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Executive summary

Dosidicus gigas is an ecologically and economically important squid species
extensively distributed in the Eastern Pacific Ocean. Its habitat is extremely sensitive
to climatic and environmental variability. The relationship between habitat pattern of
D. gigas and El Nifio-Southern Oscillation (ENSO, divided into the EI Nifio,
ENSO-neutral and La Nifia events) was assessed from 1950 to 2015, using a habitat
suitability index (HSI) modelling approach including two crucial environmental
variables: sea surface temperature (SST) and sea surface height anomaly (SSHA).
On the basis of cross-correlation analysis, it showed that both SST anomaly (SSTA)
and SSHA were significantly positively related to the ENSO index. Moreover, a
significantly negative association was found between the HSI values and the ENSO
index. Due to the El Nifio events, water surface temperature off Peru became warmer
and sea level rose, resulting in contracted areas of suitable SST and SSHA;
consequently, suitable habitats for D. gigas dramatically decreased. In contrast, during
the ENSO-neutral and La Nifia years, the extent of suitable SST and SSHA increased
due to the colder water and lower sea level, and suitable habitat for D. gigas expanded.
Moreover, the latitudinal gravity centre of HSI (LATG HSI) was significantly
positively associated with the ENSO index. Relative to the ENSO-neutral and La Nifia
years, a southward movement of the monthly preferred SST isotherm for D. gigas
during the El Nifio years could explain the occurrence of more suitable habitats in
southern waters off Peru. These findings suggested that the ENSO event plays an
important role in regulating environmental conditions off Peru and further affected the

spatio-temporal distribution of D. gigas habitat.
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1. Introduction

It is widely accepted that climate variability at various spatio-temporal scales has
significant impacts on global marine species, especially for climate-sensitive species
or in sensitive regions in the oceanic waters worldwide (Brander, 2010). For instance,
global warming creates a very high pressure on marine ecosystem structure and
fisheries production in low- and middle-latitude areas of the ocean (Xu et al., 2016;
Ben-Hasan & Christensen, 2019; Silva, Leiva & Lastra 2019). In general, the impacts
of climate variability not only change the life history of marine species (e.g. growth
rate, migratory route or reproduction time) but also affect the distribution of suitable
habitat over their whole life stages (Stenseth et al., 2002; Alheit et al., 2012). Under a
changing climate, marine habitats suffer degradation, fragmentation, enlargement,
movement or even disappear (Chen et al., 2011; Yi et al., 2017). Without a good
understanding of how habitat distribution patterns respond to climate variability it is
difficult for fishermen to identify where the abundant fishing grounds occur (Lan,
Evans & lee, 2013). Annual production of economically important species experience
drastic fluctuations, challenging the sustained provision of high-quality protein for
humans. Climate variability is truly a critical driver resulting in the fluctuation of
habitat changes (Dueri, Bopp & Maury, 2014; Feyrer et al., 2015). Therefore,
predicting the spatial and temporal distribution of species’ habitats in a changing
climate is important for adapting to climate variability and making correct and
effective fisheries management decisions.

The Eastern Tropical Pacific Ocean (ETP) is a region with two major oceanic
upwelling ridges (the countercurrent and equatorial ridges) (Waluda & Rodhouse,
2006). Consequently, the ETP provides comparatively high phytoplankton biomass
and primary production (Fiedler et al., 1992), and supports large-scale important
pelagic fisheries for many countries such as Peru, Chile, China, Japan and United
States (Okamoto & Bayliff, 2003; Madigan et al., 2018; Xu et al., 2019). The
Humboldt Current System (HCS) off Peru is one of the major Eastern Boundary
Upwelling Systems existing in the ETP (Chavez et al., 2008 and its nutrient rich

waters support a high biological productivity (Aronés et al., 2019). This makes this
2



SC14-sQ03

region one of the world’s most productive fishing grounds for economically important
pelagic marine species such as anchovies (Engraulis ringens), sardines (Sardinops
sagax), and the jumbo flying squid Dosidicus gigas (Chavez et a., 2003; Chen, Liu &
Chen, 2008).

Dosidicus gigas is an ommastrephid squid species extensively distributed in the
ETP between California and southern Chile, and inhabits coastal waters off South and
North America to oceanic waters 125°-140°W (Nigmatullin, Nesis & Arkhipkin,
2001). D. gigas occupies an important position in the food chain, serving as a bridge
to connect large-size marine mammals with low trophic organisms, and also plays
critical roles in distant-water fisheries (Markaida & Sosa-Nishizaki, 2003). Given that
D. gigas has different geographical stocks (Argiielles et al., 2001), at present, major
fishing grounds are exploited by hundreds of international fishing vessels inside and
outside the exclusive economic zone off Peru and Chile, in the open sea at the equator
bounded by 5°N-5°S and 90°W-130°W, off the Costa Rica Dome regions, and in the
Gulf of California, Mexico (Liu, Chen & Chen, 2015). Among them, the fishing
ground off Peru is the most important, yielding the highest production in the world.
Because of the low catches of Argentina short-fin squid lllex angentinus in the
Atlantic Ocean, in 2001 Mainland China changed its fishing strategy to exploiting D.
gigas, which has subsequently expanded into a large-scale squid fishery off Peru
(Chen, Liu & Chen, 2008). So far, approximately 250 Chinese fishing vessels are
operating in the offshore waters. The highest commercial catch of D. gigas in China
reached up to 300000 tonnes with an average output of 5 tonnes per day per vessel,
accounting for about 70% of the total distant-water squid catches in China (Feng et al.,
2017).

With only a short 1-year life cycle, D. gigas populations are extremely sensitive
to climatic and environmental variability, showing interannual variations in its
abundance and distribution (Frawley et al., 2019). A growing number of studies have
concluded that the reason for the fluctuations in stock biomass and distribution shifts
is the meso-scale climatic and regional environmental conditions at various spatial

and temporal scales, such as the El Nifio-Southern Oscillation (ENSO) event (Ichii et
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al., 2002; Waluda, Yamashiro & Rodhouse, 2006). The ENSO event can be divided
into the El Nifio, ENSO-neutral and La Nifia. The abiotic and biotic factors in the ETP
region are largely associated with the ENSO event, inevitably causing profound
effects on fish species inhabiting in this area (Wang & Fiedler, 2006;
Hernandez-Miranda & Ojeda; 2006; Leung et al., 2019 ). For D. gigas, previous
studies found that catches, habitat quality and latitudinal distribution of habitat
hotspots showed large differences between El Nifio and La Nifa years between
2006-2013 (Yu et al., 2016, 2017). However, it is still unknown how the ENSO events
affect environmental conditions off Peru and habitat pattern of the short-lived D.
gigas over a long-term time scale.

This study employed two crucial environmental variables: sea surface
temperature (SST) and sea surface height anomaly (SSHA), in combination with
squid-jigging fisheries data, to develop a habitat suitability index (HSI) model and
predict the spatial distribution of D. gigas in the South-east Pacific Ocean off
Peruvian waters over the 1950-2015 period, and further evaluate the relationship
between habitat pattern of D. gigas and ENSO events, which was divided into the El
Nifio, ENSO-neutral and the La Nifna years. The objectives of this study were to (1)
examine the responses of environmental conditions off Peru to different ENSO events
over a long-term time scale using 66-year data; and (2) identify the differences in
spatio-temporal distribution of favourable habitats of D. gigas off Peru under

changing climatic and environmental conditions.

2. Materials and methods

2.1. Fisheries, environmental and climatic index data
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In this study, Chinese commercial fisheries data for D. gigas were compiled by
0.5° longitude x 0.5° latitude and by month. Data were collected from National Data
centres of Chinese distant-water fisheries, Shanghai Ocean University. Data included
fishing date (year and month), fishing effort (days fished), fishing location (latitude
and longitude) and catch (unit in tonnes). The study region was bounded by 8°-20°S

and 95-75°W in the South-east Pacific Ocean off Peru (Figure 1).
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Figure 1 Geographical distribution of productive fishing ground with high catches of
jumbo flying squid Dosidicus gigas outside the Exclusive Economic Zones (EEZ)

off Peru.

Environmental data including SST and sea surface height (SSH) were obtained
from the eddy-resolving Ocean General Circulation Model for the Earth Simulator
(OFES) model (Masumoto et al., 2004; Taguchi et al., 2007). Spatial and temporal
resolution of environmental data was 0.1°%0.1° grid cell and month, respectively. The
data covered the period from 1950 to 2015 on the D. gigas fishing ground off Peru.

The ENSO index was one standard measure to indicate the El Nifio and La Nifa
events in the Pacific Ocean (Trenberth, 1997; An, 2004). In this study, the ENSO
index was estimated using a 5-month running mean of SST anomaly (SSTA) in the
Nifio 3.4 region between 5°N-5°S and 120°-170°W. Based on a threshold of +/- 0.5°C

for ENSO index, the warm and cold periods of above and below normal SSTs were
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defined as the El Nifio and La Nifia events, respectively, when the threshold was met
for a minimum of 5 consecutive overlapping seasons. Periods where the ENSO index
ranged from —0.5°C to +0.5°C were defined as the ENSO-neutral event. The definition
for the El Nifio and La Nifia events was sourced from the National Oceanic and
Atmospheric Administration (NOAA) Climate Prediction Center. The ENSO index
from January to December during 1950-2015 was obtained from the website:

https://origin.cpc.ncep.noaa.gov/products/analysis monitoring/ensostuff/ONI_v5.php.

2.2. Habitat suitability index calculation

To evaluate the spatial and temporal distribution of potential habitat for D. gigas
off Peru, the habitat suitability index (HSI) value was calculated over the period
1950-2015. In general, developing the HSI model should follow three steps: (1) the
first step was to examine the associations between the indicators of fish abundance
(e.g. catch per unit effort, CPUE and/or fishing effort) and environmental variables,
and then convert the relationship into a statistical-based suitability index (SI) model
for each environmental variable (Tian et al., 2009; Li et al., 2016); (2) the second step
was to combine all the SI models into an integrated HSI model based on different
approaches such as the Arithmetic Mean Model (AMM), the Geometric Mean Model
(GMM), the Continued Product Model (CPM), and the Minimum/Maximum Model
(MINM/MAXM) (Li et al., 2014; Yen, Wang & Lu, 2017); (3) the third step was to
compare the model performance and select the model with the best prediction
performance to predict the HSI, and model validation was examined by different test
analyses (Tanaka & Chen, 2016).

Many studies have already established the HSI model for D. gigas off Peru; thus,
this study directly employed the SI models (SST and SSHA) sourced from a HSI
prediction technique from Yu et al. (2016), which were rigorously statistically tested
and assessed. Given that the AMM method was the best one to construct the HSI
model for squid species (Yu et al., 2015), this method was applied to combine
SST-based and SSHA-based SI models into the HSI model and to calculate the

ultimate HSI values. Previous studies have already cross-validated the
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SST-SSHA-based HSI model using actual fisheries data and proved that this model
yielded a good prediction performance (Jin & Chen, 2014; Yu et al., 2015). The HSI
model was not specifically validated in this study. The HSI values ranged from 0 to 1.
The areas with HSI<<0.2 and with HSI>0.6 were defined as poor habitat and suitable

habitat, respectively, for the D. gigas fishery (Yu et al., 2015, 2016).

2.3. The linkage between habitat variations and environmental changes

Variability of the ENSO index, SSTA and SSHA within the study area from
January to December during 1950-2015 were examined in the South-east Pacific
Ocean off Peru. Cross-correlation associations between the ENSO index and
environmental factors (SSTA and SSHA) were evaluated with a significant level of
P<0.05 for time-lags of months. Through this analysis, the response of environmental
variability to the ENSO event was detected.

Based on the ENSO index, the 66 years from 1950 to 2015 were divided into
three types: the El Nifio, ENSO-neutral and the La Nifia years. Moreover, the months
from September to December were the most important and productive fishing season
for D. gigas off Peru. Thus, these months were chosen as the focused study period.
Spatial distribution of 4-month averaged SSTA and SSHA from September to
December on the fishing ground of D. gigas off Peru was examined and compared
under the climatic conditions of the El Nifio, ENSO-neutral and the La Nina events
from 1950-2015. Boxplots were further drawn for 4-month average SSTA, SSHA,
SI-SST and SI-SSHA to understand environmental changes and suitability variability
for each factor under different climatic conditions.

Latitudinal distribution of fishing ground for D. gigas have exhibited large
differences under changing environments (Yu et al., 2017). Therefore, to show how
the latitude location of the fishing ground changed with the habitat distribution,
monthly HSI values and latitudinal gravity centres of HSI (LATG_HSI) were
calculated and used to indicate the habitat quality and distribution. Cross-correlation
analysis was applied to evaluate the relationship between the ENSO index and HSI

values, and between the ENSO index and LATG HSI to understand the process
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whereby the ENSO event influenced the habitat pattern of D. gigas off Peru.
Furthermore, the percentages of poor and suitable habitats within the whole study area
were determined and compared under various climatic conditions as well as the
spatial distribution of the 4-month averaged HSI. To exhibit how the habitat
distribution shifted with the ENSO events, the LATG HSI, occurrence of suitable
habitats at latitude and the most preferred SST isotherm from September to December
were exhibited under El Nifio, ENSO-neutral and La Nifia events. The preferred SST
for D. gigas from September to December was sourced from Yu et al. (2016), which
was defined by the SST ranges with the highest fishing effort that occurred in each
month. Besides, the LATG HSI, an indicator of spatial distribution of habitat hotspots

for squid species, was determined based on the equation as follows (Yu et al., 2019):

Y (Latitude,,,, x HSI )
LATG 5= sl
z (i,m)

where Latitude,m)is the latitude of the ith fishing grid in month m; HSIm)is the HSI

value within the ith fishing grid in month m.

3. Results
3.1. Classification of the years from 1950 to 2015

Between 1950 to 2015, 20, 30 and 16 years were identified as the El Nifio,
ENSO-neutral and the La Nifia years, respectively, based on the analysis of the ENSO
index (Table 1). The number of the ENSO-neutral years was much higher than the
other two types of years.

Table 1 The years with different climatic conditions during 1950-2015 according

to the definition of the El Nifio and La Nifa events

ENSO types Year

1951, 1953, 1957, 1963, 1965, 1969, 1972, 1976, 1977, 1982, 1986,
El Niflo event
1987, 1991, 1994, 1997, 2002, 2004, 2006, 2009, 2015
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1950, 1952, 1956, 1958, 1959, 1960, 1961, 1962, 1966, 1967, 1968,
ENSO-neutral 1974, 1978, 1979, 1980, 1981, 1984, 1985, 1989, 1990, 1992, 1993,

1996, 2001, 2003, 2005, 2008, 2012, 2013, 2014

1954, 1955, 1964, 1970, 1971, 1973, 1975, 1983, 1988, 1995, 1998,

La Nifla event
1999, 2000, 2007, 2010, 2011

3.2. Environmental variability under changing climate conditions

Environmental conditions off Peru exhibited a significant change with the shift of
the ENSO phase from an El Nifio event to a La Nifia event. It was clear that the
variability trend of the ENSO index, SSTA and SSHA showed a similar pattern from
1950 to 2015 with dramatically annually fluctuations. The SSTA and SSHA
increased/decreased with the increasing/decreasing ENSO index (Figure 2).
Cross-correlation analysis suggested that a statistically significant positive
relationship was found between the ENSO index and SSTA at a time lag of -9-9
months, and between the ENSO index and SSHA a time lag of -8-10 months (P<0.05).
The highest correlation occurred at 0 and 1 month with a correlation coefficient value
0f 0.5942 for SSTA and 0.5647 for SSHA, respectively (Figure 2), suggesting that the

environmental conditions off Peru almost changed concurrently when an anomalous

ENSO event occurred.

=t ENSO index SSTA  —a—SSHA

ENSO index and SSTA (°C)
o
SSHA (¢m)

-3
1950 1952 1954 1956 1958 1960 1962 1964 1966 1968 1970 1972 1974 1976 1978 1980 1982 1984 1986 1988 1990 1992 1994 1996 1998 2000 2002 2004 2006 2008 2010 2012 2014
Year

08

ol ﬁ&gﬂMMMMﬂlMﬂhJ;

s —

0.2
[ Coeflicient between ENSO index and SSTA
0.4 e NGO & oQ
. Co between ENSO index and SSHA
D6 =—Upn dence limit
Lower confidence limit
1 1 1 1

CCF coefficient

08 1 I | 1 1 1 | 1 | 1 (-] 1 1 1
-12 -11 <10 9 -8 7 -6 -5 -4 -3 -2 - 0 1 2 3 4 5 6 7 g 9 10 11 12

Lag (month)




SC14-sQ03

Figure 2 Interannual variability of the ENSO index, sea surface temperature anomaly
(SSTA) and sea surface height anomaly (SSHA) on the fishing ground of Dosidicus
gigas in the South-east Pacific Ocean off Peru during 1950-2015 (Upper panel). Cross
correlation coefficients between the ENSO index and SSTA, and between the ENSO

index and SSHA (Lower panel).

During the El Nifo years, anomalous warm waters widely occurred off Peru,
particularly a much warmer water mass distributed in the north-east regions off Peru
(Figure 3). Correspondingly, the SSHA tended to be higher due to the El Nifio events.
In contrast, when the climatic conditions shifted into the La Nifia events, the waters
typically became cool, in particular extensive cooler waters occurred in the coastal
areas off Peru combined with lower SSHA. The SSTA and SSHA during the
ENSO-neutral years were clearly in the middle between the El Nifio and La Nifia
years. Under changing ENSO phases from 1950 to 2015, the yearly 4-month averaged
SSTA and SSHA clearly increased with the El Nifo events and dramatically decreased
with the ENSO-neutral and La Nifa events (Figure 4). However, the suitability index
of each environmental variable (SI-SST and SI-SSHA) for D. gigas showed an
inverse variability trend, which clearly increased from the El Nifio mode to the La

Nifia mode.
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Figure 3 Spatial distribution of 4-month averaged sea surface temperature anomaly
(SSTA, upper panel) and sea surface height anomaly (SSHA, lower panel) on the

fishing ground of Dosidicus gigas in the South-east Pacific Ocean off Peru under the
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climate condition of El Niflo, ENSO-neutral and La Nifia events from September to

December 1950-2015.
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Figure 4. Variation of 4-month averaged sea surface temperature anomaly (SSTA),
average suitability index (SI) of SST (SI-SST), sea surface height anomaly (SSHA)
and average SI of SSHA (SI-SSHA) on the fishing ground of Dosidicus gigas in the
South-east Pacific Ocean off Peru under the climate condition of El Nifio,
ENSO-neutral and La Nifia events from September to December over 1950-2015. The
blue point and red plus sign in the box-whisker plot indicated median and outliers,

respectively.

3.3. Climate-driven spatio-temporal variations in the habitat pattern of D. gigas

Interannual variability and cross-correlation between the ENSO index and
5-month running mean his are shown in Figure 5. These results suggest that they had
a totally different trend of which the low ENSO index generally corresponded to high
HSI values. The cross-correlation analysis revealed a significant negative association
between them with a time lag of -6-10 months (P<0.05). The highest correlation
occurred at 1 month with a correlation coefficient value of -0.2656. Comparing the

percentages of suitable and poor habitats for D. gigas occupying the whole study area
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from 1950 to 2015 (Figure 6), it was observed that the ranges of suitable habitats for
D. gigas under the ENSO-neutral (45.6%) and La Nifa events (36.4%) were much
higher than that under the El Nifio events (19.4%). Conversely, the poor habitats
during the El Nifio years were larger relative to the years under the other two climatic
conditions. This result could also be seen from the spatial distribution of averaged
HSI under the different ENSO phases (Figure 6). With the impacts of the El Nifo
events, the HSI values were relatively lower and suitable habitat occupied only 19.4%
of the area in the south east of the fishing ground. Extensive poor habitats occurred in
the north of the fishing ground. However, the occurrence of the ENSO-neutral and La
Nifa events yielded high HSIs, and large areas of suitable habitat occurred on the
fishing ground with very small areas of poor habitat under these two climatic

conditions.
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Figure 5. Interannual variability of the ENSO index and 5-month running mean
habitat suitability index (HSI) on the fishing ground of Dosidicus gigas in the
Southeast Pacific Ocean off Peru during 1950-2015 (Upper panel). Cross correlation

coefficients between the ENSO index and 5-month running mean HSI (Lower panel).

12



SC14-sQ03

Paor hnbitat (%)
Hoe & a8

Suitable habitat (%)

ElNifio ENSO-neutrallLa Nifa El Mifo I-:_\'SO nentralla Nirm

El Nifo ENSO-neutral La Nifm
1 1 | ] HEL
10 | ||;".~;I \-.\ | s ) \ |
ol "ol L LE
12°% | 17 \||1:.~. S
- ol ool 1 | |ee
14°% 0 ows 0o q
| ool 0.4
1675 | s | e’ |
| | 02
1875 | s | s |
e I - L . | I —— T
o

Figure 6. Variation of percentage of suitable habitat and poor habitat of Dosidicus
gigas in the Southeast Pacific Ocean off Peru under the climate condition of El Nifio,
ENSO-neutral and La Nifia events from September to December over 1950-2015
(Upper panel). Spatial distribution of 4-month averaged habitat suitability index (HSI)
on the fishing ground of Dosidicus gigas in the Southeast Pacific Ocean off Peru from
September to December during 1950-2015 (Lower panel). The blue point and red plus

sign in the box-whisker plot indicated median and outliers, respectively.

Similarly, there was interannual variability of the latitudinal locations of habitat
distribution and cross-correlation with the ENSO index (Figure 7). Results suggested
that the variation of the ENSO index was consistent with the LATG HSI, the latitude
of LATG_HSI commonly increased with the ENSO index. The cross-correlation
analysis indicated a significant positive relationship between them with a time lag of
-7-8 months (P<0.05). The highest correlation occurred at 0 months with a correlation
coefficient value of 0.3562. The monthly LATG_HSI from 1950 to 2015 was divided
into three types based on the ENSO types. It was found that the LATG_HSI gradually
decreased from the El Nifio phase to the La Nifia phase (Figure 8), suggesting that
high-quality habitats of D. gigas were located in the southern regions (the median
latitude was about 15°S) on the fishing ground during the El Nifio years, while
favourable habitats shifted northward under the ENSO-neutral and La Nifia

conditions.
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Figure 7. Interannual variability of the ENSO index and 5-month running mean
LATG_HSI (latitudinal gravity centers of habitat suitability index) on the fishing
ground of Dosidicus gigas in the Southeast Pacific Ocean off Peru during 1950-2015
(Upper panel). Cross correlation coefficients between the ENSO index and 5-month

running mean LATG_HSI (Lower panel).
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Figure 8. Variation of 4-month averaged LATG HSI (latitudinal gravity centers of
habitat suitability index) of Dosidicus gigas in the Southeast Pacific Ocean off Peru
under the climate condition of El Nifio, ENSO-neutral and La Nifia events from

September to December 1950-2015.

As regard to the latitudinal location of the suitable habitats of D. gigas on the

fishing ground, the occurrence of the suitable habitats was examined and shown in
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Figure 9. During the El Niflo years, the suitable habitats occurred in the latitude from
13°S to 19.5°S, although only a few occurred between 13°S and 16.5°S and most
occurred south of 17°S. Nevertheless, during the years with the ENSO-neutral and La
Nifia events, the suitable habitats distributed over a range of 10.0°S-19.5°S with peaks
between 13.0°S-19.5°S in ENSO-neutral conditions and peaks from 12.0°S to 17.0°S
in La Nifa conditions. The suitable habitat distribution pattern was in accordance with
the latitudinal distribution of the most preferred SST isoline for D. gigas (Figure 10).
Interestingly, the preferred SST for D. gigas moved northward in the El Nifio years
and migrated southward in the La Nifia years, showing the same variability trend with

the LATG_HSI and suitable habitat distributions.
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Figure 9. The occurrence of suitable habitats along the latitude within the study area
in the Southeast Pacific Ocean off Peru under the climate condition of El Nifio,

ENSO-neutral and La Nifia events from September to December 1950-2015.
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Figure 10. The most preferred sea surface temperature for Dosidicus gigas from
September to December in the Southeast Pacific Ocean off Peru during the El Nifio

years of 1997 and 2015, and the La Nifna years of 1973 and 2010.

4. Discussion

In this study, two important environmental variables (SST and SSHA) were
selected as the prediction indicators in the construction of the HSI model developed
for D. gigas in the South-east Pacific Ocean off Peru. Squid are heterothermic animals
without the ability for temperature regulation (Pecl et al., 2004). Generally, water
temperature could directly affect squid physiological metabolism, feeding and
swimming behaviorus, migration and breeding (Robin & Denis; 1999; Yamaguchi et
al., 2020). Fish reduce environmental stress from changing temperature through
tolerance, resistance and habitat preference (Lu & Yuan, 2017). For short-lived
ommastrephid squid, they preferred to inhabit suitable habitats with favourable
conditions (Anderson & Rodhouse, 2001). Furthermore, D. gigas 1s a
temperature-dependent squid species with its abundance closely associated to water
temperature and has a variability and distribution shift (Medellin-Ortiz,

Cadena-Cérdenas & Santana-Morales, 2016; Paulino, Segura & Chacén, 2016). Many
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studies suggested that SST was an important driver for the formation of abundant
fishing ground and a reliable index for predicting squid habitats (Yu & Chen, 2018).
Similar to SST, a strong linkage exists between SSHA and D. gigas stocks. Because of
the complicated current systems off Peru, both horizontal and vertical
oceanographical structure in the coastal and offshore waters drive the transport of
nutrients and affect the regional marine ecosystem, playing an important role of fish
dynamics (Penven et al., 2005; Montecino & Lange, 2009). SSH could be used to
indicate the eddy activity and applied in the habitat models to evaluate its impacts on
food availability for D. gigas (Yu et al., 2019). Therefore, taking SST and SSHA into
account in HSI development was essential for predicting the habitats of D. gigas. Also,
some other environmental factors such as chlorophyll-a (Chla) concentration and sea
surface salinity in the HSI model were a necessary supplement for habitat prediction
study (Li et al., 2014). However, relative to SST and SSHA, these factors contributed
relatively little to spatial and temporal changes of D. gigas stocks. Thus, these factors
were not included in the HSI model.

Many model-based approaches have been implemented to assess habitat patterns
for pelagic fish species under changing climatic conditions in terms of biological and
environmental variables (Brodie et al., 2015; La Mesa et al., 2015). The HSI model is
one of the most efficient and popular tools widely applied to evaluate the impacts of
climate variability on rapid changes of habitat in space and time (Gong et al., 2011). It
can be employed to anticipate the possible impacts coming from different anomalous
environments in the future and identify the key habitat (potential fishing ground) for
marine species. For example, successful HSI models have been developed to predict
the current and future suitable habitat distributions for the neon flying squid
(Ommastrephes bartramii) in the North-west Pacific Ocean (Xu et al., 2016) and
anchovy (Engraulis ringens) off central-northern Chile under the RCP (i.e. RCP2.6,
RCP4.5, RCP6.0 and RCP8.5) emissions scenarios to explore the effects of global
warming (Silva, Leiva & Lastra, 2019). In this study, given that previous studies
established excellent SI models of different environmental conditions, an AMM-based

integrated HSI model was directly applied by taking water surface temperature and
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SSHA into account to predict the habitats of D. gigas off Peru. Other methods such as
the GMM and CPM methods have never been used to construct the HSI model,
however, their predictions would underestimate the habitat suitability (Gong et al.,
2011). Comparing the various methods, the AMM method was considered as the best
one.

The ENSO phenomenon is a dominant source of interannual climate variability
in the tropical Pacific Ocean (Dijkstra, 2006). It has yielded significant changes in the
tropical and subtropical environmental conditions and resulted in rapid variations in
the marine ecosystem (Ampou et al., 2017; Possamai et al., 2018). The El Nifio and
La Nifia events corresponded to the warm and cold phases of ENSO, respectively,
with the appearance of basin-wide anomalously warming or cooling water appearing
in the tropical Pacific (Philander, 1985). In this study, it was seen that the SST and
SSHA in the coastal and offshore waters off Peru became higher during the El Nifio
years and lower during the La Nifa years. Generally, in the period of the El Nifo
phase, the south-east trade winds weakened, thereby, the intensity of the equatorial
undercurrent became strong which transported the warm equatorial surface water into
the Peru regions. Besides, warm subtropical surface waters were further carried into
the coast off Peru by the wind, reducing the strength of the upwelling (Wang & Picaut,
2004). The ENSO-driven environmental changes led to the cold waters and low sea
level off Peru, as shown in our findings (Figure 3). During the La Nifia periods, the
trade winds strengthened and pushed the coastal warm water westward, the intensity
of the equatorial undercurrent became weak, whereas the Peru current became strong
as well as the upwelling. Deep cold water with high nutrient and productivity rose into
the surface (Waluda & Rodhouse, 2006). Thus, the waters off Peru were cold with low
sea level, which was consistent with our results.

Through the cross-correlation analysis, it was found that changes in the water
temperature and sea level lagged the ENSO events only by 0-1 months, implying that
environmental conditions on the fishing ground of D. gigas off Peru were sensitive
and quickly responsive to the ENSO. Once the ENSO phase shifted from the El Nifio

mode to the La Nifia mode, the climate-driven environmental changes subsequently
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drove variations in the suitability of each environmental factor for D. gigas. D. gigas
preferred relatively cool water temperatures with low sea level in the South-east
Pacific Ocean (Ichii et al., 2002; Waluda, Yamashiro & Rodhouse, 2006; Yu et al.,
2016). Therefore, higher SI-SST and SI-SSHA were observed due to the cold-water
temperature and low SSH during the ENSO-neutral and the La Nifia years over the
period of 1950-2015, implying that the environmental conditions in this climate mode
were favourable for squid. With respect to the El Nifio years, the condition was the
opposite.

The large-scale ENSO phenomenon combined with regional environmental
variability largely controlled stock dynamics of pelagic fish species as well as squids.
For example, studies have shown that economically important marine species, such as
Pacific saury Cololabis saira (Tian, Akamine & Suda, 2003), albacore tuna Thunnus
alalunga (Zainuddin & Saitoh, 2004), tropical crab Gecarcoidea natalis (Shaw &
Kelly, 2013) and O. bartramii in the Pacific Ocean (Chen, Zhao & Chen, 2007), have
strong linkage with the ENSO events. For D. gigas, previous studies have stated that
the ENSO-induced sudden temperature change possibly caused biological change
(individual growth, forage community and population structure) during its one-year
short life history (Keyl, Argiielles & Tafur, 2011; Arkhipkin et al., 2015; Portner et al.,
2019). Furthermore, our studies demonstrated that habitat quality (suitability and
range) and spatial distribution of D. gigas showed high correlations with the ENSO
index. It was clear that the habitat suitability and its latitudinal location was
vulnerable to the changing climate, both would quickly vary and shift in 0-1 months if
the ENSO mode shifted. With the impacts from the El Nifio events, water surface
temperature off Peru became warmer and sea level rose, leading to contracted areas of
suitable SST and SSHA. Consequently, the habitat quality and suitable habitats for D.
gigas largely decreased. Conversely, during the ENSO-neutral and the La Nina years,
the ranges of suitable SST and SSHA enlarged due to the colder water and lower sea
level, resulting in the enlarged suitable habitat for D. gigas. Moreover, the latitudinal
location of potential habitat for D. gigas was consistent with the movement of the

ENSO-related SST isoline. The preferred SST isotherm for D. gigas moved
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southward during the El Nifio years which could explain the occurrence of more
suitable habitats in southern waters on the fishing ground relative to the ENSO-neutral
and La Nifia years. Our findings suggested that the ENSO event played an important
role in regulating environmental conditions on the fishing ground of D. gigas and
further affected the spatial-temporal distribution of D. gigas habitats.

Currently, the South Pacific Regional Fisheries Management Organization
(SPRFMO), an inter-governmental international organization including 15 members
from Asia, Europe, Americas and Oceania, has formally managed D. gigas stock of
the South Pacific Ocean for long-term conservation and sustainable exploitation of
this fishery (http://www.sprfmo.int/). Therefore, understanding the causes and
consequences of changing climatic conditions on D. gigas habitats could provide the
scientific basis for the development of management measures for D. gigas fisheries.
There was an argument that the low catches of D. gigas in recent years from the
coastal waters off Peru were largely attributable to high fishing pressures on the high
seas and the D. gigas stock was overfished. This remains highly controversial. The
distant-water D. gigas fisheries were largely affected by the ENSO phenomenon,
particularly an El Nifio event could cause a sudden decrease in the extent of D. gigas
suitable habitat and D. gigas abundance, consequently the catch would decline
(Waluda, Yamashiro & Rodhouse, 2006; Yu et al., 2016). The uncertainty associated
with how D. gigas stock responded to climate variability at various spatio-temporal
scales has hampered management. Based on our findings, there is urgent need to
establish better measures to reduce the adverse effects of climate change (e.g. the El
Nifio event) on D. gigas, such as (1) accurate prediction of habitat hotspots in such a
dynamic and changing climatic and environmental conditions in order to avoid
wasting time, labour and fuel costs in identifying fishing grounds; (2) a reduction in
the number of fishing vessels to prevent overfishing, especially in El Nifio years due
to the low habitat quality and contracted suitable habitats of D. gigas; and (3)
designation of marine protected areas (MPA) to protect squid breeding stocks and
recruitment. To achieve this, the detected spawning ground and the predicted habitat

hotspots of D. gigas could be regarded as potential MPAs where fishing was not
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allowed. Additionally, D. gigas is important to regional pelagic marine food webs, and
changes in habitat quality and distribution would induce significant variations of its
preys or predators through the food chain. Long-term persistence of habitat patterns
for D. gigas stock in the Southeast Pacific Ocean under changing ENSO variability
could also have important implications for local fisheries and economies (Frawley et

al., 2019).
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