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Distribution and abundance of the Pacific hake, Merluccius productus, and
relationship with the environment in the Gulf of California, Mexico
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ABSTRACT. Climate and oceanic conditions determine the Pacific hake (Merluccius productus) distribution pattern. The present work aimed to
identify the spatiotemporal relationship between the distribution and abundance of Pacific hake and the environment in the Gulf of California.
Information obtained from 6 research cruises carried out between 2014 and 2019 was analyzed. The results showed that the Gulf of California
hake reaches a total length of 105 cm, exhibiting sexual dimorphism at total lengths >73 cm. The highest resource biomass (68,260.37 t) was
found in February 2019 at depths between 200 and 300 m and the lowest was found in October 2016 (6,917.80 t) at depths between 100 and
150 m. These centers of abundance were located at bottom temperatures between 13 and 14 °C, north of Angel de la Guarda Island and between
the great islands (Tiburdn Island and Angel de la Guarda Island). After adjusting generalized additive models between seasonal hake catches
and different environmental, spatial, and temporal variables, bottom temperature was found to be the variable that best described these centers
of abundance.

Key words: Gulf of California, bottom temperature, depth, research cruises, generalized additive models.

RESUMEN. Las condiciones climaticas y ocednicas determinan el patron de distribucion de la merluza del Pacifico (Merluccius productus).
El presente trabajo tuvo como objetivo conocer la relacion espaciotemporal entre la distribucion y la abundancia de la merluza del Pacifico
y el ambiente en el golfo de California. Se analizé la informacion obtenida de 6 cruceros de investigacion realizados entre 2014 y 2019. Los
resultados mostraron que la merluza del golfo de California alcanza tallas de 105 cm de longitud total y presenta dimorfismo sexual a tallas
>73 cm de longitud total. La mayor biomasa del recurso (68,260.37 t) se encontrd en febrero de 2019 entre los 200 y 300 m de profundidad,
y la menor, en octubre de 2016 (6,917.80 t) a profundidades de 100150 m. Los centros de abundancia se localizaron a temperaturas de fondo
de entre 13 y 14 °C, al norte de la isla Angel de la Guarda y entre las grandes islas (isla Tiburon e isla Angel de la Guarda). Al ajustar modelos
aditivos generalizados entre las capturas de merluza de cada estacion y distintas variables ambientales, espaciales y temporales, se encontro que
la temperatura de fondo fue la variable que mejor describi6 estos centros de abundancia.

Palabras claves: golfo de California, temperatura de fondo, profundidad, cruceros de investigacion, modelos aditivos generalizados.
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INTRODUCTION

The Pacific hake, Merluccius productus (Ayres, 1855), is
distributed along the coasts of Canada and the United States
of America and along the coast of Mexico down to the Gulf
of Tehuantepec, even in the Gulf of California (Lloris et al.
2005). It is a demersal species whose habitat extends from
the continental shelf down to 1,000 m depth (FAO 1995).
Considering its population structure, more than 3 stocks
have been identified throughout its distribution range: the
first, called the coastal stock, is distributed from southern
California to Queen Charlotte Strait, Canada; the second is
found in the south-central portion of Puget Sound, United
States of America; and the third is located in the Strait of
Georgia, Canada (Iwamoto et al. 2004). In the California
Current hake show migratory movements, to the north for
feeding and to the south for reproduction (Bailey et al. 1982).
These movements are associated with anomalies in subsur-
face temperature, the intensity of the northbound subsurface
current, and changes in the distribution of their prey during
warm and cold years (Smith et al. 1990, Dorn 1995).

Swartzman (1997) used generalized additive models to
analyze the relationship between hake schools and bottom
temperature along the coast of the United States of America
and observed a latitudinal spatial pattern, where aggregations
in northern latitudes were located at greater depths and far
from the coast. Similarly, Benson et al. (2002) explored the
relationship between ocean conditions and mature hake bio-
mass in Canadian waters using linear regressions and found
an inverse relationship between biomass and upwelling anom-
alies, which explained 77% of the variance of such biomasses.
Using a geostatistical regression model, Agostini et al. (2006,
2008) found a significant relationship between hake migra-
tory movements and the subsurface current and depth.

In the Gulf of California there are 4 water masses with
circulation patterns that are related to the local wind system
and tidal currents, which generate constant upwelling and
high productivity (Torres-Orozco 1993, Alvarez-Borrego
2007). Consequently, the Gulf of California is the most
important fishing region in Mexico (Lluch-Cota et al. 2007),
and numerous investigations and explorations have been car-
ried out in it over decades. As a result, in the beginning of
the 1970s, the presence of hake was documented in the gulf,
with preferential habitat north of Tiburdn Island, Sonora, and
maximum peak abundances in the winter and spring months
(Mathews et al. 1974, Padilla-Garcia 1981, Grande-Vidal
1983, Nevarez-Martinez et al. 2007). Hake distribution in
the gulf is associated with the largest catches of the resource
(INAPESCA 2020) and the reproductive maximum, which
indicates that fishing activities are done on reproductive
aggregations (Denton-Castillo 2018).

In general, biological knowledge on the Pacific hake
inhabiting the Gulf of California is scarce considering that
this resource has the potential for fishing development
(DOF 2018) and that climatic and oceanic conditions affect
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INTRODUCCION

La merluza del Pacifico, Merluccius productus (Ayres,
1855), se distribuye a lo largo de Canada y Estados Unidos
de América, y en México hasta el golfo de Tehuantepec e
incluso el golfo de California (Lloris et al. 2005). Es una
especie demersal cuyo habitat se extiende desde la plata-
forma continental hasta los 1,000 m de profundidad (FAO
1995). A lo largo de su distribucion y considerando su estruc-
tura poblacional, se tienen identificadas mas de 3 unidades
de manejo (stocks): la primera, llamada stock costero, se
distribuye desde el sur de California hasta el estrecho de la
Reina Carlota, Canada; la segunda, en la parte centro-sur del
estrecho de Puget, Estados Unidos de América; y la tercera,
en el estrecho de Georgia, Canada (Iwamoto et al. 2004). En
la corriente de California, la merluza presenta movimientos
migratorios, hacia el norte para alimentarse y hacia el sur
para reproducirse (Bailey et al. 1982). Estos movimientos
son asociados a anomalias en la temperatura subsuperficial,
la intensidad de la corriente subsuperficial hacia el norte y
los cambios en la distribucion de sus presas durante los afios
calidos y los frios (Smith et al. 1990, Dorn 1995).

Swartzman (1997) analizé la relacion entre los cardi-
menes de merluza y la temperatura de fondo en las costas de
los Estados Unidos de América, mediante modelos aditivos
generalizados y observo un patron espacial latitudinal, donde
las agregaciones en las latitudes nortefias se localizaron a
mayor profundidad y alejadas de la costa. En este mismo
sentido, Benson et al. (2002) exploraron la relacion entre las
condiciones del océano y la biomasa de merluzas maduras en
aguas canadienses a partir de regresiones lineales y encon-
traron una relacion inversa de la biomasa con las anomalias
de surgencias, las cuales explicaron el 77% de la varianza de
dichas biomasas. Agostini et al. (2006, 2008), a través de un
modelo de regresion geoestadistica, encontraron una relaciéon
significativa entre los movimientos migratorios de la merluza
y la corriente subsuperficial y la profundidad.

El golfo de California alberga 4 masas de agua cuyo patrén
de circulacion esta relacionado al sistema de vientos locales
y a las corrientes de marea, lo cual genera surgencias cons-
tantes y alta productividad (Torres-Orozco 1993, Alvarez-
Borrego 2007). Es por ello que el golfo de California es la
region pesquera mas importante de México (Lluch-Cota et
al. 2007), y en ¢él se han realizado numerosas investigaciones
y exploraciones durante décadas. Derivado de estas, a princi-
pios de la década de los setenta, se documento la presencia de
la merluza en el golfo, con un habitat preferencial al norte de
la isla Tibur6n, Sonora, y con picos maximos de abundancia
en los meses de invierno y primavera (Mathews et al. 1974,
Padilla-Garcia 1981, Grande-Vidal 1983, Nevarez-Martinez
et al. 2007). La distribucion de la merluza en el golfo esta
asociada a las mayores capturas del recurso (INAPESCA
2020), asi como al maximo reproductivo, lo cual indica que
la actividad pesquera se realiza sobre agregaciones reproduc-
tivas (Denton-Castillo 2018).
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its distribution and abundance patterns during its ontogeny
(Hammel et al. 2015). This is the first study that relates the
spatiotemporal patterns of distribution and abundance of
M. productus with environmental variables in the Gulf of
California.

MATERIALS AND METHODS
Data collection

Biological material was collected in the central and
northern regions of the Gulf of California during exploratory
fishing research cruises (Fig. 1), which were carried out in
February and April-May 2014, December 2015, October—
November 2016, April 2018, and February 2019. In total,
142 fishing sets and 127 CTD sets were made; the CTD sets
were made at the end of the fishing set. Cruises were carried
out aboard the National Institute of Fisheries and Aquacul-
ture (Mexico) FRV X7, which was equipped with a demersal
trawl net (33.8-m headrope, 6-inch mesh size in the body
and 3.5-inch mesh size in the codend, metal otter boards)
that was cast from the stern. The sampling plan included the
survey along the coast from 27.5° N to 31.5° N and between
110.0° W and 114.5° W (Fig. 1), which included the coasts of
Sonora and the Baja California Peninsula, down to the 500-m
isobath. Trawling was done at an mean speed of 3 knots.

The total catch in each set was placed on the deck of the
boat and it was weighed after separating the organisms into
taxonomic groups (mollusks, crustaceans, bony fish, and
cartilaginous fish). Pacific hake specimen identification was
corroborated using the diagnostic characters described by
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De manera general, el conocimiento biologico de la
merluza del Pacifico que habita en el golfo de California es
escaso considerando que es un recurso con potencial de desa-
rrollo pesquero (DOF 2018) y que las condiciones climaticas
y oceanicas afectan su patron de distribucion y abundancia
durante su ontogenia (Hammel et al. 2015). Este es el primer
trabajo que relaciona de manera espaciotemporal el patron de
distribucion y abundancia de M. productus con las variables
ambientales en el golfo de California.

MATERIALES Y METODOS
Recoleccion de datos

El material biologico se recolectdé durante cruceros de
investigacion de pesca exploratoria en las regiones central
y norte del golfo de California (Fig. 1), realizados en
febrero y abril-mayo de 2014, diciembre de 2015, octubre—
noviembre de 2016, abril de 2018 y febrero de 2019. En total
se realizaron 142 lances de pesca y 127 lances con CTD;
estos ultimos se realizaron al término del lance de pesca.
Los cruceros se realizaron a bordo del BIP X7 del Instituto
Nacional de Pesca y Acuacultura (México), equipado con
una red de arrastre demersal (33.8 m de relinga superior, luz
de malla de 6 pulgadas en el cuerpo y 3.5 pulgadas en el
copo, tablas de metal) que era largada por la popa. El plan de
muestreo incluy6 la prospeccién a lo largo de la costa desde
los 27.5° N hasta los 31.5° N y entre 110° W y 114.5° W
(Fig. 1), lo que incluy¢ la costa de Sonora y la de la penin-
sula de Baja California, hasta la isobata de los 500 m. Los
arrastres se realizaron a una velocidad promedio de 3 nudos.
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Figure 1. Track of the cruises (thick solid line) carried out from 2014 to 2019 to sample Pacific hake in the Gulf of California.
Figura 1. Derrotero de los cruceros (linea sélida gruesa) realizados de 2014 a 2019 para muestrear merluza del Pacifico en el golfo de California.
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Robertson and Allen (2002). Each sample consisted of 100
individuals that were measured (total length, TL; +1 cm) with
an ichthyometer and weighed (body mass or total weight,
henceforth TW for the purpose of the study; £1 g) with a
Torrey scale. Each organism was eviscerated from the ventral
part to macroscopically identify the sex.

Size structure and weight

Pacific hake size structure was analyzed by sex after
grouping TL into 2-cm intervals and TW into 200-g inter-
vals. Normality was evaluated with a Shapiro—Wilks test,
and size differences between sexes were evaluated with the
Kolmogorov—Smirnov test.

Biomass estimates

Biomass was calculated using 2 methodologies. The
first used the swept area method (Pierce and Guerra 1994,
Hernandez-Herrera et al. 1998, Nevarez-Martinez et al.
2000, Rivera-Parra 2001). Biomass (kg) was estimated with
the following formula:

n

n=S(d]

i=1

(1)

with variance

< n Alz Xni Xs 12
V(B) = Zi:l< at > > )
where Y, is the total catch in the i-th stratum, 4, is the total
area in the i-th stratum, a; is the area swept in the i-th stratum,
st is the variance of the catch in the i-th stratum, n, is the
number of fishing sets in the i-th stratum, and V(B,) is the
variance of total biomass.

In order to increase precision in biomass estimation, the
stratified random method was applied as a second option
(Schaeffer 1987, Nevarez-Martinez et al. 2000) using a
bathymetric criterion. The number of strata was defined
using Sturges’ rule (1926):

N,=1+(3.3xlogn) , 3)

and interval size (IS) was estimated as follows:

_ pmax — pmin

where 7 is the number of stations, pmax is maximum depth
by station, and pmin is minimum depth by station.

Spatial distribution

The initial geographic location (start) was recorded for
each fishing set. This information was used to determine
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La captura total de cada lance se coloco sobre la cubierta
del barco y se pesé separando a los organismos en grupos
taxondmicos (moluscos, crusticeos, peces 0seos y peces
cartilaginosos). La identificacion de los especimenes de
merluza del Pacifico se corroboré empleando los caracteres
diagnosticos descritos por Robertson y Allen (2002). Cada
muestra consistié de 100 ejemplares que fueron medidos
(longitud total, LT; +1 cm) con un ictidmetro y pesados
(masa corporal o peso total, en adelante PT para el propo-
sito del estudio; =1 g) con una bascula marca Torrey. Cada
organismo fue eviscerado por la parte ventral para identificar
macroscdpicamente el sexo.

Estructura de talla y peso

La estructura de tallas de la merluza del Pacifico se
analiz6 por sexo agrupando la LT en intervalos de 2 cm y el
PT en intervalos de 200 g. Se evalud la normalidad con una
prueba Shapiro-Wilks, y las diferencias en tallas entre sexos
se evaluaron con la prueba Kolmogorov-Smirnov.

Estimaciones de biomasa

La biomasa se calculd empleando 2 metodologias. La
primera se realizo a través del método de area barrida (Pierce
y Guerra 1994, Hernandez-Herrera et al. 1998, Nevarez-
Martinez et al. 2000, Rivera-Parra 2001). La estimacion de
biomasa (kg) se obtuvo con la siguiente formula:

B=3(rxg) (M

i=1

con varianza

V(B)= Z(M) : )

ai

donde Y; es la captura total en el i-ésimo estrato, 4, es el area
total en el i-ésimo estrato, a; es el area barrida en el i-ésimo
estrato, s; es la varianza de la captura en el i-ésimo estrato, #;
es el numero de lances de pesca en el i-€simo estrato y V(B,)
es la varianza de la biomasa total.

Con la finalidad de incrementar la precision en la estima-
cion de la biomasa, como segunda opcion se aplico el método
aleatorio estratificado (Schaeffer 1987, Nevarez-Martinez et
al. 2000) utilizando un criterio batimétrico. El nimero de
estratos se definio utilizando la regla de Sturges (1926):

N,=1+(3.3x1logn) , (3)

mientras que el tamafio del intervalo (TI) se estimdé como
sigue:

7= pmax];[pmm ’ )
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the spatial distribution and mean size distribution of Pacific
hake. Graphic representations were made with the QGIS
3.6.1 software.

Selection of environmental variables

To analyze the abundance and size distribution patterns for
Pacific hake in the Gulf of California in relation to the envi-
ronment, the Swartzman (1997) criterion was considered for
variable selection. The coordinates of the initial geographic
position of each fishing set (latitude, longitude) were con-
sidered spatial variables. Bottom temperature, salinity, and
depth, obtained from the CTD sets at the end of the fishing
sets, were considered environmental variables. In addition,
month and year were used as time variables (Table 1).

Model elaboration

To evaluate the environmental characteristics of Pacific
hake occurrence areas in the Gulf of California, generalized
additive models (GAMs) were built. This methodology has
the advantage of modeling nonlinear relationships between
response variables and predictor variables by using covariate
smoothing functions (s) (Kainge et al. 2017). The following
is the general equation of a GAM:

glu)=p+227 f(X) (5)

where g is the monotonic link function; g;, the fitted value;
X, the predictor variable; and f;, a smoothing function with
Gaussian distribution, an identity type link, and a thin plate
basis, which has shown good performance when not very
large databases are used (Zuur et al. 2009). First, the catch
(kg) in each fishing set was used as response variable,
for which the natural logarithm was used to stabilize the
mean/variance ratio, and as a first approach, the environ-
mental variables (bottom temperature and salinity), spatial
variables (latitude, longitude, and depth), and time vari-
ables (month and year) were used as predictor variables.

w<O

donde 7 es el nimero de estaciones, pmax es la profundidad
maxima por estacion y pmin es la profundidad minima por
estacion.

Distribucion espacial

Se registro la ubicacion geografica inicial (largada)
en cada lance de pesca. Dicha informacién se utilizd para
conocer la distribucion espacial y la distribucion por talla
promedio de la merluza del Pacifico. Las representaciones
graficas se realizaron con el software QGIS 3.6.1.

Seleccion de variables ambientales

Para analizar el patron de distribucion de la abundancia y
las tallas de la merluza del Pacifico en el golfo de California
en relaciéon con el ambiente, se considerd el criterio de
Swartzman (1997) para la seleccion de las variables. Como
variables espaciales, se consideraron las coordenadas de la
posicion geografica inicial de cada lance de pesca (latitud,
longitud). Para las variables ambientales, se consider6 la
temperatura de fondo, la salinidad y la profundidad, obte-
nidas a través de los lances de CTD al finalizar los lances
de pesca. De manera adicional, se utilizé la temporalidad a
través de las variables mes y afio (Tabla 1).

Elaboracion de los modelos

Para evaluar las caracteristicas ambientales de las areas de
ocurrencia de merluza del Pacifico en el golfo de California
se construyeron modelos aditivos generalizados (MAG).
Esta metodologia tiene la ventaja de modelar relaciones
no lineales entre las variables de respuesta y las variables
predictoras mediante el uso de funciones de suavizado de las
covariantes (s) (Kainge et al. 2017). La formula general de un
MAG es la siguiente:

gluw)=p+ 200 f(X) )

Table 1. Explanatory variables that were explored for predicting hake abundance in the Gulf of California.
Tabla 1. Variables explicativas exploradas para predecir la abundancia de la merluza en el golfo de California.

Variable Unit Description

Latitude, longitude Degrees and decimal degrees Geographic position at the start of a fishing set.

Month Days Month in which the survey took place; abundance
seasonality assessment.

Year Months Year in which the survey took place.

Bottom temperature Degrees Celsius
Salinity

Depth Meters

Bottom temperature obtained from each CTD set.
Bottom salinity obtained from each CTD set.
Bottom depth obtained from each CTD set.
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A second GAM was then created, where the response vari-
able was mean size in each fishing set and the predictor
variables were the same variables used in the previous
approach.

Selection of the best model

GAMSs were constructed using a stepwise approach, that
is, adding one variable at a time to evaluate the degree of
contribution of each covariate. For this, the likelihood ratio
test and the Akaike information criterion (AIC) were used.
Variables that resulted in a significant contribution (P <
0.05) and caused an AIC decrease of more than 2 units were
retained in the final model (Burnham and Anderson 2002).
The spatial and temporal distribution of the model residuals
were explored visually with an autocorrelation function.
Because using variables that are highly correlated with each
other can generate errors in the modeling process, a concur-
vity test was performed in each step of the model construc-
tion process. Concurvity can be interpreted as a nonlinear
extension of multicollinearity (Wood 2006). The entire
modeling process was done using the functions in the mgcv
package (Wood 2006) of the R environment (R Core-Team
2018).

REsuLTS
Size structure and weight

Of the 142 stations, 126 were positive for Pacific hake
presence (88.7%) and 16 were negative (11.3%). In total,
2,795 organisms were captured, 1,254 of which were males
(44.4%), 1,396 females (49.9%), and 145 indeterminate
(5.2%). The recorded length interval ranged from a minimum
size of 12.0 cm TL, for a male captured during the October—
November 2016 cruise, to a maximum size of 105.0 cm TL,
for a female captured in the February 2019 survey, with a
mean size 0f42.0 cm TL. In females, size fluctuated between
16.0 and 105.0 cm TL, with a mean size of 44.6 cm TL;
the minimum length prevailed in February 2014, December
2015, and October—November 2016, and the maximum size
in February 2019. In males, lengths ranged from 12.0 to
79.0 cm TL, with a mean size of 34.8 cm TL; the minimum
length was found in December 2015, and the maximum
in February 2014. Significant differences were observed
only in the February and December cruises (Kolmogorov—
Smirnov: P < 0.05). Total weight ranged from 9.8 to
7,500.0 g; the lightest weight corresponded to a male cap-
tured in December 2015, and the heaviest to a female cap-
tured in February 2014. Total weight in females ranged
from 21.0 to 7,500.0 g; in males, from 9.8 to 4,200.0 g.
The heaviest females and males were observed during the
month of February in 2014 and 2019, respectively (Table 2).
In general, males reached smaller lengths and weights com-
pared to females.

w<O

donde g es la funciéon monotoénica de enlace, u; es el valor
ajustado, X; es la variable predictora y f; es una funcion de
suavizado con una distribucion gaussiana, un enlace (/ink)
tipo identidad (identity) y una base tipo placa delgada (thin
plate), la cual ha demostrado buen desempefio cuando se
utilizan bases de datos no muy grandes (Zuur et al. 2009).
Primero, se utilizé como variable de respuesta la captura
(kg) de cada lance de pesca, a la cual se le aplico el log-
aritmo natural para estabilizar la razon media/varianza,
y como primera aproximacion, se utilizaron las variables
ambientales (temperatura de fondo y salinidad), las vari-
ables espaciales (latitud, longitud y profundidad) y las vari-
ables temporales (mes y afio) como variables predictoras.
Luego, se generd un segundo MAG, donde la variable de
respuesta fue la talla promedio en cada lance de pesca y
las variables predictoras fueron las mismas variables de la
aproximacion anterior.

Seleccion del mejor modelo

La construccion de los MAG se realizé con el enfoque
paso a paso (stepwise), es decir, afladiendo una variable a la
vez para evaluar el grado de aporte de cada una de las cova-
riables. Para esto, se utilizo la prueba del cociente de vero-
similitud (likelihood ratio test) y el criterio de informacion
de Akaike (CIA). Las variables que resultaron en un aporte
significativo (P < 0.05) y causaron un decremento del CIA
de mas de 2 unidades fueron retenidas en el modelo final
(Burnham y Anderson 2002). Se explor6 de manera visual
la distribucion espacial y la distribucion temporal de los
residuales del modelo con una funcién de autocorrelacion.
Debido a que al utilizar variables que estén altamente corre-
lacionadas entre si se puede generar errores en el proceso
de modelacion, se aplicé una prueba de concurvidad en cada
paso de la construccion del modelo. La concurvidad puede
interpretarse como una extension no lineal de la multicoli-
nealidad (Wood 2006). Todo el proceso de modelacion se
efectud utilizando las funciones del paquete mgcv (Wood
2006) del ambiente R (R Core-Team 2018).

RESULTADOS
Estructura de tallas y peso

De las 142 estaciones realizadas, 126 resultaron posi-
tivas a la presencia de la merluza del Pacifico (88.7%) y
16 fueron negativas (11.3%). En total, se capturaron 2,795
organismos, de los cuales 1,254 fueron machos (44.4%),
1,396 hembras (49.9%) y 145 indeterminados (5.2%). El
intervalo de longitudes registrado oscilé desde una talla
minima de 12.0 cm LT, para un macho capturado durante
el crucero de octubre-noviembre de 2016, hasta una talla
maxima de 105.0 cm LT, para una hembra capturada en la
prospecciéon de febrero de 2019, con una talla promedio
de 42.0 cm LT. En las hembras, la talla fluctud entre 16.0


http://www.cienciasmarinas.com.mx/index.php/cmarinas

Alvarez-Trasvifia et al.: Pacific hake distribution in the Gulf of California

Biomass estimates

According to biomass estimates obtained with the swept
area method, the lowest biomass corresponded to the October
2016 cruise (6,887.40 + 127.30 t), and the highest to the
February 2019 cruise (64,823.80 + 1,287.00 t). The lowest
coefficient of variation (CV) was obtained in the April 2014
cruise (CV = 2.5), and the highest in the February 2014
cruise (CV = 7.2). Using the stratified method, the highest
biomasses occurred between 200 and 300 m depth, except for
the October—November 2016 cruise, when the highest bio-
mass occurred at depths between 350 and 400 m (Table 3).
The December 2015 and April 2018 cruises were not taken
into account because the surveyed area was less than 50%.

Spatial distribution

The stations with the lowest catches were those close to
the coast of Sonora, where the predominant mean sizes of
Pacific hake ranged from 25.0 to 50.0 cm TL (Fig. 2). The
stations with the highest catches were located near the coast
of the Baja California Peninsula, to the north of Angel de la
Guarda Island, and to the north of Tiburén Island (Fig. 2),
where the organisms with the smallest (<25.0 cm TL) and
largest (>50.0 cm TL) mean sizes were found (Fig. 3).

Statistical modeling

The covariates used in the GAM showed concurvity
values of less than 0.3, that is, little collinearity between the
variables used. Visual exploration of the spatial distribution
of model residuals did not show a clear pattern (Fig. S1).
Regarding the temporal analysis, the autocorrelation function
showed that there was no correlation with time; that is, data

w<O

y 105.0 cm LT, con una talla promedio de 44.6 cm LT; la
longitud minima prevalecid en febrero de 2014, diciembre
de 2015 y octubre—noviembre de 2016, y la talla maxima,
en febrero de 2019. En los machos, la longitud varié de
12.0 a 79.0 cm LT, con una talla promedio de 34.8 cm LT;
la longitud minima se encontrd en diciembre de 2015, y la
maxima, en febrero de 2014. Solo en los cruceros de febrero
y diciembre existi6 diferencia significativa (Kolmogorov-
Smirnov: P <0.05). El peso total varié de 9.8 a 7,500.0 g; el
menor peso correspondié a un macho capturado en diciembre
de 2015, y el maximo, a una hembra capturada en febrero de
2014. El peso total en las hembras varié de 21.0 a 7,500.0 g,
y en los machos, de 9.8 a 4,200.0 g. Los organismos de
mayor peso, tanto para las hembras como para los machos,
se observaron durante el mes de febrero de 2014 y 2019,
respectivamente (Tabla 2). De manera general, se observo
que los machos alcanzaron longitudes y pesos menores, a
diferencia de las hembras.

Estimacion de biomasa

A partir de las estimaciones de biomasa por el método de
area barrida, la menor biomasa se estim6 para el crucero de
octubre de 2016 (6,887.40 + 127.30 t), y la mayor, para el de
febrero de 2019 (64,823.80 + 1,287.00 t). El menor coefi-
ciente de variacion (CV) se obtuvo en el crucero de abril de
2014 (CV =2.5), y el mayor, en el crucero de febrero de 2014
(CV =17.2). A partir del método estratificado, se encontré que
las mayores biomasas ocurrieron entre los 200 y 300 m de
profundidad, a excepcion del crucero octubre—noviembre de
2016, cuando la mayor biomasa se encontr6 a profundidades
de entre 350 y 400 m (Tabla 3). Los cruceros de diciembre de
2015 y abril de 2018 no fueron considerados, ya que el area
prospectada fue menor que el 50%.

Table 2. Numerical summary of weight (body mass or total weight; TW) and size (total length; TL) of hake individuals caught during
scientific cruises from 2014 to 2019. Min., minimum; Max., maximum.

Tabla 2. Resumen numérico del peso (masa corporal o peso total; TW, por sus siglas en inglés) y la talla (longitud total; TL, por sus siglas
en inglés) de los individuos de merluza capturados durante los cruceros cientificos de 2014 a 2019. Min., minimo; Max., maximo.

February 2014 April-May 2014 December 2015
Males Females Males Females Males Females
TL ™W TL ™W TL ™ TL ™™ TL ™ TL ™W
(cm) (8 (cm) ()] (cm) e (cm) (€)) (cm) (8 (cm) (€))
Min. 16.1 24.0 16.0 23.0 164 25.0 16.5 25.0 12.5 9.8 16.0 21.1
Mean 45.0 841.9 50.9 1,379.3 39.8 501.8 49.9 789.4 22.2 81.2 42.0 996.8
Max. 85.5  4,200.0 99.5 7,500.0 73.0 1,920.0 93.2  5,100.0 68.1 1,878.5 96.0 5,446.3
October—November 2016 April 2018 February 2019
Males Females Males Females Males Females
TL ™ TL ™ TL ™ TL ™ TL ™ TL ™
(cm) (8) (cm) (&) (cm) () (cm) (8) (cm) (8 (cm) (8
Min. 17.1 25.8 16.0 21.2 23.0 75.0 23.1 75.0 17.8 29.3 18.3 32.0
Mean 26.1 106.3 30.4 173.8 32.6 253.3 41.7 516.6 43.1 614.3 52,5 1,219.0
Max. 41.4 402.1 48.4 653.4 47.0 750.0 59.1 1,400.0 75.5  2,586.4 105.0 7,190.4
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Table 3. Biomass estimates by cruise and standard error (SE) for hake in the Gulf of California. CV, coefficient of variation.
Tabla 3. Estimaciones de biomasa por crucero y error estandar (SE) para la merluza en el golfo de California. CV, coeficiente de

variacion.

Estimated
Year Cruise biomass (t) SE Stratification (t) SE ()%
2014 February 47,642.60 1,448.00 48,131.11 1,080.60 7.20
2014 April-May 41,431.99 1,393.00 40,019.65 139.05 2.50
2016 October 6,887.40 127.30 6,917.80 50.60 3.10
2019 February 64,823.80 1,287.00 68,260.37 547.38 3.65

were independent of each other (Fig. S2). Bottom tempera-
ture (13—14 °C optimal range) was the most important envi-
ronmental variable for the abundance of this resource, since
it described 20.6% of total variability, followed by the time
variable (month = February), which described 15.1%, and
the spatial variable (longitude = 13—14° W), which described
11.5%. The GAM described 38.8% of total variability
(Fig. 4, Table 4). Regarding the effect of environmental con-
ditions on the size distribution of Pacific hake in the Gulf
of California, no single covariate described this relationship
significantly, but the interaction of bottom temperature and
month explained 51.1% of the variation and the interaction
of length and depth explained 21.5% of the variation (Fig. 5,
Table 4).

DiscussIoN
Size structure and weight

Located in the northwestern Pacific coast of Mexico, the
Gulf of California is a highly productive area that sustains 2
of the most important fisheries in Mexico, the Shrimp fishery
and the Small Pelagics fishery (Lluch-Cota et al. 2007).
However, in recent years, Pacific hake has gained impor-
tance because of its catch volumes and its biological char-
acteristics, such as attainable sizes. In the present study, we
found organisms with maximum lengths of 105.0 cm TL,
which is close to the maximum size of 112.0 cm TL reported
by Nevarez-Martinez et al. (2007) for the Gulf of California
but different from the maximum size of 27.5 cm standard
length (32.5 cm TL) reported by Salinas-Mayoral (2018) for
the western coast of the Baja California Peninsula.

For the coasts of the United States of America, Saunders
and McFarlane (1997), Dark (1974), and Best (1962)
reported maximum mean sizes of 46.3, 61.8, and 80.0 cm TL,
respectively. Regarding maximum lengths, when comparing
size by sex for each cruise, we found that females predomi-
nated at sizes >73.0 cm TL, whereas males reached smaller
sizes. Our results suggest that the Pacific hake inhabiting the
Gulf of California exhibits sexual dimorphism. This charac-
teristic was reported by Best (1962) for M. productus and
for Merluccius hubbsi, with asymptotic sizes of 90.0 cm for

Distribucion espacial

Las estaciones con menores capturas fueron las cercanas
a la costa de Sonora, donde las tallas promedio de merluza
del Pacifico predominantes fluctuaron de 25.0 a 50.0 cm LT
(Fig. 2). Las estaciones con mayores capturas fueron aquellas
cerca de la costa de la peninsula de Baja California, al norte
de la isla Angel de la Guarda y al norte de la isla Tiburén
(Fig. 2), area donde se encontraron los organismos de menor
(<25.0cm LT) y mayor (>50.0 cm LT) talla promedio (Fig. 3).

Modelacion estadistica

Las covariables utilizadas en el MAG presentaron una
concurvidad menor que 0.3, es decir, poca colinealidad entre
las variables utilizadas. La exploracion visual de la distribu-
cion espacial de los residuales del modelo no mostré un patrén
claro (Fig. S1). Con lo que respecta al andlisis temporal, la
funcioén de autocorrelacion mostrd que no existio correlacion
con el tiempo; es decir, no depende un dato de otro (Fig. S2).
La temperatura de fondo (intervalo 6ptimo de 13—14 °C) fue
la variable ambiental més importante para la abundancia de
este recurso, ya que describi6 el 20.6% de la variabilidad total,
seguida de la variable temporal (mes = febrero), que describio
el 15.1%, y la variable espacial (longitud = 13—14° W), que
describi6 el 11.5%. El MAG describio el 38.8% de la varia-
bilidad total (Fig. 4, Tabla 4). En cuanto al efecto que tienen
las condiciones ambientales en la distribucion de tallas de la
merluza del Pacifico en el golfo de California, se encontrd
que ninguna covariable por si sola describi6 significativa-
mente dicha relacidn, pero se observo que la interaccion de la
temperatura de fondo con la variable mes explico el 51.1% de
la variacion y la interaccion de la longitud con la profundidad
explico el 21.5% de la variacion (Fig. 5, Tabla 4).

DIScUSION
Estructura de tallas y peso
En la costa noroccidental mexicana del Pacifico se loca-

liza el golfo de California, un area altamente productiva que
sustenta 2 de las pesquerias mas importantes en México, la de
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Figura 2. Distribucion de las capturas durante los cruceros de investigacion realizados en febrero de 2014 (a), abril-mayo de 2014 (b),
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Figura 3. Distribucion de la talla promedio (longitud total, TL) durante los cruceros de investigacion realizados de 2014 a 2019.

females and 60.0 cm for males (Lorenzo and Defeo 2015).
In addition, visually, females were more robust (round) com-
pared to males, and those measuring >73.0 cm TL weighed
more than males.

Biomass estimates

Pacific hake biomass in the Gulf of California has been
estimated from a series of fishery survey cruises since the
1970s and 1980s. Mathews et al. (1974) and Grande-Vidal
(1983) reported volumes between 4,000.0 and 28,000.0 t and
between 22,000.0 and 35,600.0 t, respectively. These esti-
mates were lower than those obtained in this work, which
fluctuated between 6,887.1 and 64,823.8 t, but were similar
to those reported by Nevarez-Martinez et al. (2007), except
for the estimate for April 2006, which was 145,000.0 t; this
last biomass maximum was the result of Nevarez-Martinez et
al. (2007) making 20 more fishing sets. Given the above, the
Pacific hake population in the Gulf of California has notably
been exploited in a sustainable way, and it has been classi-
fied as a resource with development potential (DOF 2018,
INAPESCA 2020).

Regarding the centers of abundance of Pacific hake in this
study, the concentration of organisms was higher at the sta-
tions of 3 cruises (Fig. 2a, b, f) where bottom temperature
was 13.2 to 14.1 °C and depth was 176216 m. Mathews et al.
(1974) and Nevarez-Martinez et al. (2007) reported the same
pattern, with the largest volumes at similar depths (184-366 m
and 138-275 m, respectively). In the October 2016 cruise
the centers of abundance occurred at stations with a bottom
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Camaron y la de Pelagicos menores (Lluch-Cota et al. 2007).
Sin embargo, en los ultimos afios, la merluza del Pacifico
ha cobrado importancia por sus volumenes de captura y sus
caracteristicas biologicas, como las tallas que alcanza. En
el presente estudio encontramos organismos con longitudes
maximas de 105.0 cm LT, talla maxima cercana a la reportada
por Nevarez-Martinez et al. (2007) de 112.0 cm LT para el
golfo de California, pero diferente a la reportada por Salinas-
Mayoral (2018) de 27.5 cm de longitud patrén (32.5 cm LT)
para la costa occidental de la peninsula de Baja California.
Para las costas de Estados Unidos de América, Saunders
y McFarlane (1997), Dark (1974) y Best (1962) reportaron
tallas promedio maximas de 46.3, 61.8 y 80.0 cm LT, respec-
tivamente. En lo referente a las longitudes méximas, al
comparar en cada crucero las tallas por sexo, encontramos
que las hembras predominaron a tallas >73.0 cm LT, mientras
que los machos alcanzaron tallas menores. Nuestros resul-
tados sugieren que la merluza del Pacifico que habita en el
golfo de California presenta dimorfismo sexual. Esta carac-
teristica fue reportada por Best (1962) para M. productus y
para Merluccius hubbsi, con tallas asintoticas para hembras
de 90.0 cm y para machos de 60.0 cm (Lorenzo y Defeo
2015). Ademas, de manera visual, las hembras fueron mas
robustas (redondas) en comparacion con los machos, y aque-
llas con tallas >73.0 cm LT pesaron mas que los machos.

Estimacion de biomasas

La biomasa de la merluza del Pacifico del golfo de
California ha sido estimada a partir de una serie de cruceros
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temperature of 12.8 °C and greater depth (350—462 m).
Something similar was reported by Nevarez-Martinez et
al. (2007), who found that the highest biomass occurred at
413 m depth in November 2006. In this respect, Acevedo-
Cervantes et al. (2009) reported the presence of Pacific hake
at depths of 360—450 m in September 2004.

During the October—November 2016 cruise, the cen-
ters of abundance shifted to depths greater than 300 m.
Acevedo-Cervantes et al. (2009) mentioned that in the Gulf
of California there are 2 fish communities, the first formed
by coastal species and the second by typical deep-water spe-
cies, with the latter being characterized as not very diverse

f(Temperature)
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Temperature

Month
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de prospeccion pesquera desde las décadas de los setenta y
los ochenta. Mathews et al. (1974) y Grande-Vidal (1983)
reportaron volumenes de entre 4,000.0 y 28,000.0 t y entre
22,000.0 y 35,600.0 t, respectivamente. Estas estimaciones
fueron menores que las obtenidas en este trabajo, las cuales
fluctuaron entre 6,887.1 y 64,823.8 t, pero fueron simi-
lares a las reportadas por Nevarez-Martinez et al. (2007), a
excepcion de la estimacion para abril de 2006, que fue de
145,000.0 t; este ultimo maximo de biomasa se debid a que
Nevarez-Martinez et al. (2007) realizaron 20 lances de pesca
mas. Por lo anterior, es notable que la poblacion de merluza
del Pacifico en el golfo de California ha sido explotada de
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Figure 4. Generalized additive model response plots showing the effect of the significant functions on describing the spatial, environmental,
and temporal distributions of hake in the Gulf of California. Temperature (a), longitude (b), month (c), and month/longitude interaction (d).
The y-axis represents the effect of the covariate with respect to abundance. The gray area represents the 95% confidence intervals.

Figura 4. Graficas de respuesta del modelo aditivo generalizado que muestran el efecto de las funciones significativas para describir las
distribuciones espacial, ambiental y temporal de la merluza en el golfo de California. Temperatura (a), longitud (b), mes (c) e interaccion mes/
longitud (d). El eje y representa el efecto de la covariante con respecto a la abundancia. El 4rea gris representa los intervalos de confianza al 95%.
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Table 4. Generalized additive models for Pacific hake in the Gulf of California. AIC, Akaike information criterion.
Tabla 4. Modelos aditivos generalizados para la merluza del Pacifico en el golfo de California. AIC, criterio de informacion

de Akaike.

Abundance model without

interaction Explained deviance (%) AIC P
+s(Temperature) 20.60 402.20 <0.01
+s(Salinity) 2.98 416.80 0.08
+s(Latitude) 9.57 413.20 0.06
+s(Longitude) 11.50 408.20 <0.01
+s(Depth) 7.39 414.60 0.10
+s(Month) 18.80 404.00 <0.01
+s(Year) 0.21 419.69 0.64
Abundance model with interactions Explained deviance (%) AIC P
+s(Temperature) 20.60 402.20 <0.01
+s(Month) 18.80 403.00 <0.01
+s(Longitude) 11.50 408.20 <0.01
+te(Longitude, month) 32.50 387.90 <0.01
Total 39.30

Size model without interactions Explained deviance (%) AlIC P
+s(Temperature) 0.11 869.21 0.73
+s(Salinity) 4.63 864.26 0.02
+s(Latitude) 3.39 865.64 0.05
+s(Longitude) 1.66 867.54 0.18
+s(Depth) 3.53 865.49 0.05
+s(Month) 34.90 823.46 <0.01
+s(Year) 0.35 868.47 0.80
Size model with interactions Explained deviance (%) AIC P
+s(Longitude, depth) 21.50 863.80 <0.01
+te(Temperature, month) 51.10 814.70 <0.01
Total 61.70

but very abundant. These authors considered the Pacific hake
as part of the second community because they found it at
depths greater than 360 m, which is consistent with the ver-
tical distribution of abundances found in the surveys ana-
lyzed from the October—November 2016 cruise.

Spatial distribution

The north—central region of the Gulf of California has dif-
ferent topographic and bathymetric characteristics that are
suitable for the distribution of Pacific hake. Tiburén Basin
is located in the central region, between Angel de la Guarda
Island and Tiburdn Island, and Delfin Basin is located to
the north of Angel de la Guarda Island; both basins have
nearly flat seafloors and depths of 500 and 900 m, respec-
tively (Arrellano-Peralta and Medrano-Gonzélez 2013). In
addition, the north—central region of the Gulf of California
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manera sostenible, y ha sido catalogada como un recurso con
potencial de desarrollo (DOF 2018, INAPESCA 2020).

En lo que respecta a los centros de abundancia de la
merluza del Pacifico en este estudio, la concentracion de
organismos fue mayor en estaciones de 3 cruceros (Fig. 2a,
b, f) donde la temperatura de fondo fue de 13.2a 14.1°C,y la
profundidad, de 176216 m. Este mismo patrén fue reportado
por Mathews et al. (1974) y Nevarez-Martinez et al. (2007),
quienes encontraron los mayores voliimenes a profundidades
similares (184-366 m y 138-275 m, respectivamente). En
el crucero de octubre de 2016, los centros de abundancia
ocurrieron en estaciones con temperatura de fondo de 12.8 °C
y mayor profundidad (350462 m). Algo similar fue repor-
tado por Nevarez-Martinez et al. (2007), quienes encontraron
que la mayor biomasa ocurrio a profundidades de 413 m
en noviembre de 2006. En este mismo sentido, Acevedo-
Cervantes et al. (2009) reportaron la presencia de la merluza
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is characterized by high productivity, with enrichment in the
water column originating from the intense mixing of water
masses due to strong tidal currents (Lluch-Cota and Arias-
Aréchiga 2000).

In this study we found that the range of Pacific hake is
wide, from 50 to 500 m depth. However, the concentration
of organisms was higher in areas with depths between 200
and 300 m and bottom temperatures between 13 and 14 °C
(Fig. 4a). These depth and temperature ranges are optimal
for locating the centers of abundance of this species in the
north—central region of the Gulf of California, and this is
consistent with the depth at which the hake fleet operates in
the gulf (110-330 m) (EDF 2017). Another variable worth
considering is seasonality, as the centers of abundance were
recorded at the beginning of the year (Fig. 4c), and this is
consistent with peak catch dates for the resource (INAPESCA
2020).

Statistical modeling

GAMs evaluate nonlinear relationships and have the ability
to relate data using smoothing functions (Wood 2006). In this
sense, Swartzman (1997) used a GAM to evaluate the effect
of the environment on the biomass of Pacific hake schools
in the north—central region of the Pacific coast of the United
States of America; in that study, Swartzman (1997) found that
schools were larger and had higher biomasses in the north
than in the south and that the maximum biomass occurred at
temperature of 7 °C. Our model indicated that bottom tem-
perature (optimal range 13—14 °C), time (February), and lon-
gitude (113—-114 °W) were, in that order, the most important

Size
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del Pacifico a profundidades de 360 a 450 m en septiembre
de 2004.

Durante el crucero de octubre-noviembre de 2016, los
centros de abundancia se desplazaron a profundidades
mayores que 300 m. Acevedo-Cervantes et al. (2009)
mencionaron que en el golfo de California existen 2 comu-
nidades de peces, la primera formada por especies costeras
y la segunda por especies tipicas de aguas profundas, y esta
ultima se caracteriza por ser poco diversa pero muy abun-
dante. Estos autores consideraron a la merluza del Pacifico
como parte de la segunda comunidad, ya que la encontraron
a profundidades mayores que 360 m, lo cual coincide con la
distribucion vertical de las abundancias encontradas en las
prospecciones analizadas en el crucero de octubre-noviembre
de 2016.

Distribucion espacial

La region centro-norte del golfo de California presenta
diferentes caracteristicas topograficas y batimétricas apro-
piadas para la distribucion de la merluza del Pacifico. En la
region central se ubica la cuenca Tiburén, entre la isla Angel
de la Guarda y la isla Tiburén, y la cuenca Delfin se ubica al
norte de la isla Angel de la Guarda; ambas cuencas presentan
un fondo casi plano y profundidades de 500 y 900 m, respec-
tivamente (Arrellano-Peralta y Medrano-Gonzalez 2013).
Ademas, la region centro-norte del golfo de California se
caracteriza por ser altamente productiva, y el enriquecimiento
en la columna de agua se origina por el proceso de mezcla
intensa de masas de agua debido a las fuertes corrientes de
marea (Lluch-Cota y Arias-Aréchiga 2000).
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Figure S. Partial effect of the month—temperature (a) and depth—length (b) interactions in the generalized additive model that used the mean

sizes of hake in the Gulf of California.

Figura 5. Efecto parcial de las interacciones mes/temperatura (a) y profundidad/longitud (b) en el modelo aditivo generalizado que utilizo las

tallas promedio de la merluza en el golfo de California.
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variables explaining the centers of abundance of Pacific hake
in the Gulf of California. Ressler et al. (2007) indicated that
temperature determines Pacific hake population dynamics,
with 2 possible effects: current advection and active swim-
ming in response to environmental signals. Agostini et al.
(2006) reported that abundance distribution of adult Pacific
hake in the California Current is more closely related to the
subsurface current flow than to temperature range.

Some studies have associated the environment with bio-
logical aspects of resources. For example, Kainge et al.
(2017) associated the environment (temperature, oxygen,
depth, and geographic position) with the size structure of
Merluccius capensis and Merluccius paradoxus in Namibia,
Africa, and found that small-sized organisms inhabited shallow
areas, unlike large individuals. In this sense, the present study
showed that large specimens of Pacific hake in the Gulf of
California showed affinity for low temperatures (13.2—14.0 °C).

In general, in the Gulf of California, M. productus
exhibits sexual dimorphism, and females reach greater
sizes (105.0 cm TL) and weights (7,500.0 g) than males.
The highest abundances were recorded during the February
cruises (47,642.0 and 64,823.8 t) and the center of abundance
was located near the coast of the Baja California Peninsula,
at depths between 200 and 300 m and temperatures between
13.2 and 14.0 °C. Since the most significant environmental
variable that affected hake distribution was bottom tempera-
ture, it is important to continue monitoring this resource to
detect changes in its distribution associated with changes in
the environment. This study is the first to report on the rela-
tionship between distribution and abundance and the habitat
of Pacific hake in the Gulf of California.
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Figure S1. Distribution of residuals from the generalized additive model.

Figura S1. Distribucion de los residuales del modelo aditivo generalizado.
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Figure S2. Temporal analysis of the generalized additive model.
Figura S2. Analisis temporal del modelo aditivo generalizado.
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