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ABSTRACT

Jumbo Squid u Humboldt Squid (HS) abundance grew again in Chile in 2002 and it has been one
of the main fisheries in this zone since 2011. During the last two years, there have been important
changes in this fishery. The objective of this work was to analyze the relationships between
environmental variability and abundance, availability, individual size and body condition of HS in
Chile. Several regional environmental variables (MEI, NOI, ITCP, ICEN, I0OP, HCI), and Chilean
oceanographic data (SST, Salinity, Chlorophyll) from fixed stations and scientific surveys were
analyzed. HS abundance and/ availability were analyzed based on landings, bycatches and
events of squids shore up on beaches. Chilean fisheries were analyze up to July 2019. The
historical HS presence in Chile was more frequent in cooling periods. In 2017 the mean landings
moved from northern (30-33°S) to southern ports (37°S). In 2019 there were no artisanal
landings, and the size and body conditions of squid caught by industry decreased (from 70 to 40
cm ML). October and November Humboldt Current Index (HCI) were correlated with a) landings
of the EEZs of Chile, Peru and Ecuador (r = 0.70), b) landings of the EEZ of Chile (r = 0.68), c¢)
squid size in Perl (r=0.60), and d) squid size in Chile (r=0.51). While June HCI was correlated
with squid body condition in Chile (r = 0.69). El Nifio 2015-2016 generated a warming that
produced waters of lower productivity, which explains the landings displacement from north (30-
33°S) to south (37°S) and the activation of the earliest maturation strategy, generating the group
of intermediate sizes caught in 2019. The fall squid sizes occurred in Chile two years later than in
Peru, probably because the Humboldt current is stronger towards Chilean coasts, attenuating the
effect of El Nifio, and prolong for longer the high levels of productivity that allow the development

of large squids.
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l. INTRODUCTION

The Humboldt Squid (Dosidicus gigas), hereafter HS; is an endemic squid in the eastern region of
the Pacific Ocean, distributed vertically between the surface and 1200 m and with a geographical
range between 40°N (California, United States) and 47°S (South of Chile). In the region of
Equator, its range extends and narrows towards the West, reaching 140°W (Nigmatullin et al.,
2001). Depending on the environmental conditions, it expands its range to the subtropical areas
of both hemispheres (Ehrhardt et al., 1983; Nevarez-Martinez et al., 2006; Ichii et al., 2002; Taipe
etal., 2001; Fernandez y Vasquez 1995, Field et al., 2007) (Figure 1).

In Chilean waters until 2003, HS presence had been low and with some years of records of large
squid washed up on beaches (Wilhem, 1930), and other years with ephemeral squid fisheries of
1-2 years of duration (Schmiede and Acufia 1995; Fernandez and Vasquez, 1995; Paya et al.,
2004). In that context, when some HS washed up on beaches occurred in 2001, it was thought to
be another sporadic event. However, this began a period of high abundance, with HS appearing
in the pelagic and demersal fisheries of the central-southern zone (Cubillos et al., 2004), which
generated important operational problems in hake fisheries (Paya, 2004). The high HS presence
in 2003 led to simulate the effect of HS predation on common hake and recommend applying a
precautionary approach in setting hake quotas for 2004 against a possible effect of HS predation
(Ehrhardt 1991, Paya et al., 2004; Alarcon-Mufioz et al., 2008). Then possible hake predation by
HS and unreported hake catches (under reports and illegal fishing) were incorporated into the
hake stock assessment model as an additional mixed mortality, that allowed explaining the great
drop in abundance and age structure truncation of common hake (Paya, 2005). This model
slightly modified is used until now to do hake stock assessment and management (Tascheri et al.,
2018). HS initially considered a plague, which possibly affected other demersal fisheries (Paya et
al., 2004; Alarcon-Mufioz et al., 2008), became one of the main artisanal fisheries of the central-
south zone (Paya, 2016).

Chilean HS catches have been mainly artisanal and have been made in the regions of Coquimbo
(31°S), Valparaiso (33°S) and Talcahuano (37°S) (Paya, 2016). While industrial fleet initially
caught HS as bycatch, but since 2011, it has been caught as a targeted species (Paya, 2017). In
2012, the first annual global HS catch quota of 180 thousand tons was established. In 2013, the
catch quota rose to 200 thousand tons, and since then it has remained at that value. Since 2014,

the quota has been divided, allocating 80% to artisanal fishing and 20% to industrial fishing
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CHILEAN FISHERIES DEVELOPMENT INSTITUTE

(Figure 2). Since August 2019, the Law established “potera” (artisanal jigging) as the only fishing

gear allow to fish HS. This new Law in practice inabilities the industrial sector is this fishery.

At the regional level (FAO area 87), HS are caught in the convention area of the South Pacific
Regional Fisheries Management Organization, SPRFMO (https://www.sprfmo.int/) and in the
Exclusive Economic Zones (EEZ) of Chile, Pert and Ecuador (Figure 3). In recent years, HS has
become the main species in terms of catches in the SPRFMO area. The whole catch was 724
thousand tons in the FAO area 87 in 2017 (Paya, 2018 a). The Chilean recognizes that the HS is
a transzonal resource, therefore, it actively participates in the discussions and work guidelines
promoted by the scientific committee of the RFMO-PS, which They mainly include the monitoring
of fisheries, the study of connectivity and the identification of the methodology for conducting the
stock assessment (Paya, 2018b). There are still no measures to manage the HS in the SPRFMO.
Both at the Chilean level and in the SPRFMO, the stock assessment of HS is very complex and it
is still in a development stage. In Chile, different methods of stock assessment have been
applied, initially assuming the existence of a single Chilean stock, poor data models were applied
based catch only and production models (Payé et al., 2014 a and b), but currently it documented
the existence of seasonal migration patterns and the development of local depletion events,
therefore, intra-annual depletion models have been applied to estimate the hiomass that would
escape at the end of the year (Paya, 2018 a and b). On the other hand, at the level of the
SPRFMO, the existence of a single large stock with the presence of the three morphs is

hypothesized, while the stock assessment model is under development (Pay4, 2018b).

Until 2016, Chilean artisanal catches were mainly made in the regions of Coquimbo and
Valparaiso (30-33°S), but in 2017 the availability of HS decreased significantly in these regions
and increased in the Talcahuano region (38°S)(Payéa, 2019). In 2018, HS was almost absent in
bycatches of hake hydroacoustic survey, in which it had been an important component in
previous years (Molina and Rojas, 2019). During 2019, HS has disappeared from the coastal
areas and artisanal landings are practically null, while industrial fishery has caught its catch
quota. The aim of this paper was to analyze the relationships of environmental variables with
abundance, availability, and individual sizes and body conditions of HS in Chile. Therefore,
biology, ecology and environment was reviewed, and the Chilean biological-fisheries-

environmental information was updated up to July 2019.
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Il. AIM (An Index Method)

The aim was to analyze the relationships of environmental variability with abundance, availability,
individual sizes and body conditions of HS (Dosidicus gigas) in Chile. The following specific
objectives were defined:

1. To review the biology, population dynamic and fisheries.

2. To review HS abundance and/or availability indices in Chile.

3. To review the information on environmental variability in Chile and in the Southeast Pacific
region and the historical records of HS presence in Chilean waters.

4. To analyze the correlations between environmental variables and HS landings in Chilean and
in the region.

5. To update up to July 2019 the biological and fishery indices of the Chilean HS fishery, with
special emphasis on mantle length and body condition.

6. To analyze the correlations between environmental variables and biological variables (mantle
lengths and body condition) in the EEZs of Chile and Perd.

7. To analyze the relationship between environmental changes and the spatial HS distribution in
Chile.

I1l. DATA AND METHODS.

1. Biology, population dynamics and environment.

Both indexed scientific publications and technical reports of IFOP, IMARPE and PRODUCE in

Peru were reviewed, as well as documents and data from the SPRFMO (www.sprfmo.int).

2. Abundance and / or availability indices.

To analyze changes in HS abundance/availability in Chile, the annual relative abundance indices
based on the CPUE (ton/fishing-trip) of small boats (<= 8 m of total length) with “potera” and large
size boats (8 m > total length < 20 m) with “potera” were used, which were estimate using CPUE
standardization models (Paya, 2019). The CPUA index (catch per unit of standard area) from

Hydroacoustic hake surveys were also analyzed, where HS is bycatch in the trawl hauls.
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To analyze abundance changes at the regional level, landings in the EEZs of Chile, Per( and

Ecuador, and in international waters (IW) were compiled from the statistics of the SPRFMO and

PRODUCE. For this analysis it was assumed that landings reflect abundance. This assumption is

based on the fact that catch quotas are greater than landings in Per( and Chile, and in the

absence of any HS management measure in the SPRFMO.

3.

Environmental variability at Chilean and regional levels and historical
information on the HS presence in Chilean waters.

The following regional environmental indices were reviewed:

a)

c)

MEI, which is determined as the first major component of six different parameters:
pressure at sea level, zonal and southern surface wind components, sea surface
temperature, surface air temperature and cloudiness using data from the International
Comprehensive Ocean Atmosphere Data-Set (ICOADS) (Wolter, 1987). The MEI is
calculated twelve times a year for each "bi-monthly mobile season." Large positive MEI
values indicate the occurrence of El Nifio conditions, while large negative MEI values
indicate  the  occurrence of La  Nifia  conditions.  The  MElext
(https://www.esrl.noaa.gov/psd/enso/mei.ext/rank.ext.ntml) was used for 1871-1979 and
for 1980-2019 the MEI.v2 (www.esrl.noaa.gov/psd/enso/meil). To facilitate visualization
of long-term variability, the accumulated MEI was calculated and a model with periods of
linear growth and decay was fitted. The model was programmed and fitted in R (R
Development Core Team, 2009), minimizing the sum of quadratic residuals using the
“nlm” function. The model describes the accumulated MEI (MEIA) per yeari (i=1, 2, ...,
N), for different periods j (j = 1, 2, ..., M), by annual rates for periods:

MEIA; = Rate; + MEIA;_,
where MEIA; - 1 and Rate are parameters to be estimated.
The NOI (EI Nifio Oceanic Index) is calculated as the 3-month moving average of
ERSST.v5 SST anomalies in the Nifio 3.4 region (5 ° N-5 ° S, 120 ° -170 ° W)

(https://origin.cpc.ncep.noaa.gov/products/analysis monitoring/ensostuff/ONI v5.php).

ICEN (El Nifio Coastal Index) was established by the Multisectoral Commission
responsible for the Study of the El Nifio Phenomenon (ENFEN) for the diagnosis of El
Nifio and La Nifia in Peru (ENFEN, 2012). It is calculated as the three-month moving

average of the anomaly of the sea surface temperature in the Nifio 1 + 2 region (90 ° -
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80° W, 10 ° S-0 °) of the ERSST v3b rt product with respect to the weather for the period
from 1981-2010.
(http://www.imarpe.pe/imarpe/index.php?id seccion=10178090300000000000000).

d) ITCP (Peruvian Coastal Thermal Index) is an indicator of the effect of El Nifio-Southern
Oscillation (ENSO) and of the marine circulation in the thermal variability of the coastal
ocean of Peru characterized by the coastal outcrop. It is estimated using the monthly
averages of the sea surface temperature obtained from the NOAA NCDC OISST v2
product for the period 1982-2014 (Reynolds et al., 2007). The authors consider the
“maximum outcrops area limit” to be the maximum zonal gradient of the annual average
sea surface temperature, which determines the thermal front between coastal and
oceanic waters. The ITCP is calculated as the three-month moving average of the first
principal component (CP1) reduced from thermal anomalies in the coastal zone. The
ITCP is expressed in standard deviation units of the CP1 (Quispe-Ccalluari et al., 2016)
(http://www.imarpe.pe/imarpe/index.php?id seccion=10178090200000000000000).

e) IOP (Peru Oscillation Index) is generated from the SST of 9 coastal stations near
IMARPE laboratories. It corresponds to the first main component of the 9 series of
monthly anomalies with respect to the average January 1950 to December 2017. The
monthly data correspond to the average of the daily data (Purca et al., 2005). This index
was extracted from the IMARPE charts (2018).

f)  HCI (Humboldt Current index) is an indicator of the intensity of the ocean-atmosphere
process along the Chilean coast. It is calculated using monthly averages of the
atmospheric pressure at sea level (SLP) obtained in the weather stations of Antofagasta
(23 ° 43'S, 070 ° 45'W) and Easter Island (27 ° 9'S, 109 ° 25'W) (Blanco 2004)(
http://www.bluewater.cl/HCI/ )

Historical HS presence in Chile was inferred from historical records of stranddlings in beaches
obtained from the descriptions of Wilhem (1930 and 1951), Fernandez and Vasquez (1995) and

Cubillos et al., (2007), as well as official statistics of landings.
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4. Correlations between environmental variables and landings of HS at
national and regional level.

Correlations between annual landings in EEZ (Chilean and regional figures) and HCI by month
were estimated. HS variables were typified or normalized, subtracting the average and dividing by
the standard deviation. Pearson's linear correlations and their levels of significance were

calculated using the “stats” package of R (R Development Core Team, 2009).

5. Biological-fishing indicators of the Chilean fishery until July 2019.

Biological-fishery databases from Chilean fisheries were updated to July 2019. The sampling is
routinely done by IFOP scientific observers onboard artisanal boats, and industrial vessels, as
well as in the landing ports. Biological databases included random samples of mantle lengths
(ML), and detailed biological samples (ML, weight, sex, maturity, etc.). Fisheries databases
include fishing industrial logbooks and official database of landings by vessel and boat
(SERNAPESCA). Catches and landings were calculated by fleet, month, region and year. The ML
medians per year (until 2019) were calculated for the whole Chilean fisheries. Median ML per
year (until 2018) in the bycatches of hydroacoustic surveys were taken from Molina and Rojas
(2019), while median ML in Peruvian catches per year (until 2018) were obtained from Arglelles
and Tafur (2010) and IMARPE (2018) tables. Length-weight relationship in Chilean catches was
analyzed using a hierarchical model, where allometric parameters per year were considered
random errors taken from hyper-distributions that have a normal density function. The model was
programmed in R language (R Development Core Team 2009), using the TMB package
(Kristensen et al., 2016). The body conditions were analyzed estimating by year the weights at
30, 40, 50, 60 and 70 cm of ML.

6. Correlations between environmental variables and biological variables
(mantle length and body condition) in the EEZs of Peru and Chile.

Correlations between length of 50% of maturity (L50%M) in Peruvian catches and the Oscillation
Index of Peru were calculated. The L50%M data were obtained from Argtelles and Tafur (2010)
and IMARPE (2018). The correlations between L50%M in Peruvian catches and HCI by month
were calculated. The correlations between ML in Chilean EEZ catches and HCI by month were

also calculated. Chilean ML was computed concatenating two series, the first one (1999-2001
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and 2004-2009) was composed by median ML of bycatches of hake surveys (Molina and Rojas,
2019), and the second one (2010-2019) by median ML of industrial and artisanal catches (2005
was excluded because was caught by hook lines). In addition, the correlations between body
condition (weight at 70 cm ML, calculated using hierarchical model parameters) and HCI by

month were analyzed.

7. Environment and HS spatial distribution change in Chile.

Hovmdller diagrams of the sea surface temperature anomaly (SSTA) by degree of latitude and
year were reviewed for zones 18-26°S, 25-33°S and 32-41°S. Diagrams were done by Adriam
Bustamente (DOMA-IFOP). SST data were downloaded from

https://www.ncei.noaa.qgov/data/sea-surface-temperature-optimum-interpolation/access/avhr-

only/. Daily weather images (365) from 1990 to 2018 were done. Average and anomalies were
calculated from daily data (excluding February 29).

For the central-south zone (30-40°S), the oceanographic information generated by the
hydroacoustic hake surveys during August (Angulo et al., 2017, 2018 and 2019) were also

reviewed.

IV. RESULTS AND DISCUSSION.

1. Biology, population dynamic and environment.

There are several reviews of the biology, ecology and fisheries of HS (Nigmatullin et al., 2001;
Arkhipkin et al., 2015; Ibafiez et al., 2015; Paya, 2019). HS is characterized by rapid growth, early
maturity, with a life cycle that lasts no more than 1 or 2 years approximately (Nesis, 1970 and
1983; Ehrhardt et. Al., 1982; Argielles, 1996; Nigmatullin et al., 2001; Keyl et al., 2011). In the
southern hemisphere, the HS spawns throughout the year, with a greater incidence between
October and January (Nigmatullin et al., 2001; Staaf et al., 2008). In Peru, the breeding zone is
coastal and is located in the south, there is a main spawning in spring-summer (October-January)
and a secondary spawning in autumn-winter (Arkhipkin et al., 2015). Although in Chile it has been
determined that HS spawns (Gonzélez and Chong 2006) and some paralarvae have been found
in waters off the south-central coast (Ibafiez et al., 2015), in the EEZ there are no known areas of

spawning concentration, nor have HS been found in the spawning process. Depending on the
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size of maturity, three morphs or size groups have been identified: small (13-34 cm in Mantle
Length); medium (24-60 cm ML); and large (40-100 cm ML). However, it is not clear if these
groups are different species or stocks (Nigmatullin et al., 2001).

HS undergoes great changes in its ranges of geographic distribution, growth and maturation,
which according to Keyl et al., (2008) would be connected by a triad of physiological and
energetic base (Figure 4). The rationale of these authors is that the HS, being a mobile and fast-
growing hunter, has high energy requirements and its food availability must change rapidly, in
quantity and quality, when it passes from paralarvae to its final size in a few months. Migratory
routes must thus change with the spatio-temporal occurrence of prey items as nutritional
requirements vary across the different sizes of the HS. During the extensive horizontal and
vertical migrations, the HS passes through different bodies of water that would generate a unique
history of temperature and nutrition per individual. Individual temperature and nutritional history
would determine the onset of ripening, and this in turn would define the size that individuals can
reach, because after the first spawning season they die. Therefore, different groups of HS that
have different sizes and maturation sizes would have experienced different environmental
conditions with respect to temperature and nutrition and would have migrated through different
routes. The strategy of small sizes of maturity would allow the population to survive during warm
periods of low food availability, while the strategy of large sizes of maturity would maximize
fitness during cold periods with abundance of prey. In this context, these authors propose that the
predominance of large squids in the EEZ of Peru from 2000-2007, would be associated with a
cold period that was evidenced in the SST anomalies of EL Nifio 1 + 2 between 1999 and 2007.
On the other hand, small squid would predominate outside the EEZs where warmer bodies of
water are kept and food availability is lower. Finally, they propose that the expansion of the HS to
areas not previously inhabited by HS, such as the Chilean coast, was due to the change of
regime from a warm to a cold condition that followed strong La Nifia / EI Nifio 1996- 1998 and the

decrease in competing and prey species resulting from fishing exploitation.

In the Gulf of California, the strong El Nifio 1997-1998 and 2009-2010 produced negative effects
on landings and notable reduction of individual sizes, however, the recovery of the HS after these
El Nifio events was very different (Robinson et al., 2015). El Nifio 1997-1998 produced a sudden
drop in landings (80%), but these recovered after 4 years, because later there were negative
anomalies of the MEI and positive anomalies of sustained summer wind speeds that increased
the productivity. While EI Nifio 2009-2010 produced conditions of low pressures, decreasing

winds, falling chlorophyll-a and low productivity, which remained until 2016 and generated low
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abundance (landings) of squid. Both El Nifio events generated strong falls (15-30 cm) of
individual sizes, triggered by a large reduction in the size of first maturity, the duration of life of
individuals, and individual fertility. After EI Nifio 1997-1998 the sizes recovered after two years,
but after EI Nifio 2009-2010, five years later the sizes had not been recovered.

In Chile, there have been two cohorts that enter the coastal areas, one of the squids born in
autumn-winter and the other of summer spawning (Chong et al., 2005; Zufiga et al., 2008; Ibafiez
and Cubillos, 2007). However, Paya (2014), based on modeling of the migratory cycle (Figure 5)
and the growth through the modal progression of the size structures (Figure 6), determines that
large squid enter coastal areas in November where they remain until October of the following
year. This implies that to understand the dynamic of large squid from Chilean coastal areas, it is

important to analyze environmental variability in October and November.

2. Abundance and/or availability indices in Chilean in coastal waters.

The hydroacoustic hake survey did not register HS presence in 1993 and 1995, but since 2001
the growth of HS relative abundance (CPUA) began, which reached its peak in 2004 (there was
no survey in 2003), then declined sharply and kept fluctuating at similar levels from 2006 to 2017,
in 2018 there was no HS presence (Figure 7). The CPUE index of small boats with “poteras” also
remained at stable levels between 2007 and 2017, while the CPUE of large boats with “poteras”
showed a decreasing trend. Although these indices have not yet been updated, they will
practically fall to zero in 2019, since, the artisanal landing has been almost zero in this last year
(Figure 8).

Chilean HS landings were maximum in 2005, with about 250 thousand tons, then they kept
fluctuating around 150 thousand tons, to fall in 2019 to about 30 tons, due to the lack of artisanal
catches (Figure 8). Initially the landings were made mainly by artisanal boats, then from 2010 to
2018 mostly by boats and in smaller quantities by industrial ships (because they were assigned
20% of the catch quota) and in 2019 only by the fleet industrial, because the HS has not been
available in the coastal zone for artisanal fishing.

At the regional level (FAO Area 87) landings records are available until 2017. Landings appeared
in 1992-1995, then disappeared and returned in 2000, beginning a period of sustained but
variable growth, in which landings in the EEZs remained relatively stable in 2005-2017, while
those of international waters increased in 2011-2017 (Figure 9). The landings of the EEZ have
been mainly composed of large size squid (ML> 50 cm) and in international waters for medium
sized squid (ML <60 cm) (Liu et al., 2010; Li et al., 2016).

Humboldt Squid Stock Asseessment 9
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3. Environmental variability at Chilean and regional levels and historical HS
presence in Chilean waters.

MEl.ext, MEI and MEI.v2 indices were consistent with each other (Figure 10), which allowed the
MEl.ext and MEI.v2 series to be brought together and highlighted the HS presence in the years
1830, 1895, 1907, 1916, 1928-1930, 1940, 1964-1965,1992-1994 and from 2001 onwards
(Figure 11). The accumulated MEI series showed three cooling periods (1987-1924; 1943-1976;
2000-2015) and three heating periods (1925-1942; 1978-1998; 2015-2019) (Figure 12 and Table
1). The persistent HS presence in the last period is verified in the last sustained period of cooling,
which was interrupted by EI Nifio 2015-2016, which seems to start a good warming trend. Before
2000, the HS presence was observed at the beginning, during and at the end of cooling periods,

except for the years 1928-1930, 1940 and 1992-1994, which occurred during warm-up periods.

The MEI and NOI were very similar between them and practically the same in terms of their
deviations during the years with HS presence, which were characterized by having a high

alternation between positive and negative deviations (Figure 13).

The two coastal indices (ICEN and ITCP) of Peru were very similar, and during the years with the
HS presence the anomalies were low to medium magnitude and with a high alternation between
positive and negative anomalies (Figure 14). On the other hand, HCI of the coast of Chile
presented a very different variation from the other indices, showing three clear periods (before
1977, 1978-1997 and 1998-2019), which coincides with the periods evidenced by the
accumulated MEI. HS presence in Chile from 2001 onwards coincides with the last period of
positive HCI anomalies, although the HS presence between 1993-1994 was verified in an

opposite period of negative HCl anomalies.

4. Environmental variables and HS landings in Chile and the region.

The highest correlations between HCI and the annual landings in all EEZs were found in October
(r = 0.7) and November (r = 0.68) (Figure 15 and Table 2). Similarly, the highest correlation of
HCI and the landings in the Chilean EEZ were obtained for October (r = 0.68) (Figure 16 and
Table 2).
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5. Biological-fishing indices of Chilean fisheries up to July 2019.

Chilean artisanal landings of small boats were made mainly in regions 4 (30°S) and 5 (33°S) until
2016. Landings were done throughout all months, but with more intensity in the middle of each
year. In 2017 and 2018, the landings were mostly made in the region 8 (37°S), and lasted until
July (Figure 17). Similarly, large boat landings were more important in region 5 at the beginning
and in region 8 towards the most recent years, and with a seasonality similar to that of small
boats, and no records after July in 2017 and 2018 (Figure 18). Both small and large boats have
practically made no significant landings in 2019. Therefore, from the artisanal activity it is clear
that since 2017 there was a shift in the HS availability from regions 4-5 (30-33°S) to region 8
(37°S). On the other hand, the industrial trawling fleet has historically caught HS in region 8 and
during 2019 fished in the same fishing areas, which are located on the edge of the continental
shelf, about 50 km from Talcahuano (Figure 19). Since 2016, industrial catches are determined
by monthly catch quotas that last until August. During 2019, the industrial fleet waited until May

for large squids, and then it started to fish on medium size squids.

During the current period of high HS abundance (2002-2018), both artisanal and industrial fleets
have caught large squids (70-80 cm of ML). But in 2019 the squid sizes caught decreased
significantly in the industrial catches (median ML of 42 cm), and in the few artisanal catches as
well (Figure 20 A). On the other hand, the HS sizes were medium (37-40 cm of ML) in the hake
bycatches during hydroacoustic hake surveys in 1999 and 2000, years of very low HS presence
in hake surveys, while HS sizes were large (70-80 cm of ML) in 2001-2018, years of high HS
abundance. In 2018, although HS presence in the hake survey was almost nothing, 14 squid

individuals were caught during the whole survey, the HS were still large (Figure 20 B).

HS sizes (median) in commercial catches were very similar to those obtained in bycatches of
hake surveys, and followed the same pattern of change observed in the coasts of Peru, although
with a fall in sizes two years later (Figure 21). This two-year delay is probably due to the fact that
Humboldt's current is stronger towards the Chilean coasts, which would allow the effect of El Nifio
to be attenuated, thus prolonging higher productivity levels that allow the development of large
HS for longer. The smaller size (55 cm of ML) of catches in Chile in 2005 is not really comparable
to the rest of the information, because it was obtained only with hook line fishing. The similarity of

the sizes of the commercial catches and of the hake bycatches allowed to approximate a series
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of ML for Chile using the data of the cruise until 2009 and then the data of the commercial fishing,
this series was used in the later analyzes.

The hierarchical model of the length-to-weight ratio fitted well to the data and allowed describing
the variability observed over the years (Figure 22 and Table 3) as a result of the random
variability of the allometric parameters (Figure 23 and Table 3), which show that the weights of
the largest squids (ML> 60 cm) had a decreasing trend from 2011 to 2018, which intensified in
2019 (Figure 24).

6. Correlations between environmental variables and biological variables
(mantle lengths and body condition) in the EEZs of Peru and Chile.

The correlation between the I0OP and the L50%M of the HS in Peru was high (r = 0.7) and
statistically significant (Figure 25). The correlation between the monthly HCI and the L50%M of
the HS in Peru was significant and maximum in October (r = 0.6) (Figures 26 and 27 and Table
2). The correlation between the monthly HCI and the LM in Chile was statistically significant in
November (r = 0.51) and December (r = 0.50) (Figure 28 and Table 2). While the correlation
between monthly HCI and body condition (weight at 70 cm ML) in Chile was significant in June (r
= 0.69) (Figure 29 and Table 2). These correlations are likely to increase when HCI data will be
available for the second half of 2019, since from February to July this index fell similarly to the ML
and body condition. The correlation of the June HCI with the body condition would be explained
because this month delivers an average signal of the productivity that the HS found during the
year, while the amount landed and the sizes reached correlates with the condition at the end of

the season.

7. Relation between environmental changes and HS spatial distribution in
Chile

SST Hovméller diagrams clearly show the impact of warming of El Nifio events and post-Nifio
cold periods from 18 to 41°S (Figure 30 to 32). In the northern zone (18-26°S) there is no HS
fishery, but as seen in the HCI analysis, which comes from this area (difference in pressure from
Antofagasta and Easter Island), the environmental signals are related both to landing levels
(simile of abundance) and to the squid sizes and condition. However, this is not clearly seen with
the SST. The period of abundance of HS in central-southern Chile began in 2002 coincidentally

with anomalies close to zero, however, during the rest of the period there were hot and cold
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events without an apparent relationship with the HS abundance (Figure 30). The variability of the
SST anomalies was greater in the coastal zone (0-20 nm) and lower in the oceanic zone (40-200
nm). On the other hand, the cooling during 2018 could has been related to the displacement of
the main HS landings from regions 4-5 (30-33°S) to region 8 (37°S). Perhaps, by having the
whole information of the year 2019, a more notable change could be observed and related with

the fall of HS availability and sizes in the south central area.

In the north-central zone (25-33°S), which includes the artisanal fishing areas Coquimbo (30 ° S)
and Valparaiso (33 ° S) ports, the pattern of SST is similar to that of the northern zone, but with
more contrast or variability, especially in the propagation of the positive anomalies in the warming
of the years 2007 and 2010, and for presenting in the coastal area (0-20 nm) more positive
anomalies than in the north zone during the 2000 (Figure 31). In 2017, when the participation of
Coquimbo and Valparaiso in the national landings of HS fell, there was a rapid fall of 1°C,

anomalies from +0.5 to -0.5, which remained in 2018 (-0.5).

In the central-south zone (32-41°S), which includes the Valparaiso and Talcahuano (36°43'S)
fishing zones, the influence of the 2016 warming ends at approximately 37°S, with the start of
normal waters ( zero anomalies) to the south, however, in the coastal area (0-20 nm) these
waters quickly warmed up the following year (+0.5) (Figure 32). This change in SST seems to be
the only event that stands out in 2016-2017 that could be associated with the movement of the
squid to the south (inferred from the drop in landings in regions 4-5 and the increase in region 8).
This would be explained because the squid would have moved from an area of lower productivity,
where the positive anomalies (+05) were more persistent, and spatially more homogeneous,

towards an area of higher productivity with colder waters due to the upwelling.

The series of SST anomalies for the coastal zone (0-20 nm) and oceanic (40-60 nm) for the north
zone (18-26°S) and south-central zone (34-40°S) from 2001 to April 2019 had a similar trend
(Figure 33). After 2015 to 2017 warming, there was a cooling to levels similar to those recorded in
previous years. During the first 4 months of 2019 the anomalies have been negative in the
central-south zone, both coastal and oceanic, while in the north the anomalies have been slightly
positive. Chlorophyll at surface concentrations (CLOAS) were higher in the central-south zone
(34-40°S) than in the north zone (18-26°S) (Figure 33 d and e). CLOAS concentrations fluctuated
seasonally, but remained at the same level in the coastal area (0-20 nm), while in the oceanic

area (40-60 nm), seasonal fluctuations were more variable in their magnitudes and presented low
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values since 2017, however, these were similar to those recorded in 2007-2009 and in 2012-
2014. The decrease in the availability of squid and its sizes could be related to the declining trend
registered by CLOAS since 2015 in the ocean area of the south central area, which would make

sense if the HS enters from the oceanic area towards seaside.

The profiles by depth and month of the environmental variables between September 2014 and
April 2019 (Figures 34 to 40), indicate according to Grendi et al. (2019) that “during the month of
April the weak EI Nifio condition was maintained in the equatorial Pacific. Between Arica and
Coquimbo the oceanographic conditions were neutral with a moderate warm trend, given the
greater coverage of positive thermal anomalies (<+ 0.5 ° C) and coastal foci of up to + 1°C on the
coast of Arica, Iquique, Mejillones and The north of Caldera. From Valparaiso to Corral,
temperatures decreased and negative SST anomaly predominated, which were south of

Talcahuano -1°C".

In general, the environmental variables in the different depth profiles in Arica (19°S), Iquique
(20°S) and Mejillones (22°S) had a similar behavior, which shows the impact of El Nifio 2015-
2017, which generated in 2015-2016 temperatures of 20-16°C in Arica, from 18-15°C in Iquique
and Mejillones, and which then decreased by about 1-2°C in 2018-2019 (Figures 34 to 36).
Clearly, the intensity of the El Nifio event was higher in Arica and decreased to the south. For its
part, the concentration of chlorophyll in Arica in the first 20 m depth remained relatively stable
within its seasonal fluctuations, while at greater depths it decreased in 2018 and 2019. In Iquique,
in general the concentration of Chlorophyll was lower than in Arica and Mejillones, while in
Mejillones the levels of chlorophyll and their behavior were more similar to Arica. Consequently,
the important environmental changes that occurred in the north zone (Arica to Mejillones) in 2017
coincide which the beginning of the latitudinal changes of HS landings in the central-south zone,
and the subsequent fall of HS abundance and sizes in 2019. This is consistent with the high and
significant correlations found between the HCI, which is an index generated for the northern zone,

and the landings, squid sizes and squid conditions in the central-southern zone.

For the HS fishing area in region 8 (37°S), the Coliumo station (36°32’S) is available only, since
HS fishing in Corral Station (40°S) is practically zero. In addition, chlorophyll information is not
available. The Coliumo station is coastal (5 nm and 12 nm), however, it shows that the impacts of
El Nifio 2016-2017 reached up to 40-50m deep and that they are repeated in the summers of
2018 and 2019, with similar intensity, but more superficially (Figure 38 and 39). Also, the springs
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of 2017 and 2018 stand out for the emergence of remarkably colder waters at depths greater than
15 m deep that would be related to coastal upwelling events (Bello et al., 2004). This would
indicate that in 2017 and 2018 these upwellings could have allowed the arrival of HS to the
Talcahuano area. The presence of cold water upwellings intensifies in the Corral area in the

spring of 2018 and summer of 2019 (Figure 40).

The oceanographic information generated in the Hydroacoustic hake surveys during July-August
through the years in its latitudinal (30-40°S) oceanographic sections of temperature, salinity and
dissolved oxygen concentration, shows El Nifio 2015 increased temperature, decreased salinity
and increased oxygen concentration (Figure 41). In 2016 and 2017 the temperature increased
and the salinity deepened, especially north of 35°S. In terms of productivity, a decrease in
chlorophyll concentrations was observed between 2016 and 2017, which were lower than the
north of 36°S (Figure 42). Therefore, during 2017 the HS experienced a clear north-south
oceanographic gradient, which probably determined the displacement towards the south and the
greater participation of Talcahuano in the national landings. The displacement of large sizes to
more productive areas was also verified in 2017 on the coasts of Peru, where large squids were
fished in the northern zone (9°S), and medium-sized squids in the southern area (16-18°S), in
response to the productivity changes produced by the coastal El Nifio (IMARPE 2018). In 2018,
the hake surveys in Chile did not detect HS presence, and it was observed that the highest
concentrations of chlorophyll-a were found in the Gulf of Arauco (37°S), just north of Punta
Lavapié (Angulo et al., 2019), very close to the industrial fishing area of HS in front of

Talcahuano.

V. CONCLUSIONS

1. Historical HS presence in Chile was more frequent in cooling periods, although some have
been recorded during warm-up periods.

2. EI'Nifio 2015-2016 generated a warming that spread to the central-south zone and generated a
gradient of environmental conditions that probably displaced the squid from Coquimbo-Valparaiso
(30-33°S) to Talcahuano (37°S) in 2017.

3. During the second half of 2018, HS abundance declined markedly, and disappeared from the

bycatches in the hake surveys that takes place in August.
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4. During 2019, HS was absence in coastal areas where artisanal fishing operates, and therefore,
artisanal landings were almost to zero.

5. During 2019, industrial vessels caught its monthly quotas in its traditional fishing ground in
Talcahuano area (38°S), obtaining only medium-sized squids, because of disappearance of
large-sized squids.

6. HS body condition decreased from 2011 to 2018, and fell sharply in 2019.

7. Because the large-sized squid enters in November to Chilean coasts and leaves them in
October of next year, environmental variability in these months is key to understanding its
dynamic.

8. October and November Humboldt Current Index (HCI) is correlated with: a) whole landings of
EEZs of Chile, Peru and Ecuador (r = 0.70); b) with landings of Chilean EEZ (r = 0.68); c) squid
sizes in Peru (r = 0.60); c) squid sizes in Chile (r = 0.51). While June HCI correlates with the HS
body condition in Chile (r = 0.69).

9. El Nifio 2015-2016 generated a warming that produced waters of lower productivity, which
activated the earliest maturation strategy, generating the group of intermediate sizes that were
caught by the industrial fleet in 2019.

10. The changes in HS abundance and the fall in HS sizes in the central-southern zone of Chile
are consistent with the changes observed in Peru and the Gulf of California, after El Nifio event
followed by a period of low productivity.

11. HS sizes fall in Chile occurred two years after in Peru, probably because the Humboldt
current is stronger towards the Chilean coast, which would allow to attenuate the impact of El

Nifio, and thus prolong longer productivity levels that allow the development of large squid.
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Figure 30. Anomalies of the ENSO indices region 3-4 and 1+2 and of the SST by degree of
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(DOMA-IDOP).

Figure 31. Anomalies of the ENSO indices region 3-4 and 1 + 2 and of the SST by degree of
latitude between 1990 and 2018, for the zone 25-33°S and by three areas of different
distance to the coast (0- 20 nm, 20-40 nm and 40-2000). Made by Adrian Bustamente
(DOMA-IDOP).

Figure 32. Anomalies of the ENSO indices region 3-4 and 1 + 2 and of the SST by degree of
latitude between 1990 and 2018, for zone 32-41°S and by 3 areas of different distance to
the coast (0- 20 nm, 20-40 nm and 40-2000). Made by Adrian Bustamente (DOMA-
IDOP).

Figure 33. Time series for the period July 2002 - April 2019: a) Multivariate ENSO Index (MEI),
lines: events declared El Nifio (red) and La Nifa (blue) and neutral (black). ATSM
average (°C) between (18°-26°S, red) and (34°-40°S, blue) in the sector: b) coastal and
c) oceanic. Average chlorophyll-a-satellite concentrations (ug/L) between (18°-26°S, red)

and (34°-40°S, blue) in the sector: d) coastal and e) oceanic (taken from Angulo 2019).

Figure 34. Time series (September 2014-April 2019) in the Arica station: a) temperature (°C), b)
salinity, c) dissolved oxygen concentration (mL/L) and d) chlorophyll (ug/L) (taken from
Grendi et al., 2019).

Figure 35. Time series (September 2014-April 2019) at the Iquique station: a) temperature (°C),
b) salinity, c) dissolved oxygen concentration (mL / L) and d) chlorophyll (ug/L) (taken
from Grendi et al., 2019).

Figure 36. Time series (September 2014-April 2019) at the Mejillones station: a) temperature
(°C), b) salinity, c) dissolved oxygen concentration (mL / L) and d) chlorophyll (ug /L)
(taken from Grendi et al., 2019).
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Figure 37. Time series (October 2014-April 2019) at the fixed stations of Coliumo at 5 nm, 12 nm
and 18 nm from the coast: a) temperature (°C), b) salinity, c) density (kg/m3) (taken from
Grendi et al., 2019).

Figure 38. Time series (October 2014-April 2019) at the fixed stations of Coliumo at 12 nm from
the coast: a) temperature (°C), b) salinity, c) density (kg / m3) (taken from Grendi et al.,
2019).

Figure 39. Time series (October 2014-April 2019) at the fixed stations of Coliumo at 18 nm from
the coast: a) temperature (°C), b) salinity, c) density (kg / m3) (taken from Grendi et al.,
2019).

Figure 40. Time series (January 2016-March 2019) at the Corral station 10 nm from the coast: a)

temperature (°C), b) salinity, ¢) density (kg / m3) (taken from Grendi et al., 2019).

Figure 41. Latitudinal oceanographic sections of temperature (°C), salinity (psu) and
concentration of dissolved oxygen (ml/L) in the south-central area (taken from Angulo et
al., 2018).

Figure 42. Chlorophyll profiles by latitude and depth in 2016 and 2017, and surface chlorophyll-a
concentration in 2018 during the July-August hake surveys (taken from Angulo et al.,
2017, 2018 and 2019). Note that in 2016 and 2017 the scale is in ml/L and in 2019 in

mg/m3.
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TABLES

TABLE 1

Name Period Estimate Gradient
Ratel <1925 -0.19 -0.02
Rate2 1925-1942 0.27 0.04
Rate3 1943-1976 -0.13 0.01
Rate4d 1977-1998 0.24 0.00
Rate5 1999-2015 -0.33 0.03
Rate6 >2015 0.19 -0.02
MEIA 1871 -28.33 0.00
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TABLE 2

Landing in all EEZs Landingin Chilean EEZ  L50%M in Peru ML in Chile Weight_70in Chile
Month r p.value r p.value r p.value r p.value

1 024 3.2E01 021  5.9E-01
2 029 23e-01] 064 63E02
3 007 7.96-01 015  7.1E-01
4 022 3.7E-01 038  3.1E-01
5 6.6E-01 6.0E-01
6 8.4E—01&
7 014 58E-01 034  4.1E-01
8 1.76-:01 028  5.0E-01
9 5.8E-01 050  2.1E-01

10 6.1E-02 2.9E-01

11 1.4E-01

12 3.8E-01

Humboldt Squid Stock Asseessment 30



CHILEAN FISHERIES DEVELOPMENT INSTITUTE

TABLE 3

HiperParameters
logsigma mean_log_a sigma_log_ a mean_log b sigma_log_ b
-2.005401 -11.0530579 0.80212216  1.15396517 0.06106218

Rnadom Errors

log_a_2011 -9.246883
log_a_2012 -11.098287
log_a_2013 -11.737294
log_a_2014 -11.706171
log_a_2015 -11.528831
log_a_2016 -10.874753
log_a_2017 -10.919413
log_a_2018 -11.96948
log_a 2019 -10.403173
log_b_2011 1.022675
log_b_2012 1.161175
log_b_2013 1.210078
log_b_2014 1.203302
log_b_2015 1.189868
log_b_2016 1.14211
log_b_2017 1.143982
log_b_2018 1.222257
log_b_2019 1.091015
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