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ABSTRACT: Patterns of feeding strategy change throughout ontogeny according to size-specific
abilities and requirements. Characterizing the extent and potential repeated occurrence of
dietary differences within the population can improve understanding of the intraspecific preda-
tion regime and population dynamics. Here, we investigated size-related feeding habits and
trophic niche partitioning of an iconic pelagic generalist predator, the jumbo squid Dosidicus
gigas, by a combined analysis of morphologic indicators of feeding capability (fin and feeding
apparatuses), trophic biochemical tracers (stable isotopes and fatty acids), and stomach contents.
Results showed significant variation in prey composition, isotopic values, and fatty acid profiles
with size. D. gigas exhibited a shift in diet at approximately 250 mm mantle length (ML). The
trophic niche of small (ML < 250 mm) and large (ML > 250 mm) squid revealed low potential for
resource overlap, suggesting segregation in terms of spatial and food resources of different size
groups. Large individuals tend to feed deeper and on smaller prey to optimize food capture costs
and energy benefits. This feeding strategy is likely related to variability in the development of
feeding capacity, increasing swimming ability, and metabolic demand as squid grow and may
reduce intraspecific competition to improve survival. These results highlight the dietary flexibility
of D. gigas and demonstrate that niche differentiation acts as a major factor in a cohort, which may
have important implications for their population dynamics and management. In addition, this
study demonstrates that using multiple diet tracers can highlight subtle differentiations in diet
correlated to growth in a pelagic generalist predator.
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1. INTRODUCTION

The occurrence of ontogenetic, or size-related,
shifts in diet or habitat is prevalent and important in
shaping species interactions and structuring commu-
nities (Werner & Gilliam 1984). The Ommastrephi-
dae have diversified morphology, growth patterns,
and lifestyles from paralarvae to adults (Fernandez-
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Alvarez et al. 2018). Bigger individuals have 2 longer
unique independent raptorial tentacles, harder and
sharper beaks, stronger arms and nervous and sen-
sory systems, and bigger fins, allowing the squid to
cover greater predation distances, prey on larger and
more energetic prey, and swim faster than small con-
specifics (Kier & Smith 1985, Shigeno et al. 2001,
Shea 2005, N6dl et al. 2016, Fernandez-Alvarez et al.
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2017, 2018). Morphological development of Omma-
strephidae coincides with dietary shifts from small
crustaceans to larger fish species and cephalopods,
indicating that the size and morphology of the cap-
ture apparatus may reflect the capacity to seize or
bite for prey, which is assumed to be the result of
adaptations to different feeding spectra, and result-
ing in the flexible trophic niche of squid during
ontogeny (Franco-Santos & Vidal 2014, Gong et al.
2018b, Trasvina-Carrillo et al. 2018). Collectively,
these attributes allow squid of a certain size to ex-
pand their trophic niche.

The jumbo squid Dosidicus gigas is the most abun-
dant ommastrephid squid in the eastern Pacific, with
a wide distribution, from California (37° N) to south-
ern Chile (47° S) and in waters from the neritic to the
mesopelagic zones (depths up to 1200 m). This spe-
cies supports the world's largest cephalopod fishery,
with a commercial average catch of ~1 million t yr
in the 5 yr period from 2014 through 2018 (FAO). Its
high productivity makes this species a profitable
fishery, which is important to human populations,
especially in coastal areas such as Peru and Mexico.
Since 2004, China has become the second-largest D.
gigas fishery in the Southeast Pacific Ocean (FAO).
However, little is known about jumbo squid popula-
tion dynamics; thus there is an urgent need to in-
crease our knowledge in this field.

Examining the food and feeding habits of an
abundant species is important for evaluating the eco-
logical role and its position in the food web of eco-
systems. Feeding is assumed to be the key factor in
controlling population growth, reproduction, mor-
tality, and migration patterns, which are considered
relevant data for fishery management (Nesis 1970,
Lorrain et al. 2011, Argtelles et al. 2012). D. gigas is
recognized as playing a critical role in the pelagic
ecosystem as both prey and predator, acting as a
trophic link and transferring nutrients and energy
from micronekton to large top predators (Friede-
mann et al. 2008, Arguelles et al. 2012, Trasviha-
Carrillo et al. 2018). The species is short-lived, with a
life span of 1 to 2 yr (Nigmatullin et al. 2001). Being
an active predator with a high growth rate, it re-
quires large amounts of energy to meet its metabolic
and physiological needs and follow or search for food
during the day and night (Gilly et al. 2006, Rosa &
Seibel 2010, Rosas-Luis et al. 2011).

Studies have found that D. gigas shows highly
opportunistic feeding behavior that includes canni-
balism. Variations in the composition of the diet are
related to predator size, prey availability, and envi-
ronmental variability (Lorrain et al. 2011, Field et al.

2013). The prey spectrum of D. gigas changes during
ontogeny from crustaceans to nektonic fishes and
squids (Shetinnikov 1989). It seems that larger squid
can consume larger prey items, reflecting different
foraging strategies (Ruiz-Cooley et al. 2006, Argtielles
et al. 2012, Field et al. 2013). However, identifying
the key point at which that dietary shift or trophic
niche divergence occurs during their growth is diffi-
cult. The use of available resources during ontoge-
netic development can be a key strategy for the sur-
vival of a species with a large abundance in the
eastern Pacific. Thus, characterizing the extent and
repeatability of dietary differences among different
sizes can improve our understanding of the intraspe-
cific predation regime of D. gigas and their popula-
tion dynamics.

Stomach content analysis (SCA) of hard parts that
are resistant to digestion (e.g. squid beaks, fish
otoliths, and crustacean exoskeletons) allows prey
identification at different taxonomic levels, which
can provide recent and detailed information about
what animals eat (Hyslop 1980). Yet, a limitation of
the visual inspection of squid stomach contents is
that the prey items are often beyond recognition due
to maceration or digestive erosion (Rodhouse & Nig-
matullin 1996). DNA sequencing of stomach contents
can provide further insight into prey species com-
position (Frézal & Leblois 2008, Field et al. 2013).
Since the prey items of squids are known to be bitten
into small pieces before being swallowed, rapidly
digested, and rejected, SCA alone may have a
certain randomness and may be hampered when
identifying prey items, especially for cephalopods
(Argtelles et al. 2012). Furthermore, stomach con-
tents represent only the last feeding event (<24 h)
and therefore do not provide sufficient information
about the average trophic position and food sources.

Stable isotope analysis (SIA) and fatty acid analysis
(FAA) are the 2 natural chemical tracers that can
reflect time-integrated information on food assimi-
lated in tissues over timescales of weeks and years
(Iverson et al. 2004, Baeta 2019). Carbon stable iso-
tope ratios (8!3C) change slightly (0—1%.) from diets
to consumers, allowing the identification of the
sources of primary productivity; nitrogen stable iso-
tope ratios (8!°N) show a more amplified enrichment
(2.5-3.4 %0) through trophic transfer, and the relative
trophic level and breadth can be inferred (Post 2002).
Fatty acids (FAs) are lipid constituents that are
important to physiological and biochemical pro-
cesses. Essential FAs are unable to be synthesized by
all consumers, fully depending on dietary sources.
They are considered to originate from marine phyto-
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plankton (autotrophic) and symbiotic microorgan-
isms (heterotrophic) and are then transferred conser-
vatively to consumers, as n-3 and n-6 long-chain
polyunsaturated FAs (PUFAs) (Volkman et al. 1989,
Bell et al. 1994, Drazen et al. 2009). Thus, the FAs of
individuals can provide a wide range of dietary infor-
mation. FAs derived from storage lipids provide
energy for growth, reproduction, and survival, vary-
ing with the physiological status of organisms, espe-
cially the reproductive status, which can provide far
more detailed dietary information than SCA and SIA
(Narvdez et al. 2008). Combining SIA and FAA
allows the estimation of the intra- or interspecies
relationships of trophic niches and provides deeper
insights into resource partitioning and energy allo-
cation, reducing the bias produced from prey with a
random appearance in SCA (Sardenne et al. 2016).

Previous studies reported a relationship between
morphological development and dietary selection
(Franco-Santos & Vidal 2014, Ferndndez-Alvarez et
al. 2018). The use of food in animals is associated
with anatomical differences in the structures re-
quired to find and process food. The morphological
structure of feeding apparatuses can be thought of as
a functional adaption resulting from the type of food
intake (Skieresz-Szewczyk & Jackowiak 2016, Gong
et al. 2020). Combining morphometric analysis with
feeding ecology has been proved to be a comple-
mentary method for describing the spatial patterns of
feeding and habitat use (Gong et al. 2020).

In this study, we combined 20 morphometric vari-
ables of feeding apparatuses and a multiple-tech-
nique approach (SCA, SIA, and FAA) to investigate
patterns in dietary shift and trophic plasticity under
ontogenetic influences. Our aims were to (1) explore
whether there is a shift in diet and the possible occur-
rence periods throughout ontogeny and (2) examine
the extent of resource partitioning, trophic interac-
tion, and foraging strategies with ontogeny for D. gigas
within the equatorial Pacific Ocean. We hypothesized
that D. gigas partitions the food resources associated
with its growth to reduce intraspecies competition.

2. MATERIALS AND METHODS
2.1. Sample collection

Jumbo squid specimens were collected randomly
at night by hand jigging during June and July 2017
(Fig. 1). All samples were immediately stored on-
board and kept frozen (-30°C) and were then trans-
ferred to the laboratory for processing. For each
specimen, the dorsal mantle length (ML), fin length
(FL), and fin width (FW) were measured to the near-
est mm and weighed to the nearest gram after de-
frosting. Sampled squids were then dissected to
determine sex and gonad maturity stage based on
the 5-stage scale from Arkhipkin & Laptikhovsky
(1994): stages I and II (immature), III (maturing), and
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Table 1. Number of individuals of Dosidicus gigas used in
stomach content analysis (SCA), stable isotope analysis
(SIA), and fatty acid analysis (FAA) in this study. F: female;
M: male; I: immature; MA: maturing and matured. The same
individuals were used for the 3 methods; size range:

195-380 mm
SCA SIA FAA
Total 96 102 40
Sex F 67 70 26
M 29 32 14
Maturity I 72 76 30
MA 24 26 10

IV and V (mature). Beaks were dissected from the
buccal masses and washed using deionized water for
5 min in an ultrasonic cleaner and stored in a glass
bottle filled with 75 % ethyl alcohol for measurement.
The stomach of each specimen was removed and
frozen (-80°C) after washing with 75% ethanol
(empty stomachs were discarded). Approximately 2 x
2 cm bulk muscle tissue was taken from the area near
the funnel-locking cartilage. Each piece of muscle
tissue was washed using distilled water, freeze-dried
at —55°C for at least 30 h (Martin Christ), and then
ground to a fine powder and homogenized using a
Retsch mixer mill MM 400 (Haan). Table 1 provides
details of the number of samples analyzed for each
method.

2.2. Morphometric analysis

Beaks were measured using a Vernier caliper
with an accuracy of 0.01 mm following the proce-
dure reported by Fang et al. (2015) (Fig. S1 in the
Supplement at www.int-res.com/articles/suppl/m692
p081_supp.pdf). In total, 12 morphometric variables
were measured. The arms can be described and
sequenced on one side due to the symmetrical body
structure. Thus, the length of arms and tentacles to
the nearest 1 mm was measured on only one side
(Fig. S2) (Gong et al. 2018b). In this study, the pref-
erence was to measure the right-hand side of each
specimen.

2.3. Stomach content analysis and DNA barcoding

Each stomach sample was defrosted and dissected,
and the contents were visually sorted after being
removed from the stomach and screened through a
150 pm mesh sieve. The prey categories, including

fish sagittal otoliths, cephalopod beaks (sometimes
sucker rings), and crustaceans, were identified to the
lowest possible taxonomic level under a dissecting
microscope (Olympus SZX7) consulting published
references. The number of individuals consumed is
reported based on the identifiable exoskeleton of
crustaceans, the maximum number of upper or lower
beaks for cephalopods, and the maximum number of
left or right sagittal otoliths for fish. Frequency of
occurrence (%FO) and numeric methods were used
to quantify the diet. %FO was calculated as the per-
centage of squid that fed on certain prey. The num-
ber of individuals of a certain prey is reported rela-
tive to the total number of individual prey (%N). We
did not include copepods within prey items in the
analyses because they were too numerous and not
directly consumed. However, we calculated the %FO
of copepods since we wanted to get some useful
information, such as the depth of feeding activities.

To complement visual SCA, we combined morpho-
logical identification with molecular methods to
identify as many important prey species as possible
that might have been missed by traditional methods.
Prey pieces with less erosion that were excised from
the muscle or mantle tissue of prey items were re-
peatedly rinsed with sterilized distilled water, 95 %
alcohol solution, and phosphate-buffered saline
solution to avoid DNA cross-contamination. DNA
was extracted via marine animal tissue columns
(Guangzhou Dongsheng Biotech) following the man-
ufacturer's protocol. The cytochrome c oxidase sub-
unit I region of the mitochondrial genome was ampli-
fied using primers LCO1490 (forward) and HCO2198
(reverse) for DNA samples. For DNA samples that
could not be amplified by these primers, mlCOIintF
and mlCOIintR were used to increase the amplifica-
tion rates of the prey sequences. The primers and
PCR thermal cycle regime are shown in Table 2.
Each 25 pl reaction included 5 pl of DNA, 0.5 pl of
each primer, 12.5 pl of Ex Taq™ (2x; TaKaRa), and
6.5 pl of nanopure water.

The PCR products were run on 1% agarose gel,
and amplification success was defined as a single
intense band around 600 bp for the LCO1490 and
HCO2198 primers or 300 bp for the mlCOIintF and
mlCOIintR primers. The successful PCR products
were sent to Sangon Biotech for purification and
single-direction sequencing. Sequences were com-
pared with public databases using the basic local
alignment search tool on the National Center for
Biotechnology Information server (http://www.ncbi.
nlm.nih.gov/blast) and with reference to information
about species composition in the sampling area.
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Table 2. PCR primers and condition information

Name Primer sequence (5'-3") PCR conditions Reference
LCO1490 GG TCA ACA AAT CAT AAA GAT ATT GG Initial denaturation for 6 min at 96°C, Folmer et
HCO2198 TAA ACT TCA GGG TGA CCA AAA AAT CA 33 cycles of 30 s at 94°C, 30 s at 55°C, al. (1994)
and 40 s at 72°C, with a final cycle of
20 min at 72°C
mlCOIlintF GGW ACW GGW TGA ACW GTW TAY CCY CC Initial denaturation at 5 min at 95°C, Leray et al.
mlCOIintR GGR GGR TAS ACS GTT CAS CCS GTS CC 16 initial cycles of denaturation at 95°C (2013)

for 10 s, annealing for 30 s at 56°C (-1°C
per cycle), and extension at 72°C for 1 min
followed by 25 cycles of denaturation at
95°C for 10 s, annealing at 46°C for 30 s,
extension at 72°C for 1 min, and a final
elongation for 10 min at 72°C

2.4. Stable isotope determination

Powdered samples were weighed to approximately
1.00 mg with a precision balance (Excellence XPR
microbalance, Mettler Toledo) and stored in a tin
capsule for SIA. Bulk 8'3C and 8!°N were determined
using an IsoPrime 100 isotope ratio mass spectrome-
ter and a Vario Isotope Cube elemental analyzer
(Elementar Analysensysteme) in the stable isotope
laboratory of Shanghai Ocean University. Stable iso-
tope ratios are reported in the delta (d) notation and
are expressed relative to the international standard,
which is Vienna Pee Dee Belemnite for *C and
atmospheric N, (air) for N. Reference materials
(protein [83C = —26.98%. and 8°N = 5.94 %.]) were
used to calibrate the 8°C and §'°N results. Instru-
ment SDs were 0.05 and 0.06 %, for the 8!°C and §!°N
measurements, respectively.

2.5. FA determination

Approximately 200 mg of powdered sample was
weighed and placed in a 15 ml centrifuge tube
with 12 ml 2:1 (v:v) chloroform:methanol and
soaked for more than 20 h to extract the total
lipids. The following steps were performed accord-
ing to Gong et al. (2018a). The final upper organic
layer (FA methyl esters [FAMEs] in n-heptane)
was collected in a 1.5 ml sample bottle for FA
composition analysis by a 7890B gas chromato-
graph interfaced with a 5977A single-quadrupole
mass spectrometer (both from Agilent). FAMEs
were identified according to FAME peaks deter-
mined by retention times as well as with compari-
son of the mass spectrum of unknown reference

standards (GLC37, Nu-Chek Prep). Quantification
was based on response factors determined by each
FA in the standards relative to internal standards
(C19:0, methyl nonadecanoate). FA results are re-
ported as percentages of the total FAs and are
grouped as saturated FAs (SFAs), monounsaturated
FAs (MUFAs), and PUFAs.

2.6. Statistical analysis
2.6.1. Morphological ontogenetic breakpoints

To explore the breakpoints of morphological
features during the ontogeny of Dosidicus gigas,
pairwise linear regressions were performed accord-
ing to the methods proposed by Kovac et al. (1999)
and Vasconcellos et al. (2018). Twenty (except ML)
mensural variables including FL. and FW, 12 beak
morphological data variables, and 6 data variables
of arm and tentacle length were plotted against
ML. The breakpoint is the abrupt transition of
morphological features against the ML, which
means a different growth pattern between the
morphological attribute and the ML. Thus, we
could use this method to separate squid size
classes.

2.6.2. Effect factors

PERMANOVAs based on a Euclidean distance
matrix were performed on the untransformed data of
prey composition, stable isotope, and FA profiles of
muscle separately to test the effects of size (ML), sex
(female or male), and maturity (immature or mature),
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because PERMANOVA could provide robust testing
of unbalanced and dispersed datasets. It does not
require normal distribution of data. Moreover, un-
transformed data were used to avoid lending artifi-
cial weight to the small quantities of data (Kelly &
Scheibling 2012, Anderson & Walsh 2013, Young et
al. 2018).

2.6.3. SCA

A randomized cumulative prey curve was gener-
ated to evaluate sample size using the lowest taxo-
nomic level of each prey. The last 4 points were
taken and fitted to a straight line. A chi-square
statistic (y2 test) was applied to compare the slope
of this line to a line of slope zero (a = 0.05). The
sample size was considered adequate when there
was no significant difference in the slopes of the 2
lines.

Squid heavily masticate their food and have rapid
digestion rates. Thus, prey rapidly becomes a com-
plex slurry that cannot be uniquely assigned to any
given prey species, especially when multiple spe-
cies are present in a single stomach. This prevents
the accurate assignment of a percentage of weight
or mass to a given species using traditional methods
(weight or volume estimation of mass). Conse-
quently, the index of relative importance, which is
the most common index, does not apply to this
study. Instead, the geometric index of importance
(GII) was used:

(%N; +%FO;).
GII; = ff
2
where j represents the j* prey category.

The diet diversity of each squid species was
examined using the Shannon-Wiener index (H =
—(ZP; x InP;), where P;represents the abundance pro-
portion of prey i in each sample). Samples were
grouped in 20 mm ML intervals. The %FO of the
copepod, zooplankton (except copepod), fish, cephalo-
pod, and the top 4 or 5 prey items of each category
was calculated in each size group.

2.6.4. SIA

Stable isotope values were integrated by size
groups based on 10 mm ML intervals to investigate
the variations in 8'3C and 8!'°N with increasing ML.
Variations in 8°C and 8'°N between size classes
were investigated using ANOVA.

2.6.5. FAA

FA profiles were integrated by size groups in
25 mm ML intervals, which were divided into 7 size
groups. The 7 sizes were grouped using cluster
analysis based on Ward's minimum variance method.
ANOVA was performed on each FA between size
classes.

2.6.6. Trophic niche

Non-metric multidimensional scaling (NMDS),
based on the Euclidean distance matrix, was used to
compare the prey composition and FAs of the size
groups in 2 dimensions. ANOSIM was performed to
determine similarity in the FAs of different size
groups, and the FAs that contributed most to the
observed differences in the percentage composition
of D. gigas between size groups were evaluated
using SIMPER.

Trophic niche, expressed as a convex hull integra-
tion of organisms positioned at the edge of SCA, SIA,
or FAA datasets, allowed the area to be compared
and the species-specific indices of nestedness, de.
fined as the ratio between the overlap area and the
smallest volume of the convex hull (Cucherousset &
Villéger 2015), to be measured. The index of nested-
ness ranges from 0 to 1, indicating no overlap to com-
plete overlap of the minimum volume in a larger hull.
Each stable isotope and x and y coordinate of the
NMDS analysis of stomach contents and FAs were
scaled to have the same range (isotopic nestedness;
Cucherousset & Villéger 2015), allowing us to quan-
tify the feeding niche occupied by each size group as
well as to compare information derived from SCA,
SIA, and FAA. In addition, the Bayesian method
SIBER (stable isotope Bayesian ellipse in R) was com-
plementary to calculate the corrected standard ellipse
area (SEAc) and overlap of trophic niche between
different size groups (Jackson et al. 2011). The SEAc
was set to contain 40 % of observation data, focusing
on characterizing the center of the trophic niche, and
is not influenced by sample size or outliers, while the
traditional convex hull area (total area) involves all
individual values, integrating the importance of the
organism located at the edge of the trophic niche.
The combination of the convex hull and Bayesian
ellipse could provide a multiperspective characteri-
zation of the trophic niche (Jackson et al. 2011, Cuch-
erousset & Villéger 2015).

All statistical analyses were conducted using R
v.3.5.3 (R Core Team 2019). For ANOVA and SIM, all
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Table 3. Breakpoints from piecewise regression models adjusted to the
growth of the morphological characteristics of beaks, tentacles, and fin
length (FL) versus mantle length (ML) (n = 379). FW: fin width; UHL: upper
hood length; UCL: upper crest length; URL: upper rostrum length; URW:
upper rostrum width; ULWL: upper lateral wall length; UWL: upper wing
length; LHL: lower hood length; LCL: lower crest length; LRL: lower ros-
trum length; LRW: lower rostrum width; LLWL: lower lateral wall length;
LWL: lower wing length; TL: tentacle length; CL: tentacular club length;
A1-A4: 4 arms for 1 side. Schematics are shown in Figs. S1 & S2

3. RESULTS
3.1. Size groups based on breakpoints

A total of 379 squid specimens were
sampled for morphometric analysis. MLs
ranged from 195 to 380 mm. According to
the results of piecewise regression mod-

T Variabl R on 1 Break R on 2 els, all breakpoints were detected within
ype ariable egression reak- egression 239 to 262 mm (Table 3, Fig. S3). Accord-
Slope 1 Intercept1 point Slope 2 Intercept 2 . ]
ing to the range of detected breakpoints
Fin FL 0.373 7.314 261.99 0.616 -69.144 (or we could also call them ‘growth in-
FwW 0.661 4.530  251.00 0.782 -25.749 flections') in each type of morphological
Beak UHL 0.071  -1.668 257.05  0.091 -6.859 characteristic, we identified 3 important
UCL 0.088  -1.543 259.00  0.101 -4.943 turning points, which were 239, 250, and
URL 0.016 1.674 255.99 0.028 -1.507 262 H Dosidi . .
URW 0015  1.650  251.00 0.022  -0.118 mm. Hence, LJosidlcus gigas speci-
ULWL 0.046 3.051 246.98 0.077 —4.693 mens were divided into 4 size groups:
UWL 0.014 1.323 252.30  0.022 -0.767 Group 1 with ML < 239 mm, Group 2 with
LHL 0.008 2.679 25042 0.022  -0.769 ML ranging from 239 to 250 mm, Group 3
LCL 0.036 0.682 255.01 - 0.044 ~1.362 with ML ranging from 251 to 262 mm, and
LRL 0015 1514 25499 0.025  -1.020 nging '
LRW  0.016 1428 25562 0.024  —0.744 Group 4 with ML > 262 mm.
LLWL 0.050 2.148 249.00 0.072 -3.243
LWL 0.010 4.898 247.00 0.045 -3.651
Tentacles TL 0.812 84.518 250.03 0.782 -25.749 3.2. Gonad development
and arms CL 0.417 5.968 249.99 1.272 -30.546
Al 0.516 -2.076 246.14 0.701 -65.152 . .
A2 0490 18.981 24636 0691 —44.985 _The maturity level proportions of the 4
A3 0.402 42.991 244.00 0.723  -38.487 size groups, expressed as percentages,
A4 0.395  23.353 239.00 0.692 -27.655 are shown in Fig. 2. In Group 1, D. gigas

was almost at maturity stage I, and the
percentage of immature squid specimens

variables were checked for normality and homo-
geneity of variance, using Shapiro-Wilk and Levene
tests, respectively, where necessary, arcsine square-
root transformed before further statistical analysis.

100%
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v
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[
[
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Group 1 Group2  Group 3

Size group

Group 4

Fig. 2. Proportion (as %) of maturity levels of the 4 size

groups. Gonad maturity stages are defined by Arkhipkin

& Laptikhovsky (1994). I. immature; II: immature; III:
maturing; IV: mature

was 97 %. Groups 2 to 4 showed a period of gonad
development (maturity ratios ranged from 19 to
37 %), indicating an increase in maturity trends
across the 4 size groups. A clear relationship was
found between squid size and maturity stage, indica-
ting that size is, to some extent, a proxy for ontoge-
netic processes.

3.3. Diet

In total, 96 stomachs of D. gigas were dissected and
their contents statistically analyzed. The cumulative
prey curve suggested the sample size is sufficient to
describe the diet (p = 0.651) (Fig. S4). The diet com-
prised 73 prey categories, including 6 gastropods, 16
crustaceans, 1 bivalve, 36 fishes, and 14 cephalo-
pods. Taxonomic assignments, %FO, %N, GII, and
rank of GII are reported in Table S1. Only the %FO
of copepods was calculated due to their large num-
bers and because they are usually the prey of small
pelagic fishes. According to the GII, the top 6 in-
cluded (in descending order) Vinciguerria lucetia
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Table 4. Prey items represented by L1 to L6. L1 indicates the 4 categories (copepod, zooplankton except copepod, fish, and
cephalopod); L2 to L6 represent the top 5 most frequently occurring prey items

Copepod Zooplankton Fish Cephalopod
L1 Total Total (except copepod) Total Total
L2 Heliconoides sp. 1 Vinciguerria lucetia Dosidicus gigas
L3 Nuculidae Vinciguerria lucetia larvae Abraliopsis tui
L4 Hyperioides longipes Sternoptyx diaphana Gonatus madokai
L5 Phronima sedentaria Diogenichthys laternatus Symlectoteuthis oualaniensis
L6 Fish larvae

(GII = 95.93), Heliconoides sp. (GII = 59.88), Sternop-
tyx diaphana (GII = 58.12), Diogenichthys ernatus
(GII = 54.72), V. lucetia larvae (GII = 43.64), and D.
gigas (GII = 33.71). We found a significant relation-
ship in the dietary composition with size according to
variance contribution but not between sexes and
maturity (Table S2).

Prey items were classified into 4 main categories
(copepod, zooplankton except copepod, fish, and
cephalopod) as shown in Table 4. In terms of the lat-

ter 3 categories, the 5 most frequently occurring prey
items were used in further analysis. In general (line
L1), we observed that the %FO of copepods and
other zooplankton (gastropods, bivalves, and crus-
taceans) showed a trend of decreasing and then
increasing with increasing ML in the sample size
range in this study. In contrast, the frequency of fish
showed less fluctuation, and cephalopods showed a
slightly increasing trend (Fig. 3, Table 4). %FO of D.
gigas cannibalism (cephalopod line L2) increased
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Fig. 3. Variability in the feeding of Dosidicus gigas of different sizes from the eastern Pacific (frequency of occurrence). L1 to
L6 are defined in Table 4. Numbers in brackets indicate the mantle length range in each size group, e.g. (210,230] = >210 to
230. Similar for all size ranges here and in the following diagrams
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with increasing ML, with a sharp increase after
250 mm. However, the frequency curve started to
decrease at ML > 310 mm, accompanied by an in-
crease in the %FO of copepods and Heliconoides sp. 1
(zooplankton line L2). Although D. gigas changes
from a predator of planktonic larvae to a predator of
nekton during its ontogenesis, a large amount of
plankton (copepod, gastropod) was still found in
large individuals.

The Shannon diversity index increased and then
decreased with ML, showing a trend similar to a nor-
mal distribution. The Shannon diversity index in-
creased apparently when ML was >250 mm but
decreased significantly at ML >310 mm (Fig. 4).

3.4. Stable isotope values and FA profiles

According to the PERMANOVA results, 813C dif-
fered significantly with size, and 8N differed signif-
icantly with both size and sexual maturity stage
(Table S3). 8'3C decreased significantly after ML
reached 251-260 mm. 8N, although fluctuating,
also showed a significant decrease in ML between
251-260 and 310-320 mm (Fig. 5).

PERMANOVA results showed significant size-
related (ML) differences in the FA profiles (p < 0.01)
(Table S4). Based on the clustering results of FA com-
position, size groups were divided into 2 groups: the
first group included 3 sizes (201-225, 226-250, and
301-325 mm), and the second group included 4 sizes
(251-275, 276-300, 326-350, and 351-375 mm)
(Fig. 6).

The results of the above analysis showed that D.
gigas undergoes at least 1 dietary shift during its
growth, and the period of dietary shift is at ~250 mm
ML. Therefore, to more intuitively evaluate the trophic
niche transformation with D. gigas growth, the
organisms were merged into 2 main groups: Group I
for ML < 250 mm and Group II for ML > 250 mm.

Twenty-eight FAs were detected in D. gigas
muscle, consisting of 10 types of SFAs, 8 MUFAs, and
10 PUFAs (Table S5). The most abundant FAs in D. gi-
gas were PUFAs followed by SFAs and MUFAs. Sig-
nificant differences were detected in the comparative
content for most FAs between the 2 groups. The total
amount of SFAs in Group I (32.08 + 0.6 %) was signifi-
cantly higher than that in Group II (31.16 = 1.18%,
ANOVA, F(1,38) = 8.64, p < 0.01), whereas EMUFAs
had the opposite result in Group I (8.41 + 0.78 %) and
were significantly lower than those in Group II (9.86 =

1.12%, ANOVA, F(1,38) = 20.761, p < 0.01). No sig-
nificant difference was observed in ZPUFAs (ANOVA,
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Fig. 4. Variability in the Shannon index (mean + SD) of dif-
ferent size groups. Numbers in brackets indicate the mantle
length range in each size group
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Fig. 5. Variability in the stable isotope (8"*C and §'°N) values
(mean + SD) of each size group. Numbers in brackets indi-
cate the mantle length range in each size group

F(1,38) = 2.61, p = 0.115). Both 8'*C and §'°N showed
significant differences between the 2 groups (ANOVA,
d13C: F(1,100) = 11.80, p < 0.001; 8"N: F(1,100) = 7.47,
p < 0.01), and the range of Group II (8*3C: -19.27 to
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Fig. 6. Cluster analysis of fatty acid profiles in different size
groups. Numbers in brackets indicate the mantle length
range in each size group

—17.65%0; 8'°N: 1~10.83%0) was broader than that of
Group I (61C: —18.45 to —17.59%q; 6'N: 8.32~10.94 %o).
The §'°N values were more variable than the §'3C val-
ues (Table S5).

3.5. Trophic niche partitioning

To reduce bias from testing error and unidentified
FAs, only FAs with a comparative content greater
than 1% were selected for comparisons between the
2 groups, which comprised C16:0, C17:0, C18:0, C18:
1n9, C20:1n9, C20:3n3, C20:4n6, C20:5n3, C22:2n6,
and C22:6n3. Both the convex hull and Bayesian
standard ellipse trophic niche metrics of size groups
overlapped according to prey composition, isotopic,
and FA data. According to the results, niche areas

Table 5. Convex hull area (total area [TA]) and corrected
standard ellipse area (SEAc) values (%0%) for Groups I and II
based on stomach content analysis (SCA), stable isotope

analysis (SIA), and fatty acid analysis (FAA)

TA SEAc
Groupl Group II Group I Group II
SCA 0.243 0.734 0.071 0.168
SIA 0.183 0.384 0.061 0.118
FAA 0.151 0.397 0.060 0.158

Table 6. Indices of similarity and nestedness between
Groups I and II calculated using the method of Cucherousset
& Villéger (2015) based on stomach content analysis (SCA),
stable isotope analysis (SIA), and fatty acid analysis (FAA)

Similarity Nestedness
SCA 0.309 0.951
SIA 0.378 0.852
FAA 0.174 0.537

based on the prey composition (in number) of Groups
I'and I were 0.243 and 0.734 for the convex hulls and
0.071 and 0.168 for the Bayesian standard ellipses,
respectively (Table 5, Fig. 7). The overlap index was
0.951(nestedness) for the convex hull, and the mean
overlap value was 0.315 for the standard ellipse
(Table 6, Fig. 8). In the isotopic niche metric, the con-
vex hull area was 0.183 and 0.384 for Groups I and II,
respectively, and the calculated SEAc was 0.061 and
0.118 for Groups I and II, respectively (Table 5, Fig. 7).
The isotopic feeding niches of the 2 size groups over-
lapped with an isotopic nestedness of 0.852, while the
estimated rate of ellipse overlap was 0.359 (Table 6,
Fig. 8). The FA trophic niche had the smallest overlap
of the above 2 methods, which had a nestedness
value of 0.537 based on the convex hull and 0.175 for
the Bayesian standard ellipse (Table 6, Fig. 8). Simi-
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larly, the FA niche area of Group I was 0.151 and
0.060 for the convex hull and standard ellipse,
respectively; for Group II, the area of the FA trophic
niche was 0.397 0.158 for the convex hull and stan-
dard ellipse, respectively. In general, the prey com-
position, stable isotope, and FA tracers showed the
same trend that the extent of the trophic niches was
larger for Group II than for Group I.

3.6. Intraspecific differences in FA profiles
ANOSIM showed significant differences in the FA

composition of the 2 size groups (p = 0.011, R =
0.131), which revealed shifts in the diets with growth.

30.0 1
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C22:6n3 C16:0 C20:3n3 C20:5n3 C18:.0

Fig. 9. Contribution of primary fatty acids in Dosidicus gigas
muscle tissue causing the differences between size groups
in SIMPER analysis

According to SIMPER (Fig. 9), C22:6n3 and C16:0
were most influential as distinguishers for the 2 size
groups (the cumulative percentage contribution of
C22:6n3 and C16:0 was 49.3%: 27.1% for C22:6n3
and 22.2% for C16:0). C20:3n3, C20:5n3, and C18:0
were the next main FAs that influenced the differ-
ences, with percentage contributions of 9.3, 9.0, and
8.5 %, respectively.

4. DISCUSSION

Based on the morphometric analysis, SCA, SIA,
and FAA of Dosidicus gigas in the eastern equatorial
Pacific, differences in trophic ecology and feeding
strategies along growth were examined, reflecting
that equatorial D. gigas undergo an ontogenetic diet
shift at ~250 mm ML. Information on the trophic ecol-
ogy of D. gigas provided in our study can not only
give insight into the pattern of resource use affected
by individual ontogeny, but also allow for a deeper
understanding of the mechanisms underlying the
high productivity of the D. gigas population. In addi-
tion, further research on the dynamics of their re-
source utilization in response to environmental vari-
ability will aid in the sustained use of this fishery
resource.

4.1. Breakpoints of feeding organs

How marine animals use food resources can be
influenced by the size, morphology of their feeding
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apparatus, swimming ability, habitat environment,
and food type (Vasconcellos et al. 2018). Early omma-
strephid squids have a detritus-based diet, which
allows them to take advantage of almost ubiquitous
and accessible food resources and thus minimize the
degree of competition within a species (Fernandez-
Alvarez et al. 2018). Coupled with continuous growth,
ommastrephids have been found to shift their diet
from small epipelagic plankton to crustaceans, mol-
lusks, and fishes, which are larger and which provide
more energy (Markaida & Sosa-Nishizaki 2003, Fer-
nandez-Alvarez et al. 2018). This shift is always ac-
companied by changes in morphology, such as the
formation of 2 independent raptorial tentacles and
the emergence of the hard and sharp beak. Varia-
tions in morphology are usually linked to feeding
structure, feeding behavior, swimming ability, and
habitat environment, leading to feeding on different
food types (Hourston et al. 2004). Hence, the mor-
phological features of cephalopods can indicate
feeding strategies and therefore different niches
(Ventura et al. 2017).

In this study, we used linear piecewise (split) re-
gression models to explore the breakpoints of the
important feeding morphological features along
growth. The results showed that morphological vari-
ables were positively correlated with ML. Twenty
morphological features showed a turning point against
the ML. Not all the breakpoints were detected at the
same ML, but were detected in a relatively narrow
range from 239 to 262 mm ML. Therefore, there may
be a turning point in feeding habits for D. gigas
related to the development of the feeding apparatus.

4.2. Ontogenetic dietary shift

PERMANOVA results showed that the size of D.
gigas had a significant effect on its prey composition,
stable isotope values, and FA profiles. Sexual matu-
rity only had a significant effect on 8!°N, whereas sex
had no significant effect on any of these 3 variables.
Therefore, the body size of D. gigas was considered a
key factor affecting its feeding habits, in agreement
with the results of Portner et al. (2020). The %FO of
zooplankton and cephalopods in the prey items
changed with the increase in the size of D. gigas indi-
viduals. The %FO of cephalopods increased gradually
with ML when ML > 250 mm, but after ML > 310 mm,
these larger individuals seemed to prefer feeding on
zooplankton at lower trophic levels. Similar con-
trasting results related to the SIAR outputs were
described for D. gigas in the North Pacific, showing

macrozooplankton as one of the most important prey
of D. gigas (Miller et al. 2013). This feature was also
reflected in the FA profiles; that is, individuals with
an ML of 301-325 mm had a more similar FA profile
to 225-250 mm individuals. This may be related to
the optimal foraging theory proposed by MacArthur
& Pianka (1966), which states that predators maxi-
mize the difference between their energy gain from
food and the cost of consumption required to forage,
maximizing their net energy gain. Although smaller
prey have a relatively low energetic value, predators
consume less energy to feed on and process them,
whereas larger prey are harder to capture and their
processing time is longer; therefore, predators may
need to consume more energy in their predation.
Scharf et al. (2000) also suggested that the selection
of smaller prey items can increase predation effi-
ciency. In addition, predation on small food can
effectively reduce competition for resources with
similarly sized fish species (Field et al. 2013). Canni-
balism was also found in D. gigas in equatorial
waters and showed an increasing and then decreas-
ing trend with increasing ML. This behavior may be
an important method for cephalopods to obtain
energy, which can provide advantages in terms of
food competition for large individual predators (which
usually feed on smaller conspecifics). Cannibalism
can also improve survival in times of food shortage
(Caddy 1983) and is associated with an increased
ability to capture and process prey, allowing larger
individuals to obtain more energy (Christensen 1996,
Lundvall et al. 1999). However, the frequency of can-
nibalism in D. gigas decreased after ML > 310 mm,
which may be related to their relative spatial separa-
tion from smaller indiuals (discussed below) (Trasviha-
Carrillo et al. 2018). Because D. gigas is an oppor-
tunistic predator, it is difficult to observe the key
points of feeding transitions during their growth,
which need to be determined in conjunction with sta-
ble isotope values and FA profiles of muscle.

Stable isotope values can be used to infer the food
source and trophic level of consumers, reflecting
information about consumers' dietary intake during
a certain period (Post 2002). The fluctuations in 83C
and 8N with the ML of D. gigas can reflect the
changes in diets and migration patterns during their
growth. When ML < 260 mm, the variation in 83C
values was relatively smooth, suggesting specific
habitats and food sources (Trasvina-Carrillo et al.
2018); when ML > 260 mm, §'3C showed large fluctu-
ations and decreased significantly with increasing
ML, indicating a large change in their food sources
and migration. Compared to 8'3C, 8!°N has a greater
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Fig. 10. Trophic niches of Group I (mantle length <250 mm; red) and Group II (mantle length >250 mm; blue) from the central

equatorial Pacific Ocean based on (a) non-metric multidimensional scaling (NMDS) dimensions of prey composition (in num-

ber), (b) stable isotope (8!°C and 8'°N) values of muscle, and (c) NMDS dimensions of the fatty acid profiles of muscle. Trophic
niche widths are represented by polygons and Bayesian standard ellipses

tendency to fluctuate, which may be related to 8'°N
having a wider variability across latitudes and trophic
levels. It was reported that the variation in the §'*C
increase is 0 to 1%., whereas the variation in §'°N is
2.5 to 3.4 %o per trophic level (Post 2002). The varia-
tion in 8'3C values in the muscle of D. gigas at differ-
ent latitudes is approximately 4.0%.,, whereas the
variation in 8N values is approximately 9.0%o
(Argtielles et al. 2012). Both 8!3C and 8'°N showed a
decreasing trend with the growth of D. gigas, which
may be related to its higher intake of lower trophic
level organisms but may also indicate its possible
migration from nearshore areas to the ocean (Alegre
et al. 2014, Li et al. 2017). Evidence demonstrated
that D. gigas grows and feeds nearshore and migrates
to pelagic spawning areas with lower levels of pri-
mary productivity in summer and winter. This behav-
ior may reduce the risk of predation. The proportion
of mature individuals and prey items at low trophic
levels (e.g. crustaceans) increases as individuals grow
during the migration from inshore to pelagic areas
in D. gigas, consistent with our results (Arguelles et
al. 2012). Thus, the segregation in the spatial and
feeding habits of different sizes of D. gigas may be
a mechanism for their avoidance of predation and
cannibalism.

Although all these techniques can describe the
feeding ecology of a given species, each one pro-
vides its own insights. Stomach contents indicate
detailed prey composition, and isotopic values help
to define productivity sources and migrations,
whereas FAs indicate finer-scale spatial heterogene-
ity in diets and provide insight into energy metabo-
lism. Our experimental results showed that PUFAs
constituted the majority of the FAs of D. gigas, fol-

lowed by SFAs and MUFAs (Table S5). These find-
ings agree with a previous observation: C22:6n3
(docosahexaenoic acid [DHA]) and C16:0 were iden-
tified as major concentrated components in D. gigas,
which indicated that PUFAs and SFAs are storage
lipids that can potentially supply energy for activity
(Henderson et al. 1984, Saito et al. 2014, Gong et al.
2018a). A significant shift was observed in the FA
trophic niches with size groups (Fig. 10c), and DHA
and C16:0 were identified as the primary drivers of
the variation in the FA profiles (Fig. 9). The higher
FA percentage of Group I may reflect growth shifts in
response to changes in food resource availability and
energy allocation. This is because DHA cannot be
synthesized by high trophic level predators; there-
fore, these predators must rely on dietary sources
(Iverson et al. 2004). In larger and deep-diver spe-
cies, proportions of DHA were lower, corresponding
to feeding on fewer pelagic organisms, as DHA is
usually used as an FA marker for zooplankton as well
as for dinoflagellates and cryptomonads (Kharla-
menko et al. 2001). DHA is positively correlated with
the reproductive state. Palmitic acid (C16:0) is the
basic SFA and is certified as an essential FA for rapid
growth and survival (Henderson et al. 1984, Nogu-
eira et al. 2017). Larger individuals tend to have
higher metabolic requirements and increased physi-
cal activity compared to smaller ones and conse-
quently catabolize more of their muscle lipids (Hen-
derson et al. 1984). Chen et al. (2020) suggested that
gigas continuously feed during their growth and
maturation; their reproduction investment tends to
mostly rely on continual food intake. Furthermore,
the energy stored in muscle tissues is partially con-
verted to use for reproductive development and
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metabolism (Chen et al. 2020). It would be reason-
able to assume that larger individuals with a wider
niche breadth probably have more active and vora-
cious feeding activity than smaller ones. Larger
squids need to consume more energy to forage and
for gonadal development (reproduction), consistent
with the maturity of the gonad with growth (Fig. 2).
Moreover, the proportion of MUFAs for Group II was
significantly higher than that for Group I, supporting
the idea that larger individuals feed on deeper prey,
as MUFAs are rich in mesopelagic prey or in fish
such as myctophids that feed on mesopelagic cope-
pods (Nesis 1970, Shetinnikov 1989, Saito & Murata
1998, Teuber et al. 2014).

According to the ML growth curves with age for D.
gigas in the eastern equatorial Pacific Ocean calcu-
lated by Liu et al. (2017), when ML is 250 mm, the
corresponding age of D. gigasis 156 to 157 d, which
is at the end of the juvenile stage or the beginning of
the adult stage (Xu et al. 2019). Therefore, the shift in
the diet of D. gigas may occur with the development
of the feeding apparatus, increased swimming abil-
ity, and accelerated metabolism during the transition
from the juvenile to the adult stage.

4.3. Trophic niche partitioning

We used a multiple-indicator dietary assessment to
describe intraspecific interactions through direct and
assimilated diet information. SCA reflects a snapshot
of the food predated for a short time (usually <24 h),
while biochemical tracers reflect the diet assimilation
for several weeks to a month. Compared to FA, stable
isotopes have a relatively longer turnover rate (Pethy-
bridge et al. 2018).

The overlap analyses of FA niche appear to indi-
cate that Group II individuals exploit different prey
resources than Group [. However, SIA and SCA
niches showed a large overlap (Fig. 10a,b), mainly
due to similar isotopic baselines and prey composi-
tion in the study area. Besides, it seems the incidental
prey identification for SCA and longer turnover rates
weakened the ability of stable isotopes to depict diet
differentiation.

The niche area of species in Group II was approxi-
mately 2 times larger than that of Group I (Fig. 10),
which had wider ranges in both §3C and 8N, indi-
cating that D. gigas may use a wider range of
resources. However, the trend in the Shannon diver-
sity index did not seem to support this result, which
showed a significant decrease with increasing ML.
Similar results were reported by Liu et al. (2020),

who found that the area of the trophic niche of D.
gigas is relatively narrow during the adult and mor-
tality stages and suggested that this may be related
to its reduced migratory range and food specializa-
tion. However, consumers’ FA patterns could be also
influenced by the changes in internal regulation dur-
ing ontogeny and to some extent may act as a buffer
for the differences between energy availability and
physiological demands, which need to be further
studied (Chaguaceda et al. 2020).

In this study, the decrease in the Shannon diversity
index may be related to the diet specialization of
larger individuals, which may reduce intraspecific
competition between individuals. For example, some
large individuals can ingest larger and isotopically
enriched prey; as a result, they have a higher §°N
(Nigmatullin et al. 2001, Ruiz-Cooley et al. 2006,
Galvan et al. 2010, Franco-Santos & Vidal 2014).
However, other large individuals can also ingest
small prey such as euphausiids and juvenile Vin-
ciguerria lucetia at low trophic levels, but they are
horizontally (spatially) isolated from smaller individ-
uals (Ibanez et al. 2008, this study). Expansion of the
food range leads to expansion of the trophic niche of
D. gigas (Franco-Santos & Vidal 2014, Trasviha-
Carrillo et al. 2018, Jones et al. 2019). Another reason
for the expansion of the niche width is that D. gigas
presents vertical segregation by size (Trasvina-
Carrillo et al. 2018). Larger individuals face larger
temperature and habitat changes due to their vertical
behavior, implying that such deep divers might
change their dietary and habitat preferences since
diving capacity increases with size due to fin devel-
opment, which may allow the capture of a wide
range of prey (Franco-Santos & Vidal 2014, Trasvina-
Carrillo et al. 2018, Jones et al. 2019). The segrega-
tion of the vertical distribution of D. gigas forces
them to reduce their metabolic rate and energy con-
sumption and lower the risk of predation by top pred-
ators (Gilly et al. 2006, Rosa & Seibel 2010, Stewart et
al. 2013, Trasvina-Carrillo et al. 2018). Therefore, D.
gigas may apply different feeding and survival
strategies during their growth, aiming to reduce the
risk of predation and to optimize foraging energy
costs to improve survival ability.

5. CONCLUSIONS

The combination of stomach contents, stable iso-
topes with FA biomarkers, and morphometric analy-
ses is a powerful integrated approach that provides a
comprehensive description of trophic structure and
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dynamics. Our analyses showed that Dosidicus gigas
exhibits ontogenetic variation in morphological char-
acteristics and niche partitioning. Ontogenetic shifts
in the diet may occur at ~250 mm ML, which proba-
bly reflects the combination of metabolic demand,
swimming ability, and size or morphology of the
feeding apparatus (arms, tentacles, and beak) with
increasing body size. The choice of food and spatial
segregation of different sizes of individuals can help
reduce intraspecific competition. Therefore, mor-
phology and energy metabolism must be considered
when studying ontogenetic feeding ecology. Our
study also indicates that multiple indicators in the
dietary assessment are essential. However, our sam-
pling lacked a robust representation across length
classes to detect such early changes in D. gigas. Due
to its extensive migration and flexible feeding strat-
egy, it is hypothesized that it may undergo multiple
dietary shifts during its lifetime. Thus, future work
should focus on smaller and larger squid (<200 mm
and >400 cm) to investigate ontogenetic changes in
foraging strategies.
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