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Commercially important pelagic squid such as jumbo squid Dosidicus gigas play a key
role in energy and nutrient transfer in marine ecosystem. Geographic variations in the
foraging strategy of D. gigas can provide valuable information on cephalopod trophic
diversification and adaption to natural and anthropogenic impacts. Here, we used a
novel combination of stable isotope (SI) and fatty acid (FA) analyses of muscle tissues
and morphometric measurements of feeding apparatuses to evaluate spatial patterns
of habitat and resource use of D. gigas collected from three main fishing grounds in
the tropical and southern temperate Pacific Ocean. Results showed that the δ13 C and
δ15 N values were different among geographic stocks within D. gigas, possibly because
of site-specific dietary sources and isotopic baseline values. Spatial variabilities in FA
profiles/biomarkers, combined with SI results, suggests two foraging patterns: utilization
of resources mainly from oceanic food webs or from both neritic and oceanic food webs.
This behavior likely promotes the site-specific trophic niche width, increases adaptation
to inhabiting oceanographic conditions, and could be driven by differences in feeding
apparatuses morphology, body size, and trophic position. These results emphasize
the dietary flexibility of D. gigas and their important ecological roles in ecosystems as
cross-biome trophic linkages. Trophic diversification of pelagic squid like D. gigas may
have important implications for their population dynamics, ecological associations, and
subsequent management.
Keywords: Dosidicus gigas, trophic niche, stable isotope, fatty acid, feeding apparatuses, ecological
diversification

INTRODUCTION
Assessment of trophic dynamics is a prerequisite for ecosystem-based fisheries management and
provides a means for evaluating natural and anthropogenic impacts on target species. Since 1950,
capture production of cephalopods have continued to grow (Hunsicker et al., 2010; Doubleday
et al., 2016), with total commercial annual catches varying between 3.5 and 4.9 million tonnes in
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sustainability of this valuable species, especially given the rapid
rise in squid landings.
Biochemical tracers, such as stable isotope (SI) and fatty acid
(FA), have proven to be a powerful indicator for understanding
trophic ecology of ommastrephid squid (including D. gigas)
(Ruiz-Cooley et al., 2006, 2010; Pethybridge et al., 2012, 2013).
The advantage of these tracers is that they provide insights into
nutrients assimilated into the tissues of squid over ecologically
relevant timescales, rather than a snapshot of recognizable prey
items recently ingested. For example, carbon and nitrogen stable
isotope ratios (δ13 C and δ15 N, respectively) and FA profiles of
squid muscle tissue can reveal diet over the previous weeks (RuizCooley et al., 2006; Stowasser et al., 2006). δ13 C values change
little after trophic transfer and can be used to determine carbon
source. δ15 N values exhibit stepwise enrichment across trophic
levels and can be used to identify trophic position (Post, 2002).
Thus, integrating δ13 C and δ15 N values from muscle or other
tissues (e.g., gladius or beak) of D. gigas can reflect complex
dynamics of trophic relationships within food webs (Ruiz-Cooley
et al., 2006; Espinoza et al., 2017) and also ontogenetic changes in
diet and/or habitat (Ruiz-Cooley et al., 2010; Gong et al., 2018b;
Hu et al., 2019). However, spatial variabilities in biogeochemical
processes affect the baseline isotopic values which propagated up
to D. gigas through feeding (Argüelles et al., 2012; Ruiz-Cooley
and Gerrodette, 2012). Therefore, interpretation of D. gigas
tissue isotopic values can be confounded by variation in baseline
isotopic values and by overlapping values among potential prey
items. FA analysis is increasingly being applied to high trophic
level marine organisms, and extensively useful for detecting
intraspecific variations in the diet (Pethybridge et al., 2012,
2013; Sardenne et al., 2016). This approach is based on the
concept that FAs are transferred with little change from prey to
predator, and a subset of FAs (e.g., essential FAs) can only be
assimilated by predators through their diet, meaning that dietary
sources can be identified from adipose tissue samples (Arts et al.,
2001; Parrish, 2013). These FAs are biosynthesized by specific
primary or secondary producers, such as diatoms, dinoflagellates,
and macroalgae (Patil et al., 2007; Parrish, 2013), making
them suitable for use as biomarkers, particularly long (>20)
carbon chain polyunsaturated FAs (PUFAs), e.g., arachidonic
acid (ARA; C20:4n6), eicosapentaenoic acid (EPA; C20:5n3)
and docosahexaenoic acid (DHA; C22:6n3). Overall, FAs are
more specific to dietary sources compared to SIs. Combining
SI and FA datasets can alleviate some of the ambiguities that
result from using SI analysis alone (Antonio and Richoux, 2014;
Sardenne et al., 2016). For example, spatial variations in δ13 C and
δ15 N values of D. gigas tissues elucidate differences in baseline
values as well as trophodynamics (Argüelles et al., 2012; RuizCooley and Gerrodette, 2012). Biochemical tracers have also been
used to provide a quantitative niche width based on geometric
approaches. For example, the SI niche is often based on the range
of δ13 C and δ15 N values seen in a population (Cucherousset
and Villéger, 2015). Although FAs have been used to investigate
trophic ecology of ommastrephid squid (e.g., Pethybridge et al.,
2012, 2013), and are recognized as efficient tracers for elucidating
geographic origins of D. gigas (Gong et al., 2018a), their utility for
assessing trophic niche has not yet been determined.

2008–2017 (FAO, 2019), which was almost 4.6 times higher
than that of the 1950s. As main target species, cephalopods on
average support approximately 15 and 20% of marine fishery
landings and landed values, respectively (Hunsicker et al.,
2010; FAO, 2019). Cephalopods, except for nautiluses, have
unique life history characteristics, including rapid growth, short
lifespan, and semelparous reproductive strategy, giving them
both sensitivity and resilience to anthropogenic exploitation and
oceanographic variability (Rodhouse et al., 2014). The species
within the family Ommastrephidae support approximately 33.8%
of the global cephalopods landings (FAO, 2019). These species are
considered highly migratory, undertake diel vertical migrations
of several hundred meters and seasonal migrations between
the shelf and open ocean (Gilly et al., 2006; Stewart et al.,
2013). They can thus act as important linkages between both
neritic and oceanic food webs (Arkhipkin, 2013; Alegre et al.,
2014). Moreover, they are recognized as voracious and adaptable
predators of a broad range of prey including small crustaceans
and fishes at early life stages and shift to micronekton, larger
fishes, and cephalopods (including cannibalism) as they grow
(Nigmatullin et al., 2001; Alegre et al., 2014). Ontogenetic
changes in the morphology of the capture apparatus (e.g., arms
and beaks) seem to reflect the increasing capacity to seize or
bite different size spectrum of prey (Franco-Santos and Vidal,
2014; Gong et al., 2018b; Hanlon and Messenger, 2018). They
are also the main prey items of a variety of predators such as
tunas, sharks, and whales (Ruiz-Cooley et al., 2004). These factors
give Ommastrephidae a structuring role to link different trophic
levels and in energy transfer between the neritic and oceanic
food webs. Thus, as fisheries continue to increase their capture
production of ommastrephid squid, more information on their
trophic ecology (e.g., trophic niche and diversity) would facilitate
better management of these species and exploitation of marine
ecosystems (de la Chesnais et al., 2019).
Jumbo squid Dosidicus gigas is the target of the world’s
largest cephalopod fishery and supports important commercial
fisheries off the coasts of western South and Central America
and the Gulf of California (FAO, 2019). This species is the
largest and most abundant ommastrephid squid in tropical and
subtropical regions of the Eastern Pacific Ocean (Nigmatullin
et al., 2001). Like other ommastrephid, D. gigas preys on
a broad range of mesopelagic fishes, crustaceans, and squids
(Alegre et al., 2014; Pardo-Gandarillas et al., 2014), and
is a food source for large pelagic fish (e.g., tuna, billfish,
and shark) and marine mammals (Nigmatullin et al., 2001;
Ruiz-Cooley et al., 2004). Several studies demonstrated that
they can respond quickly to environmental change, such
as abnormal warm surface temperatures and decreased prey
availability, due to plasticity in life-history strategy. For example,
environment-driven switch in distribution, size-at-maturity,
and prey selectivity may allow D. gigas to rapidly cope
with El Niño events, resulting in unpredictable interannual
fluctuations in population size and biomass (Zeidberg and
Robison, 2007; Hoving et al., 2013; Portner et al., 2019). However,
given the large-scale distribution of D. gigas, knowledge of
their trophic niche divergence and ecological diversification
is still incomplete. This lack of knowledge may threaten the
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Morphological traits of squid feeding apparatuses (such as
arms, tentacles, and beaks) can be a complementary approach
for understanding trophic niche and diversity because they can
shape diet through their influence on feeding capability (Hanlon
and Messenger, 2018). The squid prehensile arms and tentacles
are associated with its pulling force, and long arms and tentacles
may increase the potential to seize and restrain large prey
items from greater distances (Gong et al., 2018b; Hanlon and
Messenger, 2018). Squid use beak, the main feeding apparatus
inside the mouth, bite their prey and represents a feedingrelated morphological indicator for elucidating dietary changes
(Franco-Santos and Vidal, 2014). Therefore, evaluating the
functional niche (i.e., trophic niche) through the quantification
of morphological traits based on feeding apparatuses is possible
(Villéger et al., 2017). The relationships between feeding
apparatuses morphometric measurements (FDMs) and the
trophic ecology have not been studied extensively in marine
invertebrates including pelagic cephalopods.
In this study, we combined the analyses of trophic biochemical
tracers (SI and FA) and morphologic indicators (FDM) to
estimate and compare trophic niches of D. gigas from three
fishing grounds in the southeastern Pacific Ocean. Our goals were
(1) to characterize the spatial patterns of feeding and habitat
use of D. gigas, and (2) to assess the potential complementarity
among these biochemical tracers and morphological traits of
feeding apparatuses.

FIGURE 1 | Sampling locations of Dosidicus gigas from three areas in the
southeastern Pacific Ocean: the waters off the Ecuadorian, Peruvian and
Chilean Exclusive Economic Zone (ECU, PER, and CHI, respectively).

Dosidicus gigas was collected from nighttime jigging operations
by scientific observers during annual commercial cruises in 2015
(July to August) and 2017 (July to November). Specimens were
obtained from three main fishing grounds that range across the
tropical and southern temperate Pacific Ocean: the waters off
the Ecuadorian, Peruvian and Chilean Exclusive Economic Zone
(ECU, PER, and CHI, respectively) (Figure 1). D. gigas were
collected fresh and immediately frozen at −20◦ C on board to
prevent tissue degradation and lipid oxidation. In the laboratory,
individuals were processed soon after thawed enough to allow
dissection. The mantle length (ML) of each squid was measured
and maturity stage was determined according to Lipiñski and
Underhill (1995). A sample of muscle tissue was taken from
the anterior dorsal region and cleaned using ultrapure water
(Milli-Q-Water). Muscle samples were lyophilized for 30 h and
then ground into a fine powder using a ball mill. A total of
83 individuals (ML: range 22.0 to 44.2 cm, 29.87 ± 4.79 cm,
mean ± SD) were used in the subsequent analyses (see
Supplementary Table S1 for detailed sampling information).

for combustion in a vario ISOTOPE cube elemental analyzer
(Elementar Analysensysteme GmbH), which were then analyzed
with an IsoPrime 100 isotope ratio mass-spectrometer (Isoprime
Corporation). The results were expressed with δ-notation in
parts per thousand (%) relative to international standards of
Vienna PeeDee Belemnite for δ13 C values and atmospheric N2
for δ15 N values. During analysis, protein (δ13 C = −26.98% and
δ15 N = 5.94%) was used as a laboratory working standard.
Precision for each run was 0.08 and 0.09% for δ13 C and
δ15 N, respectively.
Powdered muscle tissues were prepared and analyzed for FA
profiles followed by the procedure outlined by our previous
research (Gong et al., 2018a). Briefly, lipid samples were extracted
from approximately 200 mg of dried powders using a mixture
of chloroform and methanol. Lipids were then transesterified
with boron trifluoride-methanol and analyzed as FA methyl
esters (FAMEs). FAMEs were separated and quantified by gas
chromatography/mass selective detector (7890B/5977A, Agilent
Technologies) and equipped with a HP-88 capillary column
(60 m × 0.25 mm × 0.2 µm, Agilent Technologies). Individual
FAME was identified by retention times and mass spectra with a
known concentration internal standard (GLC 37, Nu-Chek Prep,
Inc.). The results are calculated as a percentage of the total FAs in
the sample. FAs accounting each for less than 1% of total FAs in
at least one sample were excluded from further analyses.

Stable Isotope and Fatty Acid Analyses

Morphometric Analysis

Dried, homogenized subsamples of muscle tissue were directly
utilized for the nitrogen stable isotope analysis, while lipidextracted powder was used for carbon isotope analysis to remove
the potential impacts of 13 C depleted lipid (Logan et al., 2008).
A minimum of 1 mg of powder was weighed in tin cups

Morphometric analysis of D. gigas feeding apparatuses (arms,
tentacles, and beaks) was performed according to Clarke (1986)
and Moltschaniwskyj (1995). Six morphometric measurements of
squid arms and tentacles [the length of each of the four arms (R1R4), tentacle length (TL) and tentacular club length (CL)] were

MATERIALS AND METHODS
Sample Collection and Preparation
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To evaluate the degree of association between biochemical
tracers, Spearman’s rank correlation was applied to test for the
presence of any relationships between isotopic values and FAs
that contributed to the most dissimilarity among areas (where rs
is Spearman’s rank correlation coefficient). Correlation analysis
was also done to evaluate the relationship between squid ML
and biochemical tracers. All statistical analyses and graphics
were carried out in software OriginPro Version 2020 (OriginLab
Corp., Northampton, MA, United States) and R.

taken on the right-hand side of each specimen (Supplementary
Figure S1). In addition, eight morphometric measurements of
the squid beak [upper hood length (UHL), upper crest length
(UCL), upper rostrum length (URL), upper wing length (UWL),
lower hood length (LHL), lower crest length (LCL), lower
rostrum length (LRL), and lower wing length (LWL)] were
measured with a vernier caliper (Supplementary Figure S1). To
remove the allometric effects of body size and improve normality,
all morphometric data were standardized by using the following
formula prior to analysis (Lleonart et al., 2000):

MSI = MI

ML0
MLI

a

RESULTS
Stable Isotopes

where M is one of the morphometric measurements of feeding
apparatuses, M SI is the standardized value for the individual I, M I
and MLI are the observed values of M and mantle length for the
individual I, respectively, and ML0 is the mean value for the study
population. a can be calculated from the following formulas:

No difference in ML was observed between individuals from
ECU (27.31 ± 3.87, range 22.00 to 35.40 cm) and PER
(29.59 ± 5.00 cm, range 23.30–44.20 cm, ANOVA, F 1,60 = 402.99,
p = 0.07), while larger ML was observed in CHI squid
(34.38 ± 2.06 cm, range 29.2–37.5 cm, ANOVA, F 2,80 = 20.77,
p < 0.01). Nonetheless, the maturity stages of specimens were
estimated to be stages I to III, with the majority (81.93%) being
stages I to II, indicating that D. gigas examined in this study were
all juveniles. The δ13 C range for all individuals was −17.45 to
−15.45% (−16.71 ± 0.35%), while D. gigas had a much wider
range of δ15 N values, from 7.97 to 18.40% (12.46 ± 1.17%).
Significant spatial variations were found in δ13 C and δ15 N
values of D. gigas muscle tissues among areas (ANOVA, δ13 C:
F 2,80 = 36.61, p < 0.01; δ15 N: F 2,80 = 375.18, p < 0.01). Post hoc
Tukey’s HSD tests indicated that values for δ13 C were significantly
lower in ECU (−16.98 ± 0.20%) followed by CHI and PER
(−16.80 ± 0.35% and −16.32 ± 0.38%, respectively, p < 0.01).
In addition, individuals sampled from CHI (15.98 ± 1.19%) were
more enriched in 15 N than other areas (PER: 13.74 ± 1.02%), and
ECU being the lowest (9.24 ± 0.64%, p < 0.01).

ln (M) = b + aln (ML)
where b is the parameter to be estimated.

Statistical Analysis
Analysis of variance (ANOVA) with post hoc Tukey’s honestly
significant difference (HSD) test was performed on δ13 C and
δ15 N values, mean values of the major classes of total FAs
(i.e., saturated fatty acid, SFA; monounsaturated fatty acid,
MUFA; PUFA) and untransformed FA and FDM data. Similarity
percentages (SIMPER) analysis were used to further investigate
differences in FA profiles among sampling areas and determine
which FA(s) contributed most to the observed differences. Results
were visualized by non-metric multidimensional scaling (NMDS)
based on the Euclidean distance matrix using the Vegan package
(Oksanen et al., 2019) in R Version 3.5.3 (R Core Team, 2019).
NMDS was also done to compare the morphometric data among
areas. NMDS can summarize the information provided by the
multivariate data structure and allows visualization of sample
units in a low-dimensional space.
In this study, niche metrics were measured as the twodimension bivariate aspect of niche, niche area (as for SIs) and
the multivariate niche space (as for FAs and FDMs). Trophic
niche was evaluated using isotopic values (δ13 C and δ15 N), and
coordinates in the two dimensions of the NMDS of FA profiles or
FDM data. Because of the large difference between range values
of stable isotopes and NMDS coordinates of FA profiles or FDM
data, we scaled them as suggested by Cucherousset and Villéger
(2015), resulting in a unitless, multidimensional space. In the
scaled bidimensional plot, both axes have the same range (i.e.,
0 to 1) and thus contribute equally to quantify the niche width
(Cucherousset and Villéger, 2015), and enabled comparisons of
trophic niches derived from the three methods (SI, FA, and FDM
analyses). Using the SIAR package in R, the trophic niche width
and overlap were calculated using the standard ellipse corrected
area (SEAc) to minimize the uncertainty when comparing small
and/or unbalanced sample sizes (Jackson et al., 2011).
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Fatty Acids
Considerable variability in proportions of the main FA classes
was observed among studied areas (Table 1), while the
dominant FAs were polyunsaturated fatty acids (PUFAs) in
all individuals (range 56.19 to 72.15%). In contrast, saturated
fatty acids (SFAs) accounted for 18.02 to 33.90% followed
by minor monounsaturated fatty acids (MUFAs) ranged from
7.38 to 16.77%. D. gigas from CHI had higher amounts of
PUFAs and lower amounts of SFAs than individuals from
ECU and PER (Table 1). Of the 28 FAs detected, a total of
7 FAs had minimum proportions greater than 1%. These 7
FAs included SFAs C16:0 and C18:0; MUFAs C18:1n9 and
C20:1n9; and PUFAs C20:4n6 (ARA), C20:5n3 (EPA), and
C22:6n3 (DHA), and accounted for 69.46 to 90.05% of all
FAs. Notably, the CHI squid had higher amounts of ARA
and DHA, while the highest amounts of EPA were present
in squid from ECU (Figure 2). Overall, significant spatial
variations were found in FA profiles of D. gigas muscle tissues
(Table 1 and Figure 2). NMDS ordination for the multivariate
structure of FA profiles resulted in a two-dimensional solution
(stress = 0.059, Supplementary Figure S2). Three groups of
individuals are clearly distinguishable, corresponding to the
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significantly influenced by geographic area. The highest FDMs
values were present in squid from CHI, except for URL (Table 2).
NMDS ordination of standardized morphometric data resulted
in a two-dimensional solution (stress = 0.136, Supplementary
Figure S2) revealed significant spatial variations in feeding
apparatuses morphology, while a fair amount of overlap was
observed between ECU and PER (Figure 3C).

TABLE 1 | Fatty acid profiles (%, mean ± SD) in muscle of Dosidicus gigas
sampled from the waters off the Ecuadorian, Peruvian and Chilean Exclusive
Economic Zone (ECU, PER, and CHI, respectively).

n

ECU

PER

CHI

34

28

21

0.13a

C14:0

1.00 ±

C15:0

0.79 ± 0.16a

0.72 ± 0.12a

C16:0*

20.36 ± 1.44a

15.72 ± 1.52b

13.32 ± 1.33c

C17:0

1.25 ± 0.15a

1.47 ± 0.21b

0.73 ± 0.12c

C18:0*

6.26 ± 0.61a

5.53 ± 0.60b

3.73 ± 0.71c

C20:0

0.45 ± 0.16a

0.35 ± 0.07b

0.92 ± 0.25b

C21:0

0.33 ± 0.13a

0.27 ± 0.16a

0.84 ± 0.12b

C22:0

0.42 ± 0.16a

1.28 ± 0.56b

0.34 ± 0.29a

C23:0

0.38 ± 0.17a

0.74 ± 0.27b

0.65 ± 0.49b

C24:0

0.36 ± 0.14a

0.78 ± 0.44b

0.87 ± 0.30b

1.11a

1.40b

21.41 ± 1.38c

6SFAs

31.60 ±

0.14 ±

0.23b

26.99 ±

nd
nd

C14:1n5

0.30 ± 0.19a

0.46 ± 0.41a

nd

C15:1n5

0.37 ± 0.23a

0.37 ± 0.50a

0.44 ± 0.19a

C16:1n7

0.58 ± 0.18a

1.45 ± 0.29b

1.30 ± 0.19b

C17:1n7

0.35 ±

0.21a

1.46 ±

0.62b

1.07 ± 0.17c

C18:1n9*

1.95 ±

0.33a

3.30 ±

0.75b

2.45 ± 0.26c

C20:1n9*

4.86 ± 0.42a

3.68 ± 0.54b

3.35 ± 0.29c

C22:1n9

0.52 ± 0.16a

1.05 ± 0.46b

0.94 ± 0.19b

C24:1n9

0.38 ± 0.13a

1.43 ± 0.62b

0.71 ± 0.20c

6MUFAs

9.32 ±

1.14a

13.20 ±

1.84b

10.26 ± 1.00c

C18:2n6

0.70 ±

0.41a

3.90 ±

0.88b

4.57 ± 0.64c

C18:3n3

0.42 ± 0.16a

0.95 ± 0.23b

1.23 ± 0.37c

C18:3n6

0.31 ± 0.16a

0.86 ± 0.36b

1.04 ± 0.29b

C20:2

0.65 ± 0.13a

1.03 ± 0.20b

1.25 ± 0.17c

0.60a

0.30a

0.10 ± 0.19b

C20:3n3

1.43 ±

C20:3n6

0.35 ± 0.17a

0.96 ± 0.51b

0.43 ± 0.48a

C20:4n6* ARA

2.18 ± 0.40a

2.40 ± 0.41a

6.97 ± 0.78b

C20:5n3* EPA

10.11 ± 0.62a

8.04 ± 0.59b

7.94 ± 0.71b

3.63 ±

0.69a

0.62 ±

1.02b

0.27 ± 0.51b

C22:6n3* DHA

39.31 ±

1.81a

39.73 ±

3.36a

44.53 ± 3.19b

6PUFAs

59.08 ± 0.99a

59.80 ± 1.70a

68.33 ± 1.94b

C22:2n6

1.32 ±

Trophic Niche Metrics
Trophic niches based on isotopic values, FA profiles, and
FDMs were explored among geographic stocks. The isotopic
niches, measured by the SEAc of scaled isotopic values, showed
variations in niche width across the area. The largest isotopic
SEAc occurred in CHI squid, followed by PER and ECU, with
CHI indices being almost 1 to 4 times higher than that of PER
and ECU (SEAc: 0.063, 0.048, and 0.014 for CHI, PER, and ECU,
respectively, Figure 3A). No overlap was observed in isotopic
niche metrics among areas. Unlike the isotopic niche width, FA
niche based on scaled NMDS results indicated PER individuals
had larger niche width of SEAc (0.032), followed by CHI and
ECU (0.026 and 0.013, respectively, Figure 3B). Nonetheless,
there was also no overlap in FA niches. Differences in niche
metrics, including inter-area overlap, were apparent between the
biochemical tracers (SI and FA) and FDMs. For SEAc of scaled
FDMs, CHI (0.045) was lower than PER and ECU (0.134 and
0.071, respectively), with considerable niche overlap between the
latter two areas (0.057, 81%) (Figure 3C). Overall, although some
differences were observed between trophic niche metrics inferred
by two biochemical tracers (SI and FA), the degree of overlap
among areas agreed, with ECU squid had the lowest niche width
(Figure 3). Conversely, niche metrics based on FDMs indicated
ECU and PER individuals shared most of their niche space, while
the CHI squid was clearly separated from other areas.

Correlations Between Stable Isotopes,
Fatty Acids, and Mantle Length
The δ13 C and δ15 N values, FAs (i.e., C16:0, ARA, DHA, and
EPA), and ML were in combination subjected to Spearman’s rank
correlation test. Significant correlations were detected between
δ15 N and all other biomarkers (Figure 4). δ15 N were positively
correlated with δ13 C, ARA and DHA (0.38 ≤ rs ≤ 0.62, p < 0.05).
Conversely, δ15 N was strongly and negatively correlated with
C16:0 and EPA (rs < −0.70, p < 0.05). These negative
correlations, to a lesser extent, were also found in δ13 C (rs : −0.35
and −0.45 for C16:0 and EPA, respectively, p < 0.05, Figure 4).
Squid ML was positively correlated with δ15 N, ARA and DHA
(rs ≥ 0.28, p < 0.05), while negatively correlated with C16:0
and EPA (rs ≤ −0.46, p < 0.05). In contrast, no correlation was
observed between ML and δ13 C (p > 0.05, Figure 4).

Values in each row followed by different alphabetic characters were statistically
different (ANOVA with post hoc Tukey’s honestly significant difference test). * Reflect
fatty acid accounting each for >1% in all samples. ARA, arachidonic acid; DHA,
docosahexaenoic acid; EPA, eicosapentaenoic acid; SFAs, saturated fatty acids;
MUFAs, monounsaturated fatty acids; PUFAs, Polyunsaturated fatty acids; nd, not
detected; n, number of squid in a sample.

sampling areas. According to the SIMPER analysis, the FAs
contributing to these differences in the multivariate analysis
varied according to the specific FA. C16:0, DHA, and EPA
contributed to 71% of the differences between ECU and PER
squid (Supplementary Figure S3), whereas differences between
ECU and CHI individuals were primarily driven by C16:0, ARA,
and DHA, contributing 72% of the dissimilarity (Supplementary
Figure S3). DHA (33%) contributed to the greatest source of
dissimilarity between PER and CHI squid, followed by ARA
(27%) and C16:0 (16%).

DISCUSSION
Intraspecific differences in the diet of pelagic predators may
maximize the utilization of available food resources and increase
adaptation to diversified oceanographic environments. This
foraging strategy is vital for the D. gigas that have an extensive

Morphometric Measurements
The values of 14 FDMs were summarized in Table 2. The ANOVA
results showed that all the morphometric measurements were
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FIGURE 2 | Variation in fatty acid profiles of Dosidicus gigas relative to three geographic areas. Mean values are shown with error bars of standard deviations. The
box represents the interquartile range and vertical line within each box represents median value. Whiskers indicate minimum and maximum values. ARA, arachidonic
acid; DHA, docosahexaenoic acid; EPA, eicosapentaenoic acid.

distribution range in the eastern Pacific Ocean with high
energetic requirements (Nigmatullin et al., 2001). By using
a comparative investigation of multiple biochemical tracers
(δ13 C, δ15 N, and FAs) and trophic morphological indicators
(FDMs), we evaluated the trophic niche and diversity of D. gigas
from the southeastern Pacific Ocean. Our results revealed
significant differences in isotopic patterns and FA profiles among
geographic stocks, possibly driven by site-specific dietary sources
and biogeochemical processes, and size divergence in feeding
apparatuses. Trophic niche metrics determined using isotopic
values share some similarities with the results described by the
FA profiles, while the difference was less pronounced based on
FDMs niche metrics alone. This is likely due to differences in
ecological views employed, including dietary (e.g., biochemical
tracers) and foraging behavioral (e.g., FDMs) facets. Nonetheless,
each method provides a complementary understanding of spatial
variabilities in feeding and habitat use of D. gigas.
The considerable wide range of isotopic values in all specimens
(2.0% for δ13 C and 10.43% for δ15 N), and generally moderate
inter-individual variability in each area (Figure 3A), suggests a
variety of dietary habits and sources both across and within the
geographic stocks. These results correspond to previous studies
using stomach content analysis in which D. gigas was found
to consume a wide range of prey, including fish, crustaceans,
and other cephalopods (Alegre et al., 2014; Pardo-Gandarillas
et al., 2014). Differences in prey items have also been found
in geographic stocks within D. gigas (e.g., PER and CHI).

TABLE 2 | Summary information of feeding apparatuses morphometric
measurements (cm) of Dosidicus gigas relative to three geographic stocks.
Variable

ECU

PER

CHI

34

28

21

F

p

UHL

1.84 ± 0.35a

1.98 ± 0.39a

2.40 ± 0.18b

19.27

*

UCL

2.25 ± 0.37a

2.46 ± 0.46a

3.02 ± 0.25b

26.95

*

URL

0.62 ± 0.13a

0.73 ± 0.14b

0.79 ± 0.08b

13.45

*

UWL

0.55 ± 0.11a

0.63 ± 0.12b

0.86 ± 0.09c

56.57

*

LHL

0.53 ± 0.10a

0.61 ± 0.11b

0.91 ± 0.11c

94.85

*

LCL

1.07 ± 0.18a

1.16 ± 0.23a

1.50 ± 0.14b

34.24

*

LRL

0.56 ± 0.11a

0.69 ± 0.15a

0.78 ± 0.09b

23.6

*

LWL

0.89 ± 0.16a

0.97 ± 0.20a

1.33 ± 0.13b

47.83

*

TL

31.35 ± 4.73a

34.6 ± 6.63a

44.55 ± 5.14b

37.88

*

CL

11.89 ± 2.29a

13.26 ± 3.49a

23.40 ± 3.74b

96.56

*

R1

13.99 ± 2.19a

15.63 ± 3.81a

17.87 ± 1.48b

13.22

*

R2

15.42 ± 2.41a

16.88 ± 4.00a

20.75 ± 1.57b

22.24

*

R3

15.75 ± 2.55a

17.14 ± 3.62a

21.00 ± 1.68b

23.33

*

R4

14.15 ± 2.03a

15.87 ± 3.89b

18.80 ± 1.97c

18.04

*

N

ANOVA

Mean values and stand deviations are given for 8 measures of beak: upper
hood length (UHL), upper crest length (UCL), upper rostrum length (URL), upper
wing length (UWL), lower hood length (LHL), lower crest length (LCL), lower
rostrum length (LRL), and lower wing length (LWL), and six measures of arm and
tentacle: length of each of the four arms (A1-A4) on the right-hand side of each
individual, tentacle length (TL), and tentacular club length (CL). Values in each row
followed by different alphabetic characters were statistically different (ANOVA with
post hoc Tukey’s honestly significant difference test). * Reflect statistical significance
p < 0.05. n, number of squid in a sample.
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FIGURE 3 | Estimation of trophic niches using scaled δ13 C and δ15 N values (A) and coordinates in the two dimensions of the non-metric multidimensional scaling
(NMDS) of fatty acid (FA) (B) profiles and feeding apparatuses morphology (FDM) (C) data of squid of Dosidicus gigas sampled from the waters off the Ecuadorian,
Peruvian and Chilean Exclusive Economic Zone (ECU, PER, and CHI, respectively). The area of the ellipses (calculated with SEAc) represents the (A) isotopic, (B) FA,
and (C) FDM trophic niche of each geographic stock.

specific dietary sources. Indeed, it was reported that the diet
of D. gigas in Ecuadorian waters (the eastern waters of ECU)
was mainly composed of myctophids and cephalopods (RosasLuis and Chompoy-Salazar, 2016). Isotopic niche differentiation
corroborates the presence of diversified dietary sources among
geographic stocks (Figure 3A). Differences in the SI niche metrics
appear to be largely driven by δ15 N values, indicating that D. gigas
possibly fed at the different trophic positions in each area (i.e.,
CHI > PER > ECU). These differences are likely due to the
size divergence in feeding apparatuses. Our results indicate that
feeding apparatuses of CHI squid were bigger/longer than those
of ECU and PER squid. As functional feeding apparatuses, the
observed size variations in the arm, tentacle, tentacular club, and
beak suggest differences in feeding and resource use (FrancoSantos and Vidal, 2014; Hanlon and Messenger, 2018). It is
likely that the bigger/longer feeding apparatuses favor CHI squid
to capture prey of larger size or higher trophic positions than
individuals from ECU and PER. This hypothesis is supported
by the observed highest level of DHA in CHI squid (Figure 2),
which is positively correlated with δ15 N values and recognized as
a characteristic of trophic position (Sardenne et al., 2017). This
pattern could also result in a larger isotopic niche width in CHI
squid since they might have a wider size spectrum of prey. Given
the positive relationship between the δ15 N values of muscle tissue
and size of D. gigas (Ruiz-Cooley et al., 2006; this study), the
higher trophic position and niche width of CHI individuals might
also result from their larger ML, perhaps in relation to increasing
swimming speed with body size (Alexander, 1990), and ultimately
maximize feeding success of larger prey or prey at higher trophic
positions. These findings contrast somewhat with the results of
ECU and PER squid, in which they had similar ML and shared
considerable FDM niche space indicating similar morphological
traits of feeding apparatuses (Figure 3C), while the lower δ15 N
values and the narrower isotopic niche was observed in ECU.
Spatial variability in isotopic values may not only be driven by
dietary divergence, but also from the changes in baseline values
across different geographic areas. Latitudinal gradients in δ13 C

FIGURE 4 | Correlations between isotopic values (δ13 C and δ15 N, %), fatty
acids [palmitic acid (C16:0), arachidonic acid (ARA), docosahexaenoic acid
(DHA), and eicosapentaenoic acid (EPA),% of total fatty acids], and mantle
length (ML, cm) of Dosidicus gigas. The numbers inside grids are the
associated Spearman’s rank correlation coefficient (rs) calculated for each
pair. Statistical significance at ∗ p < 0.05 is shown.

More than half of D. gigas stomach content collected off the
coast of Chile consisted of fish species, especially Chilean jack
mackerel Trachurus murphyi (Pardo-Gandarillas et al., 2014),
while cephalopods and Panama lightfish Vinciguerria lucetia
were the main prey items of D. gigas collected in the waters
off Peru (Alegre et al., 2014). Although the diet composition
of ECU individuals was not identified in this study, the low
δ13 C and δ15 N values presented here indicate they might have
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and δ15 N values in PER and CHI squid, which is associated with
the upwelling regions in nearshore waters. Such spatial dynamics
was previously found in D. gigas of the northern Humboldt
current system and ascribed to its ontogenetic migration from
oceanic to neritic waters to feed, and then return to oceanic
waters to spawn (Tafur et al., 2001; Argüelles et al., 2012; Alegre
et al., 2014). Our results here indeed supported this hypothesis,
however, it also indicated distinct basal source contributions
that corresponded to sampling areas, an oceanic food web
mainly based on marine primary producers (e.g., ECU), and a
neritic/oceanic food web based on both estuarine/coastal and
marine primary producers (e.g., PER and CHI). Namely, spatial
patterns of dietary sources displayed by the site-specific FA
biomarkers suggest diversified foraging strategies of D. gigas,
which may maximize feeding success and increase adaptation
to inhabiting oceanographic conditions. These foraging patterns
are also consistent with the NMDS results of FA profiles, in
which PER and CHI individuals had larger FA niche width
than ECU squid (Figure 3B), suggesting that they assimilate a
broader range of FA components, possibly due to more generalist
foraging strategies based on both neritic and oceanic food webs
(Antonio and Richoux, 2014). However, PER squid appears to
preferentially uptake neritic prey items with high δ13 C values,
which could result in separation of niche metrics with other
geographic stocks (i.e., low δ13 C values in ECU and CHI).
ECU squid occupied the narrowest FA niche and was clearly
separated from other stocks, implying more specialist foraging
strategies (e.g., mainly based on prey from oceanic food web)
correspond to previous findings in the isotopic niche. SFAs also
contributed to differences among geographic stocks, particularly
C16:0. This FA is the basic SFA in D. gigas and documented as
a predominant source of potential metabolic energy for growth
(Tocher, 2003). It is therefore likely that the spatial variability in
C16:0 is representing different energy demands of squid in a given
area, perhaps in relation to the variations in body size and/or
trophic position, since C16:0 was strongly correlated with squid
ML and δ15 N values (Figure 4).
This study was the first to use a combination of multiple
trophic biochemical tracers and morphologic indicators to
measure trophic niche metrics and explore spatial variability in
foraging patterns of a pelagic squid, D. gigas. Differences in SI,
FA, and FAM niche metrics highlighted the complementarity of
such analyses. Geographic stocks of D. gigas exhibited diversified
dietary sources and habitat use and occupied different trophic
niche space in the southeastern Pacific Ocean. These spatial
patterns could be driven by differences in trophic position,
feeding apparatuses morphology, body size and different foraging
strategies in a given area, particularly variability in the utilization
of resources from neritic and oceanic food webs. Our results
highlighted the dietary flexibility of D. gigas and their important
ecological roles in ecosystems as trophic linkages. Future
studies with site-specific prey items are needed to explore the
spatial trophic patterns more precisely and comprehensively.
Trophic diversification of a pelagic squid like D. gigas may
have important implications for their adaptation to changing
environmental conditions.

and δ15 N values have been well recognized in the eastern Pacific
Ocean and can be propagated up in the squid tissues through the
diet (Argüelles et al., 2012; Ruiz-Cooley and Gerrodette, 2012).
In this study, we found an increasing trend of δ15 N values from
equatorial Pacific waters (i.e., ECU) to the highest latitude region
(i.e., CHI), indicating the potential effect of latitudinal variation
in baseline values. These patterns are consistent with the previous
studies in D. gigas gladii and muscle tissues using stable isotope
analysis (Ruiz-Cooley et al., 2010; Argüelles et al., 2012; RuizCooley and Gerrodette, 2012). The latitudinal variation in δ13 C
values of D. gigas showed a bell-shaped trend with lower values in
ECU and CHI and the highest values in PER. The results are also
in agreement with the observed latitudinal patterns of δ13 C values
in D. gigas muscle tissues from the similar latitudinal range in the
southeastern Pacific Ocean (Ruiz-Cooley and Gerrodette, 2012)
and might be related to the highest productivity in nearshore
waters off the coast of Peru (Echevin et al., 2008). The injection
of nutrients into surface waters through upwelling results in
high phytoplankton productivity which corresponds to high δ13 C
value of aqueous CO2 , since the preferential uptake of 12 C by
phytoplankton during photosynthesis (Rau et al., 2001). Another
possible explanation of such spatial variability in isotopic values
could be the distance to the shelf break. Compared to oceanic
waters (i.e., ECU), higher δ15 N values were found in squid
captured from nearshore waters (i.e., PER and CHI), which
was similar with the documented decreasing trend of D. gigas
δ15 N values with distance to shelf break (Argüelles et al., 2012;
Ruiz-Cooley and Gerrodette, 2012). These findings could also
be related to the upwelling regions off Peru and Chile that
are characterized by intense shallow oxygen minimum zones
(Stramma et al., 2010). The hypoxic deep water is supplied
to the surface and facilitate the denitrification process which
preferentially consumes 14 N-nitrate and increases the baseline
δ15 N value (Voss et al., 2001). Contrary to the previous findings
that D. gigas δ13 C values decreased with distance to shelf break
(Ruiz-Cooley and Gerrodette, 2012), no difference in δ13 C values
was observed between individuals from ECU and CHI, possibly
due to the utilization of more 13 C-depleted carbon sources from
oceanic food web in these two stocks (as discussed below).
Based on the analysis of D. gigas FA profiles/biomarkers,
clear intraspecific differences in habitat use were apparent which
mostly supported the results as indicated by isotopic values. The
highest level of EPA in ECU individuals reflects the characteristic
of marine food webs supported primarily by diatoms (Parrish,
2013). In contrast, D. gigas from CHI had distinct FA profiles
which included relatively higher amounts of the PUFA containing
18 carbon atoms (6PUFA18 ), ARA, and DHA, which are
characteristics of estuarine/coastal macroalgae or plants and
marine dinoflagellates, respectively (Dalsgaard et al., 2003; Patil
et al., 2007; Parrish, 2013). This suggests that CHI squid possibly
moved and fed in different regions across the neritic to oceanic
food webs. PER individuals also act as linkages between both
food webs, which consisted of relatively high levels of 6PUFA18
and C16:1n7, and low EPA and DHA, suggests a greater dietary
intake of neritic than the oceanic prey (Kelly and Scheibling,
2012). This hypothesis is supported by the observed higher δ13 C
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