annual biomass
estimate from the fitted generalized depletion model (replacing the unknown distinct
true standard deviations),

• B̂y are the maximum likelihood estimates of annual biomass from the fitted generalized
depletion model, and

• By are the true annual biomass according to Eq. 4 or 5.

The log-likelihood function in Eq. 6 is self-weighting in the sense of Francis [42, 43], meaning
that it automatically up-weights annual biomass estimates with higher statistical precision
and down-weights annual biomass estimates with lower statistical precision during likelihood
optimization.

From the fit of best-supported hypothesis Pella-Tomlinson model, several biological
reference points were calculated. The reference points were the MSY,

MSY = rK(p− 1)p−p/(p−1) (7)
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the biomass at the MSY,

BMSY = Kp1/(1−p) (8)

and the latent productivity,

Ṗ = γMSY
By

K

(
1−

(
By

K

)p−1
)
, γ =

pp/(p−1

p− 1
(9)

For each biological reference points, standard errors were computed using the delta
method whenever possible.

With reference to the latent productivity [44], this is a biological reference point anal-
ogous to the MSY, but while MSY is a constant, the latent productivity varies with the
biomass of the stock (compare Eq. 7 to Eq. 9). Thus the latent productivity is more rel-
evant for stocks that tend to fluctuate because of environmental forces or because of their
intrinsic population dynamics. For instance, in [20] we found that the stock under study
was fluctuating because of a high value of the intrinsic population growth rate, r. In another
case [23] we found that the stock was undergoing cyclic fluctuations due to an unstable equi-
librium point in the spawners-recruitment relationship. Thus the MSY was not applicable
in those cases and it was actually an excessive harvest rate.

The analysis at this stage was programmed in ADMB [45] using ADMB-IDE 10.1 64
bits [46]. We created ADMB code for each of the eight environmental influence hypotheses.
Taking advantage of facilities of the ADMB system, parameter estimation was carried out
by bounded or unbounded optimization, depending on the parameter and the model variant,
and the sdreport function was used to produce annual biomass estimates with their standard
errors.

3 Results

3.1 Generalized depletion models

The selected variant of the depletion model was conducted with a joint likelihood that
combined the adjusted profile lognormal likelihood for the Peruvian catch data, the adjusted
profile lognormal likelihood for the Chilean catch data, the adjusted profile normal likelihood
for the Asian catch data, and the spg numerical method. The fit of this variant to data is
shown in Figs. 12, 13, and 14.

The model fits the Peruvian monthly catch data data well, with adequate residual and
quantile diagnostics (Fig. 12). It fits the Asian catch data less well, failing to predict high
catches in the last two years (2020, 2021) and having a q-q plot with observed quantiles falling
below the diagonal (Fig. 13). The model fits the Chilean catch data very well, with just two
observed monthly catches bot falling on the diagonal on the q-q plot (Fig. 14). Escapement
biomass (December 2021) at the regional level is estimated at 2.5 million tonnes
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Figure 12: Fit of the depletion model to catch in numbers data from Peruvian fleets operating
on the fishery for the jumbo squid in the Peruvian EEZ of the SEP. Top panel: Model fit to
data also indicating timing of recruitment inputs (target symbol), escapement biomass, and
annual catch. Bottom panels, from left to right: histogram of residuals, residual cloud, and
q-q plot.
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Figure 13: Fit of the depletion model to catch in numbers data from Chilean fleets operating
on the fishery for the jumbo squid in the Chilean EEZ of the SEP. Top panel: Model fit to
data also indicating timing of recruitment inputs (target symbol), escapement biomass, and
annual catch. Bottom panels, from left to right: histogram of residuals, residual cloud, and
q-q plot.
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Figure 14: Fit of the depletion model to catch in numbers data from Asian fleets operating
on the fishery for the jumbo squid in international waters of the SEP. Top panel: Model fit
to data also indicating timing of recruitment inputs (target symbol), escapement biomass,
and annual catch. Bottom panels, from left to right: histogram of residuals, residual cloud,
and q-q plot.
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Table 1: Maximum likelihood parameter estimates of the best 3-fleets multi-annual general-
ized depletion models. Absent CVs: the optimizer did not return standard errors.

Fleet Parameter Timing Estimate CV (%)
M (1/month) 0.1611 12.3
N0 (thousand) 715,637 29.2

Recruitment (thousand) 2012 2012-5 1,100,637 27.70
Recruitment (thousand) 2013 2013-5 1,466,690 40.60
Recruitment (thousand) 2014 2014-3 1,387,826 22.10
Recruitment (thousand) 2015 2015-4 1,050,525 28.60

Peruvian Recruitment (thousand) 2016 2016-6 414,176 164.70
fleets Recruitment (thousand) 2017 2017-5 198,056 165.40

Recruitment (thousand) 2018 2018-3 80,338 169.30
Recruitment (thousand) 2019 2019-3 213,686
Recruitment (thousand) 2020 2020-9 415,839 101.20
Recruitment (thousand) 2021 2021-4 285,622 95.90

k (1/trips) 0.00015347 43.3
α 0.9447 9.0
β 0.6670 6.1

Recruitment (thousand) 2012 2012-5 6,802
Recruitment (thousand) 2013 2013-5 8,779
Recruitment (thousand) 2014 2014-3 8,856

Asian Recruitment (thousand) 2015 2015-1 7,388
fleets Recruitment (thousand) 2016 2016-12 1,254,228 24.1

Recruitment (thousand) 2017 2017-2 1,607,369 18.3
Recruitment (thousand) 2018 2018-3 1,860,553 21.3
Recruitment (thousand) 2019 2019-12 2,756,364 14.0
Recruitment (thousand) 2020 2020-3 199,125 137.9
Recruitment (thousand) 2021 2021-1 1,244,206 36.4

k (1/days) 0.000009393 348.8
α 0.9305 8.0
β 0.9714 26.8

Recruitment (thousand) 2012 2012-1 64,232
Recruitment (thousand) 2013 2013-3 5,687
Recruitment (thousand) 2014 2014-10 419,915
Recruitment (thousand) 2015 2015-7 304,531 134.5

Chilean Recruitment (thousand) 2016 2016-8 235,101 294.9
fleets Recruitment (thousand) 2017 2017-9 63,776 365.0

Recruitment (thousand) 2018 2018-9 6,326 390.9
Recruitment (thousand) 2019 2019-6 2,212,205 28.8
Recruitment (thousand) 2020 2020-9 25,121
Recruitment (thousand) 2021 2021-9 16,064

k (1/hauls) 0.0000002297 7.4
α 0.4088 16.0
β 1.3687 0.6
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Figure 15: Time series of interest in management. Top left: stok biomass; top right: fishing
and natural mortality; bottom left: instantaneous exploitation rate; bottom right: annual
exploitation rate with respect to escapement biomass

Estimated parameters by the selected depletion model for the three fleets data are shown
in Table 1. Natural mortality is estimated at 0.1611 per month or 1.9332 per year, with good
statistical precision. Abundance parameters (N0 and recruitment) are generally estimated
with good precision but there are many missing standard errors, a consequence of difficult
optimization over some of the 41 dimensions of the problem with R optimization routines.
Recruitment has been decreasing for the Peruvian fleets, increased substantially for the Asian
fleets, and fluctuating widely for the Chilean fleets. The response of catch to effort is close
to proportional for the Peruvian and Asian fleets and saturable for the Chilean fleets while
the response to abundance is hyper-stable for Peruvian, proportional for Asian, and slightly
hyper-depleted for Chilean fleets.

Derived parameters from the best supported depletion model are shown in Fig. 15.
Biomass has wide intra-annual fluctuations, with maxima one order of magnitude larger than
minima, and the mean trend has been gradually increasing up to 2019 and then decreasing
in 2020 and 2021. Fishing mortality has been much lower than natural mortality but it has
increased in recent years, approaching the level of natural mortality, and the same increasing
trend is observed in the instantaneous exploitation rate. Finally the annually aggregated
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exploitation rate with respect to escapement biomass shows is W-shaped, with recent raise
due to lower biomass. Nevertheless, both the instantaneous and the aggregated exploitation
rate are yet not above 40%. Therefore fishing mortality and total removals appear to be still
within safe limits.

Calculation of standard errors of abundance and biomass time series with the delta
method results in estimates that are reasonably precise (Fig. ??). This will have a positive
effect on inference at Stage 2.

Figure 16: Predicted total abundance and biomass time series and their statistical precision
in the SEP. Bands are predicted values ± 1 standard error

3.2 Population dynamics models

Only three out of eight hypotheses for Pella-Tomlinson dynamics (Eqs. 4 and 5) pro-
duced successful convergence in ADMB. These were the null hypothesis of no change in
parameters due to the environmental cycle and the hypotheses of change in either the sym-
metry of the production function p or the intrinsic rate of population growth (Table 2).
Although all three variants are tied on the AIC (differences not larger than 2), Alternative 2
has the most realistic measures of statistical precision so we provisionally select this variant
as the most supported model of the biomass dynamics.

The best supported Pella-Tomlinson model shows a stock that started to undergo severe
fluctuations when the environment switched from normal to El Niño and fishing removals
started to rise in the 90s (Fig. 17). Currently the stock is under the regime of fluctuations
while landings are close to the estimated sustainable harvest rates.
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Table 2: Hypotheses for population dynamics and productivity of the jumbo squid stock
in the SEP under Pella-Tomlinson biomass dynamics and environmental cycles. The best
supported hypothesis is highlighted in color.

Hypothesis max. |gradient| AIC No pars. Parameter M.L.E. CV (%)
Null <0.01 -315 3 K (tonnes) 5,457,500 40.5

p 2.8257 112.7
r (1/year) 0.6067 20.9

Alternative 1 <0.01 -313 4 K (tonnes) 5,426,900 30.6
p1 1.6487 0.4
p2 2.0960 96.3

r (1/year) 1.0942 0.9
Alternative 2 <0.01 -313 4 K (tonnes) 5,286,500 20.5

p 2.0268 29.9
r1 (1/year) 1.8120 65.8
r2 (1/year) 3.3936 49.2

Figure 17: November stock biomass estimated by the best depletion model, biomass dy-
namics from the best Pella-Tomlinson model, total regional catch by Peruvian, Asian, and
Chilean fleets, and sustainable harvest rates calculated from the average total latent produc-
tivity of the jumbo squid fishery in the South-Eastern Pacific.
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Due to fluctuations, the MSY and BMSY are not adequate reference points. This fact
manifests itself in very high MSY estimates (Table 3) during both phases of the environmen-
tal 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 recent actual landings (Table 3 and Fig. 17).
Statistical precision of the total average latent productivity is still poor because it depends
on biomass estimates as well as parameter estimates for K, p and r. 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.

Table 3: Derived parameters of interest (biological reference points) for management from
the best supported Pella-Tomlinson model (MSY , BMSY , and Ṗ ) for the jumbo squid in
the SEP according to parameterization in Eq. 5. Ṗ is the annually averaged total latent
productivity under the normal and El Niño environmental cycle.

Regime Parameter Estimate CV (%)
Normal MSY (tonnes) 2,438,925 21.4

BMSY (tonnes) 2,656,839 31.1
Ṗ (tonnes) 558,835 354.5

Mean annual landings (tonnes) 262,315 132.1
El Niño MSY (tonnes) 4,567,735 11.8

BMSY (tonnes) 2,656,839 71.3
Ṗ (tonnes) 878,468 389.3

Mean annual landings (tonnes) 408,736 111.6

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 at close to limit
capacity and with wide intra- and inter-annual fluctuations in biomass, which are a matter
of concern (Fig. 17).

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 data consisting
of 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, of-
ficial (i) Peruvian 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
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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 and Asian fleets, while
Peruvian data are available up to 2021. A fully updated database will contribute to a longer
time series of abundances estimated by the depletion model, thus, extending the number
of observations 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
small, Ecuadorian fleets operate in a large area not covered by the present assessment. These
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.

We modeled the impact of El Niño 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. A 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 [26, 50]. 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 Niño, 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 Niño affects functioning at the individual and at the population levels. At
the individual level, El Niño favors the smaller phenotypes off Peru whereas on colder peri-
ods the larger phenotypes are more predominant [55], which we confirm here with a higher
intrinsic rate of population growth during El Niño (Table 2. At the population level, El Niño
induce a shrink in the suitable habitat for jumbo squid [56], lowering the overall population
abundance, which we could not confirm in this work because models with varying carrying
capacity could not achieve successful convergence in ADMB. We expect to find decreased
carrying capacity during El Niño once the time series of biomass estimates from depletion
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models gets sufficiently long.
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 tem-
perature 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.

In jumbo squids, the effects of the El Niño not only produced smaller individuals and
lower abundance levels but also increased the variability of the abundance (Fig. 17). During
warm, El Niño 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
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 Niño phases of the environmental cycle, individuals of jumbo squid will be smaller,
triggering wider populations fluctuations, which will also increase by fishing exploitation.

The existence of three phenotypes of the jumbo squid across the region [60] is an impor-
tant component of the biological composition of the stock and taking this into account may
improve the biological realism of any stock assessment model. Within the context of our
approach to stock assessment this can be achieved potentially to a great extent by allowing
natural mortality rate to vary among the fleets in the depletion model. Operationally, it
is possible to make the natural mortality rate be fleet specific, having a different value to
estimate for each of the three components if the sum of the last line of eq. 1. This would
be justified on the facts that (1) the three fleets operate in different areas and (2) the size
composition of their catches is different (Fig. 2. This improvement would be in line with
the views of IMARPE [61], which pointed out to natural mortality as one of the factors dis-
tinguishing the phenotypes. In the next application of our methodology we plan to include
this improvement in the depletion model.

Since fishery removals have apparently reached a level of maximum stock capacity and
the stock has entered into a regime of wide fluctuations in abundance, we expect that landings
as well will soon enter a period of wide fluctuations, just as it happened in the Argentine
longfin squid (Illex argentinus) in 2000 and the subsequent two decades.

Sustainable harvest rates have been estimated based on the concept of the total latent
productivity. These harvest rates are very close to current harvest rates but they suffer from
poor statistical precision due to a relatively short time series of biomass estimates from the
depletion model. Precision wikll get better as more years are added to the database.
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5 Conclusions

1. A regional stock assessment methodology for the jumbo squid in the South East Pacific
Ocean based on monthly effort, catch and mean weight data from three fleets (Peru-
vian, Asian high seas, and Chilean) and consisting of two stages has been developed
and implemented with biologically realistic results and reasonable statistical precision,
except for sustainable harvest rates.

2. 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.

3. 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.

4. Analysis of the NOAA ENSO indicator of El Niño determined the existence of an
environmental cycle with six phases during the period of our assessment, 1969 to 2020.

5. The biomass dynamics of the stock in the region is driven by environmental cycles
connected to El Niño, leading to changes in the carrying capacity of the environment.

6. During warm, El Niño years the stock has lower carrying capacity and wider fluctua-
tions than during normal, cold water periods.

7. Actual harvest rates during warm, El Niño years as well during cold, normal periods
have been well below the sustainable harvest rates of each period.

8. Wide intra-annual fluctuations in biomass should be taken into account when managing
the jumbo squid stock in the SEP.

9. 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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