== (Ocean ORIGINAL ARTICLES

and Coastal
http://doi.org/10.1590/2675-2824072.23151
‘ Research ISSN 2675-2824

Feeding habits of the South Pacific hake, Merluccius gayi,
in Ecuador, Tropical Eastern Pacific Ocean

Ana R. Hernandez-Téllez' =, Jacqueline M. Cajas-Flores? ™, Alfredo Ordiano-Flores® ™,
Marcos D. Calle-Moran** ™, Robert J. Bucheli-Quifionez?

"Posgrado en Ciencias en Recursos Acuaticos — Facultad de Ciencias del Mar — Universidad Auténoma de Sinaloa (Av. Paseo
Claussen, s/n - Mazatlan - CP 82000 - Mexico).

2Division de Recursos Bioacuaticos y Ambiente — Instituto Publico de Investigacion de Acuicultura y Pesca (Letamendi y la
Ria, s/n — Guayaquil - CP 90308 - Ecuador).

3 Universidad del Valle de México (Jiménez Cantu 4 - San Martin - Texcoco de Mora - 56100 - México).

4Carrera de Biologia, Facultad de Ciencias de la Vida — Universidad Estatal Amazdnica (Calle Luis Imacela — El Pangui -
CP 190401 - Ecuador).

* Corresponding author: marcalle02@gmail.com

ABSTRACT

The South Pacific hake, Merluccius gayi, is an ecologically and economically important species in Ecuador.
However, studies regarding its feeding habits remain scarce. This study aimed to characterize the food and
feeding habits of M. gayi in the Ecuadorian Pacific Ocean by sex, sexual maturity stages, size classes, and years.
Hakes obtained (n = 2993) from industrial fishing (captured with seine nets) were analyzed from September 2013
to December 2014. Their diet was composed of 27 prey species. The most important prey was the euphausiid
Nyctiphanes simplex (52%) and the same hake species (M. gayi; 31%) according to the prey-specific index
of relative importance (%PSIRI), making this species a cannibal predator. Results show no significant dietary
differences between female and male hakes or immature and mature males, but found differences between
immature and mature females and individuals from four size classes and hake between 2013 and 2014.
According to Levin’s Index, the species showed a low trophic niche breadth (Bi = 0.03), making it a selective
specialist mesopredator with high specialization. The trophic overlap analysis based on Jaccard’s index by sex
was low (J = 0.23) for indetermined individuals, moderate (J = 0.59) for males and females, and high (J = 0.78)
for immature females and males; moderate values were noted for size classes (J = 0.42-0.63) and low for
years (J = 0.31). Based on the Cortés index, the trophic level totaled (TLk = 3.22), indicating that this species is
a primary and secondary carnivore mesopredator. This information supports the understanding of the relations
between predators and prey and the flow of nutrients and energy in marine ecosystems, which serve as a base
for ecosystemic fishing management.
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INTRODUCTION

The South Pacific hake, Merluccius gayi
(Guichenot, 1848), belongs to the family
Merlucciidae and has a coastal and oceanic
(horizontal distribution) and epipelagic and

o o mesopelagic  (vertical  distribution)  habitat.
© 2024 The authors. This is an open access article distributed under ] . .
5 the terms of the Creative Commons license. It inhabits depths from 50 to 614 m, formlng
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dense shoals from Ecuador to Peru, including the
Galapagos Islands. Females reach a total length
(TL) of 115 cm and males, of 68 cm, averaging
50 cm (Lloris et al., 2005; Guevara-Carrasco and
Lleonart,2008; Robertson and Allen, 2015). Itfeeds
on euphausiids, squids, sardines (Sardinops sagax
sagax), the Peruvian barbel drum (Ctenosciaena
peruviana), the Peruvian anchoveta (Engraulis
ringens), the bignose anchovy (Anchoa nasus),
and hake of its same species (M. gayi), which
is why it is considered as cannibal (Lloris et al.,
2005). This mesopredator consumes prey from
several trophic levels, including planctophagous
and carnivore organisms.

The economic importance of this species stems
from its capture in Ecuador and Peru distribution
areas by artisanal and industrial fishing (Lloris et al.,
2005). In Ecuador, it is captured by bottom longlines
and trawls, and its main landing ports are Manta and
Puerto Lépez in the Manabi province; Anconcito,
La Libertad, and Santa Rosa in the Santa Elena
province; Posorja, El Morro, General Villamil Playas,
and Guayaquil in the Guayas province; and Puerto
Bolivar and El Palmar in the EI Oro province. It is sold
fresh, frozen, whole, or filleted due to its high value
(Garcia-Dominguez et al., 2014; Jiménez-Prado
and Béarez, 2004). During 2012-2013, 20 183.60
tons were captured eight miles from the coast
of Manabi to El Oro, valued at US $ 16,385,340
in exportations. From 2014-2016, the species
was captured over the continental platform
and in 29.5-614-m depths over the continental
slope, producing a value of US $ 16,400,000
(Garcia-Dominguez et al., 2014; Pesqueria..., 2014;
Global Marine Commodities, 2018).

Trophic studies of M. gayi in Ecuador remain
scarce. Varela and Pincay-Mendoza (2019) - the
only study for this species in Ecuador - included
232 individuals collected with bottom trawlers
from Manabi to ElI Oro. That study found C.
peruviana, the long-finned butterfish, Peprilus
medius, and other bony fish, crustaceans, and
cephalopods to constitute main prey of this
species. It also found spatial differences in the
diet composition by sampling zone, cataloguing
the species as an opportunistic predator that
consumes a wide variety of vertebrates and
invertebrates. Conversely, diet and feeding habits
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in Peru are well documented since Fuentes
(1983), Muck et al. (1988), Castillo et al. (1989),
Fuentes et al. (1989), Castillo et al. (1995, 1997),
Alamo and Blaskovic (1994), Alamo and Espinoza
(1996, 1997), Espinoza (2000, 2001), Blaskovic
and Espinoza (2011), Orrego and Mendo (2012),
and Castillo (2018, 2019). In Chile, Bahamonde
and Carcamo (1959), Hermosilla (1959), Arana
and Williams (1970), Meléndez (1984), Stobberup
(1992), Fuentealba (1993), Vidal et al. (1997),
Aguayo-Hernandez (1995), and Cubillos et al.
(2003, 2007), among others, have documented
the diet of this species.

The problem with M. gayi lies in the fact that
the International Union for Conservation of Nature
has cataloged it as data deficient with an unknown
population tendency (lwamoto et al., 2010), thus
entailing studies on how fishery affects its actual
populations. Conversely, Ecuador regulates fishery
and includes a management plan since 2013, even
though this species has been exported since 1999
(Garcia-Dominguez et al., 2014). However, due
to its catch reduction during the 2010s, Ecuador
changed this fishery to a small pelagic one.
This could continue since these fish populations
have remained stable by their constant landing
volumes (Global Marine Commodities, 2018).

The relevance of feeding studies (or the
analysis of a species diet and feeding habits)
lies in evaluating a species ecological role and
trophic position in ecosystemic trophic chains
(Allan and Castillo, 2007). Fish stomach content
analysis provides an idea regarding feeding
patterns and the quantitative evaluation of
feeding habits, is an essential aspect of fishery
management. The study of fish diet integrates
some relevant ecologic components, between
them, the behavior, condition, habitat use, energy
consumption, and intraspecific and interspecific
interactions (Sagar et al., 2018). Furthermore,
diet data supports aquatic resource management,
especially in aquaculture and conservation issues
(Saikia, 2015). In aquaculture, one of the most
significant aspects of the success of any species
used to culture refers to the management and
knowledge of diet composition, feeding habits,
and nutrition of the species of interest (Cahu,
2004; De Silva et al., 2012; Serrano et al., 2014).
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Traditionally, one of the basic methodologies to
study the nutritional requirements of wild fish
lies in determining the feeding preferences of the
species of interest and characterizing its natural
diet components and the nutritional value of each
(Amezaga-Herran, 1988). Regarding ecology
and conservation, studies that describe diets and
feeding habits can explain the trophic structure
and ecological dynamics of a marine community
involving key species (Riccioni et al., 2018). These
studies help prevent a decline in trophic levels
of the marine food web due to fishery (Shackell et
al., 2010), establishing the conscious exploitation
of trophic levels (Garcia et al., 2014). Furthermore,
knowing predator-prey relations and their changes
over time is essential to understanding the
population dynamics of multispecies and complex
ecosystem models (Carrozzi et al., 2019).
Ecuador has neither current studies on the
feeding ecology of M. gayi, including diet comparisons
between females and males, immature and mature
individuals, and years, nor on the characterization
of its feeding behavior and trophic level. Therefore,
it is essential to generate information related to
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these topics and their subsequent contribution to
the knowledge of nutrient and energy flow in this
region of the Pacific Ocean. Moreover, knowledge of
the trophic structure of an ecosystem is an essential
tool for fisheries and the role biological groups play
in energy transference, which indicates ecosystem
dynamics (Christensen and Pauly, 1995; Proulx et al.,
2005). Thus, this study aimed to characterize the
diet composition and feeding habits of M. gayi on
the coasts of Manabi, Santa Elena, and Guayas
in the Ecuadorian Tropical Eastern Pacific and its
relation to sex, sexual maturity stages, size classes,
and temporality.

METHODS

STUDY AREA AND SAMPLE COLLECTION

The four sampled localities included Puerto
Lépez in the Manabi province, Anconcito,
and Santa Rosa in the Santa Elena province,
and Posorja in the Guayas province, Ecuador
(Figure 1). Samples were obtained from artisanal
and industrial fleet landings using seine nets from
September 2013 to December 2014 (Table 1).

Figure 1. Landing locations of the South Pacific hake, Merluccius gayi, Ecuador, Tropical Eastern Pacific

Ocean from September 2013-December 2014.
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Total, fork (FL), and standard length (SL; cm, +
0.1 cm) were recorded for each individual, as well
as their total mass (TM; @), sex, and maturity
stage according to the scale modified from Perea
et al. (2015): 1) virginal, 2) maturing, 3) mature, 4)
spawning forfemales and evacuating for males, and
5) spawned for females and evacuated for males.
In total, three sex categories were considered:
indetermined individuals, females, and males;
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individuals were classified as indetermined if they
had small, thin, and whitish gonads. Additionally,
the state of gastric repletion was estimated from
individual stomachs considering reference values
from the scale by Stillwell and Kohler (1982):
0 (empty), 1 (25% full), 2 (50% full), 3 (75% full),
and 4 (100% full). Then, stomach contents were
placed in plastic bags with ice for transfer to
the laboratory.

Table 1. Number of South Pacific hake, Merluccius gayi, sampled by sex for each month in the Ecuadorian Pacific during

September 2013-December 2014.

Time (months) Indetermined Females Males Total
2013

September 13 28 2 43
October 0 60 37 97
November 0 0 0 0
December 0 0 0 0
2014

January 2 41 20 63
February 1 114 113 228
March 3 113 92 208
April 4 115 58 177
May 3 94 117 214
June 2 142 128 272
July 3 268 148 419
August 0 0 0 0
September 2 296 94 392
October 4 206 230 440
November 0 60 9 69
December 2 270 99 371
Total 39 1807 1147 2993

LABORATORY WORK

Samples were thawed to separate the
species in the stomach of collected individuals
by taxonomic groups and counted, measured
(cm), and weighed (g). Content was grouped
concerning their digestion state according to
Olson and Galvan-Magana (2002): state 1 or fresh
(easily identifiable individuals with complete
morphological characteristics), state 2 or partially
digested, state 3 or remains (individuals without
a head, body parts, or axial skeleton), and state 4
or completely digested (fish otoliths and structures;

cephalopod beaks and gladii; and crustacean
eyes, cephalothorax, legs, and chelae).

Prey was identified by the lowest possible taxa
using zooplankton-specific key guides by Boltovskoy
(1981), Cajas-Flores et al. (1998), Prado-Espafia
and Cajas-Flores (2010), and Naranjo and Tapia
(2013); the guides used for ichthyoplankton included
Ahlstrom (1972), Beltran-Ledn and Rios (2000), and
Calderdn (2011). Crustaceans were identified using
the guide by Hendrickx (1995) and cephalopods by
that from Iverson and Pinkas (1971), Wolff (1982,
1984), Clarke (1986), Roper et al. (1995), Jereb
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and Roper (2010), and Jereb et al. (2014). Fish
were identified with the guides by Clothier (1950),
Clothier and Baxter (1969), Fischer et al. (1995),
Garcia-Godos (2001), Jiménez-Prado and Bearez
(2004), Munoz (2012), Robertson and Allen (2015),
and Vinueza (2015).

DATA ANALYSIS

Data normality was assessed by the
Kolmogorov-Smirnov test (KS), showing an
abnormal distribution. Variance was evaluated
by the Levene method. Due to its heterogeneity,
non-parametric tests were used to analyze data.
The Mann-Whitney (W) and Kruskal-Wallis (H)
tests assessed significant differences between
sizes and TM by sex, diet by sex, and sexual
maturity stages, size classes, and years (Daniel,
1991; Celis-de-la-Rosa and Labrada-Martagén,
2014). To compare sex, three categories were
considered: indetermined individuals, females,
and males. Categories for sexual maturity stages
were immature and mature. Immature individuals
showed maturity stages 1 and 2, whereas
mature ones, from 3 to 5. The years compared
were 2013 and 2014. Individuals were classified
into four groups according to their size classes:
<30 cm TL, 31-45 cm TL, 46-60 cm TL, and
61-78 cm TL.

Size and TM range, mean (X), and standard
deviation (+) were established for each category.
Size frequency histograms were elaborated with
5-cm intervals (modified from Holden and Raitt,
1975). Additionally, the length-total mass relation
was determined by the potential model in Ricker
(1975): TM = a * TL ®°, in which a = intersection
of the ordinate axis and b = slope of the curve.
Parameter a is also denominated as the condition
factor or coefficienta nd b, as the allometry
factor or coefficient (Pauly, 1983; Espino-Barr et
al.,, 2008). Model adjustment to the length-total
mass data, with their respective 95% confidence
intervals (IC 95%) and a significance level of o =
0.05, was completed with the Minitab v.18 software
(Minitab, 2017).

Coincident curve analysis was applied to
determine the presence of significant differences
between the length-total mass relation curves by
sex (Chen et al., 1992):
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SCRp-LSCRi
2(K-1)
LSCRi
N-3K

In which F = value of the statistic, SCRp =
residual sum of squares of all pooled data, SCRi =
residual sum of squares of each sex, K = number
of curves to compare, and N = total number of
length-total mass data pairs. Once the total length-
total mass relation coefficients were estimated,
a type of growth (isometric or allometric) was
determined based on slope values: if b = 3,
it is isometric; b > 3, hyperalometric, and b <
3, hypoalometric (Pauly, 1984; Tesch, 1968;
Froese et al,, 2011). Moreover, growth types
were verified as isometric or allometric using the
isometry test (Pauly, 1983):

to= $9(9+16-3]+ {n-2)
sd(y)vVi-r2

in which fc = value of the statistic with
a significance level of a = 0.05, sd(x) = TL standard
deviation of log,, values, sd(y) = total weight
standard deviation of log,  values, r? = determination
coefficient, and n —2 = degrees of freedom.

The number of representative stomachs
to adequately describe the diet of M. gayi was
established by the method in Pileou (Hoffman, 1979).
It consists of graphing the number of stomachs with
food in the horizontal axis versus the accumulated
diversity of the consumed prey. Thus, obtaining the
accumulative curve of the latter and the number
of stomachs that reach the asymptote indicates
the minimum sample size. Likewise, the coefficient
of variation for each stomach was obtained and
graphed as a secondary axis; such coefficient
was obtained as the relation between the standard
deviation and the average diversity of Shannon’s
index (Ferry and Cailliet, 1996; Cortés, 1997).
For this, the number of stomachs was calculated
using the EstimateS V. 8.0 software (Colwell, 2019).
The number of analyzed stomachs was subjected to
100 permutations to eliminate bias with an o = 0.05.
The variation in selecting the respective number
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of stomachs totaled 0.05 (Jiménez-Valverde and
Hortal, 2003).

Number (%N), frequency of appearance (%FO),
and gravimetric methods (%M) were used as the
ecological indices (Hyslop, 1980). The importance
each prey species contributes to the diet of M. gayi
was evaluated by the Prey-specific index of relative
importance (%PSIRI) (Brown et al., 2011):

%PSIRI=[%FO*(%Ni+%Mi)]
2

inwhich %N.= percentage of specific abundance
for prey and %M, = percentage of specific mass
for prey. These parameters were obtained using
the following models: %Ni = %N/%FOi and %Mi =
%M/%FQOi. All ecological indices were applied for
each factor (by sex, sexual maturity stages, years,
and size classes).

The breadth of the predator diet was calculated
by the Levin Index (Bi) (Krebs, 1985):

8- (1))

n-1 " P2

in which Pij = proportion of prey j in the predator
diet i and n = number of prey species. The values of
this index range from 0 to 1, in which values below
0.6 indicate that the diet largely consists of few prey
items, making it a specialist predator. Higher values
than 0.6 indicate generalist predators (Labropoulou
and Eleftheriou, 1997). Also, hakes were
categorized as selective and opportunistic. Selective
predators use their resources (habitat and food) in
different proportions to their availability, whereas
opportunistic predators use resources equal to those
available (Johnson, 1980; Buskirk and Millspaugh,
2006). Munroe et al. (2014) suggested that resource
utilization by predators must be based on their
trophic behavior, so it is more appropriate to refer to
a low or a high degree of specialization. Therefore,
those fish that feed on a broad group of species (from
invertebrates to vertebrates) have a low degree,
and those that feed on small prey groups must be
cataloged with a high degree of specialization.

The trophic overlap analysis (feeding resources
repartition degree) was estimated using the
Jaccard similarity coefficient (Krebs, 1999):
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a+b+c

in which J = Jaccard index, the same that
employs the presence/absence of common
prey in predators; a = number of common prey
species in predators of both sexes, sexual
maturity stages, sizes, or time; b = the number
of exclusive prey species of a predator (females,
immature individuals, sizes, and the year 2013);
and ¢ = number of exclusive prey species of the
other predator (males, mature individuals, sizes,
and the year 2014). Values close to O indicate
no overlap, whereas those close to 1 suggest
an almost identical use of resources. The software
Past V. 4.01 was employed to determine such an
index (Hammer, 2020).

The trophic level (TL) was obtained by the
equation in Cortés (1999):

n=24
TLk= 1+(£ ij'TLj)
j=1

in which TL, = trophic level of the predator,
n = the number of prey species, Pj = relative
proportion of prey items that compose the predator
diet, and TL, = prey trophic levels. The trophic
levels of the consumed prey used in the TL,
estimations of M. gayi were obtained from Cortés
(1999), Cajas-Flores et al. (2022), and Froese
and Pauly (2023). Additionally, predators and prey
were categorized depending on their trophic level,
based on the scale by Odum (1971): 1. Primary
producers, 2. Herbivores (fed on level 1), 3. Primary
carnivores (consumed level 2), 4. Secondary
carnivores (ingested level 3), and 5. Tertiary
carnivores (consumed level 4).

RESULTS

Dier COMPOSITION

Characteristics of the sample. This study
analyzed 2,993 M. gayi individuals with sizes
ranging from 23.6 to 78 cm TL, out of which 1807
were females (60%), 1,147 males (39%), and
39 indetermined (1%). Indetermined individuals
ranged from 28.4 to 67.5 cm TL (X = 49.1 + 5.1),
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females from 25.6 to 77.1 cm TL (x = 48.5 + 9.3),
and males from 23.6 and 78 cm TL (X = 37.0
+ 5.8). Males were 1 cm bigger than females and
11 cm bigger than indetermined individuals. This
study found no significant differences between
the size of females and indetermined individuals
(W = 38,403.50; p > 0.05) but observed them

600
500 -+
400 4

300

Frequency

200 . r W males
100 4 | r |
,0, __ —| - — ,‘\I_I’Z._I:—__—__. . e ——
20 25 30 35 40 45 50
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between females and males (W = 34 052.00;
p < 0.05) and males and indetermined individuals
(W = 34,243.50; p < 0.05). The mode appeared
for the 45-49 cm TL class interval for females and
35 -39 cm TL for males (Figure 2). Immature and
mature individuals comprised 25 and 75% of the
analyzed capture, respectively.

n=2993

@ indeterminates

females

55 60 65 T0 75

Total length (¢cm)
Figure 2. Frequency length distribution of Merluccius gayi by sex in the coast of Manabi, Santa Elena, and
Guayas provinces, Ecuador. White bars = females, and black bars = males.

The TM of the analyzed hake ranged from 96.4
to 3,730 g: indetermined individuals, from 155 to
2551.5g (x = 1076.6 + 617.2); females, from 118.5
to 3,730 g (x = 981.6 + 613.2); and males, from
96.4 10 2283.6 g (x = 405.9 + 266.2). Females were
heavier than male and indetermined individuals.
This study found significant differences between
the TM of females and males (W = 36 647.70;
p < 0.05) and males and indetermined individuals
(W = 37,894; p < 0.05) but not for females and
indetermined individuals (W = 39,973.50; p > 0.05).

Merluccius gayi showed a general hyperallometric
growth, with an allometry coefficiento f b =
3.04 (IC,,,, = 3.03-3.05). Indetermined individuals
had a b = 2.96 (IC,,,, = 2.95-2.97), indicating an
isometric growth; females, a b = 3.08, indicating
an hyperallometric growth (IC,, = 3.07-3.09); and
males, a hypoallometric growth with a b = 2.52
(IC,, = 2.51-2.52). Isometry test results confirmed
this growth type at the species level (t = 3.12; p
< 0.05) in indetermined individuals (t = 0.37; p >
0.05), females (t = 2.51; p < 0.05), and males (t =
10; p < 0.05) (Figure 3).

Percentage of stomach fullness and prey
digestion states. Regarding the state of stomach
repletion, more than half the hake had empty
stomachs or were in state 0 (n =2011; 67%), followed
by state 1 (n = 549; 18%), full or state 4 (n = 167;
6%), state 2 (n = 143; 5%,), and state 3 (n = 123; 4%)).
More than half of the prey were wholly digested or in
state 4 (67%,), followed by partially digested or state
2 (15%,), advanced digestion or state 3 (14%), and in
a minimum digestive state (4%).

Cumulative curve of prey species. From the
2,993 analyzed stomachs, 1,042 had some content
(35%), whereas 1951 were empty, of which, 1,395
were everted. Moreover, 944 stomachs managed
to adequately represent the diet or describe the
components of this species trophic spectrum
(Figure 4).

Trophic spectrum. The species diet comprised
27 food items grouped into four taxonomic groups:
foraminifera, cephalopods, crustaceans, and bony
fish. Cephalopods generally included squids,
whereas crustaceans encompassed copepods,
euphausiids, amphipods, and decapods. Bony
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fish included anchovies, sardines, codlets, hakes,
jacks, and barbels. M. gayi consumed 78,453 preys,
with a total weight of 13,747 g. According to the
%PSIRI, the most important prey species refer to
the euphausiid, Nyctiphanes simplex (52%), and

Feeding ecology of Merluccius gayi in Ecuador

the same hake species (M. gayi; 31%), making it
a cannibal predator. Other less important species
include the Peruvian barbel drum (Ctenosciaena
peruviana), the Pacific thread herring (Opisthonema
libertate), and other unidentified fish (Table 2).

Figure 3. The relation between total length and total body mass of Merluccius gayi in the Ecuadorian Pacific Ocean
for (a) both sexes, (b) indetermined individuals, (c) females, and (d) males. White circles = observed data, and lines

= estimated relationship.
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Cumulative Diversity Index of Shannon-Weiner
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Figure 4. The accumulative curve of prey species in the stomachs of Merluccius gayilan-
ded in Santa Rosa, Ecuador, showing the Cumulated Diversity Index of Shannon-Weiner
and the Coefficients of Variation against the number of analyzed stomachs.
he arrow indicates the number of stomachs whose curve reached the asymptote.
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Table 2. Food items Merluccius gayi consumed in the Ecuadorian Pacific Ocean and their respective indices: percentage
of number (%N), percent of frequency of occurrence (%FOi), percent of total mass (%M), %Ni = percentage of prey-specific
abundance, %Mi = percentage of prey-specific mass, and %PSIRI = percentage of prey-specific index of relative importance.
The taxonomic order of the prey species is based on Young et al. (2019) for cephalopods; Van der Laan et al. (2023), for fish;
and Catalogue of Life (2023), for the remaining prey.

Prey species %N %M %FOi %6Ni YoMi %PSIRI
Rhizaria

Phylum Foraminifera 0.02 0.01 0.38 0.04 0.02 0.01
Cephalopods

Loligo sp. 0.05 1.72 2.69 0.02 0.64 0.88
Crustaceans

Euconchoecia chierchiae 0.00 0.00 0.10 0.01 0.00 0.00
Acrocalanus sp. 0.00 0.00 0.19 0.01 0.00 0.00
Calanus sp. 0.03 0.00 1.06 0.02 0.00 0.01
Undinula sp. 0.00 0.00 0.10 0.01 0.00 0.00
Corycaeus sp. 0.00 0.00 0.10 0.01 0.00 0.00
Microsetella rosea 0.00 0.00 0.10 0.01 0.00 0.00
Oncaea clevei 0.00 0.00 0.10 0.03 0.00 0.00
Oncaea venusta 0.00 0.00 0.10 0.01 0.00 0.00
Copepod eggs 0.05 0.00 0.29 0.19 0.00 0.03
Nyctiphanes simplex 96.21 8.27 25.24 3.81 0.33 52.24
Krill eggs 0.93 0.00 0.77 1.21 0.00 0.47
Amphipods 0.02 0.00 0.48 0.03 0.00 0.01
Decapods 1.04 0.00 8.25 0.13 0.00 0.52
Invertebrates

Invertebrate eggs 0.50 0.00 3.93 0.13 0.00 0.25
Actinopterygii

Engraulis ringens 0.03 0.77 1.44 0.02 0.53 0.40
Opisthonema libertate 0.05 2.60 2.69 0.02 0.97 1.32
Bregmatoceros bathymaster 0.01 0.03 0.38 0.02 0.09 0.02
Merluccius gayi 0.20 61.78 14.88 0.01 4.15 30.99
Family Bothidae 0.00 0.03 0.10 0.01 0.34 0.02
Symphurus sp. 0.00 0.06 0.19 0.01 0.30 0.03
Chloroscombrus orqueta 0.00 0.31 0.29 0.01 1.08 0.16
Ctenosciaena peruviana 0.03 13.46 2.21 0.01 6.10 6.74
Unidentified fishes 0.23 10.96 17.56 0.01 0.62 5.60
Fish remains (scales) 0.56 0.00 34.84 0.02 0.00 0.28
Fish eggs 0.02 0.00 1.73 0.01 0.00 0.01
Total 100 100 100
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Feeding by sex mainly consisted of N. simplex
and M. gayi (78-92%). The trophic spectrum of
indetermined individuals showed only five prey
species, 681 consumed organisms, and 353 g
of ingested mass. The female diet comprised
22 species, 22 714 individuals, and 11 140 g.
Males fed on 21 species, 52 209 specimens, and

Feeding ecology of Merluccius gayi in Ecuador

2301 g. This study found significant differences
in diet composition between females and males
(W = 742.50; p > 0.05), observing significant
differences between females and indetermined
individuals (W = 981; p < 0.05) and between
males and indetermined individuals (W = 963.50;
p < 0.05) (Figure 5).

Figure 5. Prey-Specific Index of Relative Importance (%PSIRI) in the diet of Merluccius gayi
by sex, including indetermined individuals in the Ecuadorian Pacific Ocean.

According to sexual maturity stages, results
showed the importance of N. simplex and M. gayi (78-
88%) in the diet of this predator. Immature females
ingested fewer prey species (13), organisms (4430),
and mass (1392 g) than mature females, which had
a higher trophic spectrum (22), number of individuals
(22 358), and consumed mass (10,104 g, thus
evincing significant differences in diet composition

between immature and mature females (W =612; p <
0.05). Immature males fed on 18 prey species, fewer
specimens (14,652), and less mass (745 g) than
mature males, which registered 17 species, more
than twice the number of individuals (37,557), and
a higher mass (1,581 g). However, diet composition
between immature and mature males showed no
significant differences (W = 736; p > 0.05) (Figure 6).

Figure 6. Prey-Specific Index of Relative Importance (%PSIRI) in the diet of Merluccius gayi

by sexual maturity stages in Ecuador.
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Regarding size classes, N. simplex and M. gayi
(58-67%) constituted the most critical components
in the trophic spectrum of this species. Hakes <30
cm TL had a diet of 18 species, 12,403 organisms,
and 457.35 g. Fish from 31-45 cm TL had many
prey species (n = 22), 65,877 organisms, and
2,275 g. Hakes from 46-60 cm TL showed fewer
prey species (n = 14), 706 individuals in their diets,
and 7,318 g. Fishes from 61-78 cm TL showed
the lowest number between analyzed size classes

Feeding ecology of Merluccius gayi in Ecuador

(n = 10), 387 organisms, and 2194 g. Feeding
by size classes showed significant differences
(H =9.48; p < 0.05) (Figure 7).

The trophic spectrum by years also
predominantly consisted of N. Simplex and M. gayi
(83-86%). The predators from 2014 consumed
a higher quantity of prey (26), specimens (68 859),
and mass (12 741 g) than those from 2013.
Feeding by years showed significant differences
(W = 495.50; p < 0.05) (Figure 8).

Figure 7. Prey-Specific Index of Relative Importance (%PSIRI) in the diet of Merluccius gayi sampled by

size classes.

Figure 8. Prey-Specific Index of Relative Importance (%PSIRI) in the diet of Merluccius gayi sampled by years.
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FEEDING HABITS

Trophic niche breadth. According to Levin’s
Index, the diet breadth was low (Bi = 0.03) for
the general category, indicating that M. gayi is
a specialist mesopredator due to the preference of
two prey species from its diet composed of 27 items.
Regarding sex, the three categories showed similar
values for indetermined (Bi = 0.05), female, and
male individuals (the latter with the same value
of Bi = 0.01. This resembled immature and mature
females and males, hakes <30 cm TL and 31-45 cm
TL, and fishin 2013 and 2014 (Bi = 0.01). However,
hakes from 46-60 cm TL (Bi = 0.40) and 61-78 cm
TL (Bi = 0.36) showed higher values.

The different proportions of prey species and
consumed abundance classified Merluccius gayi
as a selective predator. Moreover, it shows a high
degree of specialization since it preferred to feed
on a few prey groups (cephalopods, crustaceans,
and Osteichthyes).

Diet overlap. The trophic overlap analysis
by sex was low (J = 0.23) for females and
indetermined individuals and for indetermined
individuals and males (J = 0.24), indicating that
they fed on distinct prey in different proportions, i.e.,
they showed no similarity in their diets. However,
females and males had a moderate value (J = 0.59),
which suggests a certain degree of similitude in
their trophic spectrum and proportions.

Regarding sexual maturity stages, this study found
moderate values in the diet of immature and mature
females (J = 0.56), immature and mature males (J
= 0.67), and mature females and males (J = 0.62).
Immature females and males showed a great overlap
(J = 0.78), which suggests a feeding similarity; i.e.,
similar prey species and proportions. For size classes,
the diet had moderate values (J = 0.42-0.63), except
for hakes from 31-45 and 61-78 cm TL (J = 0.33),
which was low. Furthermore, individuals from 2013
and 2014 showed low (J = 0.31) or no similarity.

Trophic level. All M. gayi categories showed
similar trophiclevels. Generally, a TLk = 3.22 indicates
a primary carnivore mesopredator. Concerning sex,
indetermined individuals (TLk = 3.30) resembled
females (TLk = 3.26) and males (TLk = 3.22), as
did immature and mature females (TLk = 3.26 for
both) and immature and mature males (TLk = 3.22
for both) and hakes <30 cm TL (TLk = 3.25) and
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from 31-45 cm TL (TLk = 3.22). However, it was
higher for hakes from 46-60 cm TL (TLk = 3.98) and
those from 61-78 cm TL (TLk = 4.00). The latter
belonged to the category of secondary carnivores.
Moreover, hakes from 2013 (TLk = 3.21) and 2014
(TLKk = 3.23) resembled each other.

DISCUSSION

DIET COMPOSITION

Percentage of stomach fullness. In this
study, 35% of the assessed stomachs had gastric
content, whereas 64% of the stomachs of M. gayi
in Paita, Peruvian Pacific, had gastric content
(Orrego and Mendo, 2012). A similar value of 63%
has been observed for M. gayi in Talcahuano,
Chilean Pacific (Cubillos et al., 2003) and 45%
for the Panama hake, M. angustimanus, in Baja
California Sur, Mexico (Balart, 2005). In this study,
the low percentage of stomachs with content could
stem either from the voracious feeding behavior of
hakes (Inada, 1995) or from the passage of time
between capture and landing. Overall, twelve
hours are sufficient for the gastric juices to break
down and digest the food this predator consumes,
even after death (Bowen, 1996).

Cumulative curve of prey species. The
number of stomachs analyzed to adequately
represent the diet of M. gayi totaled 944, which
included 27 prey species. This quantity of
stomachs was higher than those from the same
sampling sites for this species; out of the 232
stomachs analyzed, 155 (67%) had content and
77 (33%) were empty. Thus, the latter number of
stomachs was insufficient to describe the trophic
spectrum (Varela and Pincay-Espinoza, 2019). In
this case, the number of prey species totaled 12,
and despite being lower than in this, the asymptote
remained unreached. Therefore, obtaining a bulk
number of stomachs for analysis is necessary
regardless of the prey items found. Conversely, the
number of stomachs to reach the asymptote for M.
angustimanus totaled 250, with a diet composed
of seven species (Balart, 2005). Hence, a lower
prey-specific richness of such species is related
to the low number of stomachs analyzed when
compared to this study.
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Trophic spectrum. The diet of M. gayi consisted
of 27 preys, including foraminifera, cephalopods,
crustaceans, and bony fish. The main prey items
referred to N. simplex and the same hake species.
The trophic spectrum comprised 12 species
of similar taxonomic groups, in which C. peruviana
and N. simplex configured the most critical prey
(Varela and Pincay-Espinoza, 2019). The particular
oceanographic characteristics of each study site
could explain the differences in prey number
and abundance. The most septentrional regions
in Ecuador (Esmeraldas and Manabi province) suffer
the influence of the Panama current, with warm waters
poor in nutrients. In contrast, southern and central
areas (Santa Elena, Guayas, and El Oro provinces)
suffer the influence of the coastal Humboldt current,
with nutrient-rich cold waters (Sonnenholzner et al.,
2013; Martinez-Ortiz et al., 2015).

Changes in phytoplankton communities can
reduce the body size and biomass of certain fish
communities while favoring other fish species.
This has been reported for the Humboldt
upwelling system, whose warm water conditions
favor phytoplankton communities dominated by
picoplankton, which increase sardine biomass. In
contrast, cold water conditions favor phytoplankton
communities dominated by diatoms, which increase
anchovy biomass (Pennington et al., 2006). Similar
variations have been observed for specific sites
on the Ecuadorian coast, suggesting an essential
change in the phytoplankton community between
warm and cold months (Torres, 2010; Pesantes,
1983). For example, Puerto Bolivar and the Gulf
of Guayaquil seasonally suffer the influence of
the Humboldt Current and Humboldt upwelling
system (Montecino and Lange, 2009). The
influence of these currents explains the higher
values of Chlorophyll a (Chl a) in these areas when
compared to other sites along a coastal profile
of Ecuador (Chinacalle-Martinez et al.,, 2021).
However, Esmeraldas lies farther north, away from
the Humboldt upwelling system, suggesting that
its high primary production values are associated
with nutrient fertilization from river and mangrove
discharge (Chinacalle-Martinez et al., 2021).
The Gulf of Guayaquil and Esmeraldas receives
water discharge from the largest hydrographic
systems on the Ecuadorian coast and their estuaries
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show high concentrations of nitrates, phosphates,
and silicates (Salcedo and Coello, 2018). These
nutrients promote the increase in phytoplankton
biomass, particularly of diatoms (Naranjo and Tapia,
2002; Prado-Espana et al., 2017), which have been
found as the main contributors to the total marine
primary production and particulate carbon exported
to depths (Tréguer et al., 2017). In these sites, Chl a
concentrations of 1 to 7 mg m® have been reported
(Chinacalle-Martinez et al., 2021), resembling in
situ studies based on the contribution of nutrients
by river discharges (Coello and Prado, 1999;
Tapia and Naranjo, 2004). Such studies support
the premise that Humboldt upwellings and river
discharge systems along the coast of Ecuador can
control primary production, thus structuring marine
food chains by synthesizing and incorporating
matter and energy to feeders at higher trophic
levels (Chinacalle-Martinez et al., 2021).

The diet of M. gayi in the Peruvian Pacific
consisted of 57 species grouped in cephalopods,
crustaceans, and Osteichthyes, in which the same
hake (41%), Engraulis ringens (24%), and the
lumptail searobin Prionotus stephanophrys (10%)
stood out (Orrego and Mendo, 2012). This differed
from another study in which the trophic spectrum
consisted of 19 species with the same taxonomic
groups, including echinoderms with euphausiids
(74%) and the same hake (24%) (Castillo,
2018). The latter diet resembles that in this study
regarding the most important species.

The diet composition of M. gayi failed to differ
by sex, showing the prevalence of N. simplex
and the same hake species. In Argentinian
waters in the Southwest Atlantic Ocean, both
sexes of the Southern hake, Merluccius australis,
showed a similar diet (Giussi et al., 2016). In
Peru, prey consumed by females included
the same hake (M. gayi), C. peruviana, the
shrimp Pasiphaea americana, E. ringens, and
the red squat lobster, Pleuroncodes monodon;
contrarily, males had different feeding patterns,
preferring squid from the Loliginidae family, the
same hake (M. gayi), E. ringens, P. americana,
and euphausiids (Castillo, 2018). The similarity
in the trophic spectrum by sex suggests a certain
degree of food competition between females and
males. Furthermore, the differences in their diet
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composition indicate one selection in feeding
due to segregation processes related to habitat
use (availability of prey and habitat) and behavior
(Wearmouth and Sims, 2008).

The trophic spectrum of M. gayi by sexual
maturity stages indicated differences in feeding
between immature and mature females but
not between immature and mature males.
This study considered feeding information related
to their biological phase cycles due to scarce
data regarding its diet composition and feeding
habits. Young individuals (<37 cm TL) mostly fed
on planktonic crustaceans such as euphausiids,
whereas adults (individuals > 37 cm LT) feed
on fishes (e.g., anchovy, Engraulis ringens,
Araucanian herring, Strangomera bentincki, and
benthic crustaceans (the galatheid P monodon)
(Gatica et al., 2015). These feeding differences
by sexual maturity stages suggest no intraspecific
competition due to the exploitation of food
resources in different trophic niches. The ontogenic
changes in fish feeding behavior stem from the
energetic requirements related to the growth and
development of each individual.

The diet of M. gayi differed by size classes.
The species showed this pattern in its feeding
concerning sizes from classes | (< 30 cm de TL),
IV (40-45 cm de TL), and V (> 45 cm de TL). Thus,
those from class | mainly fed on euphausiids (58%);
those from class Il (30-35 cm de TL) and Il (35-40
cm de TL), on the long-finned butterfish, Peprilus
medius (56-69%); and class IV and V, on C.
peruviana (77-88%) (Varela and Pincay-Espinoza,
2019). In the case of M. angustimanus, the
red crab, Pleuroncodes planipes, configured
the predominant prey within a trophic spectrum
with crustaceans, mollusks, and Osteichthyes.
For all size classes (I -1V, <16 —>25 cm TL) in the
Mexican Pacific P. planipes dominated diets, but in
the size class |, the second most important prey
refers to Nyctiphanes simplex, whereas, in the size
classes ll, lll and IV, the same hake species (Balart,
2005). These feeding differences by size classes
indicate that bigger hakes can explore different
habitats and capture larger prey. Predators become
more successful with size due to various factors,
including increased sustained and burst swimming
speeds and better visual acuity (Keast and Webb,
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1966; Blaxter, 1986; Scharf et al., 2000). For most
fish, the sizes of the prey generally increase with
predator size (Keast and Webb, 1966; Juanes,
1994; Scharf et al., 2000).

The smallest M. gayi individuals also
showed distinct feeding preferences, consuming
crustaceans and small fish such as E. ringens and
the South American pilchard, Sardinops sagax,
whereas the largest individuals ingested bigger
fish, such as P. stephanoprys and the same hake
species (Alamo and Blaskovic 1994; Alamo and
Espinoza 1996, 1997). For M. gayi gayi in Chile,
hakes ranging from 26 to 55 cm TL consumed
P. monodon, especially those that reached sexual
maturity (Arancibia and Fuentealba, 1993).

Bony fish play an essential role in the diet of M.
gayi, resembling M. merluccius from Viscaya Bay
and the Celtic Sea, Northeast Atlantic Ocean, in
which specimens larger than 23 cm TL preferred
to feed on the Atlantic horse mackerel, Trachurus
trachurus; European pilchard, Sardina pilchardus;
European anchovy, Engraulis encrasicolus;
and the blue whiting, Micromesistius poutassou
(Mahe et al, 2007). These authors sustain
that the ontogenic changes in species diet are
related to the increased energetic demand for
growth. In the stomach contents of M. merluccius
belonging to different size classes in the Tyrrhenian
Sea, south of the Mediterranean, the presence
of mesopelagic fish species and euphausiids and
mysids highlights the presence of a flow of energy
and organic matter from a mesopelagic to epipelagic
environment (D’lglio et al., 2022a). The geomorphic
characteristics of this study area, together with the
circulation of water masses and upwelling processes
(Gasparini et al., 2005; Marullo et al., 2011), promote
and increase the vertical migration of mesopelagic
fish to shallow waters, increasing contact between
this community and demersal predators such as
hake (D’Iglio et al., 2022a). This clearly exemplifies
reverse energy flow from deep to epipelagic waters,
essential for demersal species.

Furthermore, these feeding variations are
also associated with morphological growth shifts,
which enable them to capture prey of various
types and sizes (Castillo, 2018). Similar results
have also been reported in this area from 2018 to
2020, in which M. merluccius preys on species in
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the benthic layer and throughout the water column
(D’lglio et al., 2022b). The trophic spectrum
reported for this species ranges from exploited
prey in the benthic environment and mesopelagic
bioluminescent species and nektobenthic prey
species along vertical and horizontal migrations
(D’Iglio et al.,, 2022b). The large spectrum
of prey M. merluccius exploits makes this species
an essential predator, highlighting its crucial role
in the energy exchange between different depths
and trophic levels (Modica et al., 2015).

Quantitative and qualitative diet shifts could
be regulated and synchronized by mouth size
(which increases with the size of the individual)
and the energetic reward from captured prey when
compared to prey availability (Balart, 2005). Notably,
a study involving the morphology and histology
of the stomachs of M. australis in Puerto Montt,
Chile, determined this species as a carnivore
predator with a digestive system adapted to digest
and absorb prey rich in proteins, mainly fish and
crustaceans (Serrano et al., 2014).

The diet composition of M. gayi individuals
collected in 2013 differed from those in 2014.
One of the limitations of this study was that sample
collection failed to include the whole year of 2013,
and 2014 was a year with an El Nifio event. This is
similar to what was found in Peru, where the same
event occurred in 1997 and 1998 and amplified
trophic spectrum to 46 prey species, whereas the
number of prey items in 1995 and 1996 totaled
15 and 19, respectively (Orrego and Mendo,
2012). The warm water from this event varies
habitat temperature, changing prey species
or feeding availability in a habitat (Espino, 1990;
Guevara-Carrasco and Wosnitza-Mendo, 2009).

FEEDING HABITS

The trophic niche breadth classified M. gayi
as a specialist and selective predator with a high
degree of specialization since it preferred two
species out of 27. This differs from other
classifications that cataloged it as an opportunistic
predator that feeds on various invertebrates
and vertebrates (Varela and Pincay-Espinoza,
2019). It is also categorized as an opportunistic
predator because it takes advantage of the
feeding resources from various strata in marine
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environments. For example, the diet of this
species in the Peruvian Pacific consisted of 19
prey species (six crustaceans, one cephalopod,
one echinoderm, and 11 Osteichthyes). From
these, the euphausiids, M. gayi, and the glass
shrimp, Pasiphaea americana, configured the
predominant species. Additionally, M. gayi
inhabiting the Coquimbo and Carrizal bays
off northern Chile showed that 22 prey species
composed its diet, in which the deep-sea shrimp,
Heterocarpus reedi; the euphausiid, Euphausia
mucronata; the yellow squat lobster, Cervimunida
johni; and P. monodon (Vidal et al., 1997) mainly
contributed to its trophic spectrum. Hence, it shows
a heterogeneous diet and feeds on the most
abundant ones, which supports its wide distribution
in other areas (Vidal et al., 1997; Castillo, 2018).
It is essential to highlight that the categorization
of M. gayi as a specialist predator is reasonable
given that the long-term diet analysis of this
species in Chile determined that it has retained its
food preferences in the last two decades, focusing
on P. monodon, the stomatopod, Pterygosquilla
armata; euphausiids, E. ringens; and the hake
itself (Arancibia and Fuentealba, 1993).

The trophic level of M. gayi indicated
it was a mesopredator carnivore (primary and
secondary). This is similar to the report for this
species in Chilean waters (TL, = 4.26) (Konchina,
1983), belonging to a high trophic level predator
(Meléndez, 1984; Neira and Arancibia, 2004;
Neira et al., 2004; Gatica et al., 2015), specifically
a secondary carnivore. Moreover, the trophic
level of M. australis (TL, = 4.50) indicated that
this species is a secondary carnivore whose diet
mainly consists of Osteichthyes, cephalopods,
crustaceans, and salps (Wéhler et al., 1999;
Mari and Sanchez, 2002; Sanchez and Mari,
2002; Giussi et al., 2016). This latter trophic level
was similar to the South Pacific hake.

Merluccius gayi is an important mesopredator
in the coastal and marine ecosystems
of the Ecuadorian Pacific. It comprises the
diet of higher trophic level species, such
as the pelagic thresher, Alopias pelagicus;
the crocodile shark, Pseudocarcharias kamoharai,
the shortfin mako, Isurus oxyrinchus; the scalloped
hammerhead, Sphyrna lewini; the Atlantic blue
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marlin, Makaira nigricans; the striped marlin,
Kajikia audax; the Indo-Pacific sailfish, Istiophorus
platypterus; and the swordfish, Xiphias gladius
(Estupinan-Montano et al., 2009; Rosas-Luis et al.,
2016; Loor-Andrade et al., 2017; Calle-Moran and
Galvan-Maganfa, 2020; Calle-Moran et al., 2022),
among others. It is also an essential part of the
feeding spectrum of the South American sea lion,
Otaria flavescens, in marine ecosystems from
the Chilean Pacific (George-Nascimento et al.,
1985). The hake fulfills a fundamental role in such
ecosystems because it is a mesopredator that
allows nutrient and energy flow in the trophic
chains it participates in.

The diet of M. gayi included the same hake
species, which indicated cannibalism (13-45%).
This has also been observed for the species in the
Peruvian and Ecuadorian oceans (Hermosilla,
1959; Meléndez, 1984; Cubillos et al., 2003;
Orrego and Mendo, 2012; Castillo, 2018).
Such behavior is typical in most hake species,
such as M. angustimanus, M. merluccius,
the shallow-water Cape hake, M. capensis,
and the deep-water Cape hake, M. paradoxus
(Punt et al., 1992; Balart, 2005; Carpentieri et al.,
2005; Mahe et al., 2007). The hypotheses that
attempts to explain cannibalism indicate that
(a) it is a self-regulation population mechanism
given that hakes form large shoals in which small
and large individuals coexist and the biggest
consume the smallest (Lleonart et al., 1983,
1985); (b) this behavior occurs during autumn and
winter, seasons in which its energy increases due
to growth (Fuentes et al., 1989); and (c) the lower
availability of E. ringens increases cannibalism as
individuals can take advantage of their species
(Alamo and Espinoza, 1997).

The hunting behavior of M. gayi indicates
that it remains close to the bottom of the ocean
during the day, forming more or less dense
shoals and performing vertical migrations to the
surface during sunset and night (Avilés et al.,
1979). These movements enable the species to
feed on organisms with different habitats. Hence,
its diet is predominantly pelagic, followed by
benthic and demersal species (Meléndez, 1984;
Cubillos et al., 2003).
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CONCLUSION

The feeding strategy of Merluccius gayiinvolved
a diet composed of 27 feeding items, including
foraminifera, squid, crustaceans, and bony fish.
The species highly preferred two prey species:
the euphausiid, Nyctiphanes simplex, and the
same hake species, M. gayi, evincing cannibalism
in its trophic behavior. Its diet differed during its
first life stages (individuals with indetermined
sex), remaining similar in females and males.
Immature and mature males showed a similar
feeding spectrum. However, mature and immature
females ingested different prey at a temporal scale.
This species is a selective specialist mesopredator
with a high specialization degree that exploits
the trophic niche resources of its environment.
Its estimated trophic level classifies it as a first-
order carnivore predator.

Feeding studies based on stomach contents
precisely describe the prey species that
individuals consume on a recent time scale.
However, carbon and nitrogen stable isotope
analysis is recommended to investigate feeding
patterns over extended periods. Knowing what an
individual consumes helps to understand a species
role within an ecosystem and how it relates to its
environment.
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